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ABSTRACT 

 
 

 Resistance to WHO mandated front-line antimalarial Artemisinin (ART) combination 

therapies (ACTs) is a pressing issue. Several synthetic endoperoxides have recently been proposed 

as superior to ART-based parent drugs traditionally used in ACTs. In 2013, Witkowski et al. 

developed the ring-stage susceptibility assay (RSA) to measure evolving artemisinin resistance 

(ARTR). This method was modified to investigate novel endoperoxide drugs. Of the seven 

compounds tested, synthetic endoperoxide OZ439 was found to be the only compound equipotent 

vs ARTS and ARTR malarial parasites. 

Previous efforts to develop ACTs did not consider partner drug mechanism of action 

(MOA), rather, they were formulated based on drugs available at the time, several of which were 

primarily used as monotherapy. Surprisingly, resistance to several of these ACT “partner drugs” 

is now spreading. Going forward, it is crucial to investigate partner drugs with novel MOAs and 

that pair two compounds that target different molecular pathways in malaria parasites or ACTs 

that target the same pathway in different ways. This will ensure that parasites will be killed quickly 

without development of additional resistance. Since ARTs possibly target hundreds of proteins in 

the parasite and cause parasite death through non-specific oxidative damage, it is important to 

investigate partner drugs that can target known essential proteins. Previous studies in the Roepe 

lab showed that PI3K and PI4K inhibitors are potent antimalarials and that the putative targeted 

enzymes are essential for parasite growth. Therefore, these compounds were investigated as 
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potential partner drugs for next generation ACTs. Both cytostatic and cytocidal activities were 

studied. The results obtained from these various experiments show that a) PI3K inhibitors make 

excellent ACT partner drugs, b) PI3K inhibitors can target ARTR strains, c) there is a distinct 

autophagy pathway in P. falciparum which is inhibited by PI3K inhibitors, d) the autophagy 

pathway is dysregulated in ARTR parasite strains and e) P. falciparum parasites do not easily 

develop resistance to PI3K inhibitors in a laboratory setting. I propose that OZ439+PI3K inhibitors 

are valuable “next generation” ACTs. 
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CHAPTER I 

INTRODUCTION 
 

1.1 General Background 

Malaria is a deadly disease affecting 300-500 million people worldwide and causing 

approximately 600,000 deaths annually1. 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 transmission1, 2.  

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 children (PfPR2-10) within spatial limits of stable transmission areas. 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. Reproduced with permission from Gething et al. (PLoS 
Computational Biology). 2 
 

Malaria is a vector-borne disease caused by unicellular apicomplexan parasites of the genus 

Plasmodia. There are more than a 150 species of Plasmodia, of which at least 5 are known to 

infect humans: P. vivax, P. ovale, P. malariae, P. knowlesi (zoonotic), and P. falciparum3. There 

have also been recent reports of a sixth zoonotic species, P. cynomolgi, infecting humans4. P. vivax 

infections are the most widespread, however, P. falciparum infections are the most lethal.  
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Figure 1.2 Malaria parasite life-cycle.  
Credit CDC, Alexander J. da Silva, PhD, and Melanie Moser, 20025. Public domain content 
available from the Public Health Image Library (PHIL), ID# 3405. 

 

Plasmodium parasites have two hosts: a vertebrate (asexual reproduction phase) and the 

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

bite from an infected female Anopheles mosquito. In humans, P. falciparum sporozoites are 

injected during an Anopheles blood meal, first invade and infect liver hepatocytes and then mature 

into schizonts during the exo-erythrocytic cycle (Figure 1.2). After 2 weeks, infected hepatocytes 

rupture to release merozoites into the human blood stream. Once in the blood stream, parasite 

merozoites infect red blood cells (RBCs). The infected RBC (iRBC) stage is responsible for the 
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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), At the end of the 

schizont stage, RBC rupture releases merozoites (44-48 h) that then re-infect new RBCs (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 exist6-8. 

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 

sporozoites6-8. These migrate to the mosquito’s salivary glands and inoculate a new human host to 

continue the parasite life-cycle. 

Figure 1.3 Representative Giemsa-stained infected red blood cell parasites showing 
erythrocytic stage morphologies.  
From left to right: 1) ring (0-15 h), 2) early trophozoite (15-19 h), 3) mid-trophozoite (19-25 h), 
4) late trophozoite (25-30 h), 5) schizont (30-44 h), 6) schizont burst releasing merozoites (44-48 
h). Black regions denote hemozoin (malaria pigment). Reproduced with permission from 
Gligorijevic et al.9 

 
During the trophozoite stage, the parasite is enclosed by the outer parasitophorous vacuolar 

membrane (PVM) and the inner plasma membrane (PM), which are separated by the 

parasitophorous space (PS) (Figure 1.4). This double-membrane structure encloses the parasite 

cytosol which surrounds a highly specialized lysosome-like organelle called the digestive vacuole 

        1           2    3    4     5        6 
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(DV). Within the DV, host RBC hemoglobin is actively degraded to obtain amino acids for parasite 

metabolism and to make space for rapid parasite growth 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 hemoglobin10. Thus, it has been shown that parasites can be starved by removal of 

isoleucine from the culture medium11. 

Figure 1.4 Representation of a trophozoite infected red blood cell.  
Shown are the RBC cytosol, parasitophorous vacuolar membrane (PVM), inner plasma membrane 
(PM), parasitophorous space (PS), parasite cytosol and parasite digestive vacuole (DV).  

 
1.2 Evolution of Antimalarial Drug Resistance 

 Malarial parasites, specifically P. falciparum parasites, have an amazing ability to quickly 

adapt to changing environments which, over the past half-century, has manifested in the parasites’ 

ability to develop resistance to nearly all antimalarial treatments (Figure 1.5). Interestingly, most 

antimalarial drug resistance has first developed in Southeast Asia, more specifically, near the Thai-

Cambodia border12. A major class of antimalarial drugs known as quinolines – such as Chloroquine 

(CQ) or Quinine (QN) – have lost almost all efficacy against P. falciparum malaria.12 The current 

WHO recommended treatment for P. falciparum malaria are Artemisinin Combination Therapies 

PS 
     PM 
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(ACTs). However, in 2008, reports of dihydroartemisinin (DHA) resistance began to surface and 

by 2015 complete ACT failure was reported13.  

Figure 1.5 History of the introduction of the principal antimalarials and of the first 
emergence of resistance in the field.  
Single bars refer to monotherapies; double- and triple-bar boxes denote combination therapies. 
Colors refer to the chemical classes to which the antimalarials belong. ASSP, artesunate + 
sulfadoxine/pyrimethamine; AL, artemether + lumefantrine; PA, artesunate + pyronaridine; 
ASMQ, artesunate + mefloquine; ASAQ, artesunate + amodiaquine. Reproduced with permission 
from Blasco et al. (Nature Medicine)12. 

 

 Quinoline drug resistance has been extensively studied by our laboratory and by others as 

well. Research has shown that:   

1) The DV protein Plasmodium falciparum chloroquine resistance transporter 

(PfCRT) is responsible for observed shifts in cytostatic potency. In 2000, Fidock et al.14 

discovered a novel DV transmembrane protein, in which patterns of 5-8 amino acid 

substitutions correlated with increased resistance to the 4-aminoquionline chloroquine 
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(CQ). Additionally, parasites that were episomally transfected with a CQR PfCRT 

sequence showed increased resistance to CQ14. Since this initial discovery, several studies 

have been done to characterize a number of different CQR-associated PfCRT alleles and 

changes in reversible physiology that accompany their expression15-20. In 2015, our 

laboratory characterized the transport ability of 45 naturally occurring isoforms of PfCRT 

to determine whether the efflux of CQ from the parasite DV is solely responsible for the 

differences observed in CQ sensitivity21. 

2) The degree of quinoline drug resistance is markedly different at cytostatic versus 

cytocidal doses.22, 23 It was originally believed that reduced accumulation of CQ in the 

parasite DV was responsible for CQR. While this is true for cytostatic CQR, or resistance 

to growth inhibitory concentrations of CQ, in 2009, our laboratory showed that this is not 

the case for medically relevant cytocidal – or cell kill – concentrations of CQ22. Further, in 

2011, our laboratory developed an efficient assay to characterize the differences in 

cytocidal potency for several quinoline drugs vs HB3 (CQS), Dd2 (CQR) and 7G8 (CQR) 

parasite strains23. We found that fold-differences in susceptibility to quinoline drugs greatly 

differed at cytostatic vs. cytocidal concentrations as well as across strains expressing 

different PfCRT sequences. These data suggest that the mechanisms of quinoline drug 

resistance differ at cytostatic vs. cytocidal concentrations. 

3) PfCRT only plays a minor role in cytocidal quinoline resistance24. In 2013, our 

laboratory discovered that a novel mechanism of cell death may be responsible for the 

observed differences in cytostatic vs. cytocidal drug potencies. Results from a quantitative 

trait loci (QTL) analysis indicated that PfCRT only accounts for approximately 20% of 

cytocidal CQ drug resistance.  Importantly, two novel loci on chr6 and chr8 were 
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implicated as responsible for cytostatic CQ resistance. These loci contain multiple genes 

linked to vesicle trafficking, proteasome function, and lipid metabolism. 

Immunofluorescence assays using antibodies raised against PfATG8 protein revealed an 

autophagy-like response was involved in cytocidal CQ resistance (Figure 1.6).   

4) DV pH and DV volume are tightly linked to quinoline drug sensitivity15. P. 

falciparum parasites digest RBC host cell hemoglobin which supplies the parasites with 

amino acids and helps maintain intracellular osmolarity25, 26. As a weak base and lipophilic 

drug, CQ accumulates as CQ2H+ in the acidic parasite DV. Recent reports have detected a 

link between PfCRT-mediated CQR and increased accumulation of peptides derived from 

hemoglobin digestion27. Therefore, changes in DV osmolite concentration and, in turn, pH 

and volume can be informative in the context of quinoline drug resistance. It was shown 

that CQR parasites – those expressing mutant PfCRT – have decreased DV pH compared 

to CQS strains19 and also show increased DV volume28. 
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Figure 1.6 PfATG8 redistribution after chloroquine exposure vs. time.  
Parasites were treated with 2 x LD50 dose (250 nM for (A) HB3 [CQS], and 32 µM for (B) Dd2 
[CQR]. 1) Transmittance, 2) ATG8 fluorescence, 3) DAPI, 4) Merge all channels. Bar = 5 µm. 
Reproduced with permission from Gaviria et al.24, available under the Creative Commons 
attribution. 

 
Despite our increasing knowledge of resistance mechanisms in general and resistance to 

quinolines in particular, there is still much left to discover regarding the relatively new 

phenomenon of ART resistance, which defies most of what has been previously discovered about 

quinolines.   

1.3 Mechanism of Action of Artemisinins 

 The MOA of quinolines has been extensively studied and several reports have shown that 

the quinolines inhibit the detoxification of free heme into crystalline hemozoin (Hz)3, 9, 29. 

However, the MOA of ART drugs (Figure 1.7) is not yet fully understood. ARTs are a relatively 

novel class of antimalarial drugs called endoperoxides. They possess a highly reactive 

endoperoxide bond, which is thought to be key to the potent action of these compounds. This 

endoperoxide bond can be quickly broken by ferrous heme and forms a carbon centered radical 

intermediate30, 31, which has recently been shown to attack free heme within parasites32, 33. It seems 

1 
 
 
 
2 
 
 
3 
 
 
4 
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likely then, that at least part of ART MOA includes inhibition of Hz formation, similar to quinoline 

drugs. This radical intermediate then alkylates several targets, including heme within the parasite 

and a variety of other parasite proteins32, 34-36.  

 In 2011, it was shown using hemoglobinase inhibitors that parasite digestion of host cell 

hemoglobin is necessary for ART activity37. Several studies have also been done to characterize 

the necessity of iron sources for ART potency38-40. These studies have shown that iron chelators, 

such as desferroxamine, antagonize the activity of ARTs. It has further been shown that activation 

of ARTs requires heme iron rather than free ferrous iron36, 41. Attempts have been made to 

determine the potential targets of activated ARTs. In a study using clickable alkyne or azide 

derivatives of ART as bait, followed by biotinylation and pull-down of tagged proteins, 124 ART 

covalent binding protein targets were discovered, several of which are essential for parasite 

survival36. In another study, Ismail et al. synthesized a similar molecule and found 49 protein 

targets42. When comparing these studies, it is interesting to note that only 19 proteins are 

commonly alkylated suggesting that most ART-protein adduct formation is random43. 

Furthermore, a study done on the novel candidate synthetic endoperoxide compounds OZ277 and 

OZ439 (Figure 1.7) revealed a similar MOA in that several alkylated protein targets were found35. 

It is thought that this promiscuous alkylating of multiple types of proteins, along with heme 

alkylation, leads to oxidative damage and compromises the parasite proteasome function, which, 

in turn, leads to parasite death43, 44.  

 ARTs also have a pharmacokinetic profile that is significantly different from quinoline 

drugs. Quinolines have a long t1/2, which describes the blood plasma elimination half-life. T1/2 for 

quinolines is usually on the order of 1-2 months, meaning the drug can exert its effects over a long 

period of time45. On the other hand, ARTs not only reach peak plasma concentrations within 1-2 
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hours but also have a much shorter t1/2, on the order of 1-5 hours46. Additionally, most ART drugs 

are quickly (within 1-2 hours) converted to the major active metabolite, DHA, with the exception 

of artemisone and the synthetic ozonide compounds OZ277 and OZ439. Additional advantages to 

the use of OZ277 and OZ439 over traditionally used endoperoxide compounds include their longer 

t1/2 which is 5-15 hours for OZ277 and 46-62 hours for OZ43947. 

 

1.4 Emergence of Artemisinin Resistance 

Artemisinin (ART) Combination Therapies (ACT) are currently the front-line therapies for 

treating P. falciparum malaria worldwide. For more than 10 years, the WHO has strongly urged 

regulatory authorities in malaria endemic countries to halt the production and use of antimalarial 

monotherapies in favor of using combination therapies48. It is known 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 compound49. These recommended drug 

combinations typically include a fast-acting compound (such as ART, Figure 1.7, which as 

previously described, 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 PPQ, AQ, LF or MQ, Figure 

1.8), which have a longer half-life on the order of months and exist in the human blood-stream for 

extended periods of time after treatment to prevent recurrence of the parasite infection). 

Commercial ACTs currently available include combinations of: ATM-LF (Coartem), ATS-AQ 

(ASAQ) and DHA-PPQ (Eurartesim), which are quickly losing efficacy against multidrug-

resistant P. falciparum in Southeast Asia. As shown in Figure 1.5, widespread resistance already 

exists against AQ and PPQ, two of the most widely used ACT partner drugs. 
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Figure 1.7 Structures of artemisinin-based drugs used in this study. 

 

Recent reports of evolving ARTR50-52 and DHA-PPQ treatment failure53-55 in P. falciparum 

may indicate the evolution of resistance to ART-based drugs and commonly used ACTs52, 56, 57. 

The development of ARTR is of significant concern especially in Cambodia and Thailand, where 

the first reports of ARTR originated58-60, especially since the Thai-Cambodia border is considered 

the world’s hot-spot for the development of P. falciparum multidrug resistance61. Therefore, it is 

imperative to understand these mechanisms of resistance so they may inform the development of 

novel therapies that can not only overcome ACT resistance but that also will not lend themselves 

to developing resistance. 
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Figure 1.8 Chemical structures of partner drugs typically used in artemisinin combination 
therapies.  
PPQ, piperaquine; AQ, amodiaquine; MQ, mefloquine; LF, lumefantrine. 
 

ARTR likely emerged in the early 2000s, with the first documented cases of decreased 

susceptibility to ACTs reported in 2008 and 200943, 62. Interestingly, as mentioned earlier in section 

1.2, the emergence of this resistance phenotype was first observed in Southeast Asia, specifically 

near the Thai-Cambodia border and in Western Cambodia. This phenomenon is characterized by 

an increase in the time required to clear half a patient’s parasitemia (clearance half-life) but does 

not result in treatment failure – i.e,. patients are still cured52. “Delayed clearance phenotype” (DCP) 

is defined as 1) a patient having a parasite clearance half-time of greater than 5 hours or 2) a patient 
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having detectable parasitemia on the third day of ACT treatment52. However, around 2015, reports 

of resistance to both PPQ and DHA in the DHA-PPQ ACT began to surface13, 53, 54, 63-65. These 

reports suggest that resistance to both the ART compound and the partner drug has begun to 

develop, which is even more serious than ARTR alone. Additionally, the possibility of spread or 

emergence of ARTR within Africa is of enormous concern since this is where most deaths from 

malaria occur66. 

 

1.5 Quantification of Artemisinin Resistance 

Traditional methods of quantifying antimalarial drug resistance, such as measuring the 

concentration of drug required to inhibit parasite growth by 50% (also known as the IC50 assay), 

are not able to quantify ARTR59, 60, 67. In 2010, Witkowski et al. developed the first known method 

of quantifying ARTR68. This report detailed a parasite strain that was subjected, under laboratory 

conditions, to three years of ART drug pressure. This strain, called F32-ART, was able to tolerate 

up to 9 µM ART and was established as a laboratory-derived ARTR strain68. Interestingly, the 

F32-ART strain was not distinguishable from the F32-control (non-drug pressured) strain via IC50 

assay (~9.9 nM ART IC50 for both strains). Thus, this study reported the first assay to successfully 

correlate in vitro findings with ART sensitivity. In this assay, parasites were treated with high 

micromolar doses of ART for 48 or 96 hours, after which the parasites were washed and returned 

to drug-free media and allowed to proliferate. The time it took for cultures to reach 5% parasitemia 

was recorded by Giemsa staining as well as by rhodamine 123 fluorescence staining. Not only did 

this assay find a quicker recovery time for the F32-ART resistant strain, but also it described a 

quiescence mechanism displayed by synchronized, ring-stage parasites as a possible method of 

ART tolerance. However, this assay was very tedious and time consuming. 
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In 2013, Witkowski et al. developed an improved assay to quantify ARTR and 

characterized several laboratory adapted isolates using this “ring-stage susceptibility assay” 

(RSA)69, 70. In the RSA, early ring-stage parasites are bolus-dosed with 700 nM DHA for six hours 

(a physiologically relevant dose and incubation time)71, 72. The parasites are then washed, cultured 

in drug-free media, and relative survival 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 masked69. 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 data73. This method utilizes the DNA intercalating properties of SYBR 

Green I (SG) and the membrane potential response of MitoTracker Deep Red (MTDR) to identify 

infected erythrocytes (iRBC) and subsequently categorize parasites within the iRBC as viable or 

non-viable. While MTDR has been shown to selectively accumulate within intact mammalian 

mitochondria as an indicator of a large membrane potential74, there has been little evidence to 

discern the mitochondrial membrane potential in P. falciparum parasites. P. falciparum parasites 

have acristate mitochondria75 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 chain76. MitoTracker dyes accumulate within organelles surrounded by membranes with 

a high membrane potential. It is still unknown whether P. falciparum mitochondria possess a 

membrane potential great enough to cause MitoTracker accumulation. However, results from the 

Amaratunga et al. RSA73 do agree with results from the Witkowski et al. RSA69 suggesting that 
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the Amaratunga et al. method can be used as a more effective method of quantifying ART 

sensitivity (Figure 1.9). 

Figure 1.9 Flow cytometry scatterplots.  
Scatterplots of DHA- (A) and dimethylsulfoxide (DMSO)-exposed (B) Plasmodium falciparum 
parasites stained with SYBR® Green I (SG) and MitoTracker® Deep Red FM (MTDR). In each 
plot, the percentage of viable parasites (double stained) 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.73.  

 

 Since these original reports, other studies have been done to discover alternative methods 

to quantify ARTR77, 78. To test the stage-specific effects of ARTs on parasite drug susceptibility, 

Klonis et al. developed an assay in which tightly synchronized parasites are subjected to short (4-
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6 hour) drug pulses at various time points in their life-cycle78. It was found that certain laboratory 

strains which showed little to no difference in the standard in vitro assays (cytostatic 

concentrations) exhibited substantial differences in drug sensitivity in the novel assay. This work 

stresses the importance of examining stage-specific activity of drugs and susceptibility of various 

parasite strains. 

  

1.6 Developing Novel Artemisinin Combination Therapy Partner Drugs 

Typically, ACTs consist of a fast-acting compound (such as ATM or ATS, Figure 1.7, 

which exert their effects within 1-2 hours to quickly kill parasites and are eliminated from the body 

within hours) and a slow-acting partner drug (such as a quinoline drug, Figure 1.8, which have 

longer half-lives 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: ATM-LF (Coartem), ATS-AQ (ASAQ) and DHA-PPQ (Eurartesim).   

There have been numerous efforts to discover novel compounds that may act as superior 

antimalarials79-84. Most of these studies have focused on single-dose agents that can act across 

blood-stage development to quickly kill parasites (e.g., ref. 85). It is possible that some of these 

compounds may also be good candidate partner drugs for novel ACTs, however, fewer studies 

investigate antimalarials as potential ACT partner drugs84, 86. For example, Mott et al. investigated 

several different classes of partner drugs with varying MOAs and found many favorable 

ART+partner drug interactions such as ART drug+phosphatidylinositol 3-kinase (PI3K) inhibitors 

(see Table 1.1).  Burns et al. investigated invasion inhibitory compounds as potential ACT 

partners, reasoning that by targeting a different pathway than ARTs, these novel antimalarials have 
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the potential to synergize with ART activity and kill parasites faster, which would also reduce the 

possibility of the development of resistance to the novel partner drugs. 

In order to further validate novel antimalarial compounds as potential ACT partner drugs, 

the compounds must possess a pharmacokinetic profile which is distinct from ARTs, specifically 

in that the clearance of the partner drug must occur over a significantly longer time-period. 

Additionally, good ACT partner drugs should have a distinct MOA and molecular target. 

Additional reports have suggested several molecular targets such as plasmepsins87, coronin 

protein88, apicoplast proteins89, and phosphatidylinositol kinases90-92. We previously discovered, 

in collaboration with Dr. Craig Thomas at the National Center for Advancing Translational 

Science (NCATS), that phosphatidylinositol 3-kinase inhibitors are potent antimalarial compounds 

and are synergistic in combinations with artemisinin84. As seen in Table 1.1, this study revealed 

the combinations ATM+NVP-BGT226 and ATM+NVP-AUY992 as highly synergistic drug 

combinations. Therefore, we were especially interested to combine this with our knowledge of 

ARTR and determine if any of these compounds can be repurposed as novel antimalarial partner 

drugs that can act against ARTR strains. 

Techniques to identify synergistic partner drugs involve altering the concentrations and 

relative ratios of drugs through a checkerboard pattern on an assay plate, or fixed-ratio serial 

dilutions. Either technique can be used to generate a plot used to identify the interaction, known 

as an isobologram. The isobologram method 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 time93. The fractional inhibitory 
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concentration (FIC) for each drug is calculated (Equations 1.1-1.3), which compares the activity 

of each drug in combination with their activities when used as monotherapies. However, instead 

of plotting them on a graph as with isobolograms, these values are summed to generate a 

combination index, or fractional inhibitory concentration index (FICIndex). 

𝐹𝐼𝐶$ =
&'()	+,	-./0	$	12	'+3412561+2

&'()	+,	-./0	$	57+28
  (Equation 1.1) 

 
𝐹𝐼𝐶9 =

&'()	+,	-./0	9	12	'+3412561+2
&'()	+,	-./0	9	57+28

  (Equation 1.2) 
 

𝐹𝐼𝐶&2:8; = 𝐹𝐼𝐶$ + 𝐹𝐼𝐶9   (Equation 1.3) 

The Chou-Talalay analysis also provides a clear definition of synergy versus additivity 

versus antagonism93 but is limited by inspecting only one drug ratio. Often, drug ratios in plasma 

is not known, therefore a 1:1 physiologic ratio is used for consistency. For instance, if the presence 

of an inactive compound (“drug B”) simply augments the activity of a drug (“drug A”), 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 alone does not 

necessarily mean that the combination is synergistic; such a result could be caused by additive or 

even slight antagonistic interactions94. Based on their calculations, Chou and Talalay define 

additivity when the FICIndex equals 1. When the FICIndex is less than 1, the interaction is synergistic; 

when it is greater than 1, the interaction is antagonistic93. 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. 

Isobologram or Chou-Talalay analyses only determine the nature of the interaction, not how it 

comes to be. 
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Table 1.1 Noteworthy combination results from >4,000 discreet combinations tested.  

aData is against P. falciparum 3D7 and represents the lowest values from duplicate screens. 
Complete data sets can be found at https://tripod.nih.gov/matrix-
client/rest/matrix/blocks/1761/table. bArtemether (ATM), artesunate (AS), dihydroartemisinin 
(DHA), lumefantrine (LF), mefloquine (MFQ), amodiaquine (AQ), methylene blue (M.B.). 
cMechanistic class reflects general terms and is not intended to cover all putatively contributing 
pharmacology’s of the drugs listed (may reflect hypothesized mechanism based on mammalian 
target). dCombination effect reflects the DBSumNeg value. DBSumNeg values <-3 indicate high 
levels of synergy. eYes indicate an in vivo study presented in this study only. N.T. (not tested). 
Reproduced with permission from Mott et al.84 Available under the Creative Commons 
Attribution. 
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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 495, to just expanding the additive range to run between 1 and 296. The Chou-Talalay 

method has been used previously to investigate the interactions of antimalarial compounds such 

as ART in combination with other natural products isolated from ART tea97, the analysis of 

possible drug partners emetine/DHA96, thapsigargin/ART, thapsigargin/OZ22798, and the 

interaction of chalcone derivatives and ART99. 

Importantly, until recently all examination of drug combinations in vitro focused on 

cytostatic (growth inhibitory) effects. Recent examination of drug combinations at both cytostatic 

and cytocidal (cell kill) dosages demonstrates the possibility of synergy at one but not necessarily 

both levels of drug activity100. For instance, the combination of CQ and AQ in Dd2 parasites (CQR) 

is additive at the cytostatic level, but highly antagonistic when cytocidal potency is examined. 

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. 

In addition to studying cytocidal effects of drugs, it is also increasingly important to 

investigate the stage-specific effects of these drugs. As previously mentioned, for ARTR parasites 

there is an observed decrease in susceptibility to DHA in the ring-stage of the parasite life-cycle. 

Additionally, it has been shown that there are additional stage-specific effects of ART-based 

drugs78; for example, this study indicated that in the drug-sensitive 3D7 strain, there is a decrease 

in the ring-stage sensitivity to ART and DHA and that the susceptibility to these drugs increases 

as the parasite progresses to later stages of its life-cycle, which would be expected due to the 

hypothesized mechanism of activation and action of ART-based drugs, as previously described. 
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Therefore, it will be important to investigate both cytostatic and cytocidal activities of any novel 

candidate partner drugs, as well as any stage-specific effects.   

 

1.7 Molecular Mechanisms of Artemisinin Resistance 

There have been many studies that attempt to determine the molecular mechanism of 

ARTR51, 55, 78, 91, 101-109. 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 ART-based drugs as well as the mechanism by 

which parasites evade ART-based drugs.  

Although it does not fully account for ARTR110, the most widely used marker for ARTR 

is the presence of mutations in the propeller domain of a kelch domain containing protein encoded 

on chromosome 13 – also referred to as K13 mutations51, 110. 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 

phenotype110. The RSA has been shown to correlate well with clinical observations of ARTR 

displayed by delayed clearance parasites (DCP) and is used to predict clinical outcomes through 

in vitro methods69, 73. Straimer et al. effectively showed that, by introducing a novel K13 mutation 

to non-Cambodian laboratory strains (that were previously K13-wild type), it was possible to 

induce ARTR without drug exposure evidenced by a higher percentage survival in the RSA110. 

Importantly, these findings also suggest that, while K13 mutations are necessary to explain the 

RSA and clinical phenotype of ARTR, 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 
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are other yet undiscovered genetic factors, separate from the K13 locus, which also contribute to 

ARTR.  

Figure 1.10 K13-propeller mutations confer artemisinin resistance in clinical isolates as 
defined in the Ring-stage Survival Assay.  
(A–D) RSA0-3h survival for Cambodian isolates harboring native K13 mutations (shown in 
superscript) and zinc finger nuclease (ZFN)-edited isogenic clones carrying wild-type K13 alleles 
(superscript “rev”). (E–I) RSA0-3h 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 RSA0-3h survival in the Dd2 reference 
line, showing that I543T 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 resistance depending on the parasite genetic background. 
Reproduced with permission from Straimer et al.110  

 
Components in the autophagy-like pathway in P. falciparum have also been linked to the 

emergence of the ARTR. A recent genome-wide association study identified that a locus on chr10 
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containing ATG18 was associated with decreased sensitivity to DHA and ATM111. 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 strains91.  

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 ARTR106. 

In particular, genes that were up-regulated included those involved in protein metabolism, such as 

endoplasmic reticulum retention sequences, unfolded 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 overall unfolded 

protein response (UPR) in other eukaryotic species. Mok et al. suggest that an up-regulated UPR 

may contribute to ARTR in P. falciparum.  

Due to significant evidence that implicates components of the autophagy-like pathway in 

ARTR and previous studies24 that implicate the autophagy pathway in quinoline resistance, I was 

interested in investigating this phenomenon further. 

 

1.8 Autophagy in Plasmodium falciparum 

Autophagy is a stress-inducible catabolic process that is mediated by double-membrane 

organelles called autophagosomes and is highly conserved in eukaryotes112, 113. Autophagosome 

formation is dependent on several autophagy-related (ATG) proteins, which were first identified 

in Saccharomyces cerevisiae, Baker’s yeast113, 114. These proteins form distinct complexes 

necessary during initiation and elongation of the autophagosomal membrane115. First, the initiation 

step requires the Atg1-Atg13-Atg17-Atg31-Atg29 complex and Atg9-containing vesicles. Next, 
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the phosphatidylinositol 3-kinase (PI3K) complex (Vps30/Atg6-Atg14-Vps15-Vps34) produces 

phosphatidylinositol 3-phosphate (PI3P) which recruits the Atg2-Atg18 complex. And finally, the 

Atg12-Atg5-Atg16 complex and ATG8-phosphatylethanolamine (PE) conjugate are required for 

elongation of the phagophore membrane and closure of the autophagosome (Figure 1.11). These 

proteins are highly conserved in eukaryotes116 (see also Table 1.2).  

Figure 1.11 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 < 1-10 in initial 
BLAST within PlasmoDB). Gray indicates homology less clear (initial e-value cutoff of 0.012). 
White indicates no P. falciparum orthologue was identified. *Human proteins FIP200 and Atg101 
thought to be functional homologues of yeast Atg31/Atg17/Atg29. Reproduced from Hain et al117, 
available under the creative commons attribution. 

 
The biogenesis of autophagosomes is orchestrated by multiple complexes containing 

autophagy-related (Atg) proteins that first initiate formation of a preautophagosomal structure, 

called the phagophore (Figure 1.11). The phagophore emanates from the omegasome, a site on the 

endoplasmic reticulum (ER) containing PI3P and PI3P-binding proteins118. The phagophore 

elongates and closes to form a mature autophagosome that will ultimately transport cargo to and 

fuse with the lysosome. Autophagosome biogenesis can be initiated by various cues such as 

external stressors, drugs, or starvation. The Golgi apparatus, endosomes and the plasma membrane 
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have been proposed to participate directly, indirectly or partially in autophagosome biogenesis 

from initial phagophore generation to the growth of the organelle119, 120. Once the phagophore starts 

to elongate, a dedicated molecular machinery allows the specific targeting of ATG8 to the 

preautophagosomal membranous structure by lipidation (PE conjugation) of the protein. This step 

marks the transition from omegasome to phagophore organelle121. The presence of lipidated ATG8 

on the membrane enables fusion during autophagosome closure, specific cargo-recognition and 

adaptor protein docking122, 123. Therefore, the presence of ATG8 on autophagosomal structures is 

considered the hallmark of a sequestrating organelle that transports cytoplasmic material along the 

autophagy degradative pathway. Finally, the mature autophagosome fuses with a lysosome to 

ensure autophagosomal cargo degradation and component recycling121. 

In apicomplexan parasites such as P. falciparum only a partial list of Atg proteins are 

conserved24, 117, 124 (see Figure 1.11 and Table 1.2). Importantly, the ATG8 conjugation system, 

including Atg3, Atg4, Atg7, and ATG8, is conserved24, 125. Therefore, most autophagy related 

studies in P. falciparum and other apicomplexan parasites have focused on ATG8 as a marker 

protein for the autophagosome24, 125. Furthermore, although no orthologue of mTOR has been 

found in Plasmodium, homologues have been discovered of 15 of the more than 40 autophagy 

proteins that have been identified in yeast117, 124. These include Atg1, Atg2, Atg5, Atg6, Atg12, 

Atg14, Atg17, Atg18 and Vps34, which are conserved in P. falciparum126. Interestingly, to date, 

Vps34 is the only phosphatidylinositol 3’-kinase (PI3K) that has been identified in the Plasmodium 

genome and suggests a probable regulation step in the absence of an mTOR ortholog126. 

Plasmodium parasites appear to 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 
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identified in Plasmodium and our laboratory’s work that implicates the autophagy pathway in 

cytocidal chloroquine resistance24, it is imperative that the functionality and role as a cell death 

mechanism of this pathway be further investigated in malaria parasites.  

Autophagy uses the lysosome as the final organelle for degradation of cellular 

components117. In higher eukaryotes, Rab7 is a key regulator in trafficking of endosomal material 

to the lysosome127. Rab7 is necessary to the autophagy pathway in mammalian cells due to its 

influence on the maturation of autophagosomes128 and during amino acid starvation, ATG8 and 

Rab7 colocalize on the autophagosomal membrane129. P. falciparum has a family of 11 Rab 

proteins including a single Rab7 GTPase130 (see Table 1.2), suggesting that components of the 

pathway for autophagosome maturation exist in malaria parasites. Through electron micrographs, 

Tomlins et al. showed that PfATG8 localizes to double-membrane structures containing PfRab7 – 

which suggests that these vesicles are autophagosomes – that were near or inside of the parasite 

DV, which also implicates the parasite DV as the final lysosome-like compartment during the 

malaria parasite autophagy cascade131 and further supports the hypothesis that malaria response to 

cell death includes an autophagy-like pathway rather than an apoptosis pathway. 
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Table 1.2 Top BLASTP hits from searches based on S. cerevisiae amino acid sequences.  

Duplicate entries indicate paralogs. Reproduced in part with permission from Gaviria132 

 

 

 

 



28 
 

Table 1.2 Continued 

 

As seen in Table 1.2, there are several proteins involved in autophagy that were first 

characterized in yeast. There are over 40 autophagy related (ATG) genes found in yeast and many 

are conserved in P. falciparum and H. sapiens. This could suggest that P. falciparum parasites can 

carry out autophagy.  Interestingly, while there are over 60 Rab GTPases in the human genome, a 

subset of these are conserved in P. falciparum as well as S. cerevisiae. Rab GTPases are involved 
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in vesicle trafficking and membrane fusion events, which is an important final step in the 

autophagy pathway as autophagosomes containing cargo must be fused with the lysosome for 

degradation of these contents and to complete the autophagy cycle.  

 

1.9 Targeting Autophagy to Induce Cell Death 

 The role of autophagy in drug resistance and cell death has been extensively studied in the 

field of cancer research and understanding the progress made in that field can help inform the 

development of novel antimalarial therapies. Autophagy can be both a mechanism of survival and 

a mechanism of cell death. There are several kinases involved in regulating autophagy (see Table 

1.2) at optimal levels such that it is primarily used as a survival mechanism in the absence of 

external stressors. However, it is possible to use targeted drug therapies to stimulate cell death via 

over induction or increased inhibition of the autophagy pathway24. 

 It is thought that in tumor cells, the autophagy pathway protects cells from undergoing 

programmed cell death133. This would provide a logical rationale for why the inhibition of 

autophagy could improve the response to other agents. However, as previously mentioned, P. 

falciparum parasites lack the molecular machinery necessary to undergo the most common 

programmed cell death pathway (apoptosis). It is also important to note that depending on the stage 

of autophagy that is inhibited, the changes in cell death can be very different. For example, 

prevention of autophagosome maturation can decrease necroptosis while inhibition of 

autophagosome turnover potentiates necroptosis in the same prostate cancer cells134. These 

observations exemplify the underlying problem of autophagy manipulation in cancer therapy and 

potentially in antimalarial therapy. Autophagy has context-dependent and sometimes even 

opposing effects on tumor cell behavior. These context-dependent effects are poorly understood 
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emphasizing the importance of a better understanding of the molecular mechanisms that determine 

how autophagy affects cellular behaviors.   

 Recently, studies have been done to investigate the potential uses of combination therapies 

to simultaneously stimulate and inhibit autophagy as a method to kill cancer cells135-137. As shown 

in Table 1.2, there are a greater number of homologs and paralogs involved in mammalian 

autophagy compared to P. falciparum so there are more methods to target this pathway in tumor 

cells. For example, autophagy can be stimulated through inhibition of mTOR138. However, P. 

falciparum parasites lack an mTOR ortholog, therefore this method is cannot be used. Other 

methods of inhibiting autophagy in tumor cells include inhibiting ULK1 and ULK2 (which induce 

vesicle nucleation)139, 140, and the class III PI3K, Vps34141-143. Notably, P. falciparum parasites 

possess orthologs of both ULK1 and Vps34 (Table 1.2).  

Atg4 can also be targeted to inhibit autophagy144. Atg4 is necessary for proteolysis of LC3, 

which leads to the exposure of a terminal glycine residue on LC3 which can then participate in 

LC3-PE conjugation as an important step in elongation of the autophagosome membrane. In P. 

falciparum, LC3, or ATG8, is constitutively present in the cleaved form with the terminal glycine 

residue exposed and therefore, Atg4 activity is not directly needed for ATG8-PE conjugation. 

However, in eukaryotic cells, Atg4 has been shown to be necessary for ATG8 deconjugation145. 

In earlier stages of autophagosome formation, ATG8 deconjugation from non-autophagosomal 

structures is necessary to ensure an adequate supply of ATG8 for autophagosome formation. In 

later stages of autophagy, ATG8 deconjugation is necessary for completion of the autophagy 

process via fusion of autophagosomes with lysosomes. Therefore, it is possible that Atg4 inhibitors 

could have an inhibitory effect on the autophagy-like pathway in P. falciparum parasites through 

depleting the ATG8 supply for forming autophagosomes in one way or another.  
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Finally, the last step in the autophagy pathway is fusion of the autophagosome with the 

lysosome and this process is mediated by the SNARE protein, STX17146. This step can be blocked 

in eukaryotic cells with lysosomal inhibitors such as chloroquine (CQ) and hydroxychloroquine 

(HCQ) or Bafilomycin A1. There are currently over 60 clinical trials based on the targeting of 

autophagy in cancer (found by a quick search at ClinicalTrials.gov using the search term 

“autophagy”), which stresses the importance of investigating this topic in relation to disease and 

novel disease therapies.   

Autophagy has also been shown to play a role in cellular responses to cancer treatments135. 

Several studies have shown that autophagy can protect cancer cells against commonly used drug 

therapies147, 148. Therefore, inhibiting autophagy may sensitize tumor cells to those drugs. In 

addition to chemosensitization, the inhibition of autophagy may overcome acquired resistance to 

other chemotherapies. For example, tumors with activating mutations in BRAF have become 

resistant to BRAF inhibitors like vemurafenib. Vemurafenib resistance is associated with increased 

autophagy and autophagy inhibition can reverse this resistance149. Studies have also shown that 

utilizing this method to inhibit autophagy and overcome drug resistance can be effective in 

patients. A brain cancer patient with a BRAF mutant tumor was treated with a combination of CQ 

and vemurafenib and experienced long term tumor regression150. Importantly, in this study, the 

patient was treated with cycling drug courses including removal of vemurafenib. In those cases 

when only CQ was used for treatment, the tumor regrew and it was only when the combination of 

CQ and vemurafenib was used that treatment was effective. This was the first study to suggest that 

autophagy inhibition with CQ can overcome acquired resistance to the kinase inhibitor.  

Studying cancer literature can provide insight into the design of novel antimalarial 

combination therapies. There is still much to learn about the autophagy process in tumor cells and 
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the context-dependent effects on cell survival. Additionally, combination therapies involving 

either the simultaneous stimulation and inhibition of autophagy or the inhibition of autophagy to 

overcome drug resistance have proven effective in treating cancer. Therefore, it will be important 

to gain a better understanding of the autophagy pathway in P. falciparum and its effects on cellular 

growth and death so that we can design novel antimalarial combination therapies that may also be 

able to overcome acquired resistance. 

 

1.10 P. falciparum Phosphatidylinositol Kinases 

 As reviewed elsewhere126, there are three types of phosphatidylinositol kinases (PIK): 1) 

phosphatidylinositol 3-kinase (PI3K), 2) phosphatidylinositol 4-kinase (PI4K), and 3) 

phosphatidylinositol phosphate kinases. Each of these primary categories contains several sub-

categories, or classes, of these kinases. P. falciparum parasites possess 6 genes which are thought 

to encode PIKs126. Of specific interest in this study are 1) PF3D7_0515300 – the sole PI3K in the 

P. falciparum genome and 2) PF3D7_0509800 – a putative PI4K type III β (PI4KIIIβ). 

 In eukaryotic cells, mTOR is the key regulatory protein involved in controlling the 

autophagy cascade. However, P. falciparum parasites do not have an mTOR orthologue (as shown 

in Table 1.2)24, 124, 151. Therefore, PfPI3K may be the gatekeeper of autophagy in these parasites. 

Recent studies from our laboratory strongly suggest that the sole PI3K in P. falciparum is a class 

III PI3K, also known as Vps3492, 152, 153. These studies have shown that this kinase has a strong 

sequence similarity with both human and Saccharomyces cerevisiae Vps34 in the catalytic region, 

solely produces PI3P and is inhibited by several known PI3K targeting drugs in vitro92.  

PfVps34 is of particular interest for many reasons. First, because it produces PI3P which 

is important for the formation of autophagosome membranes in the initiation stages of the 
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autophagy process. Unlike other PI lipids which have been found in eukaryotic cells at the Golgi 

apparatus and plasma membrane, PI3P is found at the surface of early endosomes and in 

intraluminal vesicles of multivesicular endosomes and on autophagosomes, the main organelle of 

the autophagy degradation pathway154, 155. PI3P has also been observed at sites of LC3-associated 

(or ATG8-associated) phagocytosis in eukaryotic cells. The Vps34 phosphorylation pathway 

involves a multimeric complex composed of the catalytic subunit Vps34 and regulatory/accessory 

subunits such as Vps15 (described in previous sections).  Several other subunits can participate in 

the molecular regulation of Vps34 enzymatic activity as well as subcellular membrane targeting. 

The Rab5 small GTPase targets the complex to early endosomes, whereas Atg6 and Atg14, two 

key regulators of autophagy initiation, recruit the complex to the preautophagosomal membrane156-

158. The kinase and phosphatase activities that yield PI3P are probably directly linked to the precise 

membrane that requires PI3P production, highlighting the importance of spatiotemporal 

coordination of the PI3P turnover. 

Vps34 has been shown to mediate nutrient acquisition through endocytosis and autophagy 

in eukaryotic cells159, 160 and it is highly likely that PfVps34 is also involved in similar cell survival 

pathways161. Additionally, several PI3K inhibitors were found to be potent antimalarials and 

synergistic with ARTs in a high-throughput screen84. Furthermore, recent studies have been done 

to characterize the essentiality of apicomplexan genes in a high-throughput fashion and Vps34 was 

found to be essential to parasite survival in P. falciparum and P. berghei as well as in the related 

apicomplexan parasite, Toxoplasma gondii162-165. 

 It is likely that PfPI4KIIIβ produces PI4P, however, this enzyme has not yet been well 

characterized in P. falciparum. Studies are currently underway in our laboratory to better 

understand the function of this enzyme in vitro. PI4P traditionally defines the membrane of Golgi 
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and trans-Golgi network (TGN) and regulates trafficking to and from the Golgi166. PI4P is 

recognized by protein modules, including the PH domains of oxysterol-binding protein, ceramide 

transfer protein, and four-phosphate-adaptor protein, that are important for intra-Golgi transport167. 

Importantly, the type III PI4Ks are hijacked by +RNA viruses to create so-called membranous 

web, an extensively phosphorylated and modified membrane system dedicated to their replication. 

Therefore, selective and potent inhibitors of PI4Ks have been developed as potential antiviral 

agents166. Recent reports have suggested that PI4K inhibitors can be potent antimalarial 

compounds as well90, 168-170. Moreover, an aforementioned study also found PfPI4KIIIβ to be 

essential for P. falciparum parasite growth164. 

  PI4KIIIβ could have additional non-catalytic functions as well. For example, a study found 

that PI4KIIIβ forms a complex with Rab11 and could be involved in the intracellular development 

of malarial parasites through protein trafficking171. It is also possible that PI4KIIIβ is involved in 

the parasite autophagy pathway. A study in 2012 found that when PI4KIIIβ function is impaired, 

there is a concurrent defect in autophagy as well172. Additionally, it has been shown in eukaryotic 

cells that Atg9 containing vesicles transport PI4KIIIβ to the autophagosome initiation site to 

control PI4P production at the initiation membrane site and the autophagic response173. Therefore, 

it will be important to investigate PI3K and PI4K inhibitors in the context of ARTR and the 

autophagy pathway to determine not only the importance of the PI3K and PI4K enzymes but also 

the potency and ability of their inhibitors to target those specific enzymes. 

 

1.11 P. falciparum Genetic Manipulation 

 Genetic modification of P. falciparum parasites has been a constantly growing and 

developing field of research. These tools have great implications for the future of malaria research 
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and could significantly aid in the investigation of the P. falciparum autophagy pathway and kinases 

described above. Several techniques have been discovered since the original development of stably 

transfected parasites by Wu and Wellems in 1996174 to the recent development of CRISPR-Cas9 

induced mutagenesis175, 176.  

Until recently, the genetic modification of P. falciparum DNA has been extremely 

cumbersome and time-consuming. Most, if not all, techniques rely on stochastic DNA cleavage 

and the parasite DNA repair mechanisms to incorporate foreign DNA containing mutations, 

deletions or insertions. One advantage to this approach is that the primary mechanism of DNA 

repair in P. falciparum parasites is through homologous recombination. These parasites lack the 

molecular components necessary to perform non-homologous end joining (NHEJ), therefore it is 

possible to exploit the homologous recombination pathway to incorporate desired changes177.  

In order for homologous recombination to occur, the DNA must first be damaged in some 

way. Most transfection experiments previously done relied on single crossover integration. This 

approach has been used to generate targeted gene disruptions178, 179 and allelic replacements180, 181. 

However, there are some disadvantages to utilizing single crossover recombination. First, the 

nature of single crossover integration means that the plasmid backbone is also integrated into the 

genomic DNA, which can interfere with sequential gene targeting experiments. Second, it is 

impossible to derive mutants that have a reduced fitness because the nature of this transfection 

protocol relies on the ability of parasites possessing a stable integrant to outcompete those parasites 

possessing only episomally replicating plasmids. To address these issues, Duraisingh et al. 

developed a negative selection method which was used in combination with the already existing 

methods of positive selection to produce double crossover recombinants182 (see Figure 1.12).  
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The most commonly used selectable marker for P. falciparum transfections is the human 

dhfr gene which confers resistance to WR99210 (P. falciparum DHFR is susceptible to WR99210 

but HsDHFR is not) and remains effective in parasite strains which are inherently pyrimethamine 

resistant183. Several other markers have been used for positive selection including blasticidin S 

deaminase (BSD)184, which confers resistance to blasticidin S. Negative selection has been 

accomplished utilizing the herpes simplex virus thymidine kinase (tk) gene that confers 

susceptibility to the guanosine analog, gancyclovir182.   

As seen in Figure 1.12, the original methods of P. falciparum transfection relied on the 

stochastic occurrence of double-stranded breaks (DSB) to incorporate genetic modifications. 

Therefore, these methods were subjected to long waiting periods as the occurrence of stochastic 

DSBs is very low. However, more recent developments have increased the efficiency of 

transfections through targeted induction of double-stranded breaks. A very promising strategy was 

adapted to P. falciparum in 2012 by Straimer et al.185 In this study, the technique of zinc-finger 

mediated genomic editing was explored. This was especially exciting due to the ability to define a 

target locus and direct homologous recombination to this chosen locus.  
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Figure 1.12 Established technologies for genome editing.  
(A) Single-site crossover (SSC) was developed to utilize a region homologous to a genomic locus 
carried on a transfected plasmid with a positive marker (green strands). SSC depends on a 
stochastic DSB in the genome to provide recombinogenic DNA ends that will use the plasmid 
region of homology as a template for repair. Formation of a dHJ and its resolution to yield a 
crossover product will lead to plasmid integration into the genome. (B) An apparent double 
crossover requires the parasite to incorporate the positive marker placed between two regions 
homologous to the gene of interest. Recombination (e.g., by SDSA) can copy the positive marker 
and introduce this into the genome while avoiding the negative marker (dark gray strands). 
Reproduced with permission from Lee et al.177  
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 Zinc-finger nucleases (ZFNs) have been used successfully to genetically modify several 

multicellular organisms186, 187. This technique involves a pair of zinc-finger proteins with unique 

specificity for adjacent sequences on either strand of the DNA helix which are linked to an 

endonuclease (FokI) that functions as an obligate heterodimer188, 189. ZFNs induce a DSB that can 

alter the target by either activating the error-prone NHEJ pathway, or in the case of P. falciparum, 

by stimulating homologous recombination when a donor template is provided. Although this 

technology was revolutionary, ZFNs take significant effort to make and efficiency is not 

guaranteed190, 191. Shortly after the use of ZFNs to modify P. falciparum DNA, another even more 

efficient method was introduced – Clustered Regularly Interspaced Short Palindromic Repeats 

(CRISPR).  

 

1.12 CRISPR-Cas9 Mediated Genetic Engineering 

 CRISPR are a family of DNA sequences found within the genomes of prokaryotic 

organisms such as bacteria (approximately 40% of sequenced genomes) and archaea 

(approximately 90% of sequenced genomes)192. These sequences are derived from DNA fragments 

of viruses that have previously infected the prokaryote and are used to detect and destroy DNA 

from similar viruses during subsequent infections. Therefore, these CRISPR sequences play a key 

role in the antiviral defense system of prokaryotes193 (Figure 1.13). CRISPR associated protein 9 

(Cas9) is an enzyme that uses CRISPR sequences as a guide to recognize and cleave specific 

strands of DNA that are complementary to the CRISPR sequence. Together, CRISPR sequences 

and Cas9 are the basis of the technology known as CRISPR-Cas9 and can be used to edit genes 

within several organisms. In 2014, this technology was adapted to genetically modify P. 

falciparum parasites175, 176.  



39 
 

Figure 1.13 Diagram of CRISPR prokaryotic antiviral defense mechanism.  
After insertion of exogenous DNA from viruses or plasmids, a Cas complex recognizes foreign 
DNA and integrates a novel repeat-spacer unit at the leader end of the CRISPR locus. Then the 
CRISPR repeat-spacer array is transcribed into a pre-crRNA that is processed into mature crRNAs, 
which are subsequently used as a guide by a Cas complex to interfere with the corresponding 
invading nucleic acid. Repeats are represented as diamonds and spacers as rectangles. Available 
under the Creative Commons Attribution 3.0. Reproduced with permission from Horvath et al.194  

 
 As previously mentioned, the most efficient way to genetically modify P. falciparum 

parasites is to create a directed DSB and provide a donor template for the subsequent DNA repair 

by homologous recombination. Original methods of P. falciparum transfection required waiting 

for stochastic DSBs to occur in order to induce genetic changes. Since then ZFNs and subsequently 

CRISPR have been used to increase efficiency by directing endonucleases to create DSBs at 
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specific genetic loci. An overview of the adaptation of the CRISPR-Cas9 methodology to 

genetically modify P. falciparum DNA is shown in Figure 1.14. 

Figure 1.14 Overview of the CRISPR-Cas9 process. 
Overview of the CRISPR-Cas9 process to create a DSB, which allows for homology directed DNA 
repair. A guide must be provided to direct the Cas9 endonuclease to a desired genomic locus. 
These guides are derived based on CRISPR sequences that are present in bacteria and archaea. 
Available under the Creative Commons Attribution 3.0. Reproduced with permission from Jinek 
et al.195   

 
 There are several different Cas9 orthologues from various bacterial systems. The most 

commonly used for genetic engineering of P. falciparum parasites is the Streptococcus pyogenes 

Cas9, or SpCas9. This is a type II CRISPR-Cas system and requires a base-paired structure formed 

between the activating tracrRNA and the targeting crRNA to create a DSB. Site-specific cleavage 

occurs at locations determined both by base-pairing complementarity between the crRNA and the 

target protospacer DNA and by a short motif (referred to as the protospacer adjacent motif, or 

PAM) juxtaposed to the complementary region in the target DNA195 (see Figure 1.14). This Cas9 

endonuclease family can be paired with a single guide RNA (gRNA) molecule (a fusion construct 

including both tracrRNA and crRNA elements) to cleave highly specific DNA sites for targeted 

genome editing.  

 CRISPR methodology has already been used for several applications in P. falciparum 

parasites. The first studies to utilize this technology were Wagner et al.175 and Ghorbal et al.176 

Both methods used a dual plasmid system with the first plasmid encoding for the Cas9 

endonuclease and the second plasmid encoding for a single guide RNA (sgRNA) and the donor 
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template for homologous recombination. Both studies were able to obtain stably transfected 

parasite strains within 4-6 weeks.  

However, there were significant difference in both studies that can add to our 

understanding of the application of CRISPR methodology to P. falciparum. To express the 

sgRNA, Ghorbal et al.176 utilized the P. falciparum U6 small nuclear (sn)RNA regulatory 

elements, which are thought to recruit RNA polymerase III196. On the other hand, Wagner et al.175 

utilized a T7 promoter to express the sgRNA along with a T7 RNA polymerase expressed 

separately on the second plasmid. The rationale for this was that although the U6 promoter has 

been shown to recruit RNA polymerase III in other organisms197-199, this promoter has not been 

well defined in P. falciparum. Several P. falciparum Pol II promoters have been described, 

however, the resulting transcripts have long, heterogeneously sized 5’ and 3’ flanking regions and 

are likely produced at lower levels than Pol III transcripts200, 201. This led them to utilize the T7 

promoter and terminator sequences as these produce well-defined transcripts in high yield.   

Wagner et al.175 utilized their method to introduce a gene disruption in the PfKAHRP gene. 

This gene is responsible for producing the knobby projections on the surface of iRBCs. A 

disruption in this gene would result in a smooth cell surface phenotype and would be easily 

distinguished from non-disrupted gene cells. They chose to design their template for homologous 

recombination such that it would result in an in-frame transcriptional fusion of T2a peptide-Renilla 

luciferase (T2a-RL) coding sequence. Within 6 weeks, they were able to detect luciferase-

expressing parasites and confirmed by PCR that this was due to genomic integration of the T2a-

RL locus rather than episomal expression of the plasmid. Their results show that almost all of the 

selected, cloned parasites in the experiment were genetically modified. In a separate experiment, 

the authors also attempted to introduce the same T2a-RL gene into an unrelated P. falciparum 
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gene. These results indicated that only approximately 50% of parasites in the experiment were 

genetically modified. Overall, their studies highlight the potential efficacy of utilizing CRISPR-

Cas9 for targeted gene disruptions in P. falciparum. However, it is important to note the variability 

and inconsistencies in editing efficiency.  

In an alternate study, Ghorbal et al.176 performed a targeted gene disruption of the egfp 

locus in P. falciparum. Their goal was to introduce the human dihydrofolate reductase (Hshdhfr) 

gene into this locus, which confers resistance to the WR99210 antifolate drug. The authors were 

able to select for WR99210-resistant parasites within 3 weeks. Through PCR, they were able to 

confirm complete gene disruption and integration of the hdhfr gene. Additionally, the authors 

investigated the potential of utilizing linear DNA for P. falciparum gene disruption, which has 

been attempted before but to their knowledge, no studies have been published on this topic. 

Surprisingly, they were able to obtain WR99210-resistant parasites within the same timeframe 

previously noted. This suggests highly efficient cleavage and repair of the target DNA sequence 

due to the high probability that linear DNA is not able to be maintained episomally for long periods 

of time in P. falciparum parasites202.  

Since the time that these two extremely important studies were published in 2014, there 

have been several other studies done on the use of CRISPR-Cas9 in P. falciparum. A quick search 

on PubMed.gov using the search term “Plasmodium falciparum CRISPR” results in at least 50 

publications. Researchers have used this technique to study a wide array of topics including: 1) the 

effects of PfMdr1 mutations on susceptibility to ACTs203, 2) the genomic target of lead compound 

KAE609204, 3) the effects of PfCARL mutations on drug resistance205, and importantly, 4) to 

identify essential genes in the P. falciparum genome162. There is no doubt that CRISPR-Cas9 
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technology is a highly valuable tool for studying P. falciparum behavior, response to drugs and 

resistance to drugs. 

 

1.13 Objectives 

In order to be able to develop appropriate antimalarial therapies, it is important to first 

understand the current mechanisms of resistance so that these can be taken into consideration in 

the drug or combination design. Additionally, traditional methods of quantifying resistance at 

cytostatic concentrations can no longer provide sufficient information for understanding these 

phenomena. New assays are constantly being developed and new methods of quantifying 

resistance are necessary to fully understand currently evolving ACT resistance. One important 

distinction is that these studies must be done using clinically relevant or cytocidal drug 

concentrations. These are the doses that parasites experience in the field, represented by peak 

plasma concentration. The emergence of ARTR within the last ten years is of extreme concern as 

ART-containing ACTs are currently the frontline WHO recommended treatment for P. falciparum 

malaria infections. Therefore, this study focuses on investigating mechanisms of ARTR at 

cytocidal concentrations of drugs.  

Previous efforts to develop ACTs did not explicitly consider drug MOAs when choosing 

partner drugs. Thus, ACTs such as ATM-LF (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 MOA 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. 

This will ensure that parasites will be killed quickly and will leave little room for the development 

of novel resistance.  
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Mutations in the K13 protein have been shown to correlate with ART resistance. Due to 

the increase and spread of ARTR, this study will investigate additional endoperoxide compounds 

and novel ozonide, endoperoxide-containing compounds OZ277 and OZ439. These will be studied 

against both wild-type and mutant K13 parasite strains to investigate any cross-resistance or lack 

thereof. Additionally, the traditional RSA only investigates drug activity at a specific 

concentration. To fully understand the action of these compounds, the RSA will be modified to 

obtain a full range of activity at multiple concentrations. This will provide information about the 

potency of the drugs in addition to the level of susceptibility of the various strains tested. 

The modified RSA will provide crucial information regarding the activity of several 

endoperoxide containing compounds. In an effort to discover potential partner drugs, as mentioned 

before, MOA must be considered. Since ARTs can potentially promiscuously target hundreds of 

proteins in the parasite and cause parasite death through non-specific oxidative damage, it is 

important to investigate partner drugs that can target known essential proteins. Previous studies 

have shown that PI3K and PI4K inhibitors are potent antimalarials and that the targeted enzymes 

are essential for parasite growth and survival. Therefore, these compounds will be investigated as 

potential partner drugs for next generation ACTs in both cytostatic and cytocidal contexts. 

Additionally, due to the rapid rise and spread of antimalarial drug resistance, it is important that 

novel partner drugs aid in the efforts to curb this. Therefore, selection experiments will be done to 

investigate the potential for the development of resistance against PI3K inhibitors.  

PI3K and PI4K have been shown to play varying roles in the autophagy pathway in several 

eukaryotic cell types. Additionally, our laboratory has discovered an autophagy-like pathway in 

P. falciparum as a response to external stressors such as starvation or cytocidal concentrations of 

drug. Furthermore, we have shown that this process is involved in cytocidal CQ resistance. 
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Therefore, in an effort to understand more about the autophagy pathway, I will further investigate 

the role of PI3K and its product, PI3P in this process. Additionally, to delve further into the ART 

resistance phenomenon, I will investigate the autophagy response in control and mutant K13 

strains to determine the role that this pathway plays in ART resistance.  

And finally, to further clarify the role of PI3K in P. falciparum parasites, I will conduct 

CRISPR-Cas9 experiments in the hopes of methodically modifying the PfVps34 gene and then 

monitoring any effects that these mutations may have such as growth effects or autophagy related 

effects. These experiments will provide a better understanding, not only of how the PfVps34 

functions but also of the ability of PI3K inhibitors to target this kinase. Additionally, we may be 

able to learn more about the parasite autophagy pathway and its role in response to drug treatments 

and drug resistance.  
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CHAPTER II 

MATERIALS AND METHODS 

2.1 Materials 

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).   

ART, ATM, DHA and ATS were purchased from Sigma-Aldrich (St. Louis, MO). AMS, 

OZ277, OZ439, KDU691, BQR695, and MMV390048 were the kind gifts of Medicines for 

Malaria Venture (MMV, Geneva, Switzerland). GSK212, NVP BGT226, Torin2, and PIK93 were 

the kind gifts of the National Center for Advancing Translational Science (NCATS) at the National 

Institutes of Health (NIH, Rockville, MD).  

P. falciparum strains HB3 (Honduras, CQS), Dd2 (Indochina, CQR), 7G8 (Brazil, CQR), 

and FCB (Thailand/S. Africa, CQR), and progeny of the HB3 × Dd2 genetic cross GCO3 (CQS) 

were obtained from the Malaria Research and Reference Reagent Resource Center (MR4, 

Manassas, VA). Strains CamWT, CamWTC580Y, Cam3.IIRev, Cam3.IIC580Y and Cam3.IIR539T were 

a kind gift from Dr. David Fidock at the Department of Microbiology and Immunology at 

Columbia University (New York, NY).  

Poly-L-lysine, RPMI 1640, hypoxanthine, and Giemsa stain were from Sigma-Aldrich (St. 

Louis, MO). No. 1.5 coverslips and HBSS buffer (without Ca2+, Mg2+, and phenol) were from 

Fisher Scientific (Newark, DW). EGTA was from VWR (Batavia, IL). Dyes SYBR Green I and 

MitoTracker Deep Red FM were from ThermoFisher Scientific (Waltham, MA).  
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Rabbit anti-ATG8 antisera, affinity-purified rabbit anti-ATG8 IgG, and rabbit anti-ATG8 

monoclonal antibodies, derived as described (Gaviria et al. 201324) and stored in frozen glycerol 

suspension, were from Dr. Anthony Sinai at University of Kentucky (Lexington, KY). Mouse anti-

PI3P IgG was from Echelon Bioscience (Salt Lake City, UT). Goat serum, goat anti-rabbit and, 

goat anti-mouse fluorescently-labeled secondary antibodies (conjugated to Alexa Fluor 488, 594, 

and 649 fluorophores) and ProLong Glass Antifade Mountant were from ThermoFisher Scientific 

(Waltham, MA). 10X PBS, 10X PBS-Tween 20, and 100% Triton X-100 were from Fisher 

Scientific (Pittsburgh, PA). Paraformaldehyde and 10% glutaraldehyde were from Electron 

Microscopy Sciences (Hatfield, PA). All other chemicals were reagent grade or better and 

purchased from commercial sources. 

QIAquick gel extraction kit, QIAquick PCR purification kit, QIAquick spin miniprep kits 

and subcloning efficiency chemically competent cells were obtained from Qiagen (Valencia, CA). 

CRISPR-Cas9 expression plasmid gs3221-pDC2-Cas9-hdhfr was a kind gift of Dr. David Fidock 

(Department of Microbiology and Immunology, Columbia University). Restriction enzymes and 

other enzymes were obtained from New England BioLabs (Ipswich, MA) or ThermoFisher 

Scientific (Waltham, MA). DNA synthesis services were provided by Genscript (Piscataway, NJ). 

All oligonucleotides and sequencing services were through MWG Operon (Hunstville, AL).  

2.2 Methods 

2.2.1 P. 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% O2/5% CO2/90% N2 gas blend was purchased from Roberts Oxygen (Rockville, MD). 
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All P. falciparum strains were maintained using the method of Trager and Jensen206 with 

minor modifications22. Briefly, cultures were maintained under an atmosphere containing 5% CO2, 

5% O2, and 90% N2 gaseous mix at 2% hematocrit and 1-2% parasitemia in RPMI 1640 

supplemented with 25 mM HEPES (pH 7.4), 23 mM NaHCO3, 11 mM glucose, 0.75 mM 

hypoxanthine, 20 μg/L gentamicin and 10% type O+ human serum or 5% Albumax II with regular 

media changes every 48 h. Parasites were synchronized to the ring stage by treatment as described 

below. Parasitemia was reduced regularly by diluting an aliquot of the iRBC culture with freshly 

washed RBCs206. Fresh RBCs were initially washed 4 times with incomplete media (IM) (RPMI 

1640, 24 mM NaHCO3, 11 mM glucose, 0.75 mM hypoxanthine, pH 7.4), kept as a 50% 

suspension in IM, and stored at 4 °C for up to seven days. For experiments, hematocrit was reduced 

to 1% and parasitemia set at > 5% by visual counting using a hemocytometer and Giemsa-stained 

cultures. 

All cultures were routinely synchronized by 5% D-sorbitol treatments to obtain rings as 

described in detail elsewhere9. The first two treatments are during cell cycle 1, occurring at 4 and 

14 h after the first visually observed RBC invasion event (at this point most of the culture consists 

of schizonts). In this way, 0−4-hour-old rings primarily remain 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 (see Figure 1.2, 1.3). In brief, parasite cultures were 

centrifuged at 1500 rpm using an Eppendorf 5702 centrifuge for 5 min and the supernatant 

discarded. 5% D-sorbitol was added to 5 times the volume of the cell pellet and incubated for 10 

min. 5 mL of complete media (CM) was 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 

sorbitol treatment. When quantification of PfATG8 puncta was desired, starvation or drug 
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treatment was done for 6 hours using highly synchronized parasites at the mid trophozoite stage 

(see Figure 1.2, 1.3), followed by washing to remove drug as described24. 

2.2.2 Immunohistochemistry 

In starvation experiments, cells at the mid-trophozoite stage were pelleted and resuspended 

in HBSS supplemented with 0.1 mg/mL hypoxanthine, 25 mM HEPES, and 20 mM sodium 

bicarbonate. Cells were gassed and incubated at 37ºC for a desired interval (typically 6 hours) 

before fixation. For drug treatments, highly synchronized mid stage trophozoites were treated as 

described24 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 pH 7.4, 

fixed with 4% formaldehyde/0.0075% glutaraldehyde in PBS for 30 min, permeabilized with 0.1% 

Triton X-100 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 37ºC in the dark. The primary antibody was raised in either rabbit (anti-

ATG8) or mouse (monoclonal 2K19)24; the secondary antibody was raised in goat against rabbit 

IgG or goat against mouse IgG and conjugated to Alexa Fluor fluorophores. Stained cells were 

pipetted onto poly-l-lysine coated #1.5 coverslips and mounted using ProLong Glass Antifade 

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 at 

35% laser power. For experiments involving mouse or rabbit antibodies, the primary antibody 

solutions were prepared at 1:250 and the secondary (typically goat anti mouse Alexa Fluor 488 or 

goat anti rabbit Alexa Fluor 647) at 1:500.  
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2.2.3 Spinning Disk Confocal Microscopy 

2.2.3.1 SDCM Apparatus 

Spinning disk confocal microscopy (SDCM) was performed as previously described9, 28. A 

customized 2003 model Perkin-Elmer UltraView SDCM microscope was used, containing a 

Yokogawa CSU21 spinning disc confocal scan head with a fixed 50 μm pinhole, and a Nikon TE 

2000 inverted 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 
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acquisition of transmittance images, DIC optics were used. Interference by polarized light is 

divided by the first and recombined by the second Nomarski prism.  

Figure 2.1 Schematic of the customized spinning disk confocal microscope 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. Reproduced with permission from Gligorijevic et 
al. (Biochemistry)9 

2.2.3.2 Image Acquisition 

Image acquisition was as described previously9, 28. In brief, prior to data acquisition in DIC 

mode, the Köhler 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 was opened enough 

to illuminate the whole field of view and the lamp iris then opened fully. DIC data were collected 
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with type A immersion oil (η= 1.515), a halogen lamp for transmittance illumination, and an LP520 

filter for transmittance filtering. Spacing in z- was set to 0.2 μm according to Nyquist criterion, 

appropriate for deconvolution. Transmittance was focused until hemozoin (Hz) within the parasite 

DV (see Figure 1.3) 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 μm”. A series of DIC images were acquired in successive 0.2 μm z-axis 

displacements, scanned through the parasite from the -3 μm to +3 μm positions. 

For acquisition of fluorescence images, λ= 405, 491, 561, or 642 nm laser lines were used. 

Fluorescence collection experiments were done similarly to DIC experiments described above9, 28. 

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 μm z-axis displacements (Figure 2.2). 

Figure 2.2 Representative 31 z -slices acquired to generate the 3-dimentional image using 
Imaris. 
HB3 strain P. falciparum parasites were starvation treated for 6 hours and subsequently stained 
for PfATG8 using rabbit anti-ATG8 primary antibody. Alexa Fluor 488 conjugated goat anti rabbit 
IgG was used as the secondary antibody.    
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2.2.3.3 Deconvolution and ATG8 Puncta Quantification  

Deconvolution of the fluorescence data was performed as described9. In brief, with the 

iterative maximum likelihood estimation (MLE) algorithm adapted by AutoQuant X2207, which 

allows either a theoretically calculated208 or experimentally obtained point spread function (PSF). 

An experimental PSF can be obtained by mixing subresolution (d= 0.17 μm) fluorescent beads in 

cell culture and then imaging them under the same conditions that were used for data collection 

for parasites. The PSF is used to initialize the deconvolution routine, and data sets (z-stacks) were 

deconvolved using 15 iterations9. The deconvolved z-stacks were assembled to generate a 3-

dimentional image using Imaris 7.5.3 (Figure 2.3). Using the “spots” routine in Imaris 7.5.3, puncta 

were defined and distances were measured from each spot to a single point within the DV as 

defined by the center of Hz optical density as described24. These distances were exported to 

Microsoft Excel and the resulting data were plotted as number of puncta vs. distance from Hz. 

 

 
Figure 2.3 Multiple angles of a representative 3-dimentional image. 
Generated using the z-slices in Figure 2.2. Imaris 7.5.3 was used for this process. 

 
2.2.3.4 Colocalization Analysis 

 For colocalization analysis, the images were first deconvolved as described in section 

2.2.3.3. Colocalization analysis was done using the Matlab Extension “Coloc” feature in Imaris 
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7.5.3. When measuring the colocalization of two different channels, this feature utilizes voxel 

analysis to determine the number of voxels with only fluorescence from one channel or with 

fluorescence from both channels present – regardless of the signal intensity per channel in the 

specific voxel (a more qualitative analysis may take into account only those signals which are 

similar or equal in intensity, which would exclude much important data). A Pearson Correlation 

Coefficient (PCC) can be calculated using Equation 2.1.209 It is described as the covariance of two 

variables divided by the product of their standard deviations. A PCC of +1 indicates perfect 

correlation between the two channels in question. A PCC of 0 indicates no correlation and a PCC 

of -1 indicates perfect anti-correlation. 

𝜌;,? =
𝑐𝑜𝑣(𝑋, 𝑌)
𝜎H𝜎I

(𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛	2.1) 

 Alternatively, another statistic available in the Matlab “Coloc” feature of Imaris 7.5.3 is 

the Manders Overlap Coefficient (MOC). This is described by equation 2.2 and 2.3, and prevents 

negative MOC values, which may eliminate the confusion caused by negative PCC values. The 

MOC describes the fraction of voxels containing fluorescence from “channel A” that also contain 

fluorescence from “channel B” regardless of signal intensity (equation 2.2). MOC can also be 

calculated for the fraction of voxels containing “channel B” that also contain “channel A” 

(equation 2.3)210.  

𝑀$ =
∑ 𝐴1,W+7+W1

∑ 𝐴11
	(𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛	2.2) 

𝑀9 =
∑ 𝐵1,W+7+W1

∑ 𝐵11
	(𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛	2.3) 

2.2.4 Antiplasmodial Assays 

Antiplasmodial cytostatic (growth inhibitory, or IC50) and cytocidal (cell killing, or LD50) 

activity was determined for the strains discussed above as previously described23, 211, with minor 
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modifications. The cytocidal assay utilizes a 6-hour bolus dose 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 drug. For both assays, drugs were initially dissolved 

in deionized water, 50% EtOH, or DMSO. 

In the IC50 assay, serial drug dilutions were made using complete media and 100 μL 

aliquots were transferred to 96-well clear-bottom black plates. The cultures were prepared by first 

generating a Giemsa smear to count parasitemia. The cultures were prepared at 4% hematocrit and 

1% parasitemia. Following addition of 100 μL 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% CO2/5% O2/90% N2 and incubated at 37 °C for 72 hours. 

For the LD50 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 washed away. This 

was done by first spinning the culture-containing plate at 700g for 3 mins using the Eppendorf 

5804 centrifuge. The supernatant was removed and the pellet was re-suspended in 200 μL of fresh 

complete media. This washing step was done twice more. After a final re-suspension, washed 

plates were incubated at 37 °C for 48 h.  

After 72 hours for IC50 plates or 48 hours for LD50 plates, 50 μL of 10X SYBR Green I dye 

(diluted using complete media from a 10,000X DMSO stock, ThermoFisher Scientific, Waltham, 

MA, approx. 20 µM final concentration) 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 analysis211. Background controls included fluorescence from un-
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infected red blood cells. Data were analyzed using MS Excel and IC50 and LD50 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.   

2.2.5 Quantification of 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 analysis93, 212. Briefly, the two compounds were initially screened for their 

individual cytostatic and cytocidal activities, as described in Section 2.2.4. 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 IC50s or LD50s. A 

combination stock, set at four times the IC50 or LD50, is serially diluted seven times to yield a range 

of concentrations that can generate a combination growth or survival curve, see Table 2.1 for a 

diagram of a sample plate layout. 

 

 

 

 

 

 

 

 

 



57 
 

Table 2.1 Sample diagram of plate for Chou-Talalay method assay. 
 1 2 3 4 5 6 7 8 9 10 11 12 
 HB3 (CQS)    Dd2 (CQR)    
A 100 nM ATM/  

80 nM NVP No drug HB3 100 nM ATM/  
80 nM NVP No drug Dd2 

B 50 nM ATM/  
40 nM NVP    50 nM ATM/  

40 nM NVP    

C 25 nM ATM/  
20 nM NVP    25 nM ATM/  

20 nM NVP    

D 12.5 nM ATM/  
10 nM NVP    12.5 nM ATM/  

10 nM NVP    

E 6.25 nM ATM/  
5 nM NVP    6.25 nM ATM/  

5 nM NVP    

F 3.13 nM ATM/  
2.5 nM NVP    3.13 nM ATM/  

2.5 nM NVP    

G 1.56 nM ATM/  
1.25 nM NVP    1.56 nM ATM/  

1.25 nM NVP    

H 0.78 nM ATM/  
0.63 nM NVP    0.78 nM ATM/  

0.63 nM NVP    

ATM and NVP individual IC50 are 7.2 nM (HB3, CQS), 17.1 nM (Dd2, CQR) and 0.63 nM (HB3, 
CQS), 1.03 nM (Dd2, CQR) respectively. 
 

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”-IC50 or “pseudo”-LD50, 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 93, 212 

 (Equation 2.2) 
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By summing these two values, a combination index (or FICIndex, FLDIndex) can be 

generated93, 212. 

 (Equation 2.3) 

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

The cut-off values for these designations vary 213, but those selected for this work were 214: 

  Synergy- FICIndex ≤1.0 

  Additivity- 1.0< FICIndex ≤2.0 

  Antagonism- FICIndex >2.0 

FICIndex and FLDIndex values were averaged from at least 2 independent trials, each trial 

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

2.2.6 Ring-Stage Susceptibility Assay (RSA) 

As described on pages 12-14, the RSA was developed based on the observation that wild-

type versus ARTR parasites containing mutations in the propeller domain of a kelch domain-

containing protein on chromosome 13 (K13) respond differently to drug treatments at the early 

ring stage of development69. In this assay, highly synchronized early ring stage parasites were 

exposed to 700 nM DHA 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 

II, 25 mM HEPES (pH 7.4), 23 mM NaHCO3, 11 mM glucose, 0.75 mM hypoxanthine, and 20 

μg/L gentamicin), and cultured at 37°C under an atmosphere containing 5% CO2, 5% O2, 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. As described on pages 12-14, this method 

was subsequently improved by the introduction of the use of two-color flow-cytometry to 

BAIndex FICFICFIC +=
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accelerate analysis of RSA data 73. In this method, SYBR green I was used to stain DNA for both 

viable and pyknotic parasites and MitoTracker deep red FM was used to selectively stain viable 

parasite mitochondria. With my colleague, Amila Siriwardana, I modified the RSA to obtain dose-

response curves in order to quantify potency of the different endoperoxide drugs (see Chapter 3) 

215. 

2.2.7 Flow Cytometry 

Flow cytometry experiments were conducted as previously described73. Briefly, a Becton 

Dickinson (BD) FACSaria IIu flow cytometer was used and data gathered at the Georgetown 

University Medical Center (GUMC) Flow Cytometry and Cell Sorting Shared Resource 

(https://lombardi.georgetown.edu/research/sharedresources/fcsr). Data were collected in the FSC 

(forward scatter) and SSC (side scatter), using the 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 a 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 

RSLD50 (see Chapter 3). 

2.2.8 CRISPR-Cas9 Genomic Editing  
 
 The E. coli strains DH5α (F- φ80lacZΔM15 Δ(lacZYA-argF)U169 deoR recA1 endA1 

hsdR17(rk -, mk+) phoA supE44 thi-1 gyrA96 relA1λ ) or XL-10 (endA1 glnV44 recA1 thi-1 
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gyrA96 relA1 lac Hte Δ(mcrA)183 Δ(mcrCB-hsdSMR-mrr)173 tetRF'[proAB lacIqZΔM15 

Tn10(TetR) Amy CmR] were used for all routine subcloning.  

 Described P. falciparum donor sequence and guide RNAs (gRNAs) (see Chapter 6) were 

cloned into vector gs3221-pDC2-Cas9-hdhfr (kindly provided by Dr. David Fidock, Columbia 

University). All modifications to the donor template were made as indicated in Table 2.2 using the 

Agilent Quickchange mutagenesis kit. All final plasmid constructs were verified by direct DNA 

sequencing of the entire donor sequence and entire gRNA sequence as well as by restriction 

analysis. 

 

Table 2.2 Oligonucleotides used in this study. 

Name Sequence (5’à3’) 
D1990N CTTGGAATAGGAAATAGACATCTAGACAAC 
D1990E CTTGGAATAGGAGAAAGACATCTAGACAAC 
R1991K CTTGGAATAGGAGATAAACATCTAGACAAC 
Shield 1 GATACAGAAATATTACAAAATTTTATTAGTAGTTGTGCAGGATAT 
Shield 2 ATTAGTAGTTGCGCAGGATATAGTGTTATTAC 
Shield 3 GCAGGATATAGTGTTATTACATACATTTTAGGTATAGGAG 
Shield 4 AGTGTTATTACATACATTCTTGGAATAGGAGATAGACATC 
Shield 5 GGAGATAGACATCTAGACAACTTGATGGTAACAAAAGATG 
Shield 6 GACAACTTGATGGTTACTAAGGATGGACGCTTTTTTC 

gRNA1_FWD TATTAGTGTTATTACCTATATATT 
gRNA1_REV AAACAATATATAGGTAATAACACT 
gRNA2_FWD TATTATTACCTATATATTAGGTAT 
gRNA2_REV AAACATACCTAATATATAGGTAAT 
gRNA3_FWD TATTAACTTTATATCAAGCTGTGC 
gRNA3_REV AAACGCACAGCTTGATATAAAGTT 
gRNA4_FWD TATT TAGACATCTAGATAATTTAA 
gRNA4_REV AAACTTAAATTATCTAGATGTCTA 
gRNA5_FWD TATTATCTCCTATACCTAATATAT 
gRNA5_REV AAACATATATTAGGTATAGGAGAT 
gRNA6_FWD TATTAATTTAATGGTAACAAAAGA 
gRNA6_REV AAACTCTTTTGTTACCATTAAATT 
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 Routine culturing and synchronizing were done as previously described in section 2.2.1. 

For electroporations, sterile electroporation cuvettes (Fisher Scientific, Pittsburgh, PA) were 

chilled on ice prior to use. Incomplete cytomix buffer was prepared (10 mM K2HPO4/KH2PO4, 

120 mM KCl, 0.15 mM CaCl2, 5 mM MgCl2, 25 mM HEPES, 2 mM EGTA, pH 7.6). Plasmid 

DNA was precipitated and sterilized using 3M NaOHAc (pH 5.2) and 70% EtOH before being 

resuspended in chilled incomplete cytomix. 200 µl of plasmid DNA (1 µg/µl) was mixed with 200 

µl of packed cell pellet (either RBCs or ring infected iRBCs as described in detail in Chapter 6) 

and transferred to a sterile, chilled electroporation cuvette. Electroporation was done using a 

BioRad GenePulser (see Figure 2.4) at 950 µF, 200 Ω, 0.31 kV, time constant (TC) between 9-12 

ms.  
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Figure 2.4 BioRad GenePulser apparatus used for electroporations. 

 
 Following electroporation, the transfected cells were washed and resuspended in complete 

media as described in section 2.2.1. Drug selection was started 48 hours after electroporation using 

300 nM WR99210 (Sigma Aldrich, St. Louis, MO) and continued for 5 days. Following the drug 

selection, the culture was maintained as described previously in section 2.2.1 in drug-free media.  

 Cloning was done by limiting dilution as described previously216. In brief, a solution of 2% 

hematocrit, 2% parasitemia was made and diluted 2-fold using 2% hematocrit RBCs in 96-well 

microplates until the last column of wells contained 1 parasite per well. These plates were 

maintained as previously described in section 2.2.1 until parasites were visually detected.  
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CHAPTER III 
 

ENDOPEROXIDE DRUG CROSS RESISTANCE PATTERNS FOR PLASMODIUM 

FALCIPARUM EXHIBITING A DELAYED CLEARANCE PHENOTYPE 

 

3.1 Background 

As described in Chapter 1, ACTs are currently the front-line treatment against P. 

falciparum malaria worldwide. The WHO mandates the use of ACTs instead of monotherapy in 

order to reduce the risk of additional parasite drug resistance1. It is widely accepted that ACTs are 

vital for reducing the possibility of parasites developing resistance to either drug49. These 

recommended drug combinations (e.g. Coartem [ATM/LF], duocotexin [DHA/PPQ]), typically 

include a fast-acting compound (such as ATM, which exerts its effects within 1-2 hours to quickly 

kill parasites and is then eliminated from the body within hours) and a slow-acting partner drug 

(such as LF, which has a longer half-life on the order of days and exists in the human blood-stream 

for extended periods of time after treatment to prevent recurrence of the parasite infection [called 

“recrudescence”]).  

 

 
 
 
 
 
Chapter III previously published in part as Siriwardana, A.C.; Iyengar, K.; Roepe, P. D. 
Endoperoxide Drug Cross Resistance Patterns for Plasmodium falciparum Exhibiting a Delayed 
Clearance Phenotype. Antimicrobial agents and chemotherapy. 2016, 60, 6952-6956. © 2016, with 
permission extending to all reproduced content. 
K.I. Contributions: 
K.I. conducted immunofluorescence experiments with Hsp60 and MitoTracker Deep Red, cell 
culture, RSA experiments, analysis of flow cytometry data and contributed to writing the 
manuscript. 



64 
 

Recent reports of ARTR and partner drug resistance may indicate further evolution of ACT 

resistance52, 56, 57. The development of ARTR is of significant concern especially in Cambodia and 

Thailand, where the first reports of DHA resistance originated58-60, especially since the Thai-

Cambodia border is considered the world’s hot-spot for the development of P. falciparum 

multidrug resistance61. It is imperative to better quantify resistance as a first step for development 

of novel therapies which can overcome ACT resistance and which will not lend themselves to 

developing resistance.  

 Traditionally, quantification of antimalarial drug resistance has been done by comparing 

IC50 values. These assays quantify the concentration of drug required to inhibit parasite growth by 

50%. In other words, IC50 calculates the cytostatic potency of a drug. The Roepe laboratory has 

explained other important quantification, including comparing LD50 (50% cell kill or cytocidal 

potency of a drug)23, 24. Recent reports have shown that IC50 and LD50 assays cannot easily 

distinguish the ARTR phenotype59, 60, 67. As described in Chapter 1, page 12-14, 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% parasitemia68. 

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 quantifying 

ARTR needed to be developed. 

As described in Chapter 1, page 12-14, Witkowski et al.69 subsequently developed the RSA 

to quantify the ART resistance phenotype. Quantitatively, the RSA allows for the 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%69, 110.  
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As described in Chapter 1, page 14, Cambodian isolates with differing genetic backgrounds 

and identical K13 mutations show varying RSA phenotypes110. This implies that there are other 

factors in the parasite genetic background, separate from the K13 locus, which also determine 

ARTR and which are not easily quantified. Nevertheless, the RSA is an effective method for 

quantifying ART resistance and will be a useful tool in investigating potential novel antimalarials. 

As described in Chapter 1, page 14, Amaratunga et al. 73 introduced the use of two-color flow-

cytometry to accelerate analysis of RSA data.  

Previous studies using the RSA to correlate DCP with K13 mutations have primarily 

focused on the effects of DHA and ART78, 91, 105, 110. Few studies have quantitatively investigated 

the effects of other endoperoxide drugs based on the structure of ART217, 218. These drugs include 

ANS (artemisone), arterolane (OZ277) and artefenomel (OZ439), which have shown promise in 

clinical trials219-222. No previous studies have precisely quantified relative degrees of resistance to 

these different endoperoxides for various DCP parasites. Synthetic endoperoxide drugs, like ART-

based drugs, which possess a 1,2,4-trioxane heterocycle223, 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 reactive 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 parasites32, 43, 224-226. This produces carbon-centered free radicals, 

which results in the alkylation of heme and various proteins, some of which may be critical to 

parasite survival32, 43, 227. However, as mentioned above, there has been a recent rise in the 

emergence of ARTR. Additionally, as a drug class, ARTs suffer from chemical (semi-synthetic 

availability, purity and cost)228, biopharmaceutical (poor bioavailability and limiting 
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pharmacokinetics)229 and treatment (non-compliance with long treatment regimens and 

recrudescence)229, 230 issues that can limit their therapeutic potential.  

In response, Vennerstrom et al. described the synthesis of a large arrays of compounds in 

an attempt to create optimized, leading-candidate antimalarial compounds, including the ozonide 

compound, OZ277231. 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%)231. Typically, the general trend exhibited by ARTs is that 

increased lipophilicity leads to higher antimalarial activity but with compromised 

biopharmaceutical properties232. However, OZ277 was the exception to this trend and has an 

antimalarial potency equal to or greater than that of ATM or ATS.    

Further development of the 1,2,4-trioxolane pharmacophore lead to the discovery of 

another ozonide compound, OZ439221. Similar to OZ277 and other endoperoxide antimalarials, 

OZ439 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 OZ439 make it an excellent candidate for further investigation in 

antimalarial combination therapies. OZ439 has been shown to be tolerated up to single doses of 

1,600 mg per treatment, has completed Phase II clinical trials and is currently being marketed by 

Ranbaxy Pty Ltd in India233-235. OZ439 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 IC50 in the 

single-digit nanomolar range221. 

DHA/PPQ ACT has been used in Cambodia with 96-98% success rates since 2008. 

However, there are recent reports of PPQ failure in Cambodia54. PPQ is a long-acting partner drug 



67 
 

and its main use is in preventing parasite recrudescence. The biggest concern is the spread of 

multidrug resistance, specifically widespread ACT resistance and treatment failure. Together, 

these points led our lab to better quantify the activity of seven endoperoxide containing compounds 

including the novel synthetic ozonides, OZ277 and OZ438 vs ARTR parasites.  

 

3.2 Results 

 I 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 mitochondria236 and some diffuse cytosolic staining (Figure 

3.1A). To test whether I could observe more specific organellar staining with MTDR, I examined 

the fluorescence at various concentrations between 3 nM – 300 nM. I found that at 20 nM, the 

fluorescence observed was bright enough to be used for flow cytometry, but also that the staining 

was significantly more specific to viable mitochondria vs higher concentrations (Figure 3.1A). 

Thus, I used 20 nM MTDR moving forward. 

 Qualitative 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 mitochondria237-239. Thus, an Hsp60 antibody 

was used in immunofluorescence experiments with MTDR. Results showed that MTDR does 
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indeed colocalize with Hsp60. However, the two stains did not show complete colocalization, 

indicating that MTDR could be staining other areas of the mitochondrion (Figure 3.1B).   

 
 
 
 

Figure 3.1 Evaluating mitotracker deep red staining.  
(A) MTDR staining evaluated at varying concentrations (shown on right side of each row of 
images). Panel 1: transmittance image (T). Panel 2: SYBR Green nuclear staining (S). Panel 3: 
MTDR staining (M). Panel 4: a merged image of all three channels (O). (B) Co-staining with 
20 nM MTDR and rabbit anti-Hsp60 antibody specific for P. falciparum mitochondria. 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 μm. 

T          S       M    O 
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The above data led us to conclude that even though SYBR Green I staining is not able to 

distinguish "live" vs "dead" parasites (SYBR Green I 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, I realized that while a 6 hour, 700 nM pulse 

is a pharmacologically relevant dose for DHA71, 72, this may not be the case for other endoperoxide 

antimalarial drugs derived from ART such as artesunate (ATS), artemether (ATM), or artemisone 

(ANS). Additionally, although ART, ATS, and ATM are all metabolized to DHA, the rate of 

metabolism differs,  while ANS does not metabolize to DHA at all240-243 (see also Table 3.1). ART, 

ATS, and ATM show varying peak plasma concentrations dependent on the dose administered, 

the health of the patient and many other factors244-250, 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 modelling clinically relevant drug exposure and 

quantifying ARTR.  

 

Table 3.1 Pharmacology of antimalarial compounds investigated in this study. 

Peak plasma concentrations (Cmax) and clearance half-times (t1/2) for endoperoxide containing 
antimalarial compounds investigated in this study. 

Compound t1/2 (hr) Cmax (µg/mL) 

ATM 3.1-4.2251, 3.9250, 2247 231251, 593250, 184247 

DHA 0.57244, 3.9252 2500244, 740252 

ANS 2.79246 140.2246 

ART 2.59245, 1.1253 391245, 244253 

ATS 0.06244, 0.41249 2000110, 114249 



70 
 

In collaboration with my colleague, Dr. Amila Siriwardana, I 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, I calculated 50% ring-stage lethal dose 

(RSLD50) for ART, ATM, DHA, ATS, ANS, OZ277, and OZ439 (Figure 3.2). I analyzed 

laboratory-adapted strains CamWT (wild-type K13 sequence, non-DCP) and Cam3.II (R539T K13 

mutation, DCP) in addition to the transfectants CamWTC580Y (C580Y K13 mutation, DCP), 

Cam3.IIC580Y (C580Y K13 mutation, DCP) and Cam3.IIRev (wild-type K13 sequence, non-DCP)110 

provided by the Fidock laboratory (Columbia University, New York, NY).  

Figure 3.2 Chemical structures of endoperoxide and synthetic ozonide compounds used. 
Reproduced with permission from Siriwardana et al.215 
 

All cultures were triply-synchronized using 5% D-sorbitol following established protocols9 

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 3.2). After 
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drug exposure, parasites were washed 3× 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.73 was followed with a few modifications. 

Specifically, while Amaratunga et al. used 300 nM MTDR, in this study, I used 20 nM MTDR as 

I observed above (Figure 3.1) that this is the ideal concentration to selectively stain the 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 (not viable) vs high 

(viable) MTDR staining (x-axis) using contour plots as described69 (see also Figure 3.3).  

Figure 3.3 Example of raw data obtained from two-color flow cytometry experiments. 
CamWT (wild type K13) treated with variable concentrations of ANS. A Becton Dickinson (BD) 
FACSAria IIu 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 (not shown). On the 
FITC x APC plot (shown above), 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 MTDR staining (upper right quadrant)69, 73, 

254. Percent survival was calculated via the ratio of viable parasitemias for drug treated vs control 
samples (e.g., 0.07%/2.27% right vs left panels). Reproduced with permission from Siriwardana 
et al.215 

 

Sigmoidal curve fits of these raw data (Figure 3.4) were used to calculate RSLD50 (e.g., 

Figure 3.5) and data from multiple independent plots were averaged together (Table 3.2). All data 
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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, CamWTC580Y, Cam3.II, 

Cam3.IIC580Y, Cam3.IIRev). By comparing these RSLD50 values, I found that for each of six drugs 

(ART, ATM, DHA, ATS, ANS 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 

3.2; p < 0.05 for each DCP vs wild-type comparison for each drug). Interestingly, however, I did 

not observe similar results for OZ439 (artefenomel). OZ439 RSLD50 for both CamWT and 

CamWTC580Y were 10.2 ± 0.5 nM and 10.5 ± 1.0 nM (p > 0.05) respectively (Table 3.2). OZ439 

RSLD50 for Cam3.II, Cam3.IIC580Y, and Cam3.IIRev 11.8 ± 1.0 nM, 11.0 ± 0.7 nM and 11.0 ± 1.4 

nM (p > 0.05) respectively. As previously mentioned, Straimer et al110. show that RSA 

susceptibility can only be compared among strains with a similar genetic background. Therefore, 

when examining these data for trends within a similar genetic background, OZ439 appears to be 

equipotent against both wild-type and K13-mutant strains. 

 

Table 3.2 RSLD50 values (in nM). 

Obtained via dose-response curves (see Figure 3.5) for 5 strains, tested against each of 7 
compounds. "CamWT" and "Cam3.IIRev" 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.110 for additional description of these strains). Data are the 
average of at least 3 independent trials. SEM = standard error of the mean. 

 
 

Compound CamWT CamWTC580Y Cam3.IIRev Cam3.IIC580Y Cam3.II 
ATM 15.0 ± 1.0 33.7 ± 4.1 15.1 ± 2.2 30.9 ± 3.4 34.0 ± 2.9 
DHA 6.4 ± 1.8 12.9 ± 1.8 5.1 ± 0.7 11.4 ± 0.8 14.1 ± 1.6 
ANS 3.2 ± 0.3 6.5 ± 0.6 3.6 ± 0.8 9.4 ± 0.7 9.5 ± 1.6 
OZ277 5.9 ± 0.3 11.9 ± 0.7 9.2 ± 1.5 26.3 ± 7.0 27.3 ± 9.6 
OZ439 10.2 ± 0.5 10.5 ± 1.0 11.8 ± 1.0 11.0 ± 0.7 11.0 ± 1.4 
ART 19.4 ± 4.2 63.2 ± 14.8 54.4 ± 8.0 125.4 ± 13.6 112.6 ± 5.5 
ATS 50.9 ± 13.9 130.0 ± 3.1 48.8 ± 17.6 122.6 ± 13.9 111.1 ± 13.0 



73 
 

Figure 3.4 Example of sigmoidal plots. 
Generated using raw flow cytometry data to compute RSLD50. Filled circles represent CamWT 
(wild type K13) and open circles represent the K13 mutant CamWTC580Y. Data are the average of 
3 independent experiments +/- S.E.M. 

 
A recent report suggests that different washing procedures might affect the response to 

some endoperoxide drugs used at concentrations above 500 nM218, specifically OZ439, as it is 

more lipophilic and may be more stable in solution than other compounds tested. Thus, I removed 

all data points in the RSLD50 curves obtained at > 500 nM drug and recalculated RSLD50 (Figure 

3.6 and Table 3.3). Although absolute magnitude of the RSLD50 value changed slightly (<1%), 

computed RSLD50 ratios for all possible WT vs DCP strain comparisons (Table 3.3) did not. At 

these RSLD50 doses, I find no evidence for residual endoperoxide drug that may be present upon 

incubation at higher dose (>500 nM, see Yang et al.218), but note that some caution should be used 

in interpreting data obtained at high doses due to slightly different pharmacology of some 

endoperoxides221. 
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Figure 3.5 RSLD50 dose-response curves. 
Curves were modified to eliminate all drug concentrations used above 500 nM and RSLD50 was 
recalculated for DHA, OZ277 and OZ439. 

 

Table 3.3 RSLD50 dose-response curves. 

Curves were modified to eliminate all drug concentrations used above 500 nM and RSLD50 was 
recalculated for DHA, OZ277 and OZ439.  

  

 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 times218. To further ensure that no 

residual drug remained after washing – which may cause artificially low results for RSLD50 

indicating a stronger potency – I performed experiments in which I incubated parasitized 

erythrocytes or empty well-plates with RSLD50 doses of DHA, OZ277 or OZ439. Results showed 

Strain 
DHA OZ277 OZ439 

With all 
data 

Without 
>500 

With all 
data 

Without 
>500 

With all 
data 

Without 
>500 

CamWT 5.86 5.85 4.83 4.83 10.02 10.02 

CamWTC580Y 11.34 11.36 10.26 10.26 10.60 10.62 
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no significant difference (p > 0.05) in parasite survival under any of the above tested conditions 

(Figure 3.7). Together, the 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 OZ439 circumvents endoperoxide drug cross resistance patterns displayed 

by the laboratory-adapted Cambodian isolates used in this study.  

Figure 3.6 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 OZ439 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. 

 
 I also tested each strain using the traditional RSA “percent growth after fixed 700 nM dose” 

assay73. For the same 6 drugs, I observed that K13 mutant strains show 2- to 6- fold increases in 
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relative outgrowth compared to control (Table 3.4; p < 0.05 for each DCP vs wild-type comparison 

for the six drugs).  

 
Table 3.4 RSA percent survival. 

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.  

 
 Interestingly, however, I did not observe similar results for OZ439 (artefenomel). As 

mentioned above, OZ439 RSLD50 for both CamWT and CamWTC580Y were statistically similar 

(Table 3.2) and average RSA survival at fixed 700 nM OZ439 were 6.2 ± 0.5% and 7.2 ± 2.0% (p 

> 0.05) for CamWT and CamWTC580Y respectively (Table 3.4). Similarly, OZ439 RSLD50 for 

Cam3.II, Cam3.IIC580Y and Cam3.IIRev were statistically similar (as mentioned above, Table 3.2) 

and RSA survival at fixed 700 nM dose of OZ439 was 6.4 ± 1.5%, 7.4 ± 1.3% and 7.3 ± 0.8% (p 

> 0.05) for Cam3.II, Cam3.IIC580Y and Cam3.IIRev respectively (Table 3.4). This indicated the 

ability of OZ439 to surpass the cross resistance shown by K13-mutant parasites to other 

endoperoxide drugs. 

 
3.3 Discussion 

ART (also known as Qinghaosu; Figure 3.2) 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 bridge255. In order to improve bioavailability and efficacy, 

Compound CamWT CamWTC580Y Cam3.IIRev Cam3.IIC580Y Cam3.II 
ATM 5.2 ± 1.3 17.8 ± 6.0 3.0 ± 0.5 12.2 ± 2.5 9.7 ± 2.1 
DHA 5.0 ± 1.0 21.4 ± 2.0 5.5 ± 1.2 17.0 ± 3.3 16.7 ± 3.0 
ANS  3.0 ± 0.3 16.7 ± 0.1 3.5 ± 0.6 13.4 ± 2.8 12.3 ± 2.8 
OZ277 4.2 ± 1.0 13.0 ± 0.7 4.6 ± 0.3 10.1 ± 1.9 11.7 ± 2.5 
OZ439 6.2 ± 0.5 7.2 ± 2.0 6.4 ± 1.5 7.4 ± 1.3 7.3 ± 0.8 
ART 5.7 ± 1.0 26.3 ± 4.9 8.1 ± 1.4 24.7 ± 1.3 29.0 ± 4.8 
ATS 5.7 ± 0.9 22.1 ± 3.3 4.5 ± 0.9 13.2 ± 0.9 24.9 ± 2.8 
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several derivatives of this compound, such as DHA, ATM, ATS, and ANS have been synthesized 

(Figure 3.2)256. DHA has also been found to be the active metabolite of ART and its semi-synthetic 

derivatives ATM and ATS, but not for ANS240-243. The most significant property of ART-based 

drugs is their ability to act rapidly and reduce the parasite burden up to about 10, 000-fold every 

48 hours257, 258. 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 3.1). 

Due to this, ART drugs are administered as a combination therapy with a partner drug, such as LF, 

MQ, AQ or PPQ, that has a significantly longer half-life. Half-life of the partner drug can range 

from a few days to few weeks259. This method of drug administration ensures the prevention of 

recrudescence and is predicted to lower the frequency of the development of resistance49, 260, 261. 

Work done to address the issue of short half-lives have led to the development of the ozonide 

compounds, OZ277 and OZ439221. Of these two compounds, OZ439 has the much longer 

elimination half-life (ranging from 30-60 hours220, 262) and is currently being evaluated as a single 

or a combination therapy in human trials220, 233, 263. 

Recent reports indicate ART DCP in P. falciparum52, 56, 57. This could be an early indication 

of the development of ARTR. 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 parasites51, 69. This phenotype cannot, however, be identified in vitro through 

traditional drug susceptibility assays such as IC50 and LD50 assays. Thus, Witkowski et al. 

developed an assay named the RSA. Parasites having a DCP phenotype showed an increased 

survival in the RSA69, 70. The RSA was primarily developed to assess the potency of DHA on 

parasite strains. Therefore, my goal was to modify this assay, incorporating improvements made 
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by Amaratunga et. al.73 to use flow cytometry, so I could precisely quantify the potency of multiple 

ART-based drugs and synthetic endoperoxides. 

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 

mechanisms of action. Examples include cross resistance to multiple ß-lactam antibiotics for some 

gram-negative bacteria264, resistance to multiple vinca alkaloid antibiotics for multidrug resistant 

tumor cells265, and pleiotropic quinoline drug resistance for P. falciparum266. Thus, it is not 

surprising that DCP P. falciparum show shifted RSLD50 for six of the seven endoperoxide 

antimalarial drugs tested. It is particularly striking then that a leading candidate synthetic 

endoperoxide drug (OZ439) does not overlap with this endoperoxide cross resistance pattern. 

Although the higher stability of OZ439 observed in solution 221 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 RSLD50 data obtained at low dose. My data suggest that 

OZ439 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, ANS is not converted 

to DHA at all, nor are OZ277 and OZ439. I 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 (PfPI3K) may represent a DCP 

determinant91. Another important determinant recently elucidated by our laboratory is heme32, 33, 

43. Therefore, it will prove useful to compare interactions between PfPI3K, heme vs OZ439 and 

other endoperoxide drugs.   



79 
 

CHAPTER IV 

 

DYSREGULATION OF THE AUTOPHAGY PATHWAY IS ASSOCIATED WITH 

ARTEMISININ RESISTANCE IN PLASMODIUM FALCIPARUM 

 

4.1 Background 

The autophagy pathway (see section 1.8, Introduction) has been extensively studied in 

several eukaryotic organisms, however, little is known about this pathway in P. falciparum 

parasites. In 2013, Tomlins et al. show through electron micrographs that PfATG8 localizes to 

double-membrane vesicular structures containing PfRab7, which suggests that these structures are 

autophagosomes131. These vesicles were found near or inside the parasite DV, which also 

implicates the parasite DV as the final lysosome-like compartment during the malaria parasite 

autophagy cascade131. Studies from our laboratory show that an autophagy-like process exists in 

P. falciparum parasites as a survival and/or death mechanism24. In this study, we also showed that 

autophagy can be induced by cytocidal doses of CQ and other external stressors, such as starvation. 

Furthermore, this pathway becomes dysregulated in CQR parasites such as strain Dd2, which 

indicates a role for this pathway in cytocidal CQ resistance. Therefore, investigating this parasite 

response further and how it is regulated should be extremely important in assessing potential novel 

therapies to overcome cytocidal drug resistance and could be particularly important in 

 

Iyengar, K., Siriwardana, A.C., Hassett, M.R., Roepe, P.D. 
K.I. Contributions: 
K.I designed and performed immunofluorescence assays, quantification of puncta, quantification 
of colocalization and wrote the manuscript. 
addressing ARTR since all known ARTR parasites are also CQR. 
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As described in section 1.8 (Introduction), P. falciparum parasites possess homologues of 

many key proteins involved in the autophagy pathway. Interestingly, the Plasmodium genome 

contains only one PI3-kinase – a class III PI3K or Vps34 enzyme24, 92, 117, 126. Most PI3K inhibitors 

have been developed to target class I PI3-kinases, however, class III PI3-kinases are structurally 

similar to class I PI3-kinases and some compounds can target both classes267. Several class I PI3K 

inhibitors that have been shown to be potent antimalarial compounds (Mott et al.84), and have been 

shown by my colleague, Dr. Matthew Hassett, to target class III PI3K enzymes through an in vitro 

assay directly examining the inhibition of the enzymatic activity of human Vps34 as well as 

PfVps3492, 152, 153. Since Vps34 is the only PI3K in P. falciparum parasites, it is probable that this 

enzyme is the target for PI3K inhibitors that are potent antimalarial drugs. This suggests that PI3K 

inhibitors target the autophagy pathway in malaria parasites and provide a novel class of 

compounds with a unique MOA that may be useful in combination with ART-based drugs to derive 

novel ACTs. 

PfVps34 is of particular interest for many reasons. First, because it produces PI3P, which 

is important for the formation of autophagosome membranes in the autophagy process. Unlike 

other PI lipids which have been found in eukaryotic cells at the Golgi apparatus and plasma 

membrane, PI3P is found at the surface of early endosomes, in intraluminal vesicles of 

multivesicular endosomes, and on autophagosomes, the main organelle of the autophagy 

degradation pathway154, 155. PI3P has also been observed at sites of ATG8-associated phagocytosis. 

The Vps34 phosphorylation pathway involves a multimeric complex composed of the catalytic 

subunit Vps34 and regulatory/accessory subunits such as Vps15 (described previously in section 

1.8, Introduction).  Several other subunits can participate in the molecular regulation of Vps34 

enzymatic activity as well as subcellular membrane targeting. The kinase and phosphatase 
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activities that yield PI3P are probably directly linked to the precise membrane that requires PI3P 

production, highlighting the importance of spatiotemporal coordination of PI3P turnover. 

In addition to the importance of PfVps34 in producing PI3P and mediating autophagosome 

formation, several PI3K inhibitors were also found to be potent antimalarials and synergistic with 

ARTs in a high-throughput screen84. Furthermore, recent studies have been done to characterize 

the essentiality of apicomplexan genes in a high-throughput fashion and Vps34 was found to be 

essential to parasite survival in P. falciparum and P. berghei species, as well as in the related 

apicomplexan parasite, Toxoplasma gondii162-164. 

Recent reports have also suggested that PI4K inhibitors can be potent antimalarial 

compounds90, 168-170. Moreover, an aforementioned study also found PfPI4KIIIβ to be essential for 

P. falciparum parasite growth164. It is likely that PfPI4KIIIβ produces PI4P, however, this enzyme 

has not yet been well characterized in P. falciparum. Studies are currently underway in our 

laboratory to better understand the function of this enzyme in vitro. It is possible that PfPI4KIIIβ 

is involved in the parasite autophagy pathway. A study in 2012 found that when PI4KIIIβ function 

is impaired in yeast, there is a concurrent defect in autophagy as well172. Additionally, it has been 

shown in eukaryotic cells that ATG9-containing vesicles transport PI4KIIIβ to the autophagosome 

initiation site to control PI4P production at the initiation membrane site and the autophagic 

response173. Furthermore, recent data from my colleague, Anna Sternberg, indicate that known 

PI4K inhibitors can inhibit PfPI4KIIIβ enzyme activity in vitro (unpublished data, see Table 4.2).   

Therefore, I first investigated the ability of PI3K and PI4K inhibitors to affect the parasite 

autophagy pathway by monitoring the change in ATG8 puncta vs dose of inhibitor. ATG8 is 

commonly used as a marker for autophagy in eukaryotic cells due to the necessity of this protein 

for the formation of mature autophagosomes. I utilized the canonical control strain HB3 (CQS and 
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ARTS) and investigated the distribution of ATG8 puncta when treated under starvation conditions 

+/- simultaneous varying doses of six PI3K inhibitors: NVP-BGT226, GSK-2126458, PIK93, 

Torin 1, Torin 2, and INK-128; 2 PI4K inhibitors: KDU691 and BQR695; and 1 dual-kinase 

inhibitor: MMV390048. I attempted to correlate these results with in vitro PfVps34 and 

PfPI4KIIIβ inhibition results from my colleagues, Dr. Matthew Hassett92, 153 and Anna Sternberg.  

There are three classes of PI3 kinases and these are classified based on the preference of 

substrate as well as the product126. As shown by my colleague, Dr. Matthew Hassett92, 126, 153, there 

is ample evidence to suggest that the sole PI3 kinase found in P. falciparum is a class III or Vps34 

– this kinase only accepts phosphatidylinositol as the substrate and phosphorylates at the 3rd 

position of the inositol ring to produce PI3P126. PI3P is necessary for the formation of 

autophagosome membranes151. Therefore, I also investigated the localization of PI3P lipid in HB3 

parasites vs various drug treatments to determine if there is any colocalization with PfATG8, which 

could provide further evidence of induction of autophagosomes (autophagy). 

In addition to being involved in CQ cytocidal drug resistance24, components of the 

autophagy pathway in P. parasites have been recently implicated as possibly contributing to 

ARTR91, 111. In 2015, Wang et al.36 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 ARTR parasites, T38N mutation in Atg18 was tentatively associated 

with decreased DHA and ATM susceptibility111. In the same year, Mbengue et al. suggested the 

possible involvement of another component of the autophagy pathway in ARTR; possible 

increased activity of Vps34 was associated with ARTR91. These suggestions for the role of the 

autophagy pathway in ARTR, along with previously mentioned observations from our laboratory 



83 
 

of dysregulated autophagy in CQR parasites24 led us to believe that the autophagy pathway must 

be further investigated in the context of ARTR. 

Therefore, I investigated the localization of PfATG8 and PI3P in laboratory-adapted 

Cambodian isolates CamWT (CQR, ARTS), CamWTC580Y (CQR, ARTR) under various 

conditions such as starvation or cytocidal DHA treatment. The results obtained were quantified for 

colocalization of the two markers to determine if any differences were found in comparison to 

HB3 drug-sensitive parasites.  

Finally, along with my colleague, Dr. Amila Siriwardana, I also investigated the effects of 

external stressors such as starvation or cytocidal doses of CQ and DHA on the induction of 

autophagy in the laboratory-adapted Cambodian isolates CamWT (CQR, ARTS), CamWTC580Y 

(CQR, ARTR), Cam3.IIRev (CQR, ARTS) and Cam3.IIR539T (CQR, ARTR) as well as HB3 (CQS, 

ARTS), Dd2 (CQR, ARTS), GC03GC03 (CQS, ARTS) and GC03Dd2 (CQR, ARTS) for comparison. 

The results from these experiments were quantified using a previously developed method24 in order 

to compare the autophagy response across several different parasite strains with varying genetic 

backgrounds. 

4.2 Results 

It has been established that antimalarial compounds can target different cellular pathways 

at cytostatic vs cytocidal concentrations22-24. 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 CQR parasite strains24. Recently, there has been evidence suggesting that the 

autophagy pathway may also play a role in the ARTR phenotype, with observations of Atg18 

mutations and increased enzymatic activity of Vps3491, 111. Therefore, with my colleague Dr. 
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Amila Siriwardana, I first investigated the effect that PI3K inhibitors have on P. falciparum 

autophagy pathway through monitoring the ATG8 puncta phenotype.  

To conduct these experiments, the P. falciparum strain HB3 was used as it is drug sensitive 

and therefore responds more strongly to CQ, DHA, and other drugs. Several PI3K inhibitors were 

used at varying doses in combination with starvation treatment, a known inducer of autophagy 151, 

268. PI3K inhibitors are thought to inhibit the activity of PfVps34, thus inhibiting production of 

PI3P, which in turn is necessary for the formation of autophagosome membranes. Therefore, PI3K 

inhibitors should inhibit the induction of autophagy that occurs upon starvation.  

In order to quantify the effects of varying concentrations of PI3K inhibitors on the 

autophagy phenotype, our laboratory previously developed a quantitative imaging method24. This 

method is based on spinning disk confocal microscopy and 3D Imaris rendering of z stacks to plot 

radial distributions of PfATG8 puncta relative to Hz optical density (Figure 4.1 and 4.2). 

Essentially, very optically dense Hz within the DV is used to define a “center” point of reference 

for the iRBC parasite (Figure 4.2 left) and distinct, clearly defined spots of ATG8 fluorescence 

(Figure 4.2 middle and Figure 4.1 blue spots) are then measured for their relative distance (x,y,z) 

from the center of hemozoin optical density (white lines, Figure 4.2 right).  
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Figure 4.1 Cartoon representation of 3D puncta quantification method used. 
Hz density (red “x”) is used as the origin, and distances to PfATG8 positive puncta are defined for 
the reconstructed confocal z stack of images, relative to hemozoin, using 3D Cartesian (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 20-31 z slices (see Gligorijevic et al.28 for additional detail). 
Reproduced with permission from Gaviria et al.24 

 

 

Figure 4.2 Semi automated computational method for quantifying the distribution of ATG8 
puncta relative to hemozoin crystals within the digestive vacuole.  
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 ATG8 puncta centers are then computed (white lines) and data collated in Excel. Reproduced 
with permission from Gaviria et al.24 

 

The above described method was used to quantify the effects of six PI3K inhibitors when 

used in combination with starvation treatment. Several concentrations were used to quantify ATG8 
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puncta inhibition (inhibition of autophagy) vs. PI3K inhibitor concentration for the HB3 parasite 

strain (Figure 4.3). From these data we observed a dose-related decrease in the number of ATG8 

puncta – or autophagosomes – detected and were able to plot dose-response curves and calculate 

an EC50 for puncta inhibition (Figure 4.4 and Table 4.1). In other words, the EC50 was calculated 

as the concentration of PI3K inhibitor required to reduce the number of puncta by 50% compared 

to starvation treated. I found that puncta inhibition EC50 correlated well with the LD50 for all of the 

compounds tested (Figure 4.5a and Table 4.1). Additionally, these data correlated well with in 

vitro inhibition of PfVps34 enzyme153 (Figure 4.5b and Table 4.1). These data provide ample 

evidence that PfVps34 can be inhibited by PI3K inhibitors and that PfVps34 is a necessary enzyme 

for parasite autophagy. 
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Figure 4.3 Inhibition of starvation induced ATG8 puncta. 
Correlated with dose of PI3K inhibitor for several compounds tested in the HB3 P. falciparum 
strain. A=NVP-BGT226, B=GSK-2126458, C=PIK93, D=Torin 1, E=Torin 2, F=INK128. Y-axis 
indicates the average number of puncta observed at a distance >3.5µm from the center of DV Hz. 
CM = drug free complete media, SM = starvation media, 0.2X, 0.5X, 1X, 2X, 4X indicate the fold-
LD50 concentration of each compound used (Mott et al.84). For each experiment, at least 15 cells 
per sample were counted.  
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Figure 4.4 Dose response curves. 
Obtained from above data in Figure 4.3 showing the inhibition of ATG8 puncta formation vs 
concentration of PI3K inhibitors used. 

 
 

 
Figure 4.5 Linear correlation between 
A) inhibition of ATG8 puncta vs PI3K 
LD50 or B) inhibition of ATG8 puncta vs 
in vitro inhibition of PfVps34 enzyme153. 
Note, all 6 compounds show good linear 
correlation with puncta EC50 vs LD50 
(R2=0.99). However, correlation between 
puncta EC50 and in vitro enzyme inhibition 
EC50 is weak (R2 = 0.35), unless the 
compound PIK93 is removed from the 
analysis (R2=0.91 without PIK93, R2=0.35 
with PIK93). This may be due to the partial 
activity of PIK93 against the PI4K 
enzyme269, which likely skews the results. 
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Table 4.1 Calculated EC50 values [nM] for inhibition of ATG8 puncta by PI3K inhibitors. 

Using six PI3K inhibitors compared with previously determined LD50 values as well as in vitro 
inhibition of the PfVps34 and HsVps34 enzyme. Linear correlation plots are shown in Figure 4.5. 
In vitro inhibition of PfVps34 and HsVps34 enzyme data (columns 4 and 5 in this table) were 
obtained previously by my colleague, Dr. Matthew Hassett153. 

 

As shown in Figures 4.3, 4.4, and 4.5, and Table 4.1, six different PI3K inhibitors were 

used to quantify the inhibition of ATG8 puncta as an indicator of the inhibition of autophagy in 

HB3 parasites. These results show that PI3K inhibitors cause a dose-related decrease in the number 

of ATG8 puncta observed when compared to the starvation treatment alone. From these data, I 

also found that the EC50 of ATG8 puncta inhibition was directly correlated with the LD50 for each 

compound and the in vitro inhibition of the PfVps34 enzyme. Interestingly, Table 4.1 shows that 

these tested PI3K inhibitors are all more effective against the PfVps34 compared to the HsVps34 

enzyme. These data suggest that these PI3K inhibitors are extremely potent inhibitors of the P. 

falciparum autophagy pathway and of PfVps34 and that they could be developed further as 

effective antimalarials. 

Drug LD50  Puncta EC50  PfVps34 EC50  HsVps34 IC50  
NVP-BGT226 17.50 17.46 0.62 7.03 
GSK-2126458 101700 99975 204.2 364 
PIK93 2250 2643 211.7 220 
Torin 1 9580 10036 74.25 784 
Torin 2 1875 1572 0.72 11.5 
INK128 9070 7456 56.06 5620 
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I conducted similar experiments to assess the potency of two PI4K inhibitors and one 

putative dual-kinase inhibitor (Anna Sternberg, personal communication, see also Table 4.2). It is 

less clear what role PfPI4KIIIβ may play in the parasite autophagy pathway and whether inhibition 

of this kinase will have any effect on the distribution of ATG8. However, together with results 

from my colleague, Anna Sternberg, my results suggest that PfPI4KIIIβ is targeted by PI4K 

inhibitors and plays a role in the parasite autophagy pathway (Figure 4.6 and Table 4.2). 

Figure 4.6 ATG8 puncta inhibition by PI4K inhibitors. 
Comparison of ATG8 puncta inhibition in strain HB3 by PI3K and PI4K inhibitors shows that 
PI4K inhibitors are also able to inhibit parasite autophagy. X-axis indicates fold LD50 
concentration of drug used. For each experiment, at least 15 cells per sample were counted. P-
value < 0.05 for each case when compared to SM alone (black bar). However, no statistically 
significant differences were found across the 5 drugs used within each treatment condition (for 
example, all 0.5x LD50 sample were statistically similar as were all drugs used at 1xLD50 or at 
3xLD50). For KDU691, p > 0.05 for 0.5x vs 1x and 1x vs 3x; p < 0.05 for 0.5x vs 3x. For BQR695, 
p < 0.05 for 0.5x vs 1x, 1x vs 3x, and 0.5x vs 3x. For MMV390048, p > 0.05 for 0.5x vs 1x and 
1x vs 3x; p < 0.05 for 0.5x vs 3x. 
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Table 4.2 Calculated EC50 values [nM] for inhibition of ATG8 puncta by PI4K inhibitors. 

Using two PI4K inhibitors and one dual-kinase inhibitor compared with previously determined 
LD50 values as well as in vitro inhibition of the PfPI4KIIIβ and PfVps34 enzyme. In vitro inhibition 
of PfPI4KIIIβ and PfVps34 enzyme data (columns 4 and 5 in this table) were obtained previously 
by my colleague Anna Sternberg (unpublished data). 

 

As shown in Figures 4.6 and Table 4.2, three different PI4K inhibitors were used to 

quantify the inhibition of ATG8 puncta as an indicator of the inhibition of autophagy in HB3 

parasites. These results show that PI4K inhibitors, similarly to PI3K inhibitors described above, 

cause a dose-related decrease in the number of ATG8 puncta observed when compared to the 

starvation treatment alone. From these data, I also found that the EC50 of ATG8 puncta inhibition 

was correlated with the LD50 for each compound. However, contrary to previous results for PI3K 

inhibitors, these data did not correlate with in vitro inhibition of the PfPI4KIIIβ enzyme (Table 

4.2). These data suggest that PI4K inhibitors also inhibit P. falciparum autophagy pathway and 

that they could be developed further as effective antimalarials, but that the compounds may have 

multiple targets. 

 

 

 

 

 

 

 

Drug LD50  Puncta EC50  PfPI4KIIIβ EC50  PfVps34 IC50  
KDU691 10010 12894 1.26 1300 
BQR695 3010 2365 3.28 1480 
MMV390048 2050 927 1.32 0.97 
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Figure 4.7 Imaging of autophagosomal body puncta formation. 
Imaging of PfATG8 containing puncta within parasite (from top row to bottom - HB3, Dd2, 
CamWT, CamWTC580Y, Cam3.IIRev, and Cam3.IIR539T) infected RBCs after 6-hour exposure to 
either (A) starvation or (B) a bolus dose of DHA at LD50. 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 μm. 

 

In addition to investigating the autophagy pathway in a control (HB3, CQS) parasite strain, 

I was also interested to investigate this pathway in ARTR strains, due to the studies previously 

mentioned36, 91, 111 that show a connection between ARTR and parasite autophagy. An unexpected 

result from these studies was the observation that CamWTC580Y has few to no puncta observed 

(>3.5 µm from the center of the DV) for ATG8 or PI3P with starvation or DHA treatment (Figure 

4.7). I was then interested to further investigate this phenomenon and quantify the differences in 

the induction of autophagy across various drug-resistant parasite strains, along with my colleague, 

Dr. Amila Siriwardana. The strains utilized include the laboratory-adapted Cambodian isolates 
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CamWT, CamWTC580Y, Cam3.IIRev and Cam3.IIR539T. Additionally, since ARTR has solely been 

developed on a CQR background, it is useful to compare these phenotypes with the CQR 

phenotypes of HB3, Dd2, GC03GC03 and GC03Dd2 (the latter two strains are transfectants with a 

CQS genetic background and either the GC03 (CQS) or Dd2 (CQR) PfCRT gene transfected). A 

protocol similar to that used in Gaviria et al.24 (see Figure 4.1 and 4.2) was utilized to assess the 

distribution of ATG8 containing puncta in the aforementioned strains. Experiments were 

conducted under pressure with either control drug-free media (CM), starvation media (SM), 

1xLD50 DHA or 1xLD50 CQ.  

As expected, under control, nutrient rich conditions, all strains tested displayed diffuse 

ATG8 staining, localized to the parasite cytosol as reported previously24 (see Figure 4.9 for an 

example of control conditions). However, under conditions with external stressors, there were 

significant differences in the observed staining patterns and quantification of ATG8 containing 

puncta. For the four control parasite strains (HB3, Dd2, GC03GC03 and GC03Dd2), similar to 

previous observations (see Gaviria et al.24), a significant re-distribution of ATG8-labeled puncta 

was observed under starved, DHA LD50 and CQ LD50 conditions (Figure 4.7). In CamWT and 

Cam3.IIRev, both containing wild-type K13 sequences but also CQR phenotype, I observed a 

reduced re-distribution of ATG8-labeled puncta in all 3 external stress treated parasites (Figure 

4.7) which is distinct from the previously observed CQR (Dd2) phenotype in Gaviria et al24. 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. Therefore, it could be 

assumed, according to previous results from our laboratory24, that the autophagy response to CQ 

would be muted in these strains. However, surprisingly, even the Cambodian strains harboring a 

wild-type K13 show a more muted autophagy response to nutrient starvation, as well as to stress 
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caused by DHA or CQ, in comparison to the control CQS and CQR (ARTS) strains. The most 

striking result was observed for the K13 mutant strains, CamWTC580Y and Cam3.IIR539T, which 

contain the mutations C580Y and R539T respectively in the K13 domain. Neither displayed a re-

distribution of ATG8-labeled puncta under any stress inducing condition (Figure 4.7). 

To better define this phenotype, I quantified this puncta response as described above and 

previously24. The number of puncta at a distance > 3.5 µm from the center of the parasite DV was 

quantified by combining confocal microscopy imaging with 3-dimensional image analysis 

software (see Figures 4.1 and 4.2). In agreement with visual observations, HB3 and Dd2 strains 

had the highest number of ATG8 puncta in response to starvation, DHA LD50, and CQ LD50 (Figure 

4.8). A statistically significant difference was not observed (p>0.05) in the ATG8 puncta response 

for HB3 vs Dd2 under SM conditions (Figure 4.8). However, there was a statistically significant 

reduction in the SM puncta-response (p<0.05) for both CamWT (CQR, ARTS) and Cam3.IIRev 

(CQR, ARTS) strains, both harboring the wild-type K13 sequence (Figure 4.8). However, this 

pattern of ATG8 staining was still distinct from that observed under control conditions (p<0.05). 

As seen in Figure 4.8, there was no significant re-distribution in the ATG8 puncta for CamWTC580Y 

and Cam3.IIR539T when treated with the aforementioned conditions (Figure 4.8). Furthermore, this 

response was not statistically different from ATG8 staining that is typically observed under control 

conditions for these strains (p>0.05). These results indicate that there is a large difference in the 

autophagy response for K13 wild-type versus K13-mutant parasites, which is also a distinct 

phenotype from that previously discovered in relation to cytocidal CQR24. Due to the rapid rise 

and spread of ARTR in Southeast Asia, it will be extremely important to continue to investigate 

these phenotypes and use them to inform the development of novel antimalarial therapies.  
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Figure 4.8 Quantification of PfATG8 positive puncta.  
PfATG8 positive puncta, quantified as described previously24, were measured upon treatment with 
control median (CM), starvation media (SM), an LD50 dose of DHA or an LD50 dose of CQ. * 
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 promising results led me to further investigate the autophagy response in P. 

falciparum parasites using alternative markers. Class III PI3Ks such as Vps34 use 

phosphatidylinositol (PI) as a substrate to produce phosphatidylinositol 3-phosphate (PI3P). This 

lipid is essential both for the initial stages of autophagosome synthesis and resides on the mature 

autophagosomes. PI3P must be dephosphorylated prior to autophagosome fusion with the 

lysosome270-273. Therefore, if it is possible to determine the distribution of PI3P within P. 

falciparum parasites under various conditions, we may be able to learn more about the autophagy 

pathway as a whole and also determine whether we are visualizing immature or mature 

autophagosomes. Figure 4.9 shows a comparison of representative images obtained for HB3 
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(CQS), CamWT (ARTS) and CamWTC580Y (ARTR) parasite strains used in a quantitative analysis 

of PI3P and ATG8 colocalization.  

Figure 4.9 Imaging of PfATG8 and PI3P containing puncta within synchronized 
(trophozoite) parasites. 
Parasites (HB3, CamWT, CamWTC580Y) infected RBCs after 6-hour exposure to control, 
starvation or 2xLD50 DHA (as noted in the figure on the left-hand side, CM=drug-free complete 
media, SM=starvation media, DHA=dihydroartemisinin). Panel 1: transmittance image. Panel 
2: anti-PfATG8 antibody imaging. Panel 3: anti-PI3P antibody image. Panel 4: DAPI nuclear 
staining. Panel 5: a merged image of anti-PfATG8 and anti-PI3P. Panel 6: merged image of all 
five channels (1, 2, 3, 4, 5). Bar = 1 μm. 
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A qualitative analysis of Figure 4.9 suggests that CQR and ARTR strains are not induced 

and that both ATG8 and PI3P induction/redistribution are closely related in terms of the major 

pathways they serve. As observed above, the control strain, HB3, shows a close relation between 

both markers in the control and starvation treated samples (observed as yellow staining indicating 

overlap of both “green” and “red” channels). This is highly suggestive of an autophagy pathway 

since both ATG8 and PI3P are known to be colocalized in this pathway in eukaryotic cells.  

These images (Figure 4.9) can also be quantitatively analyzed for correlation of the two 

markers for ATG8 and PI3P. Correlation is defined as a relation existing between phenomena 

which tend to vary, be associated, or occur together in a way not expected by chance alone. 

Statistically, this relationship between variables, in this case the localization of ATG8 and PI3P, 

can be calculated by a Pearson Correlation Coefficient (PCC)274. However, the PCC can produce 

negative values which can be confusing. Additionally, the PCC quantifies the co-variance of two 

variables (ATG8 and PI3P, in this case). This measures the joint variability of the two markers and 

is dependent on signal intensity210. However, in my case, I am interested in quantifying the number 

of ATG8 puncta that contain PI3P. Another method of quantification of colocalization is the 

Manders Overlap Coefficient (MOC)210. This is described by equation 2.2 and 2.3 (see Chapter 2, 

Methods), and prevents negative MOC values, which may eliminate the confusion caused by 

negative PCC values. The MOC also describes the fraction of voxels containing fluorescence from 

“channel A” that also contain fluorescence from “channel B” regardless of signal intensity 

(equation 2.2). MOC can also be calculated for the fraction of voxels containing “channel B” that 

also contain “channel A” (equation 2.3)210.  

The images shown in Figure 4.9 are representative of more than 15 cells imaged per 

sample, for statistical validity. Each of the obtained images were assessed for the fraction of ATG8 
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labeled autophagosomes containing PI3P. However, it was necessary to filter the image input. That 

is, observed in Figure 4.9, there is a large amount of cytosolic staining for both ATG8 and PI3P 

antibodies, regardless of the treatment conditions. To be consistent with our previously developed 

method for quantifying ATG8 puncta24, all spots <3.5 µm of the center of the parasite DV were 

removed. The remaining spots (>3.5 µm from DV) were analyzed for MOC. A sample image 

showing original and MOC analyzed data is in Figure 4.10.  

Figure 4.10 Manders Overlap Coefficient analysis. 
The spots routine in Imaris 7.5 was used to create spots on the ATG8 puncta. These spots were 
then used to filter the ATG8 channel to include only fluorescence originating >3.5 µm from Hz. 
Top panel shows original images and bottom panel shows the filtered version of the same images. 
Bar = 1µm 

 

All images obtained were analyzed in a similar method as previously described and 

visualized in Figure 4.10. The calculated MOC are shown in Table 4.3. From these results, it is 

first obvious that in order to differentiate correlation coefficients images must be filtered so as to 

calculate correlation within puncta only. No statistically significant differences were found 

(p>0.05) for the unfiltered calculations. However, for the calculations done for filtered images, 

obvious trends are revealed (Table 4.3). First, calculations for either controls (control media) or 

for samples that did not show any puncta >3.5µm from the center of the parasite DV (eg. ARTR 

CamWTC580Y) resulted in a value of zero.  
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Table 4.3 Mander’s Overlap Coefficients. 

Colocalization of ATG8 and PI3P staining for various drug treatments, starvation (SM) or control 
(CM). Fold LD50 concentrations are indicated in the table. Filtering was not done for samples in 
which no ATG8 puncta were visualized. 

 

As shown in Table 4.3, for the SM treated samples, HB3 shows the strongest colocalization 

between ATG8 and PI3P positive puncta >3.5 µm from the center of the DV with a MOC 

indicating 67% of ATG8 staining colocalizes with PI3P staining. This decreases for CamWT to 

25% and surprisingly, there are few to no puncta >3.5µm from the center of the DV for 

CamWTC580Y so the MOC is calculated as zero. Similarly, for the 2xLD50 DHA treated samples 

the MOC for HB3 and CamWT are 76% and 61% respectively. That is, while the observed number 

of ATG8 labeled puncta are relatively similar for HB3 vs CamWT after both treatments (see Figure 

4.8 for quantitative data), the amount of colocalization differs somewhat. This suggests that 

CamWT and CamWTC580Y may have altered autophagy pathways involving a reduction in the 

amount of PI3P produced or available to conduct autophagy. Studies have shown that activated 

Treatment Strain MOC 
CM HB3 0.86 ± 0.04 

SM 
HB3 0.67 ± 0.13 
CamWT 0.25 ± 0.10 
CamWTC580Y 0 

2xLD50 DHA 
HB3 0.76 ± 0.07 
CamWT 0.61 ± 0.16 
CamWTC580Y 0 

SM+0.5xLD50 NVP-BGT226 
HB3 

0.62 ± 0.09 
SM+1xLD50 NVP-BGT226 0.49 ± 0.13 
SM+3xLD50 NVP-BGT226 0.18 ± 0.05 
SM+0.5xLD50 KDU691 

HB3 
0.78 ± 0.05 

SM+1xLD50 KDU691 0.66 ± 0.07 
SM+3xLD50 KDU691 0.73 ± 0.09 
SM+0.5xLD50 MMV390048 

HB3 
0.54 ± 0.05 

SM+1xLD50 MMV390048 0.39 ± 0.09 
SM+3xLD50 MMV390048 0.15 ± 0.10 
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DHA can inhibit PfVps34 activity in vitro92, which may result in a lower amount of PI3P produced, 

however the data suggest that this effect may be minimal. 

An important observation from Table 4.3 is the ability of PI3K inhibitors to reduce the 

ATG8/PI3P colocalization. For treatments involving induction with SM and increasing 

concentrations of NVP-BGT226 (a PI3K inhibitor), I observed a corresponding decrease in MOC 

(62%, 49%, 18%). Together with ATG8 puncta quantification (Figure 4.4, Table 4.1), this strongly 

suggests that NVP-BGT226 inhibits the parasite autophagy pathway through inhibition of 

PfVps34 and production of PI3P necessary for autophagosome formation. Similarly, for 

MMV390048 (a dual kinase inhibitor according to results from my colleague, Anna Sternberg, 

Table 4.2), I noticed a decrease in MOC corresponding to increasing drug concentrations (54%, 

39%, 15%). However, I did not notice such a decrease in MOC for KDU691 (78%, 66%, 73%, p 

> 0.05) which is a PI4K inhibitor and has approximately 1000-fold specificity for PfPI4KIIIβ vs 

PfVps34. These results suggest that the PI3K inhibitors used are in fact targeting PfVps34 to 

inhibit the parasite autophagy pathway (through inhibition of PI3P production/distribution) and 

that the PI4K inhibitors used likely target PfPI4KIIIβ, which does not affect PI3P localization but 

regulates parasite autophagy in a different way. 

4.3 Discussion 

This Chapter presents a more detailed investigation into the autophagy pathway in P. 

falciparum parasites and the ability of antimalarial drugs and PI3K/PI4K inhibitors to target this 

pathway. I first utilized six different PI3K inhibitors with potent antimalarial activity to attempt to 

quantify their effects on the parasite autophagy response. These experiments indicate that there is 

a dose-related reduction of ATG8 puncta induced by starvation and that this is also correlated with 

LD50 dosages of these compounds, as is the inhibition of PfVps34 in vitro. These data provide 
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strong evidence to suggest that PfVps34 is required for parasite autophagy, that the PI3K inhibitors 

used are targeting PfVps34, and that this is a key regulatory enzyme for the parasite autophagy 

pathway. Similarly, I also showed a dose-related reduction of ATG8 puncta correlated with LD50 

concentrations of PI4K inhibitors. Recent studies have shown in eukaryotic cells that ATG9-

containing vesicles transport PI4KIIIβ to the autophagosome initiation site to control PI4P 

production at the initiation membrane site and the autophagic response173. This suggests that the 

available PI4K inhibitors do target PfPI4KIIIβ and this enzyme is also required for parasite 

autophagy. This is an important discovery due to the previous publications from our laboratory 

which suggested that an autophagy-like pathway is involved in cytocidal CQR. Being able to better 

understand this pathway as it overlaps with the MOA of PI3K and PI4K inhibitors will prove 

extremely useful in the future development of novel antimalarial ACTs to combat ARTR. 

An important observation made in these experiments was that seemingly, the CamWTC580Y 

strain did not show a redistribution of ATG8 puncta as previously expected upon SM treatment. 

This is a novel phenotype not previously discovered and is distinct from autophagy dysregulation 

for the CQR phenotype previously observed in Gaviria et al24. Therefore, experiments were 

conducted to quantify these differences under various external stress conditions. These results 

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.IIRev, 

quantification of these puncta revealed a muted phenotype in comparison with HB3 and Dd2 

parasite strains. This result was observed for starvation treatment, LD50 treatment with DHA and 

LD50 treatment with CQ. Most surprisingly, I did not observe a redistribution of ATG8 puncta in 

CamWTC580Y or Cam3.IIR539T, the K13-mutant strains. K13 mutations have been associated with 

clinical findings of ARTR69, therefore, my results suggest that the autophagy response is 



102 
 

dysregulated in ARTR parasites. This could indicate that targeting the autophagy pathway could 

lead to the development of novel antimalarial combination therapies to combat ARTR, explored 

in more detail in the next Chapter. It is imperative that future work continues to investigate the 

targeting of the malaria autophagy pathway as a potential mechanism of overcoming drug 

resistance.  

In order to obtain more evidence that the observed redistribution of PfATG8 puncta is due 

to the presence of autophagosomes, I also examined PI3P localization in the parasites under 

various conditions. As previously mentioned (section 1.10, page 33), PI3P is important for the 

formation of autophagosomal membranes and must be dephosphorylated prior to autophagosome 

fusion with the lysosome270-273. Therefore, colocalization of ATG8 and PI3P would represent 

induced autophagosomes prior to fusion with the DV. These data show that in control strains such 

as HB3, there is a strong correlation between ATG8 and PI3P positive puncta (when autophagy is 

induced by either SM or DHA), which suggests that these observed puncta are representative of 

autophagosomes. As previously mentioned, DHA and other related endoperoxides exert their 

antiparasitic effects through promiscuous alkylation of various cellular and molecular targets. This 

non-specific activity may affect various kinases, such as PfVps34, which produces the PI3P 

necessary for autophagosome formation. Alternatively, DHA induced stress may stimulate a 

PfVps34-regulated parasite autophagy response. In either scenario, a decrease in the production of 

PI3P could result in a decrease in ATG8 vs PI3P correlation. Nonetheless, the strong correlation 

observed for HB3 induced with SM or DHA indicates that the ATG8 puncta observed are likely 

autophagosomes. 

It should be noted that even for the HB3 parasite strains, complete colocalization, or a 

MOC of 1 was not observed, I did, however, observe an MOC of 86% for the HB3 control which 
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is logical since all ATG8 labeled autophagosomes are expected to contain PI3P, since PI3P is 

another necessary component for the formation of autophagosomal membranes. In yeast, 

recruitment of the PI3K complex and production of PI3P at the site of the developing 

autophagosomal membrane is necessary for the stimulation of ATG8 conjugation to PE within the 

autophagosome membrane275, 276. Thus, in yeast, ATG8 is localized to autophagosome membranes 

after PI3P275, 276 (this likely occurs in P. falciparum parasites as well117) and is necessary for 

completion of these membranes and maturation of the autophagosomes. Therefore, it might be 

possible to observe puncta labelled with PI3P but not ATG8, or puncta labelled with both. 

However, this was not the case, as the two observations were either: 1) Dual-labelled puncta with 

both ATG8 and PI3P or 2) Puncta labeled with only ATG8 and no PI3P. This suggests that in P. 

falciparum parasites there is an alternate order of events where ATG8 is first recruited to 

autophagosome membranes followed by production of PI3P (which could be further supported by 

the fact that ATG8 is constitutively cleaved to expose the C-terminal glycine which is required for 

conjugation to PE131).  

Interestingly, I was also able to observe a decrease in MOC for parasites simultaneously 

induced with SM and treated with NVP-BGT226 (a known PI3K inhibitor) and with MMV390048 

(a dual-kinase inhibitor according to in vitro results from my colleague, Anna Sternberg). I did not 

observe a statistically significant difference in MOC for parasites induced with SM and treated 

simultaneously with a high concentration of KDU691 (a known PI4K inhibitor). Along with in 

vitro inhibition data vs purified PfVps34 and PfPI4KIIIβ from my colleagues (Dr. Matthew Hassett 

and Anna Sternberg), these data strongly suggest that NVP-BGT226 and MMV390048 are 

targeting PfVps34. Additionally, although KDU691 caused a decrease in the number of ATG8 

puncta observed, it did not affect the MOC of ATG8+PI3P. This further suggests that KDU691 
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has a distinct mechanism of affecting the parasite autophagy pathway in comparison to PI3K 

inhibitors.  

To date, this is the first study that systematically investigates the induction and then PI3K 

drug inhibition of autophagy in P. falciparum. Further, no other known studies have investigated 

the colocalization of ATG8 and PI3P in P. falciparum or the ability of kinase specific inhibitors to 

affect the localization of these important autophagy markers. In this Chapter I have shown that 

PI3K and PI4K inhibitors target the parasite autophagy pathway as shown by a reduction in the 

number of observed ATG8 puncta and that ARTR parasite strains have further muted autophagy 

phenotypes compared to CQR parasites. I have also provided strong evidence to suggest that the 

molecular targets of the PI3K inhibitors used is PfVps34 and the molecular target of the PI4K 

inhibitors used is PfPI4KIIIβ. These MOA studies of PI3K and PI4K inhibitors are useful in 

designing next generation ACTs which may be able to target ARTR parasite strains.  
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CHAPTER V 

 

TARGETTING PLASMODIUM FALCIPARUM PHOSPHATIDYLINOSITOL KINASES 

IN NEXT GENERATION ARTEMISININ COMBINATION THERAPIES  

 

5.1 Background 

Artemisinin (ART) Combination Therapies (ACT) are currently the front-line therapy for 

treating P. falciparum malaria. However, as previously described, reports of ARTR P. falciparum 

are on the rise and furthermore, resistance to partner drugs, such as piperaquine (PPQ) have also 

been reported52, 56, 57. The emergence of ARTR is extremely concerning, as is the possibility of 

spread to Africa, where the majority of malaria related deaths occur. Therefore, investigating novel 

drug combination therapies and designing next generation ACTs is of utmost importance.  

Originally, quinoline drugs were of particular interest in designing ACTs due to their long 

elimination half-lives – the drugs remain in blood plasma at clinically relevant concentrations for 

weeks to months. These could serve as excellent ACT partner drugs due to the quick elimination 

of ARTs. The quinoline partner would remain in the blood long-term and kill any parasites that 

remain after the fast-acting ART compound takes effect. Currently available commercial therapies 

include quinoline partner drugs such as MQ, AQ and the quinoline dimer, PPQ (Figure 1.7).  

 
 
 
 
 
 
Iyengar, K., Siriwardana, A.C., Roepe, P.D. 
K.I. Contributions: 
K.I performed single-drug and combination IC50 and LD50 assays, continuous drug-pressured 
selection of laboratory strains and contributed to writing the manuscript 
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Many of the ACTs currently in use were developed empirically without explicit validation 

of the drugs’ mode of action (MOA). This led to combinations of drugs with similar MOAs which 

is not beneficial for avoiding emergence of drug resistance phenomena260, 261. That is, for an 

antimalarial therapy to truly be effective at both curing patients and reducing the risk of the 

development of concurrent resistance, the drugs used should possess different MOAs (either by 

targeting different cellular pathways or by targeting the same pathway in different ways), show 

complimentary PK/PD, and (ideally) be synergistic. Mott et al. conducted a study investigating 

thousands of potential antimalarial compounds for potency, drug-drug interactions, MOAs, and 

combination efficacy84. A particularly striking result from this study includes the discovery of 

phosphatidylinositol 3’-kinase (PI3K) inhibitors as extremely potent antimalarial compounds both 

at cytostatic and cytocidal concentrations. These compounds have already been approved by the 

FDA for use in cancer treatments and could be easily repurposed to treat malaria. Therefore, it is 

fruitful to investigate ART+PI3K inhibitor combinations at cytostatic concentrations against HB3 

(CQS) and Dd2 (CQR) parasite strains. 

Not only were PI3K inhibitors compounds potent at cytostatic concentrations, but they also 

showed significant cytocidal potency and were found to be 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 LF combination used today84. 
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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 previously tested against ARTR strains 

of P. falciparum. Since the results from the previous Chapter indicate a dysregulation of the 

autophagy pathway in ARTR strains, these combinations have the potential to be more effective 

against those particular strains. 

Targeting the autophagy pathway is one method of introducing novel antimalarial therapies 

with unique MOAs that can be extremely useful in combination therapies. PI3 kinases are directly 

involved in the autophagy process and this may be especially important in the case of P. falciparum 

parasites due to the lack of mTOR homolog. Since mTOR is missing in P. falciparum, we believe 

that PfVps34, the sole PI3K, may be responsible for regulating the autophagy cascade. Therefore, 

PI3K inhibitors should directly impact this cellular process as shown in the previous Chapter. 

Recent reports have also provided evidence to support other novel compounds with significant 

antimalarial potency277-281. These include Torin 2 (which is chemically viewed as an mTOR 

inhibitor but also inhibits PI3-kinases92, 152), and several phosphatidylinositol 4-kinase inhibitors 

including KDU691, BQR695 and MMV39004890, 170.  

 PI4 kinases may also play a role in the autophagy pathway through interactions with Rab 

GTPases171, 172. For example, a study found that PI4KIIIβ forms a complex with Rab11 and could 

be involved in the intracellular development of malarial parasites through protein trafficking171. In 

2012, another study found that when PI4KIIIβ function is impaired, there is a concurrent defect in 

autophagy as well172. Additionally, it has been shown in eukaryotic cells that Atg9-containing 

vesicles transport PI4KIIIβ to the autophagosome initiation site to control PI4P production at the 

initiation membrane site and to control the autophagic response173. Certainly, PI3K and PI4K are 

equally important kinases in cellular development and have been suggested as essential for parasite 
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growth164. Therefore, investigating inhibitors of both PI3K and PI4K can prove extremely useful 

in discovering novel partner drugs for ACTs.   

As shown in Chapter 3, in 2016, Siriwardana et al. further validated the use of OZ439 in 

not only treating canonical laboratory strains of P. falciparum, but also in treating ARTR parasite 

strains215. 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, ARTR-conferring, K13 mutation. As shown 

previously, K13 mutations are directly correlated with clinical findings of delayed parasite 

clearance or ART resistance51, 69, 110. 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 OZ439. 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 RSLD50 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 compounds282 and this study 

also confirmed that OZ439 is significantly more potent than DHA or the previously discovered 

OZ277. These results suggest that OZ439 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 OZ439, I investigated its effect in combination with PI3K and PI4K 

inhibitors. Additionally, I compared these combinations with other quinoline+PI3K or 

endoperoxide+PIK inhibitor combinations to validate the efficacy of these combinations and 

attempt to design potential next generation ACTs.  
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5.2 Results 

 Although there are several methods one can utilize to quantify the efficacy of drug 

combinations, the C-T assay93 is most amenable to a semi-high-throughput fashion. Compounds 

are tested at a single [drug]:[drug] ratio, which allows for the generation of large data sets and the 

ability to test several different drug combinations against several parasite strains. In this method,  

the two drugs in question are mixed at a 1:1 IC50:IC50 or 1:1 LD50:LD50 ratio over a wide range of 

concentrations. The plots of parasite growth or survival vs. concentration can be used to calculate 

a fractional inhibitory concentration (FIC) for each drug as well as a sum of FICs which describes 

the activity of the pair (see Equations 5.1-5.3 below). 

𝐹𝐼𝐶$ =
&'()	+,	-./0	$	12	'+3412561+2

&'()	+,	-./0	$	57+28
  (Equation 5.1) 

 
𝐹𝐼𝐶9 =

&'()	+,	-./0	9	12	'+3412561+2
&'()	+,	-./0	9	57+28

  (Equation 5.2) 
 

𝐹𝐼𝐶&2:8; = 𝐹𝐼𝐶$ + 𝐹𝐼𝐶9   (Equation 5.3) 
 

The Chou-Talalay analysis provides a clear distinction between synergistic, additive and 

antagonistic drug pairs93. 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 interactions94. Based on their calculations, Chou and 

Talalay define additivity when the FICIndex equals 1. When the FICIndex is less than 1, the interaction 

is synergistic; when it is greater than 1, the interaction is antagonistic93. However, it is important 

to realize that the method may not examine chemically relevant drug ratios found in plasma. For 

example, one study found that the plasma ratios for DHA:PPQ and ATM:LF are approximately 

1:1000 and 1:100 respectively283.  
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Due to previous results suggesting a dysregulation of the autophagy pathway in ARTR 

strains, along with my colleague, Dr. Amila Siriwardana, I was interested in investigating multiple 

PI3K inhibitors (Figure 5.1) as potential partner drugs for new ACTs. Since quinoline drugs are 

currently used clinically as partner drugs for ACTs and have a longer elimination half-life 

compared to PI3K inhibitors, I was first interested in investigating quinoline+PI3K inhibitor 

combinations vs HB3 (CQS) and Dd2 (CQR) strains. These combinations were examined at 

cytostatic concentrations using the Chou-Talalay (C-T) assay format previously described (a 

sample C-T calculation is shown in Figure 5.2 and Table 5.1). The results for quinoline+PI3K 

inhibitor combinations are shown in Table 5.1.  

 

Figure 5.1 Chemical structures of phosphatidylinositol 3-kinase inhibitors used in this 
study. 
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Figure 5.2 Sample C-T calculation for CQ+GSK-2126458. 
Using equations 5.1-5.3 (above), the individual drug FICs are calculated and added together to 
obtain the FICindex. FIC < 1 indicates synergy. 
 
 
Table 5.1 Sample C-T calculation for CQ+GSK-212. 

Using equations 5.1-5.3 (above), the individual drug FICs are calculated and added together to 
obtain the FICindex. FIC < 1 indicates synergy. 
 
 

The results from quinoline+PI3K inhibitor combinations were mainly antagonistic with a 

few combinations being additive and only two pairs being synergistic (QN+GSK-212 was 

synergistic against Dd2 and CQ+GSK-212 was synergistic against HB3). Although this indicates 

that quinoline+PI3K inhibitor pairs are not ideal for novel drug combination therapies, these results 

are still informative in determining which combinations to investigate next. Quinoline resistance 

Drug Pseudo IC50 (in 
combination 

nM) 

IC50 
(monotherapy, 

nM) 

FIC FICindex Assignment 

CQ 9.4 22.7 0.41 
0.82 Synergistic 

GSK-2126458 36.5 89 0.41 

HB3 : CQ and GSK (IC50)

Concentration (nM)
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is rampant and most, if not all, strains of P. falciparum in Southeast Asia are resistant to quinolines. 

Therefore, it may be wise to investigate endoperoxide+PI3K inhibitor pairs. 

 
 
Table 5.2 Results from IC50 C-T assay. 

Quinoline+PI3K inhibitor pairs for four different quinolines and four PI3K inhibitors. These were 
tested against HB3 and Dd2 parasite strains to investigate any differences related to the CQ 
resistance phenotype. QN=quinine, CQ=chloroquine, AQ=amodiaquine, QD=quinidine. 

 

The work done in Chapter 3 (Siriwardana et al.215) showed that the synthetic endoperoxide 

compound OZ439 is capable of overcoming the cross-resistance displayed by K13 mutant 

parasites to structurally related endoperoxide compounds. Additionally, results from the previous 

Chapter and other studies have implicated the autophagy pathway as a contributor to ARTR91, 284. 

Therefore, it is important to investigate partner drugs, such as PI3K inhibitors, which are 

autophagy inhibitors that then might overcome ARTR as partners in next generation ACTs. This 

Combination 
HB3 Dd2 

FICindex Assignment FICindex Assignment 
QN/GSK-212 1.18 ± 0.14 Add 0.60 ± 0.15 Syn 

QN/NVP-BGT226 2.25 ± 0.33 Ant 4.28 ± 0.97 Ant 
QN/Torin2 2.29 ± 0.46 Ant 2.96 ± 0.44 Ant 
QN/PIK93 2.03 ± 0.03 Ant 2.26 ± 0.29 Ant 

CQ/GSK-212 0.83 ± 0.16 Syn 1.10 ± 0.23 Add 
CQ/NVP-BGT226 3.14 ± 0.28 Ant 2.83 ± 0.36 Ant 

CQ/Torin2 5.03 ± 0.96 Ant 4.79 ± 1.35 Ant 
CQ/PIK93 2.25 ± 0.06 Ant 2.75 ± 0.48 Ant 

AQ/GSK-212 1.09 ± 0.32 Add 1.36 ± 0.22 Add 
AQ/NVP-BGT226 3.16 ± 0.10 Ant 2.71 ± 0.35 Ant 

AQ/Torin2 4.84 ± 0.60 Ant 2.30 ± 0.47 Ant 
AQ/PIK93 2.14 ± 0.05 Ant 1.66 ± 0.13 Add 

QD/GSK-212 1.25 ± 0.33 Add 1.58 ± 0.32 Add 
QD/NVP-BGT226 2.52 ± 0.55 Ant 3.68 ± 0.66 Ant 

QD/Torin2 3.40 ± 1.33 Ant 7.30 ± 2.39 Ant 
QD/PIK93 2.78 ± 0.59 Ant 2.69 ± 0.42 Ant 
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led me to investigate combinations of PI3K inhibitors with two existing ART drugs – DHA and 

ATM – as well as with OZ439 at both cytostatic and cytocidal concentrations using the Chou-

Talalay (C-T) assay format (Figure 5.3) 

 

 

 
 

 

Figure 5.3 Chou-Talalay combination analysis.  
A) Representative graphs of a Chou-Talalay cytocidal analysis performed on the combinations of 
OZ439 and NVP-BGT226/GSK2126458 for the laboratory-adapted Cambodian isolate, CamWT 
and the ZFN edited transfectant, CamWTC580Y, which possesses a C580Y mutation in the K13 
propeller domain. B) Sample calculation of FLD for each drug used and FLDIndex for the pair. 
Values < 1 considered synergistic, values above 2 antagonistic. 

 

 

 

Strain Drug Psuedo LD50 
(in combination) 

LD50 

(monotherapy) FLD FLDindex Assignment 

CamWT 

OZ439 3.69 10.24 0.36 
0.80 Synergistic 

NVP 3.89 8.92 0.44 
 

OZ439 18.17 10.24 1.77 
3.01 Antagonistic 

GSK 45423 36772 1.24 
 

CamWTC580Y 

OZ439 6.56 17.74 0.37 
0.75 Synergistic 

NVP 5.10 13.31 0.38 
 

OZ439 15.00 17.74 0.85 
2.13 Antagonistic 

GSK 37493 29302 1.28 

A 
 
 
 
 
 
 
 
 
 
 
 
 
 
B 
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Initially, all drugs of interest must be tested as single agents before combination analysis 

can be performed. PI3K inhibitors have previously been shown to be potent against the HB3 and 

Dd2 parasite strains84 but these compounds have not been previously tested against ARTR strains. 

The analysis was done at both cytostatic and cytocidal concentrations. Since the cytocidal, or LD50, 

assay is done using a short, 6-hour drug pulse, this opens the possibility for synchronized cultures 

to be used and to test stage specific effects of the drugs. This gives an idea of the potency of the 

compounds and is required for C-T calculation. The data obtained indicate that PI3K inhibitors are 

potent antimalarial compounds against both ARTS and ARTR strains at cytostatic and cytocidal 

concentrations (Table 5.2 and 5.3). There are also some interesting stage-specific effects observed 

which suggests that trophozoite stage parasites may be more susceptible to PI3K inhibitor effects 

compared to ring stages (Table 5.3). Overall, these results indicate that PI3K inhibitors are 

extremely potent antimalarial compounds and are equally effective against ARTR vs. ARTS 

strains. 
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Table 5.3 IC50 results [nM] for each of five PI3K inhibitors. 

Tested against seven strains of P. falciparum with varying drug resistance profiles. These 
compounds are potent antimalarials against sensitive and multidrug resistant parasite strains. 

 
 
Table 5.4 LD50 results [nM] for each of five PI3K inhibitors. 

Tested against two different strains, CamWT (laboratory adapted Cambodian isolate, ARTS) and 
CamWTC580Y (transfectant with the C580Y K13 mutation introduced into a wild-type 
background). There are some stage specific effects observed, with trophozoite stage parasites 
appearing to be more susceptible to these compounds. 

 
 
 The results from the individual drug IC50 and LD50 assays indicate that PI3K inhibitors are 

potent antimalarials not only against HB3 and Dd2 but also against the ARTR strains. 

Additionally, some stage specific effects were observed. It appears that trophozoite stage parasites 

are more susceptible to PI3K inhibitors. If these compounds in fact are targeting PfVps34 (a 

hypothesis that is supported by results from the previous Chapter as well as work from my 

colleague, Dr. Matthew Hassett92, 152, 153), then these results might be corroborated by the finding 

 NVP-
BGT226 

GSK2126458 Torin 1 Torin 2 PIK93 

HB384  0.63 ± 0.2 89 ± 48.2 N/A 1 ± 0.7 129 ± 30.5 
Dd284  1.03 ± 0.1 124 ± 27 N/A 2.1 ± 0.4 198 ± 42 
CamWT 1.20 ± 0.18 74.6 ± 8.7 98.0 ± 4.2 1.9 ± 0.1 139.3 ± 11.4 
CamWTC580Y 1.20 ± 0.16 84.4 ± 6.0 109.1 ± 4.3 2.0 ± 0.1 148.5 ± 5.1 
Cam3.IIRev 0.53 ± 0.1 79.7 ± 4.9 74.3 ± 5.7 1.1 ± 0.1 139.3 ± 0.6 
Cam3.IIC580Y 0.62 ± 0.1 79.7 ± 8.9 72.9 ± 4.3 1.1 ± 0.04 132.6 ± 3.7 
Cam3.IIR539T 0.60 ± 0.1 83.6 ± 12.2 70.2 ± 5.5 1.0 ± 0.01 133.8 ± 8.1 

 Rings LD50 Trophs LD50 
CamWT CamWTC580Y CamWT CamWTC580Y 

NVP-BGT226 8.92 ± 1.77 13.31 ± 0.01 4.81 ± 0.94 4.21 ± 0.47 
GSK2126458 36772 ± 12167 29302 ± 12738 17261 ± 3549  19435 ± 3412 
Torin 1 8597 ± 866 7059 ± 3372 3007 ± 381 4064 ± 10.1 
Torin 2 176.8 ± 14.8 747.7 ± 13.1 58.4 ± 25.9 40.6 ± 14.98 
PIK93 9807 ± 5491 20098 ± 13811 10096 ± 1500 14917 ± 5383 
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that PfVps34 expression or activity is lower in the ring stage and higher during the trophozoite 

stage285, 286.   

 My next step, along with my colleague, Dr. Amila Siriwardana, was to test these 

compounds in combination with endoperoxides at cytostatic concentrations, using the C-T method 

described above, to determine if any of these combinations have synergistic parasite growth 

inhibitory efficacy against CamWT, CamWTC580Y, Cam3.IIRev, Cam3.IIC580Y and Cam3.IIR539T. 

The activity of the combinations of ATM, DHA or OZ439 with PI3K inhibitors as well as the 

standard ACT parings of ATM+LF and DHA+PPQ were examined. Many of the combinations 

tested were additive, however, there was significant synergy observed for the ARTR CamWTC580Y 

strain (Table 5.4).  This could indicate significant growth inhibitory potential of the OZ439+PI3K 

combinations against ARTR strains; however, similar synergy was not observed in the 

Cam3.IIR539T strain (which possesses a native K13 mutation) or the Cam3.IIC580Y strain (which was 

genetically engineered to contain a different K13 mutation). It is possible that this is due to other 

genetic factors in the Cam3.II strain since this original isolate was a K13 mutant strain. The 

CamWT/CamWTC580Y pair is a more genetically pure pair to investigate since this is only testing 

the effects of the addition of a C580Y mutation to an otherwise wild-type background. 

Nonetheless, it is important to note that significant synergy was observed for CamWTC580Y at 

cytostatic concentrations, which is a marked improvement over the results previously obtained for 

quinoline+PI3K inhibitor drug combinations. 
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As mentioned previously, the cytostatic potency of drug monotherapy or combination 

therapy is not necessarily the most clinically relevant observation and ARTR is not able to be 

distinguished by these types of assays. 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 possibility of 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. Therefore, I next 

investigated the previously tested drug combinations at cytocidal concentrations using the CamWT 

and CamWTC580Y strains. The cytocidal (LD50) 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 cytostatic (IC50) assay23. As shown by 

Siriwardana et al.215, two strains CamWT and CamWTC580Y display a similar ART 

sensitive/resistance phenotype compared to the Cam3.II background strains and are an isogenic 

pair of ARTS and ARTR strains; therefore, these two were used as representative strains to 

investigate possible synergy in the cytocidal assay. 

The IC50 assay exposes parasites to a continuous, 72-hour exposure to the drug(s) and 

therefore, parasites pass through multiple stages of their life-cycle during this time period, 

including ring, trophozoite and schizont stages during the intraerythrocytic phase, which repeats 

approximately every 45-48 hours. On the other hand, the LD50 assay exposes 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 and therefore this assay can be used to investigate stage 

specific effects of drugs or drug pairs. Additionally, it has been shown that, in ARTR parasite 
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strains, early ring-stage parasites are less susceptible to ARTs compared to the trophozoite stage69, 

70, 77, 78, 215. Therefore, it is important to investigate the cytocidal potency of endoperoxide+PI3K 

inhibitor combinations in both the ring and trophozoite stages of the parasite life cycle for ARTS 

vs. ARTR strains.  

Similar to IC50 combinations, the standard ACT combinations as well as novel 

endoperoxide+PI3K inhibitor combinations were investigated in the LD50 format. Significant 

synergy or additivity was observed for most combinations tested at the trophozoite stage for both 

parasite strains (CamWT and CamWTC580Y), with the exception of DHA+NVP (which was 

antagonistic in one wild-type strain, see Table 5.5). However, due to the decreased sensitivity of 

ARTR ring stages to ARTs, I was particularly interested in examining combinations at the ring 

stage and to determine if any tested combinations are more potent against ring stages.  

Of the drug combinations tested in the ring-stage cytocidal assay, OZ439+Torin 2 was 

found to be extremely synergistic (FLDIndex: 0.40 ± 0.14 for CamWT and 0.12 ± 0.02 for 

CamWTC580Y, see Table 5.5).  This result is especially intriguing due to the increased synergy 

against the ARTR strain, which suggests that this combination may be an excellent candidate for 

novel ACTs. In the trophozoite stage assay, this same combination was also synergistic for both 

strains but with approximately equal activity (FLDIndex: 0.56 ± 0.04 for CamWT and 0.70 ± 0.12 

for CamWTC580Y). This was particularly interesting due to both partner drugs involved. As 

mentioned previously, OZ439 is an extremely potent antimalarial and ARTR strains do not display 

cross-resistance to this compound215, 282. Torin 2 acts on the autophagy pathway as a potential 

PfVps34 inhibitor and therefore, could be acting on an essential drug target in Plasmodium 

parasites. Furthermore, both of these drugs are potent antimalarials as monotherapies as well 

(Table 5.2 and Table 5.3).  
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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, CamWTC580Y, than against the K13 wild-type strain, CamWT. Notably, DHA+Torin 

1/Torin 2/PIK93, OZ439+NVP/Torin 1 and ATM+GSK/Torin 1 were all found to be synergistic 

against the ring stage of CamWTC580Y. Of these, DHA+Torin 2, OZ439+NVP and 

ATM+GSK/Torin 1 were more potent against the CamWTC580Y strain. Although Torin 1 and Torin 

2 are structural analogs of each other and both are thought to target mTOR (a phosphatidylinositol 

3-kinase related kinase [PIKK] with known homology to PIKs), Torin 2 is a significantly more 

potent antimalarial than Torin 1 at both cytostatic and cytocidal levels84. Therefore, it is 

encouraging to find that combinations involving Torin 2 are also more potent than combination 

involving Torin 1. OZ439+NVP was also significantly more potent in the ring stage than either 

ATM or DHA +NVP (FLDIndices 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. 
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At first glance, it is obvious that endoperoxide+PI3K inhibitors are a vast improvement 

over the previously tested quinoline+PI3K combinations. As seen in Tables 5.4 and 5.5, there are 

several promising endoperoxide+PI3K inhibitor combinations which could be used in designing 

next generation ACTs. A high degree of synergy was observed at both cytostatic and cytocidal 

concentrations, which may be in part due to PfVps34 being essential for parasite survival164 and a 

key regulator of parasite autophagy implicated in parasite cell death24, 287. I propose that targeting 

PfVps34 combined with the damaging effects of the highly reactive endoperoxide compound is an 

effective drug combination for treating multidrug resistant P. falciparum.  

 Due to the promising results observed for endoperoxide+PI3K inhibitor combinations, I 

investigated additional possible partner drugs which may be used in novel ACTs. Recent 

publications have reported that PI4K inhibitors may be effective antimalarials and can inhibit the 

production of PI4P90, 170. Additionally, PI4K may also be involved in the regulation of the parasite 

autophagy pathway through interaction with Rab GTPases and Atg9171, 172. Studies have also 

suggested that PI4K may be essential for parasite growth164. Two of the recently discovered PI4K 

inhibitor compounds, KDU691 and BQR695, are part of a novel class of antimalarials called 

imidazopyrazines (Figure 5.3). McNamara et al. show that these compounds are not only potent 

antimalarials but also have transmission-blocking activity in rodent malaria models, are active 

against blood-stage field isolates of P. falciparum and P. vivax and inhibit liver-stage hypnozoites 

for P. cynomolgi90. These activities against several different parasite life-cycle stages suggests that 

PI4K inhibitors would make excellent antimalarial drugs. An additional PI4K inhibitor has also 

been discovered and is a 2-aminopyridine. This compound, MMV390048, was found to be a potent 

antimalarial and also had transmission blocking activity, similar to the previously mentioned 



123 
 

compounds170 (Figure 5.3). Therefore, I explored the antimalarial activity of these PI4K inhibitors 

in combination with DHA and OZ439 and to compare to previous results for endoperoxide+PI3K 

inhibitor combinations. Table 5.6 contains the results from cytostatic C-T assays for the three 

aforementioned PI4K inhibitors in combination with DHA and OZ439 for the same set of five 

strains previously tested. 

 

Figure 5.4 Chemical structures of phosphatidylinositol 4-kinase inhibitors used in this 
study. 
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As seen in Table 5.7, the results from the cytostatic C-T assay for endoperoxide+PI4K 

inhibitor combinations showed mostly antagonistic behavior. Unlike the endoperoxide+PI3K 

inhibitor combinations (Table 5.4), no synergy was observed. Additionally, there were no 

statistically significant differences found in drug pair potency when comparing ARTS vs ARTR 

strains, for example, p>0.05 was observed for CamWT vs CamWTC580Y for the drug pair 

DHA+KDU691. Similarly, p>0.05 was observed for all combinations CamWT vs CamWTC580Y, 

all Cam3.IIRev vs Cam3.IIC580Y and all Cam3.IIRev vs Cam3.IIR539T. This suggests that there is no 

cross-resistance for endoperoxide+PI4K inhibitor combinations. 

 Although no synergy was found in the cytostatic C-T assay for endoperoxide+PI4K 

inhibitor combinations, as previously mentioned, the mechanisms of drug action at cytostatic vs 

cytocidal concentrations can be vastly different. Therefore, both cytostatic and cytocidal effects of 

drugs and drug combinations must be tested to fully understand their potency. It is possible that, 

although no synergy was found at cytostatic concentrations, there may be some synergy observed 

at cytocidal concentrations. Therefore, the same combinations tested in Table 5.6 were also tested 

in the cytocidal C-T assay for CamWT and CamWTC580Y. The stage-specific, cytocidal C-T results 

are shown in Table 5.7.   

 The results for the cytocidal endoperoxide+PI4K inhibitor combinations (Table 5.8) were 

different than those for the cytostatic assay (Table 5.6). Significant synergies were observed at the 

ring stage for DHA+MMV390048 (0.60±0.12 and 0.70±0.01 for CamWT and CamWTC580Y 

respectively). Additionally, the combinations DHA+KDU691 and DHA+BQR695 were slightly 

synergistic at the trophozoite stage for both strains tested. Furthermore, the ATM+KDU691 

combination was slightly synergistic across both strains and both stages tested. An important 
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observation is that the ATM+BQR695 combination was additive against CamWT but was 

synergistic against both rings and trophozoite stages of CamWTC580Y (0.85±0.02 and 0.96±0.16 

rings and trophozoites respectively). Perhaps the most informative result from these assays was 

the combination of DHA+MMV390048, which was highly potent against both ART-S and ART-

R strains tested. However, combinations with OZ439 were not synergistic with any of the PI4K 

inhibitors tested. These results may suggest that since OZ439 is equipotent against both ARTS and 

ARTR strains, that PI4K inhibitors may not be the ideal partner drugs for next generation ACTs.  

 

5.3 Discussion 

Artemisinin (ART) Combination Therapies (ACT) are currently the front-line therapy for 

treating P. falciparum malaria. However, reports of ARTR P. falciparum are on the rise and could 

indicate looming failure of ACTs52, 56, 57. Thus, investigating mechanisms of ARTR 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. However, for an antimalarial therapy to have the best potential for both being effective at 

curing patients259 and reducing the risk of the development of concurrent resistance260, 261, the 

drugs used should possess different MOAs.  

Phosphatidylinositol 3’-kinase (PI3K) inhibitors are extremely potent antimalarial 

compounds84. 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 ARTs84. Recent studies highlight the importance of studying cytocidal 
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drug activity as traditional IC50 assays are unable to distinguish ARTS versus ARTR strains68-70. 

At 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 well24, 

84. Of particular interest is the fact that P. falciparum parasites only possess one PI3-kinase, 

namely, the class III Vps34. Therefore, it is likely that this is the molecular target for PI3K 

inhibitors. Alternatively, there are 2 PI4K isoforms (and a putative phosphatidylinositol 3,4-kinase 

[PI(3,4)K]), suggesting that it may be more difficult to pharmacologically target PfPI4K 

pathways126. Taken together, this suggests that by simultaneously inducing the cell-survival 

mechanism of autophagy (utilizing an artemisinin-like compound) and inhibiting it with drug 

(utilizing a PI-kinase inhibitor), it could be possible to synergistically 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 ARTR. In 2015, 

Wang et al.36 used a fluorescent ART probe to analyze the alkylated targets of ARTs and found 

Atg18 covalently bound to the probe. Additionally, Mbengue et al. reported the involvement of 

another component of the autophagy pathway in ARTR; increased activity of Vps34 was 

associated with K13 mutations and ARTR91. Furthermore, results from the previous Chapter 

suggest that the autophagy pathway is dysregulated in ARTR parasite strains. These findings show 

that the autophagy pathway is important to ARTR and must be investigated further.  

Therefore, I first investigated drug combinations involving PI3K inhibitors and quinoline 

partners. These combinations were an obvious first choice due to the difference in pharmacokinetic 
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profiles and the widespread use of quinolines in current antimalarial therapies. However, these 

studies showed that there is a high degree of antagonism between PI3K inhibitors and quinolines. 

Only a few of the tested drug pairs were synergistic. Additionally, the majority of P. falciparum 

strains in Southeast Asia (which is the current hotspot for the development of drug resistance) are 

quinoline resistant. Together, this led me to search for more effective drug combinations  

Endoperoxide drugs, like artemisinins, which possess a 1,2,4-trioxane heterocycle223, are 

attractive antimalarial drugs. Due to their rapid action on parasites, this allows for less drug 

exposure time for parasites to develop resistance. This, along with their excellent potency led to 

multiple studies seeking to synthesize compounds containing an endoperoxide bridge231. Of these 

synthetic endoperoxides, the ozonides, OZ277 and OZ439 have shown promise in clinical trials219, 

221, 262. In 2016, our group validated the use of OZ439 in treating ACT resistant parasite strains215. 

My colleague, Dr. Amila Siriwardana, and I 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. OZ439 was the only compound to which the K13-mutant 

parasite strains were not cross-resistant. These results were further corroborated by a similar study 

done recently282. 

The finding that OZ439 is equipotent against both K13 wild-type and K13-mutant parasites 

along with our laboratory’s previous discovery of synergy between PI3K inhibitors and ART84 led 

me to investigate the potency of drug combinations involving OZ439+PI3K inhibitors. While it is 

important to investigate the potency of these combinations at the cytostatic level, it has been shown 

that ARTR cannot be distinguished through IC50 assays68-70. Therefore, the potency of these 

antimalarial combinations was also investigated at cytocidal concentrations. Since ARTR is 
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associated with increased tolerance in the ring-stage70, 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 synergy for multiple drug pairs, notably, the 

synergy is most pronounced in combinations with OZ439. The most potent combination found 

was OZ439+Torin 2. Additionally, OZ439+NVP/Torin 1 were synergistic but with decreased 

potency compared to OZ439+Torin 2. It is also interesting that for both combinations of 

OZ439+NVP or OZ439+Torin 2, there is stronger synergy in CamWTC580Y, the K13-mutant strain, 

than in CamWT, the K13 wild-type strain (p<0.05). This suggests that these two drug pairs may 

be able to circumvent emerging ARTR and can serve as novel, leading-candidate replacement 

ACTs.  

Inspired by these significant results, I investigated other potential partner drugs which 

could be used in next generation ACTs in combination with OZ439. A recent development in the 

field of malaria research involves the use of PI4K inhibitors. Studies have shown that these can be 

potent antimalarial compounds and do, in fact, target one P. falciparum PI4 kinase (PfPI4KIIIβ)90, 

170. Additionally, it is possible that PI4Ks play an indirect role in the parasite autophagy pathway, 

a pathway which has been shown to play a role in drug resistance mechanisms and has been 

implicated in ARTR172. Therefore, I compared endoperoxide+PI4K inhibitor combinations with 

my previously obtained results. Most of the combinations investigated were antagonistic, both at 

cytostatic concentrations and in the stage-specific cytocidal assays. However, there were a few 

synergies observed in the cytocidal assays, although no significant trends were observed.  

My results indicate that endoperoxide+PI3K inhibitors combinations make excellent 

antimalarials and should be further investigated as potential next generation ACTs capable of 
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overcoming ARTR. My results also suggest that PI3K inhibitors may be superior partner drugs 

compared to PI4K inhibitors, possibly due to their direct involvement in targeting the autophagy 

pathway. This may be in part due to the rapid action and high degree of potency that is 

characteristic of ARTs along with the targeting of an essential gene, PfVps34. Finally, I found that 

endoperoxide+PI4K inhibitor combinations are largely antagonistic both at cytostatic and 

cytocidal concentrations, and may not be ideal for investigation as novel ACTs.  

 

 
  



132 
 

CHAPTER VI 

 

CRISPR-CAS9 EDITING OF PLASMODIUM FALCIPARUM VACUOLAR PROTEIN 

SORTING 34 (VPS34) 

 

6.1 Background 

Until recently, genetic modification of P. falciparum DNA has been extremely 

cumbersome and time-consuming. Most, if not all, techniques rely on parasite DNA repair 

mechanisms to incorporate foreign DNA containing mutations, deletions, or insertions. One 

advantage to this approach is that the primary mechanism of DNA repair in P. falciparum parasites 

is through homologous recombination. These parasites lack the molecular components necessary 

to perform non-homologous end joining (NHEJ), therefore it is possible to exploit the homologous 

recombination pathway to incorporate desired changes by providing a repair template177.  

The original methods of P. falciparum transfection relied on the stochastic occurrence of 

double-stranded breaks (DSB) to incorporate genetic modifications. Therefore, these methods 

were subjected to long waiting periods as the occurrence of stochastic DSBs is very low and 

resulted in very low efficiency reactions. However, more recent developments have increased the 

efficiency of transfections through targeted induction of double-stranded breaks. A very promising 

strategy was adapted to P. falciparum in 2012 by Straimer et al.185 In this study, the technique of  
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zinc-finger mediated genomic editing288-290 was explored. This was especially exciting due to the 

ability to define a target locus and direct homologous recombination to this chosen locus.  

 Zinc-finger nucleases (ZFNs) have been used successfully to genetically modify several 

multicellular organisms186, 187. This technique involves a pair of zinc-finger proteins with unique 

specificity for adjacent sequences on either strand of the DNA helix which are linked to an 

endonuclease (FokI) that functions as an obligate heterodimer188, 189. ZFNs induce a DSB that can 

alter the target by either activating the error-prone NHEJ pathway, or in the case of P. falciparum, 

by stimulating homologous recombination when a donor template is provided. Although this 

technology was revolutionary, ZFNs take significant effort to make and efficiency is not 

guaranteed190, 191. Shortly after the introduction of ZFNs to modify P. falciparum DNA, another 

even more efficient method was introduced – Clustered Regularly Interspaced Short Palindromic 

Repeats (CRISPR).  

CRISPR are a family of DNA sequences found within the genomes of prokaryotic 

organisms such as bacteria and archaea. These sequences are derived from DNA fragments of 

viruses that have previously infected the prokaryote and are used to detect and destroy DNA from 

similar viruses during subsequent infections. Therefore, these CRISPR sequences play a key role 

in the antiviral defense system of prokaryotes193 (see Figure 1.11). CRISPR associated protein 9 

(Cas9) is an enzyme that uses CRISPR sequences as a guide to recognize and cleave specific 

strands of DNA that are complementary to the CRISPR sequence. Together, CRISPR sequences 

and Cas9 form the basis of the technology known as CRISPR-Cas9 and can be used to edit genes 

within several organisms. In 2014, this technology was adapted for genetically modifying P. 

falciparum parasites175, 176. 



134 
 

As previously mentioned, the most efficient way to mutate P. falciparum genes is to create 

a directed DSB and provide a donor template for the subsequent DNA repair by homologous 

recombination. Original methods of P. falciparum transfection required waiting for stochastic 

DSBs to occur in order to induce genetic changes. Since then ZFNs and subsequently CRISPR 

have been used to increase efficiency by directing endonucleases to create DSBs at specific genetic 

loci.  

There are several different Cas9 orthologues from various bacterial systems. The most 

commonly used for genetic engineering of P. falciparum parasites is the Streptococcus pyogenes 

Cas9, or SpCas9. This is a type II CRISPR-Cas system and requires a base-paired structure formed 

between the activating tracrRNA and the targeting crRNA to create a DSB (see section 1.12 and 

Figure 1.13). Site-specific cleavage occurs at locations determined both by base-pairing 

complementarity between the crRNA and the target protospacer DNA and by a short motif 

(referred to as the protospacer adjacent motif, or PAM) juxtaposed to the complementary region 

in the target DNA195 (see Figure 1.13). This Cas9 endonuclease family can be paired with a single 

guide RNA (gRNA) molecule (containing a fusion of tracrRNA and crRNA) to cleave highly 

specific DNA sites for targeted genome editing.  

 CRISPR methodology has already been used for several applications in P. falciparum 

parasites. The first studies to utilize this technology were Wagner et al.175 and Ghorbal et al.176 

Both methods used a dual plasmid system with the first plasmid encoding the Cas9 endonuclease 

and the second plasmid encoding the gRNA and the donor template for homologous 

recombination. Additionally, both studies obtained stably transfected parasite strains within 3-5 
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weeks. This technology has the potential to revolutionize the study of drug resistance mechanisms 

in P. falciparum parasites. 

 As mentioned previously, the use of CRISPR-Cas9 technology requires designing specific 

gRNAs and donor templates. Several studies have been done to quantify the efficacy of gRNAs in 

mammalian cells291-293, but little is known about their efficacy in apicomplexan parasites, such as 

P. falciparum. A good gRNA would have no off-target hits within the genome, meaning the 

intended site of mutagenesis would be the only targeted site. Additionally, it should have no self-

complementarity, a high G-C content (>40%) and should be within 50 base pairs of the intended 

site of mutation.  

To date, one study has been done to attempt to quantitatively assess the efficacy of gRNAs 

and donor templates in P. falciparum294. In this study, Ribeiro et al. developed a comprehensive 

database of possible gRNAs for use in P. falciparum, reporting on-target efficiency and specificity 

scores. Additionally, they tabulated the features of successful transfections from their laboratory 

and posit guidelines for the future design of parasite transfections (Figure 6.1). Although this study 

went to great lengths to quantify gRNA efficacy specifically for the case of P. falciparum 

transfections, it is still not possible to identify, with 100% accuracy, the efficacy of gRNAs and 

gRNA/donor pairs in each subsequent transfection reaction. Therefore, when conducting these 

experiments, it is necessary to utilize several different gRNAs to target the same gene or locus in 

order to increase the likelihood of at least one gRNA being successful in directing a double-

stranded break to the desired location.  
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Figure 6.1 CRISPR-Cas9 plasmid design.  
A) Schematic depiction of the two-plasmid system typically used for P. falciparum transfection 
using the CRISPR-Cas9 system. In this depiction, the goal of the transfection is to create an insert 
in a specific locus. However, this can be used for the creation of SNPs as well. B) Results of the 
study to quantify various plasmid properties in predicting the efficacy of CRISPR reactions. 
Reproduced with permission from Ribeiro et al.294  

 

P. falciparum parasites pose a particularly difficult challenge in that their 23.6 million base 

pair genome has a very high A-T content. This limits the possibilities for molecular cloning 
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experiments as oligonucleotides often require high G-C content for maximum hybridization 

efficacy. Additionally, high AT content can increase the potential for off-target effects and could 

pose other unforeseen challenges.  

In this study, I elucidate more about the methodology of utilizing CRISPR-Cas9 

technology to genetically modify P. falciparum parasites. Additionally, any mutant parasite strains 

eventually generated will prove extremely useful in learning more about the parasite autophagy 

pathway and mechanisms of drug resistance.  

 

6.2 Results 

 As previously mentioned, studies from our laboratory and previous Chapters have shown 

that PfVps34 can be targeted by PI3K inhibitors. Therefore, I was interested in investigating this 

enzyme further and to determine whether mutations in this enzyme can contribute to resistance 

mechanisms. As part of this study, I also wanted to determine if P. falciparum parasites are able 

to develop resistance to PI3K inhibitors, specifically NVP-BGT226. This would provide valuable 

information such as: 

a) Depending on the length of time required for the parasites to develop resistance, 

predictions could be made about the efficacy of these compounds in clinical situations. 

If resistance was quickly developed, these compounds may not be good clinical 

candidates, however, if resistance was developed slowly or not at all, this may suggest 

that these compounds are good clinical candidates. 

b) If the parasites did develop resistance, a possible mechanism of action for PI3K 

inhibitors might be elucidated from whole genome sequencing data revealing genetic 
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changes responsible for the resistance. This would strengthen our argument that PI3K 

inhibitors are targeting PfVps34 if mutations in this kinase are found. 

Two methods have been utilized to pressure P. falciparum parasites in a laboratory setting 

to investigate polymorphisms and other genetic changes which may arise to allow the parasites to 

adapt to the drug in question295. The first method (Experiment A) involves subjecting parasites to 

a high, cytocidal dose of drug and monitoring for parasite outgrowth, relying on stochastic 

mutations, rather than acquired mutations for parasite survival and resistance296. The second 

method (Experiment B) involves subjecting parasites first to substandard concentrations of drug, 

followed by successively increasing concentrations if the parasites are able to adapt and survive 

the lower doses295. In this method, the concentration is increased until an acceptably high dose is 

achieved, usually well above the cytocidal or clinically relevant concentration. In both cases, it is 

important to monitor the parasites for “stable” resistance. That is, when the selective pressure of 

the drug is removed from the culture, the quantitative assessment of resistance, usually measured 

by an IC50 assay, should remain unchanged. 

I utilized both methods to develop parasites resistance in the laboratory. Both HB3 (CQS) 

and Dd2 (CQR) parasite strains were pressured with either increasing concentrations of NVP-

BGT226 or with constant, high doses of NVP-BGT226. Experiment A resulted in complete 

parasite death and no parasite re-growth was observed over a period of at least 3 months. The 

results from experiment B are shown in Figure 6.2. Backups of the selected parasites were made 

each time the drug concentration was increased with parasites successfully growing at a rate 

comparable to control cultures.  
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Attempts to increase the NVP-BGT226 concentration above 0.75 nM in experiment B were 

unsuccessful multiple times over the course of 15 months as depicted by the dip in the graph to 

0% growth at these dosages (Figure 6.2). When this occurred, a backup was immediately thawed 

from the last drug concentration that supported parasite growth and the experiment was attempted 

again. Cultures that dipped to 0% growth were maintained for an additional 2-3 months 

concurrently to ensure that no parasites had survived. Those cultures that were able to survive at a 

constant pressure with 0.75 nM NVP-BGT226 were examined in an IC50 assay to determine if any 

level of stable resistance was present since this was the highest concentration able to support 

parasite growth. These data showed statistically similar (p>0.05) IC50 values relative to unselected 

parasites, which indicates that the parasites were not able to develop stable resistance to NVP-

BGT226. This is consistent with PfVps34 being an essential, unique protein126, 164 and suggests 

that PI3K inhibitors should be excellent partner drugs in novel ACTs that would could prevent the 

development of new clinical resistance.  
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Figure 6.2 Depiction of parasite growth over time for one set of HB3 and Dd2. 
Representative data for one trial. Parasites were treated with increasing concentrations of NVP-
BGT226. Red arrows indicate an increase in continuous drug concentration. Blue represents HB3 
(CQS) and green represents Dd2 (CQR). All experiments were done in triplicate. Over the course 
of 1.5 years of drug selection, no stable resistance was observed. 

 

These results suggest that a PfVps34 knockout would be lethal to the P. falciparum 

parasites. Several reports investigating gene essentiality have also provided evidence that Vps34 

is an essential enzyme for parasite growth in P. falciparum, P. berghei, and the related 

apicomplexan parasite, T. gondii162-165. To further investigate this, I next wanted to perform 

CRISPR-Cas9 genome editing experiments to modify PfVps34 (attenuate PfVps34 function 

without deleting activity altogether) and study the effects of these mutations on parasite physiology 

and drug response.  

 To determine which mutations to investigate, I first looked to a study done by Miller et al. 

describing the effects of various mutations on the activity of HsVps34 in vitro267. In this study, the 
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crystal structure of HsVps34 was solved, revealing a constricted adenine binding pocket. Several 

other assignments were able to be made regarding the domain organization of this enzyme in 

comparison with class I PI3Ks. Essential structural elements were discovered based on the 

previously solved Dresophila melanogaster structure, including a catalytic domain, a helical 

domain, and a C2 domain. These have recently been validated for PfVps34 using purified protein 

by my colleague, Dr. Matthew Hassett92. For HsVps34267, it was found that the C2 domain does 

not have any influence on the catalytic activity of Vps34, however, this domain may play other 

roles including binding to other effectors or proteins. One notable feature this study describes is 

the completely ordered “activation” loop which is critical for lipid substrate preferences and which 

is found to be disordered in other PI3K structures. The catalytic loop sequence ‘DRHLDN’ is also 

highly conserved among class III PI3Ks.  

 In addition to making structural determinations, Miller et al. also studied various Vps34 

mutants and their effects on the catalytic activity of Vps34267. The most severe mutation 

investigated was the Asp743 to Asn (corresponding to Asp1990 of PfVps34). This mutation almost 

completely abrogated any Vps34 catalytic activity. Additional mutations to the activation loop and 

C-terminal helix were studied and showed a range of diminishing catalytic activities from 1% 

activity to almost 60% activity of the wild-type enzyme (Figure 6.3). However, it is important to 

note that all mutations to the catalytic domain significantly reduced the Vps34 catalytic activity.   
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Figure 6.3 Catalytic activity of human wild-type HELCAT and mutant constructs on 
PtdIns:PS vesicles.  
Error bars indicate SD for triplicate assays. Reproduced with permission from Miller et al.267 

 

Based on these results, I first investigated a knock-out mutation in P. falciparum to provide 

further evidence for whether Vps34 is essential for parasite growth. According to Miller et al,267. 

the Asp743 to Asn (Asp1990-Pf) mutation reduces Vps34 catalytic activity to 0% compared to the 

control. Therefore, this was the first mutation I was interested in introducing using CRISPR-Cas9. 

However, as previously mentioned, it is highly likely that Vps34 activity is essential for parasite 

growth. Additionally, attempts to create NVP-BGT226 resistant parasite lines were not successful, 

which also suggests that Vps34 mutations are lethal to parasites. Therefore, in an attempt to 

determine if there are possible mutations which would not be lethal to parasites, my colleague 

Anna Sternberg performed experiments to investigate additional mutants in in vitro experiments 
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utilizing a yeast Vps34 complementation assay previously developed by my colleague, Dr. 

Matthew Hassett92. Conservative substitutions were designed in the PfVps34 activation loop and 

the effect of these mutations on PfVps34 catalytic activity was measured in the yeast model system 

by my colleague, Anna Sternberg (unpublished data). The results, shown in Table 6.1, show that 

the conservative substitutions [Asp1990 to Glu] and [Arg1991 to Lys] (in the P. falciparum protein) 

can complement ScVps34 activity from 67 to 88% compared to the wild-type PfVps34.  

 

Table 6.1 In vitro measurement of enzyme construct catalytic activity.  

 

These results together with the observations from Miller et al.267 inspired me to investigate 

a subset of these mutations in CRISPR-Cas9 experiments. As seen in Miller et al.267, Asp743 to Asn 

mutation in the human enzyme mimics a knockout mutation in that the Vps34 catalytic activity 

was completely abolished. Therefore, to attempt to create a null PfVps34 phenotype, this was one 

of the mutations I investigated in my study. Additionally, based on results from my colleague, 

Anna Sternberg, I also included the Asp1990 to Glu and Arg1991 to Lys conservative substitutions 

in my study.  

In order to conduct CRISPR-Cas9 experiments using P. falciparum parasites, it is first 

necessary to create a plasmid vector containing all the necessary elements. Originally, a two-

Construct % Activity vs. WT 

Wild-Type 100 

D1990E 67 ± 6 

R1991K 79 ± 5 

R1991L 88 ± 10 
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plasmid system was used by Wagner et al. and Ghorbal et al175, 176. However, recent improvements 

have been made to this system and a single-plasmid system was developed by Marcus Lee297. This 

plasmid, called gs3221-pDC2-Cas9-hdhfr, was used in my study for all transfections. 

 As mentioned before, the efficiency of gRNAs has been carefully quantified for use in 

eukaryotic cells, however, very little is known about their efficacy in P. falciparum CRISPR gene 

modifications. Only one study has attempted to characterize these for P. falciparum and has laid 

out guidelines for selection of gRNAs and donor templates294. From this study, it is clear that there 

are several important considerations when designing gRNAs: a) the cut site directed by the gRNA 

should be within 50 base pairs of the intended site of mutagenesis or insertion/deletion, b) the 

gRNA should have at least 40% G-C content, c) the gRNA should have a high on-target score 

(programmatically calculated at www.microsoft.com/en-us/research/project/crispr based on the 

differing efficacies of target site cleavage by S. pyogenes Cas9298, 299) and d) there should be few 

to no off-target hits via genome-wide searches. Several resources exist that contain a database of 

the P. falciparum genome and every possible gRNA that could be designed. In this study, the 

‘CHOPCHOP’ resource was used (http://chopchop.cbu.uib.no/index.php)300, 301.  

 Putting in the sequence of gene Pf3D7_0515300 (encoding PfVps34) into the 

aforementioned website generates over 100 results for possible gRNAs within the PfVps34 

sequence. Taking into consideration the above criteria and the results from Ribiero et al.294, I 

designed 6 possible gRNAs. I selected this number of gRNAs based on previous readings and 

conversations with fellow scientists (Ming Yang, Drexel University and Bryan McGuffie, Harvard 

University) who have worked with CRISPR-Cas9 editing of Plasmodium species. Table 6.2 shows 
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the gRNAs used in this study. Figure 6.4 shows a cartoon depiction of the annealing sites of each 

of these gRNAs within the target Vps34 gene. 

 

Table 6.2 List of guide RNAs used in this study.  

The PAM sequence is not included in the oligonucleotide design but is present in the P. falciparum 
genomic DNA immediately adjacent to each gRNA targeted site. The PAM is necessary for 
recognition by the Cas9 enzyme. 

  

Figure 6.4 Depiction of gRNA binding sites within PfVps34 gene. 
gRNAs (green bars) correspond to those listed in Table 6.2 above. The 421 base pair region of the 
gene corresponding to the donor targeted region is shown (blue bar) in 50 base pair increments. 
The D1990 residue is labeled for reference (red arrow). 
 

 

Next, the donor template was designed. The donor template used in this study was obtained 

from P. falciparum HB3 parasite strain genomic DNA. Based on previous conversations with other 

scientists (Ming Yang, Drexel University and Bryan McGuffie, Harvard University) and results 

from Ribiero et al., I determined that the best donor template would be approximately 500 base 

pairs long. This is to minimize the plasmid size (which is already relatively large at 11.5kbp if a 

500 bp donor template is used) and also because evidence points to the ideal donor template having 

Construct # gRNA Sequence PAM Tm (℃) % G-C 
1 AGTGTTATTACCTATATATT AGG 56 20 
2 ATTACCTATATATTAGGTAT AGG 56 20 
3 AACTTTATATCAAGCTGTGC AGG 62 35 
4 TAGACATCTAGATAATTTAA TGG 56 20 
5 ATCTCCTATACCTAATATAT AGG 58 28 
6 AATTTAATGGTAACAAAAGA TGG 56 20 
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approximately 250 base pairs in each homology arm on either side of the CRISPR-mediated cut. 

Since my experiment was designed to create single nucleotide polymorphisms rather than an 

insertion, the homology arms make up the entire donor template (Figure 6.4). 

PCR amplification of P. falciparum DNA proved to be challenging at first. Recent 

publications do not completely describe the methods that are typically used to do this. Since my 

first few attempts to PCR amplify my donor template were unsuccessful, I conducted a thorough 

literature search which led me to a study by Su et al. from 1996302. Traditionally, PCR 

amplification is done using a cycled program that consists of initial denaturation of the DNA with 

subsequent annealing of primers and extension of DNA utilizing DNA polymerase. The typical 

extension temperature used is 72 ℃. Su et al. encountered similar problems to those I was facing 

in that this extension temperature does not produce any DNA product when utilizing high A-T 

content P. falciparum genomic DNA as the template. Su et al. hypothesized that this may indeed 

be due to the high A-T content of P. falciparum DNA and that reducing this temperature may 

better facilitate the PCR amplification of parasite DNA. As shown in Figure 6.5, the authors were 

able to successfully PCR amplify parasite DNA utilizing extension temperatures of 60 and 65 ℃.  
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Figure 6.5 Effect of extension temperature on the amplification of an 8kb P. falciparum DNA 
fragment encoding PfDHFR-TS (chromosome 7).  
Reactions were performed in 50 μl volumes containing 120 ng P. falciparum genomic DNA (Dd2) 
or water (H2O), 100 pmol of each oligonucleotide primer (5′-GACTATTATTGTCACTATCC-3′; 
5′-CC-TAAAACCGACATCTTTTCC-3′), 5 μl of 10× Opti-Prime #6 buffer (100 mMTris–HCl/15 
mM MgCl2/750 mM KCl pH 8.8), 1 μl of 10 mM each dNTP and 1.5 U TaqPlus polymerase 
(Stratagene). After initial heating at 94℃ for 120 s, 30 cycles of PCR amplification were 
performed, each consisting of four steps: denaturation at 94℃ for 20 s; annealing at 52℃ for 10 s 
followed by 48℃ for 10 s; and extension at 72, 65 or 60℃ for 8 min. Five µl of each amplification 
reaction were loaded in the agarose gel (0.8%). In the absence of a specific band, high molecular 
weight smears of DNA were often found to occur in these and other long PCR reactions, sometimes 
in the absence of added DNA template (72℃ lanes). Available under the Creative Commons 
Attribution 3.0. Reproduced with permission from Su et al.302  

 
Additionally, in 2011, Lopez-Barragan et al.303 conducted a more thorough investigation 

of the effects of extension temperatures on the success of PCR amplification of P. falciparum 

DNA. The success of PCR amplification was measured by the quality of DNA sequencing results. 

As observed in Figure 6.6, there is a clear correlation between A-T content and success of PCR 

amplification at various temperatures. In other words, the higher the A-T content, the lower the 

extension temperature must be for successful PCR amplification of the DNA. This effect is more 
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pronounced when A-T content is above 70%, however, there are some slight differences in PCR 

amplification at lower %A-T as well.  

Figure 6.6 Fraction of coverage.  
A) Mean fraction of coverage of 100-bp chromosomal segments with different AT contents. B) 
Ratios of fraction of coverage (60℃/70℃) at various AT contents. Reproduced with permission 
from Lopez-Barragan et al.303 

 

Based on the literature evidence that DNA with higher A-T content requires a lower PCR 

extension temperature, I investigated both 60℃ and 65℃ with my donor template and found that 

I obtained slightly higher PCR yield with an extension temperature of 65℃ (Figure 6.7). I therefore 

utilized 65℃ for the extension temperature for all subsequent PCR amplification and was 

successful at amplifying my donor template from P. falciparum genomic DNA (Figure 6.7).  

A      B 
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Figure 6.7 Agarose gel electrophoresis results.  
Lane 1=1 kb ladder, Lane 2=PCR amplification of uninfected RBCs, Lane 3=HB3 parasite isolated 
genomic DNA, Lane 4=PCR amplification of donor at 60℃, Lane 5=PCR amplification of donor 
at 65℃. Donor fragment expected size after PCR amplification is 1.2 kb. Lane 5 contains 
successfully amplified gene fragment from HB3 parasite DNA at a higher yield than lane 4.  

 

 Another important consideration when designing a CRISPR-Cas9 plasmid is that after a 

successful CRISPR modification of genomic DNA, the newly repaired DNA can also potentially 

be targeted by the Cas9 and gRNAs. In order to avoid the targeting of the donor template by the 

gRNAs, the donor template must be shielded. This involves creating “silent” SNPs (synonymous 

single nucleotide polymorphisms) within the gRNA targeted area. Two prominent studies have 

been done to determine the effects of various base pair mismatches on gRNA specificity197, 304. 

The most thorough determinations were made by Hsu et al.304 who systematically tested (in 

mammalian cells): 

1) The effect of the position of a single base mismatch between 1-20 nucleotides upstream 

of the PAM, 
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2) The effects of the positions of two nucleotide mismatches, whether concatenated or 

interspaced, 

And 3) The effects of the positions of three or more nucleotide mismatches, whether 

concatenated or interspaced. 

 The general consensus among the CRISPR community has been that nucleotide mismatches 

proximal to the PAM are less tolerated than mismatches distal to the PAM. Hsu et al.304 quantified 

the effects of various combinations of mismatches based on their location, spacing and number as 

described above. This study confirms what was previously believed regarding the greater effects 

of PAM proximal mutations. It has also been shown that the Cas9-gRNA complex binds genomic 

DNA with a zipper-like mechanism305. Additionally, the Cas9 nuclease requires a PAM sequence 

to bind to the target DNA and exert its effects. The species of Cas9 enzyme used in this study, 

SpCas9, can only recognize and bind to the ‘NGG’ sequence, therefore, if either of the terminal G 

residues are altered, this would eliminate the ability of Cas9 to bind. I used all of the above 

information to design shield mutations sufficient to protect the donor DNA from being targeted by 

my gRNAs. If it was possible to introduce a silent (synonymous) mutation within the PAM, this 

was the first method of shielding that I attempted. However, if this was not possible, I then made 

several synonymous substitutions within bases 1-10 proximal to the PAM. Table 2.1 (in Materials 

and Methods) describes the oligonucleotides used to create the desired shield mutations. 
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Figure 6.8 Final plasmid map of gs3221-pDC2-Cas9-hdhfr including PfVps34 targetted 
donor template and gRNA. 
 

 Due to the large size of the plasmid used in this study (11,494 base pairs), I wanted to 

ensure that repeated passages through E. coli during mutagenesis steps did not alter the plasmid 

backbone. A restriction analysis (Figure 6.9) shows that the donor is maintained throughout the 

gs3221_pDC2_Cas9_hdhfr
11,494 bp
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process after each modification is made (Figure 6.9, lanes 5-8) and that the expected restriction 

patterns are obtained.   

Once the final modified plasmid was created, I electroporated P. falciparum parasites in 

the presence of highly purified plasmid DNA. There are two most commonly used methods to 

accomplish this. The first involves utilizing a high parasitemia of synchronized ring-stage parasites 

for direct electroporation306. The second method involves electroporation of uninfected red blood 

cells (RBCs) followed by infection with a high parasitemia of synchronized, trophozoite-stage 

parasites – termed the spontaneous uptake method202. In both methods, selection with WR99210 

(to which the hdhfr gene within the plasmid confers resistance) is started two days after 

electroporation. This drug selects for those parasites which have received the plasmid and are 

expressing encoded genes episomally. Continuing the WR99210 selection for a period of four to 

six days ensures that the plasmid is expressed episomally for a sufficient period of time to allow 

the Cas9 and donor template to exert their effects. This process usually results in only a few 

parasites surviving the selection process and within a few additional weeks of selection, it is 

expected that the parasites will be visible again in thin smears and should possess modified 

genomic DNA.  
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Figure 6.9 Agarose gel electrophoresis results.  
Plasmids used: a) Donor subcloning, b) First donor mutagenesis, c) Second donor mutagenesis, d) 
gRNA subcloning. Lane 1=Unrestricted plasmid A, Lane 2=Unrestricted plasmid B, Lane 
3=Unrestricted plasmid C, Lane 4=Unresctricted plasmid D, Lanes 5-8 plasmids are restricted with 
EcoRI and AatII (plasmid A-D in order), Lane 9=1kb ladder, Lanes 10-13 plasmids are restricted 
with BbsI (plasmid A-D in order).  

 

In addition to the two methods of P. falciparum transfection described above, it is also 

possible to use chemical transfection methods (such as Superfect or Effectene307, 308).  However, 

these are less often used due to low efficacy. Two important studies have been conducted to 

compare the relative efficiences of various transfection methods308, 309. In 2003, Skinner-Adams et 

al. compared the efficacies of 5 different P. falciparum transfection methods:  

1) spontaneous uptake of DNA202,  

2) electroporation at high voltage and low capacitance174,  

3) electroporation at low voltage and high capacitance183,  

4) chemical transfection with superfect reagent307,  

5) chemical transfection with effectene reagent.  

    1    2     3     4            5     6      7     8            9             10    11   12   13 
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From this study, only methods 1, 2, and 3 resulted in parasite growth, indicating successful 

transfections. These results suggest that chemical transfection methods may not be effective for P. 

falciparum but either the spontaneous uptake method or electroporation at high voltage and low 

capacitance are very effective. Method 3 was successful only 25% of the time, therefore, this 

method may work but is not as effective as methods 1 and 2. Hasenkamp et al. subsequently 

conducted a direct comparison of methods 1 and 3 described above and utilized luciferase 

expression as a readout, which can give a more precise representation of the kinetics of parasite 

growth under each condition. This study found that method 1, the spontanous uptake method, was 

more efficacious in producing growing parasites within a shorter amount of time compared to 

method 3.  

 In my study, methods 1, 2 and 3 were utilized as all three have been shown previously to 

be successful in P. falciparum transfections308, 309. Since working with such a large plasmid 

(11,494 base pairs, see Figure 6.8) can be challenging, I wanted to confirm that the electroporation 

protocol I was utilizing would be successful. I first utilized yeast cells as a model organism to 

easily determine if the electroporation settings were appropriate. Protocols for yeast manipulation 

as well as transfection310 have been well established.  The yeast cells were grown to an OD660 of 

0.6 and harvested by centrifugation. The cells were washed with water, followed by 1M sorbitol. 

Subsequently, they were treated with LiTE (0.1M LiAc, 10mM Tris-HCl, 1mM EDTA, pH 7.5) 

with 25 mM DTT for 30 min in the absence of plasmid DNA. Next, the cells were washed and 

resuspended with 1M cold sorbitol and then mixed with 1 µg plasmid DNA. The mixture was 

transferred to a 0.2 µm chilled electroporation cuvette and electroporated at 1.5kV, 200 mΩ, 25 µF 

and time constant 5 ms. The positive control included a plasmid containing the URA3 gene and 
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negative control included an electroporation mixture that did not contain any plasmid DNA. 

Selective plates without uracil were used to plate the cells following electroporation. Figure 6.10 

shows results from the yeast electroporation/transfection experiment. I observed successful yeast 

growth from the mixture containing plasmid DNA with the URA3 gene and did not see any yeast 

growth from the mixture absent of plasmid DNA which indicates that the 

electroporation/transfection was successful. 

Figure 6.10 Yeast electroporation results. 
Both plates contain yeast growth media absent of uracil. Successful transfection with a plasmid 
containing the URA3 gene provides the yeast with uracil necessary for growth. The plate on the 
left contains yeast cells that were electroporated with plasmid DNA containing the URA3 gene. 
The plate on the right contains yeast cells that were electroporated in the absence of plasmid DNA. 
As seen from these plates, there are hundreds of yeast colonies in the plate on the left (with plasmid 
DNA containing URA3) and no yeast colonies in the plate on the right (no plasmid DNA, hence 
no URA3). 
 

After confirming that the yeast electroporation/transfection was successful (Figure 6.10 

above), I was confident in the electroporation settings. Next, I wanted to determine whether I could 

successfully electroporate RBCs and introduce plasmid DNA into uninfected RBCs. I followed 

the protocol for method 1 (described above and by Deitsch et al.202). Briefly, uninfected RBCs 
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were washed with incomplete cytomix (see Chapter 2, section 2.2.8) and subsequently mixed with 

200 µg of highly purified plasmid DNA. Electroporation was done using a BioRad GenePulser 

(see Figure 2.4, Chapter 2) at 950 µF, 200 Ω, 0.31 kV, time constant (TC) between 9-12 ms. 

Following electroporation, the RBCs were washed 9 times with incomplete cytomix and the 

supernatant was saved each time. After the final wash, the DNeasy Blood and Tissue Kit (Qiagen) 

was used (following the manufacturer’s protocol) to isolate and purify any plasmid DNA that may 

be remaining inside the previously electroporated RBCs. The results indicate that although much 

of the plasmid DNA remains in the supernatant, a small amount does enter the RBCs (Figure 6.11). 

Figure 6.11 Agarose gel results of transfection method 1.  
Lane 1=500 ng original plasmid, Lane 2=plasmid DNA that entered RBCs, Lane 3=1 kb ladder, 
Lanes 4-12=supernatant 1-9 after subsequent washing steps.  

 

 As shown in Figure 6.11, in lane 2, there is a small but measurable amount of plasmid DNA 

(approximately 50 ng upon visual inspection and comparison with standards of known DNA 

amounts, standards not shown) that enters the RBCs after electroporation. According to 

Hasenkamp et al.309 approximately 2x103 parasites are successfully transfected when utilizing 

method 1 (this was calculated upon recovery of the transfected culture using a logarithmic 

1 2        3         4          5         6        7        8       9     10       11    12 
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expression for parasite growth to determine the initial number of parasites). This was equivalent 

to a 0.001% transfection efficiency, which is similar to the efficiency obtained in the agarose 

results in Figure 6.11 (assuming that the percentage of plasmid DNA successfully transfected into 

RBCs is proportional to the number of successfully transfected parasites). These results indicate 

that I was successfully able to electroporate uninfected RBCs with my CRISPR-Cas9 plasmid 

DNA.  

 If successfully transfected P. falciparum parasites are obtained, there are several questions 

that I may be able to answer using the mutant strains. First, I would be able to observe if there are 

any growth defects or fitness costs associated with these mutations. I would expect that the 

knockout mutation (D1990N) would be lethal or significantly hinder parasite growth, based on my 

inability to produce NVP-BGT226 resistant parasites and several publications which have shown 

Vps34 to be essential to parasite growth162, 164, 165, 311. This would yield no CRISPR edited clones. 

However, work from my colleague, Anna Sternberg, has shown that the D1990E and R1991K 

mutations reduce PfVps34 catalytic activity to 67 and 79% respectively (Table 6.1). Therefore, if 

these mutations are successfully made in P. falciparum parasites, I would expect them to have 

moderately deleterious growth effects. Additionally, silent, positive control plasmids (containing 

donor shield mutations and absent of any active site mutations) would be able to test whether the 

parasite electroporations were successful at introducing plasmid DNA into the parasites as these 

should have little to no effect on parasite growth.  

 Several rounds of parasite electroporations were conducted using methods 1-3 described 

above (page 153). I initially used methods 2 and 3 but quickly realized that method 1 is not only 

less tedious (requiring only a few µl of parasite culture vs 10-20 ml), but has been shown to be 
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more effective for parasite transfections202, 308. Using method 1, I electroporated parasites with 

each one of 24 total plasmids. gs3221-pDC2-Cas9-hdhfr (shown in Figure 6.8) was modified to 

contain all possible combinations of the following gRNAs and donors: gRNA1, gRNA2, gRNA3, 

gRNA4, gRNA5, gRNA6 and Donor-D1990N, Donor-D1990E, Donor-R1991K, Donor-Wild 

type. For each attempt, 200 µl uninfected RBCs were electroporated with 200 µg of plasmid DNA 

as described (Chapter 2, section 2.2.8). Following electroporation, the RBCs were washed twice 

with complete media and then 150 µl of “loaded” RBCs were mixed with 50 µl of late 

trophozoite/schizont stage parasites (with initial parasitemia around 8-10%). These were 

resuspended in complete media, gassed, and placed in the 37℃ incubator.  

 These cultures were maintained as described in Chapter 2 (section 2.2.1). Approximately 

48 hours after electroporation, 300 nM WR99210 (a drug that selects for expression of hDHFR 

marker, Figure 6.8) was added to each culture. This drug concentration was maintained for a total 

of 6 days, following which the parasites were returned to drug-free complete media. Immediately 

before addition of WR99210, I observed high parasitemias around 5-8%. During the 6 days of 

WR99210 selection, I observed declining parasitemias until on the final day of selection, there 

were few to no parasites visible in Giemsa smears. These cultures were then maintained for an 

additional 2 months with bi-weekly Giemsa smears to determine if any parasite outgrowth could 

be observed. Several reports suggest that within 4-6 weeks of WR99210 selection, parasite 

outgrowth should be observed175, 176.  

 In my first trial of electroporations, I was not able to observe any parasite growth 2 months 

after WR99210 selection. In the second trial, I did observe parasite growth within 6 weeks after 

WR99210 in a culture that had been transfected with the wild-type donor sequence (containing 
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shield mutations but no active site mutations). I subsequently archived the “mass population” and 

isolated some of the parasite DNA (using the DNeasy Blood and Tissue Kit, Qiagen). I also cloned 

these parasites by limiting dilution (as described in Chapter 2, section 2.2.8). 3 of these obtained 

clones were grown up for DNA isolation. I then conducted PCR amplification of the Vps34 gene 

from each of these isolated samples of parasite DNA to obtain enough DNA for sequencing. The 

DNA sequencing results indicated that the CRISPR reaction was not successful (Figure 6.12). 

 

Figure 6.12 Nucleotide sequence alignment. 
Representative sequencing results shown for one of the clones tested (other results were similar). 
Top strand is the original strain HB3 Vps34 sequence (partial sequence centered around the D1990 
residue of interest). Bottom strand is the aligned partial sequence of HB3 clone 2 tested. Parasites 
were electroporated with CRISPR plasmid containing gRNA4 and wild-type donor sequence. As 
seen above, both sequences align perfectly indicating that no CRISPR editing took place within 
the donor shield region. 
 

 This process was repeated several times over the course of two years for 24 plasmids, each 

containing shield mutations and either containing or not containing a Vps34 active site mutation. 

For the majority of trials, no parasite growth was observed within 2 months after WR99210 drug 

selection. If no parasite growth is seen within 2 months, it is unlikely that there are any live 

parasites within the culture (this can be extrapolated from cloning by limiting dilution experiments 

in which micro-wells containing approximately 1 parasite per well show visible parasitemia within 

4 weeks). In only one instance, described above (Figure 6.12), were parasites successfully selected 

with WR99210, however, successful CRISPR editing of the gene was not observed.  

For successful CRISPR editing experiments, I would expect all three aforementioned 

Vps34 mutations to have an effect on the parasite autophagy-like pathway. Since P. falciparum 
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parasites lack an mTOR ortholog, it is thought that PfVps34 plays a major role in regulating the 

autophagy-like pathway. I could monitor this through immunofluorescence assays (IFAs) as 

described in the previous Chapter. The formation of the membranes of autophagosomes is 

dependent on PI3P, which, in P. falciparum parasites, is only produced by PfVps34. Therefore, I 

would expect fewer autophagosomes to be formed under starvation conditions in either the 

D1990E or R1991K mutants. I would expect that no autophagosomes would be formed in the 

D1990N knockout mutant.  

 Furthermore, studies from my colleague, Dr. Matthew Hassett, have shown that PI3K 

inhibitors can target PfVps34 in vitro. These mutant parasite strains would allow me to test this 

theory in vivo and determine whether a single amino acid substitution affects cytostatic and 

cytocidal susceptibility to PI3K inhibitors. If a shift in either of these drug susceptibility 

measurements occurs for successful clones, it would provide strong evidence suggesting that 

PfVps34 is the target of PI3K inhibitors. This would be a great step towards validating PI3K 

inhibitors as partner drugs with known MOA for second generation ACTs. 

 

6.3 Discussion 

 The potential for the use of CRISPR-Cas9 editing in studying antimalarial drug resistance 

in P. falciparum parasites is extremely promising. Several studies have already been conducted 

using this technique, which has also paved the way for whole genome scale analyses88, 162, 164, 311-

313. These studies are an excellent starting point for the investigation of the essentiality of P. 

falciparum genes and the effects of various mutations on parasite survival and potentially drug 

susceptibility. The ability to introduce specific mutations in targeted genomic loci will also allow 
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for the rapid determination of drug resistance causing mutations as well as aid in the determination 

of molecular targets of lead antimalarial compounds. This method is much more reliable than the 

traditional methods of drug pressuring cultures for several months or years and whole genome 

sequencing which can lead to false positives or the detection of several stochastic mutations that 

must be tediously sorted through in order to determine the mutations relevant to the drug selection.  

 Previous methods of transfection were extremely time consuming and tedious and had a 

greater potential for off-target effects. The first method utilized involved a long waiting period due 

to the reliance on stochastic DSB to induce homologous recombination utilizing a given template. 

Subsequent methods such as the zing-finger nuclease method greatly improved upon this by 

creating targets DSBs to increase the likelihood of homologous recombination occurring at a 

desired locus, however, these nucleases are extremely challenging to design. CRISPR-Cas9 editing 

improves upon the previous methods due to not only the ease of vector design but also the high 

efficacy with which a specific genomic locus can be targeted. The proper design of gRNAs can 

eliminate off-target effects due to the specificity of binding and the requirement of a PAM adjacent 

sequence.  

 Utilizing CRISPR-Cas9 to modify PfVps34 will have great implications for our laboratory 

and our current work. The P. falciparum autophagy-like pathway has been shown to play a large 

role in parasite resistance to antimalarials and in parasite death induced by antimalarial drugs. In 

the absence of an mTOR ortholog, it is likely that PfVps34 instead takes over this regulatory role. 

Additionally, we possess several compounds thought to target PfVps34, which have been shown 

to inhibit the catalytic activity of this enzyme in vitro. This study would allow us to directly 

investigate the catalytic activity of PfVps34 in vivo and determine if PfVps34 mutations can affect 
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the parasite’s susceptibility to PI3K inhibitors. Additionally, we may be able to learn more about 

the role that PfVps34 plays in the parasite autophagy-like pathway, whether this enzyme is 

responsible for regulating this pathway, and the effects that inhibiting this pathway through 

PfVps34 mutations might have on parasite growth and response to antimalarial compounds.  

 There are several ways in which we can begin to understand this project better and we can 

improve the methods for future success. Currently, we are working on whole plasmid sequencing 

to determine whether the plasmid used contains the correct elements that can be expressed 

properly. This is a difficult task due to the high A-T content of codon optimized genes and of P. 

falciparum genes themselves. Additionally, further experimentation with electroporating other cell 

types (and without agents such as LiAC, which aid in forming porous membranes) could inform 

whether the electroporation protocol and apparatus are working as expected. It would also be 

useful to conduct electroporations on P. falciparum parasites with other plasmids of smaller size 

containing essential genes, such as the hDHFR marker or a transiently expressed GFP marker, to 

determine if the genes can be expressed in P. falciparum. This is an ongoing project in our 

laboratory and will be a very promising technique if we are able to perfect it.  
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CHAPTER VII 
 

CONCLUSIONS AND FUTURE DIRECTIONS 

P. 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 gene14, considerable progress has been made in understanding how 

mutations in PfCRT confer resistance to cytostatic (IC50) dosages of CQ266, 314. Although much 

progress has been made in recent decades in understanding the genetic, cellular, and molecular 

basis of antimalarial drug resistance phenomena at a growth inhibitory, or cytostatic, level, many 

questions still remain. One such central question is whether the resistance to cell killing effects 

(cytocidal activity) of drugs is via distinct pathways compared to cytostatic drug resistance; and, 

if so, how can these distinct mechanisms be better elucidated and targeted to circumvent 

developing ACT 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 CQ resistance287. In 2013, our laboratory discovered that an autophagy-like pathway can be 

triggered in response to starvation conditions and cytocidal concentrations of CQ24. In addition, 

this study also found that this pathway is dysregulated in CQR parasite strains. 

The Plasmodium genome possesses homologues of at least 15 of the 30 identified 

autophagy related (ATG) genes (Table 1.2) 24, 117, including all essential elements required for a 

functional autophagy pathway, although several homologues may be significantly different in P. 
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falciparum compared to other species.  Most notably, there is no obvious mTOR candidate 

homologue117. Interestingly, 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.  

 Autophagy genes are found in all eukaryotes and a growing number of protozoa show 

evidence of functionality. For example, the autophagy pathway has been well characterized in the 

related apicomplexan parasite, T. gondii315, 316. In addition to regulating cell death, autophagy 

serves housekeeping roles in the cell and 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, the autophagy pathway only operates as a death mechanism if conditions are too 

extreme to recover from or if the mitochondria become compromised316. These roles have been 

probed in malaria to a limited extent and in this thesis, I describe a more comprehensive analysis 

of autophagy in malaria and methods of targeting this pathway to overcome resistance to ACTs. 

Chapter 3 focuses on the issue of increasing clinical resistance to ACTs, specifically in 

Southeast Asia. Original reports of ARTR in 2008 and 2009 suggested the development of DCP 

strains in which parasites persisted for an additional 1-2 days beyond the typical clearance rates. 

However, more recently, there have been increasing reports of DCP and recrudescence which 

suggests that parasites have begun to develop resistance to both compounds in the ACT 

treatment55, 317. Therefore, it is increasingly important to discover novel combination therapies 

which can overcome current mechanisms of resistance and which will delay or prevent the onset 

of new resistance mechanisms. Mutations in K13 are associated with clinically observed 

phenotypes of ARTR51, 110. Therefore, in Chapter 3, both WT and mutant K13 parasite strains were 
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used in screens to more quantitatively test the efficacy of several novel ART-based drugs in 

comparison with DHA, which is commonly used in current ACTs. OZ439, a synthetic 

endoperoxide drug231, is equipotent against both WT and K13 mutant strains. OZ439 was 

optimized from dozens of other ozonide compounds as having excellent antimalarial potency, low 

toxicity, high lipophilicity, and increased bioavailability231. Thus, this serves as a promising lead 

compound to battle rising ACT resistance. OZ439 is currently in Phase IIb trials in combination 

with ferroquine (a novel 4-aminoquinoline),318 but has still not completed Phase III clinical trials. 

More work still needs to be done to validate this compound as effective for use in a standard ACT, 

including definition of novel ACT partner drugs to which resistance has not evolved. Other 

Chapters in this dissertation focus on this key question. 

There have been several studies identifying the involvement of components of the 

autophagy pathway in ARTR91, 111, 284, 319. One report found that a T38N mutation in Atg18 is 

associated with ARTR284 and another associated increased enzymatic activity of Vps34 (leading 

to increased production of its product, PI3P) with ARTR91. In combination with our laboratory’s 

previous discovery of the dysregulation of the parasite autophagy pathway in CQR parasites24, I 

investigated the autophagy pathway in ARTR parasite strains as a potential antimalarial drug target 

using novel partner drugs with unique MOA. Therefore, first, I investigated potential autophagy 

inhibiting compounds and their potency against the parasite autophagy pathway.  

In 2015, in collaboration with Dr. Craig Thomas’s laboratory at the National Center for the 

Advancement of Translational Science (NCATS), our laboratory found that several PI3K 

inhibitors were not only potent antimalarials but also were synergistic in combination with ART-

based drugs84. Several of these PI3K inhibitors have already been FDA approved and are in use as 
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anti-cancer treatments and therefore, could be easily repurposed as candidate ACT partner drugs. 

In Chapter 4, I first systematically investigate the P. falciparum autophagy pathway by examining 

various methods of inhibiting autophagosome formation. First, I examined the ability of several 

PI3K inhibitors to inhibit the parasite autophagy response and find that there is a strong correlation 

between the relative cytocidal dose of compound used and the inhibition of starvation induced 

autophagosomes observed. I also found a strong correlation between inhibition of autophagy and 

in vitro inhibition of purified enzyme from my colleague, Dr. Matthew Hassett153. The results from 

this experiment strongly suggest that PfVps34 is a key regulatory enzyme in the parasite autophagy 

pathway and that the PI3K inhibitors used can target PfVps34 and inhibit the parasite autophagy 

response.  

Recent studies have shown that PI4K inhibitors are also potent antimalarial drugs90, 170 and 

might inhibit the autophagy pathway as well173. Therefore, I also investigated the effects of PI4K 

inhibitors on the P. falciparum autophagy pathway. Together with in vitro enzyme inhibition 

results from my colleague, Anna Sternberg, I found that PI4K inhibitors inhibit the parasite 

autophagy pathway. I also showed, through colocalization studies with PI3P and ATG8 antibodies, 

that PI3K inhibitors target PfVps34 through reduction of PI3P/ATG8 colocalization and that PI4K 

inhibitors target PfPI4KIIIβ, which does not affect PI3P distribution. These results show that both 

PI3K and PI4K inhibitors have unique MOA, target an essential pathway and could be used to 

develop next generation ACTs.  

In conducting those experiments, I noticed an interesting phenotype in the K13 mutant 

parasite strains and investigated this phenomenon further in Chapter 4, which suggest a further 

dysregulated autophagy phenotype in K13 mutant parasites, which is distinct from the CQR 
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phenotype. It should be noted that, to date, all observed cases of ARTR 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 from Gaviria et al.24, that 

the autophagy response to CQ would be muted. However, surprisingly, all tested strains with a 

Cambodian genetic background showed an altered 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 WT K13 showed a redistribution of autophagosomal puncta in response to 

starvation and DHA treatment, similar to strain Dd2 (CQR). However, most significantly, K13-

mutant strains showed no significant induction of autophagosomal puncta under both nutrient 

starvation or LD50 dose of DHA. These results suggest further modification of the autophagy 

pathway in K13-mutant strains compared to CQR parasite strains.  

The autophagy-related puncta response was not only reduced in the Cambodian parasite 

lines when treated with LD50 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 

induction of autophagosomes at all under nutrient starvation conditions. It is possible that this 

response arises from the ability of these parasites to enter a quiescent state, as previously observed 

in correlation with ART resistance68. Alternatively, these parasites may have an altered, more 

efficient/resistant autophagy process that needs extensive stress to trigger an induction of ATG8 

puncta 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.24), including 
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additional, longer time 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 previous 

studies from our laboratory24. Thus, incubations could be started at the ring stage and carried out 

to the trophozoite stage where the autophagy response is quantified. Another approach, which tests 

parasite response to starvation conditions has previously been reported with WT P. falciparum 

strains11. This study showed that even WT (CQS, ARTS) parasite strains can survive starvation 

treatment for days and are able to recover to a normal rate of growth after re-addition of nutrients. 

Therefore, there must be other cellular processes which are altered in these Cambodian parasite 

strains that allow them to either process and complete the autophagy pathway more quickly than 

WT parasite strains or to be more resistant to the induction of the autophagy pathway.  

As mentioned before, drugs such as DHA which cause oxidative stress to parasites caused 

an induction of the autophagy pathway. A synergistic partner84, which is also a PI3K inhibitor, 

NVP-BGT226, was on the other hand able to reduce this response (Chapter 4). Two drugs which 

act on the same pathway in different ways is a possible method of developing synergistic drug 

combinations. In addition, inhibition of the survival pathway simultaneously with induction of that 

pathway could have significantly deleterious effects on the parasite (as seen in similar studies done 

on tumor cells135-137). Since Vps34 is the only PI3K that has been identified in P. falciparum 

parasites, it is likely the molecular target for PI3K inhibitors such as NVP-BGT226 or 

GSK2126458 and results from Chapter 4 strongly support this hypothesis. Additionally, many 

PI3K inhibitors have already been approved for use in the treatment of cancer, so these are 
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attractive compounds to investigate in P. falciparum. I also showed in Chapter 4 that PI4K 

inhibitors can target the parasite autophagy pathway. As a relatively new class of antimalarial 

drugs, there is still much more work that needs to be done to validate these as potential ACT 

partner drugs. Preliminary results from my colleague, Anna Sternberg, show that these compounds 

can target PfPI4KIIIβ. A crystal structure of this protein would give important details about its 

structure and its interaction with substrates and inhibitors. Additionally, PI4P (the product of 

PfPI4KIIIβ) has been shown to play a role in the autophagy pathway in mammalian cells320, 321, 

but little is known about the roles of PfPI4KIIIβ and PI4P in P. falciparum autophagy. My results 

from Chapter 4 show that inhibition of PfPI4KIIIβ also inhibits the parasite autophagy pathway 

but much more work needs to be done to completely understand this phenomenon, such as studies 

investigating the localization of PI4P and ATG9, components that are thought to be linked320, 321. 

Due to the interesting alterations found in the K13-mutant parasite autophagy pathway (and 

previous results from our laboratory that suggest that ART+PI3K combination can be 

synergistic84), both PI3K and PI4K inhibitors were further studied in both cytostatic and cytocidal 

drug combinations using the Chou-Talalay method in Chapter 593. Due to the inability to 

distinguish ARTS vs. ARTR strains utilizing only cytostatic assays, it is important that any novel 

antimalarial therapy be evaluated at both levels (and since clinically, parasites are exposed to 

cytocidal drug concentrations). The Chou-Talalay method studies drug pairs at a 1:1 effective ratio 

(IC50:IC50 or LD50:LD50). 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 (they are, in fact, sometimes 

1:100 or 1:1000 depending on the drugs used283). It may be logical, then, to attempt to conduct the 
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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, in the future, these physiologically relevant ratios must be further investigated in 

order to conduct physiologically relevant Chou-Talalay analyses. 

Chapter 5 also identifies several drug combinations which are synergistic against both WT 

and K13 mutant strains of P. falciparum. Only a few tested PI3K 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 OZ439+PI3K inhibitor combinations in 

comparison with standard ATM+LF 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. 

Therefore, 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 

different ways. The combination found in Chapter 5 of OZ439+Torin 2 could be a start in 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 can inhibit PI3K and is a potent antimalarial drug. By using these two compounds in 
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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. Similar methods of manipulating the autophagy pathway have successfully been 

used in cancer treatments and could be useful to study in the context of ACT resistance as well. 

It is obvious, from the results in Chapters 4 and 5, that the P. falciparum autophagy 

pathway plays a large role in parasite death and resistance to antimalarials. These results also 

strongly suggest that PfVps34 is a key regulatory enzyme in this pathway. Therefore, 

modifications to the PfVps34 protein could prove extremely useful in further investigating these 

phenomena. In Chapter 6, I begin to explore this utilizing CRISPR-Cas9 genomic editing 

techniques. This is a relatively new technique that was recently adapted to use in malaria research 

and is difficult to implement, especially in the case of P. falciparum malaria. The plasmids used 

are very large and therefore require extreme care when manipulating. Additionally, there are 

several membranes to cross before the plasmid DNA can reach the parasite nucleus, where it must 

exert its effects. However, this project will prove very useful for our laboratory and for the field 

of malaria research. By modifying PfVps34, we hope to elucidate more not only about the parasite 

autophagy pathway itself but also about its relation to drug resistance. This will be especially useful 

in studying ACT resistance and in designing next generation ACTs as well.  

More work needs to be done to better understand and implement CRISPR-Cas9 technology 

in P. falciparum malaria. Through multiple attempts, I was not able to select WR99210-resistant 

parasites that had integrated PfPI3K-directed gene editing. I was able to successfully select 

parasites in one experiment, however, after cloning and gene sequencing, I determined that no 

CRISPR editing had taken place. I also show in Chapter 6 that a very small amount of DNA enters 
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RBCs upon electroporation. This may be one of the reasons why I was not able to select WR99210 

resistant parasites. More work needs to be done to improve the transfection efficiency of such a 

large plasmid. To date, only one study has attempted to identify and characterize plasmid DNA 

features that improve P. falciparum CRISPR efficiency294. It will be useful to conduct a more in- 

depth investigation into these factors as well.  

Overall, in this thesis, I provide an in-depth characterization of the P. falciparum autophagy 

pathway and utilize this information to develop next generation ACTs. I show that P. falciparum 

parasites possess an autophagy pathway that can be inhibited by both PI3K and PI4K inhibitors 

and that these drugs work in different ways. I also show that ARTR parasites are autophagy 

deficient, a characteristic which can be exploited in the development of novel ACTs. I propose 

novel ACTs, OZ439+Torin 2 (which was more synergistic in cytocidal combinations vs ring stage 

parasites than trophozoites and slightly more synergistic vs ARTR parasites) and OZ439+NVP-

BGT226 (which was more synergistic in cytocidal combinations vs ring stage parasites). These 

combinations are not only synergistic and highly potent against ring-stage ARTR parasites, but 

also contain OZ439 – which was shown in Chapter 3 to be equipotent at targeting ARTS and 

ARTR strains – and PI3K inhibitors – which were shown in Chapter 4 to target the parasite 

autophagy pathway, which is deficient in ARTR parasites. CRISPR characterization of PfVps34 

and potentially PfPI4KIIIβ would be useful in further validating these next generation ACTs. 
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