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ABSTRACT 

Malaria remains a deadly and devastating disease across the globe, with Plasmodium 

falciparum responsible for the majority of cases and deaths. While antimalarials are currently 

still generally effective, resistance has arisen to all current classes of antimalarials and will 

spread in the future. To delay resistance in future treatments, combination therapies composed of 

synergistic drugs targeting different aspects of the parasite’s metabolism are desirable, while 

antagonistic combinations should be avoided. Here I tested for drug-drug interactions between 

(+)-SJ733 and P218, two candidate antimalarials, using a SYBR Green based fixed-ratio assay. 

The two drugs appear to act antagonistically, suggesting that they likely would not be an 

effective combination therapy despite presumably acting on different metabolic pathways. 

However, this should be confirmed with more optimal plate designs and curve fits as well as 

with comparisons to known pairs of antagonistic/synergistic antimalarials. 

Also explored is the impact that different lipid supplements have on P. falciparum in 

vitro. Human serum is often used as a lipid supplement for in vitro culture but is costly and 

variable between individuals, and different batches generate parasites which are differentially 

able to transmit to mosquitoes. Albumax, an artificial supplement, is standardized and cheaper, 

but cannot generate any transmissible gametocytes. Furthermore, several phenotypic changes in 

vitro have been shown in asexual parasites that are cultured in serum, Albumax, or a 

combination thereof. Metabolomics is being used to understand what metabolic differences exist 

between those supplements able to generate transmissible gametocytes and those that are not, 

and between parasites grown in Albumax versus serum. 
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Chapter 1  
 

An Introduction to Malaria 

Disease Characteristics 

Malaria remains a dangerous and deadly disease with 228 million estimated cases and 405,000 

estimated deaths worldwide in 20181. The vast majority of these cases occur in India or African countries, 

and children under the age of 5 bear the brunt of deaths, making up roughly two-thirds of estimated 

deaths in 20181. Pregnant women comprise another uniquely susceptible population (for more 

information, see the review here2), which together with its impact on children truly makes malaria a 

disease of the vulnerable. Malaria is largely caused by two species of Plasmodium parasite: P. falciparum 

dominates in most affected regions (Africa, South-East Asia, the Eastern Mediterranean, and the Western 

Pacific) while P. vivax plays an important role in the Americas, while also being present in South-East 

Asia1. While other Plasmodium species can cause malaria in humans and other species of animals, P. 

vivax and P. falciparum represent the vast majority of cases in humans and P. falciparum is the deadliest 

parasite that infects humans. It appears that individuals can acquire immunity to the disease, as the 

severity of the disease tends to decline with age in endemic populations3. 

The main symptom of malaria is fever, though additional common ones include headache and 

nausea among others3,4. It is thought that the immune system’s cytokine response to parasite material 

released during red blood cell lysis in the asexual blood lifecycle may contribute to systemic symptoms of 

the disease3,4. When treatment does not completely clear the causative parasite, severe malaria can 

develop, most often in children. Severe malaria mainly presents through three routes: cerebral malaria, 

metabolic acidosis (usually as respiratory distress), and severe anemia3,5. Contributing to the first two of 

these is the tendency of P. falciparum to obstruct the microvasculature via extracellular proteins which 
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allow binding to the endothelium and other erythrocytes3,5. Cerebral malaria develops when such 

obstruction impairs blood flow to the brain and can lead to altered mental state4. It can also be defined 

clinically as parasite-induced coma3. Metabolic acidosis generally arises as cells are forced to turn to the 

anaerobic generation of lactic acid from glucose6, given the decreased oxygen supply due to obstruction 

of the microvasculature. Anemia is a consequence of the erythrocyte lysis that is part of the asexual blood 

stage lifecycle, but uninfected red blood cells can be eliminated and contribute to this disorder as well3,4. 

It has also been noted that this additional loss of erythrocytes may exacerbate existing, chronic anemia3.  

Antimalarial drugs have been identified and used for over 100 years, with some of the original 

compounds retaining efficacy today. A review of some of the key drugs in the history of malaria can be 

found here7. The World Health Organization currently recommends 14 drugs for curative treatment of 

malaria, and many are either combinations or single drugs to be used in combination with other 

compounds8. Some monotherapies are recommended, but for specific scenarios (e.g. artemether as an oily 

injection for managing severe malaria). The frontline antimalarials are largely centered upon artemisinin 

and its derivatives. Combination therapies are emphasized by the WHO because resistance has arisen to 

all classes of antimalarials, including the artemesinins9,10. While treatments are still efficacious for now, 

there is a dire need for novel antimalarial drugs as we engage in an arms race with Plasmodium parasites. 
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Parasite Properties 

Focusing on P. falciparum, the biology of the parasite is complex. The parasite has a lifecycle 

spread across three main host environments: the human liver, human red blood cells, and the Anopheles 

mosquito. Mosquito bites pass sporozoites into a new human host, which take up residence in the liver. 

Following multiplication and differentiation into merozoites (the process takes approximately 6.5-7 

days11,12), the parasite then enters the blood and undergoes a 48-hour asexual replicative lifecycle where 

each cycle ends with lysing of blood cells to allow reinfection (see here3 for more information on the liver 

stage and transmission to erythrocytes). It is this timed cell lysis that gives rise to the disease’s classical 

cyclical fever4. Some parasites in this asexual lifecycle will turn into sexual gametocytes (this process 

takes 10-12 days13) for uptake by a new mosquito vector (for a full review on regulation of 

gametocytogenesis, see here13), where the parasites differentiate through multiple steps into sporozoites 

and begin the lifecycle anew (Plasmodium development in the mosquito takes approximately 2 to 3 

weeks4). For more information on the lifecycle as well as a discussion of various bioluminescent parasites 

that have been generated for studying different stages of the lifecycle, see here4,14. See the following 

figure published by J. Alexandra Rowe and colleagues at the University of Edinburgh for a visual 

representation of the lifecycle15. 
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Figure 1: Life cycle of P. falciparum.  

The work described in this thesis focuses largely on the asexual blood stage, with some 

discussion of gametocytes as well. This figure was originally published by Rowe and colleagues here15. 

No changes were made. The Creative Commons Attribution-NonCommercial-ShareAlike copyright 

license information can be found from the PMC full text link which is on the cited PubMed page. 

 

P. falciparum and the rest of the Plasmodium genus are members of the Apicomplexa phylum, a 

group of parasites also home to the organisms causing Toxoplasmosis and Babesiosis, among others. 

Apicomplexa parasites are eukaryotic and are defined by the presence of an apical complex which allows 

for cellular attachment and invasion during their life cycle. Many Apicomplexa also possess an organelle 
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called the apicoplast, which is essential to P. falciparum. A full review of the apicoplast can be found 

here16, it has characteristics of prokaryotic organisms and is similar to plant and algal plastids. Due to 

these similarities to prokaryotes, it is mentioned that some common antibiotics are effective against the 

apicoplast16. Of particular importance is noting that since hosts (humans) are obviously not prokaryotic, 

aspects of the apicoplast can be exploited to develop drugs that are extremely selective for just the 

parasite.  
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Chapter 2  
 

Investigating Interactions Between SJ733 and P218 

Background 

Combinations of drugs have been explored to treat illness since the middle of the 20th century, 

with notable examples including treatment of tuberculosis with streptomycin and para-aminosalicylic acid 

in 195017, and an experiment into a combination therapy for childhood leukemia in 196518. Arguments for 

the use of combination therapies in the treatment of malaria have been made for over twenty years19. As 

early as 2004, when resistance to all classes of antimalarials except the artemisinin’s had been seen, 

combination therapies were suggested as a means of delaying the then-unseen rise of resistance against 

artemisinin’s9. Now that resistance to artemisinin has been identified in the field and has been studied to a 

fair degree (see review here10), we find ourselves with no remaining 100% resistance-free options for the 

treatment of patients. Thus, the design of future therapies demands great care to ensure these treatments 

are effective and avoid resistance development. While current therapeutics are in danger, this is not to say 

that we are completely at a loss in terms of drug development. The Medicines for Malaria Venture 

(MMV), a nonprofit founded in 1999, has spearheaded public-private partnerships for decades to help 

identify new promising new antimalarials. In 2016 a massive study was published compiling the results of 

55 laboratories who studied 400 representative compounds from the “Malaria Box,” a free resource from 

MMV intended to drive open source antimalarial drug discovery20. The results not only helped 

characterize potential antimalarials, but also helped identify compounds which could kill other pathogens 

as well. As of April 23, 2020, MMV continues to support 33 projects in the drug development pipeline 

(undergoing research, translational or product development work), while 13 have been “WHO 

prequalified or approved/positive opinion by regulatory bodies who are ICH members/observers21.” 



7 

 

Figure 2: MMV Supported Projects 



8 

Projects supported by MMV as of December 2019 are shown. This figure was obtained from the 

MMV website21. It is worth noting that many of the therapies further along in development are 

combination therapies, with artemisinin or one of its derivatives often used as a component drug. 

 

Combination therapies comprised of drugs targeting different parts of an organism’s metabolism 

represent a valuable means of slowing the development of resistance for an intuitive reason. It is less 

probable for two independent, unrelated mutations to arise simultaneously and provide resistance to a 

combination of drugs with different targets than it would be for an organism to spontaneously generate 

one mutation for a monotherapy (or a combination that could be overcome with a single mutation). The 

basis for this idea was discussed in the context of malaria by Nicholas White in 199822. Moreover, a 

seemingly unrelated but desirable property of combination therapies is that the drugs comprising the 

therapy be synergistic (that is, they augment each other’s activity to more efficiently eliminate the 

parasite). A noted advantage of such combinations is that they can allow for effective parasite clearance 

while keeping dosage low, reducing the potential for side effects23. On the opposite end of the spectrum, 

partner drugs which antagonize each other (reduce each other’s efficacy) are largely not attractive as they 

may suffer the opposite effect, raising the required dosage and increasing side effects. The most notable 

example of a synergistic pairing of antimalarials is that of atovaquone and proguanil, the component 

drugs of Malarone. While proguanil is not particularly effective on its own, it is thought to enhance 

atovaquone efficacy by aiding atovaquone-driven collapse of the parasite’s mitochondrial membrane 

potential24. Atovaquone achieves this collapse via inhibition of the transfer of electrons from ubiquinone 

to cytochrome bc1, disrupting the parasite’s mitochondrial electron transport chain (see here for a more 

complete discussion25). It also inhibits enzymes involved in pyrimidine biosynthesis as a downstream 

effect, and as a result its use results in a buildup of N-carbamoyl-L-aspartate and dihydroorotate, both 

pyrimidine precursors, in the parasite26. 
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Taken together, the ideal antimalarial combination therapy is one in which the component drugs 

target independent aspects of the parasite’s metabolism while also synergizing with each other. As such 

combinations are rather unintuitive, it is difficult to envision how one might predict what partner drugs 

may comprise such an idealistic pair. In the absence of specific pairings to try, a high-throughput screen 

strategy has been carried out to find interactions between antimalarials27.  

Defining whether or not two drugs interact, and identifying what type of interaction exists, is 

typically done via an isobologram which is described by succinctly by Angus Bell here23. In short, drugs 

are tested in varying combinations and the half-maximal inhibitory concentration (IC50) of each drug in a 

given combination is graphed on a simple x-y coordinate system. That is, each single combination of 

drugs yields an IC50 for both drugs individually, and those values are plotted as (IC50 Drug A, IC50 Drug 

B). In this example, the X-axis would indicate concentrations of Drug A, and the Y-axis would indicate 

concentrations of Drug B. The X- and Y-intercepts would be the IC50 value of the respective drugs when 

used alone. These values can also be plotted as fractional IC50s (FIC50s), which according to Bell are 

defined as “the concentration of inhibitor present in the combination divided by the concentration of 

inhibitor alone that gives the same effect.23” If an additive interaction (i.e. neither synergistic nor 

antagonistic) was seen between Drugs A and B, the expected isobole would be a straight line connecting 

the intercepts. If the experimentally-determined isobole curves in towards the origin, this is indicative of 

synergy. This is because points below the additive isobole indicate that less of each drug was required to 

achieve the same level of effect than the amount of each drug which would have been expected to achieve 

that effect with an additive interaction. Conversely, bowing out away from the origin indicates 

antagonism for a similar reason.  

Objectively determining antagonism and synergism from isobolograms is not simple. As Bell 

discusses, common thresholds based on the sum of the FIC50s at the middle of the isobologram are that 

less than 0.5 indicates synergism, and greater than 2 or 4 indicates antagonism23. However, as Bell points 

out, these are arbitrary. Software does exist to perform more sophisticated data analysis, such as 
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CalcuSyn, which ultimately defines synergism and antagonism based on the combination index which is 

defined similarly to the summed FIC50s. Such software has been used to study antimalarials28. 

Here, I contribute my own analysis of two antimalarials which at the time of experimental 

planning were in the drug development pipeline and supported by the Medicines for Malaria Venture. I 

chose to focus on two compounds which were already in the pipeline due to their demonstrated potential 

as treatments and the existing investment in each, though to the best of my knowledge the two had not 

been tried as a pair. 

The first of the two compounds, (+)-SJ733 (hereafter referred to as SJ733), has been 

characterized as an inhibitor of the P. falciparum sodium cation transporter PfATP429. In vivo 

experiments with P. falciparum indicate that SJ733 acts at dosages on par with or better than some 

existing antimalarials and is capable of preventing transmission of P. berghei to mosquitoes29. 

Promisingly, although resistant strains could readily be selected for in vitro, P. falciparum mutants 

resistant to the same class of compounds suffered fitness costs compared to parental strains and 

development of P. berghei resistance to a close analog of SJ733 in vivo was slow and weak29. Prior in 

vitro metabolomics experiments conducted on parasite extracts from SJ733-treated parasites has shown 

that parasites treated with SJ733 have decreased levels of pyrimidine precursors, peptides, and 

nucleotides with some increase of deoxynucleotides (see Figure 3 below)26. Very recently, the findings of 

a phase 1a/b first-in-human and induced blood-stage malaria trial conducted for SJ733 was published30, as 

was a short review of the compound and the outcomes of this new trial in the context of other ATP4 

inhibitors31. In summary, parasite clearance was slower than another in-development ATP4 inhibitor but 

on par with an artemisinin derivative. The drug was found to be safe to patients, with few adverse events 

thought to have occurred due to SJ733 rather than malaria. The authors of the trial were ultimately 

optimistic about SJ733’s continued development as part of a future combination therapy. 

The second compound, P218, is a pyrimidine molecule with a flexible side chain which was 

developed through a target enzyme structure-based design process seeking to improve upon compounds 
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targeting P. falciparum dihydrofolate reductase (PfDHFR) to which resistance has arisen (particularly, 

pyrimethamine32). P218 is also a PfDHFR inhibitor but is of interest for its efficacy in inhibiting both 

wildtype P. falciparum and a PYR-resistant quadruple mutant P. falciparum strain in vitro, with more 

proven efficacy in vivo32. Prior in vitro metabolomics experiments conducted on parasite extracts from 

P218-treated parasites has shown that parasites treated with P218 have sharply increased metabolites 

involved in folate biosynthesis, with a decrease in those involved in central carbon metabolism/cofactors 

(see Figure 3 below)26. Additionally, resistance against P218 is expected to be slowed as mutations that 

would block P218 binding are expected to also interfere with substrate binding by PfDHFR, since P218 

binds similarly to the normal enzyme substrate32. 
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Figure 3: Prior Metabolomic Fingerprint Analysis of SJ733 and P218 by the Llinás Lab 

This figure was adapted from Allman et al 201626, which was prior work performed in our lab. 

The clustered compounds shown were classified by their mode of action based on changes in metabolites 

compared to a no-drug control. This analysis leveraged self-organizing maps displayed on the hexagonal 

plots shown at the top of the figure, known as metaprints. Metabolites in each smaller hexagon were 
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categorized by their known metabolic pathways according to the KEGG database, allowing for 

visualization of how the parasite’s metabolism changed due to each drug. P218 and SJ733 have very 

different metaprints, supporting the knowledge that they likely act on very different parts of the parasite’s 

metabolism. 

 

Based on experimental efficacy and likelihood for resistance, SJ733 and P218 have appealing 

characteristics as prospective antimalarials. Since the two compounds are promising and have different 

targets in the parasite’s metabolism, they could make good partner drugs in a therapy pending drug-drug 

interactions. Consequently, their combination was investigated to look for potential drug-drug 

interactions. Half-maximal inhibitory concentration (IC50) values were first determined for each drug 

independently via a SYBR Green assay to help guide planning of the combination experiment, and a 

fixed-ratio SYBR Green assay (derived from the publication here33) in conjunction with isobologram 

analysis was employed to evaluate potential drug-drug interactions. 

  



14 

Materials and Methods 

For each experiment, 96-well plates were prepared as depicted in the plate layouts below. All 

drug-containing or no-drug wells contained 100 µL of drug media (or RPMI for the no-drug wells) and 

100 µL of approximately 0.1% parasitemia (mostly ring-stage), 1% final hematocrit culture (except plate 

sets 2 and 3 of the combination experiments, which had 0.5% final hematocrit). 

For the individual P218 experiment, drug dilutions were prepared outside the plate and 100 µL of 

the various drug media was aliquoted into their respective wells. For the individual SJ733 experiment, 

atovaquone drug dilutions were prepared outside the plate and 100 µL were aliquoted into their respective 

wells, but SJ733 was serially diluted directly in the wells. This was done by aliquoting 200 µL of two 

times the highest desired final concentration of drug into the first well and aliquoting 100 µL of RPMI 

into the rest of the wells in that row. 100 µL of drug media was transferred to the next adjacent well, 

mixed, and transferred to the next well, with a change of pipet tips in-between. This continued until the 

last well, where following mixing, 100 µL of media was discarded. This resulted in two-fold serially 

diluted SJ733, which would reach their desired concentrations after the addition of 100 µL of culture.  

For the combination experiments, conical tubes containing four times the desired maximum 

concentration of drug in each solution (i.e. one SJ733-containing RPMI and one P218-containing RPMI 

tube per solution, for solutions 1-6) were first generated. The appropriate partner tubes for each solution 

(1-6) were then combined, resulting in solutions 1-6 with two times the desired maximum concentration. 

For solutions 1 and 6, RPMI was used in place of drug media for the P218 and SJ733 tubes, respectively, 

since solution 1 contained no P218 and solution 6 contained no SJ733. The solutions were then serially 

diluted in the 96 well plate as described before for SJ733, resulting in two-fold serially diluted drug media 

that was still two times the desired final concentration. The final addition of culture to these wells brought 

the solutions to their desired final concentration. No-drug controls used 100 µL of RPMI in place of drug 

media. RPMI controls contained 200 µL of RPMI, with no culture in the wells. The maximum amount of 

DMSO in any drug-containing well was 0.06%. 
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Following plate preparation, plates were incubated under regular gas and temperature conditions 

for 72 hours. The individual P218 experiment also had 100 µL of sample withdrawn from each well after 

48 hours. After incubation, plates were frozen at -80ºC. For analysis, SYBR Green was diluted in lysis 

buffer at 0.4 µL of SYBR Green per 1 mL of total buffer volume needed. Sample plates were thawed, and 

wells were mixed before pipetting 100 µL of each well into the same position in a clean ceramic 96 well 

plate. 100 µL of buffered SYBR Green was also added to each well in the ceramic plate and mixed. Plates 

were then wrapped in foil and incubated at normal gas/temperature conditions for 2 hours. Fluorescence 

within each well was then read on a microplate reader (Biotek, Winooski, VT) and the resulting data was 

exported to Excel and GraphPad Prism34 for Mac (GraphPad Software, San Diego, California USA, 

Versions 7 and 8.4.2 were used) for further analysis. Methodology for the generation of each figure can 

be found in the corresponding figure legend. 

Parasites used in these experiments were presumed mycoplasma free. The parasites used came 

from a lab stock of MR4, mycoplasma-free, 3D7 parasites that was thawed on October 25, 2018. The 

same line was passaged and used for the individual P218 experiment on October 27, 2018. The remaining 

culture was split and passaged further and was split into three cultures on November 5, 2018, which were 

all continued. One of these three cultures was used for the individual SJ733 experiment and the first 

SJ733/P218 combination experiment on November 9, 2018. It and the other three cultures were continued 

and frozen at the same time in the following several days. One of these cultures, not the same one used in 

the November 9 experiment, was thawed and continued on November 26, 2018 until it was frozen on 

December 18, 2018. A stock of that same December 18 culture was then thawed on January 8, 2019 and 

was ultimately used for the SJ733/P218 replicate experiments on February 6, 2019. The leftover culture 

was split and continued and tested mycoplasma free on February 27, 2019. Thus, we can safely presume 

the parasites used for the October 27, 2018 and February 6, 2019 experiments were mycoplasma free, as 

that line tested mycoplasma free. The parasites used on November 9, 2018 were split from a parent 

culture that can be presumed mycoplasma free on November 5, 2018, and were used just four days later. 
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This short time after splitting combined with the similarity of the results from those experiments with the 

others in this study make it unlikely that mycoplasma contamination was picked up by November 9, 

2018. Other culture splits which were not explicitly stated took place during this time, but this 

documentation focuses on lines used in experiments. 

SJ733 and P218 stocks were provided courtesy of Erik Allman and Jeremy Burrows. Atovaquone 

was purchased from Sigma (#A7986-50mg). 

Eight total 96 well plates were prepared to measure IC50 values: one each for the individual 

drugs, and three sets of two plates for combination experiments. The combination experiments had the 

same design, so the plate setup is only shown once. Replicates 2 and 3 of the combination experiments 

were performed at the same time with the same starting culture and as such represent only one additional 

biological replicate, but with six technical replicates for each solution between the two sets of plates. 
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Figure 4: 96 Well Plate Layout for the Determination of the IC50 of P218 

Concentration values within cells refer to the final concentration of drug within that well. Tan 

wells refer to no-drug controls which contained 100 µL of 0.25% Albumax RPMI in place of any drug 

media. Light red wells refer to RPMI control wells which contained 200 µL of 0.25% Albumax RPMI 

with no culture or drug added. Abbreviations: ATV, Atovaquone; P,  P218; ND, no drug. 

  



18 

Figure 5: 96 Well Plate Layout for the Determination of the IC50 of SJ733 

Concentration values within cells refer to the final concentration of drug within that well. Tan 

wells refer to no-drug controls which contained 100 µL of 0.25% Albumax RPMI in place of any drug 

media. Light red wells refer to RPMI control wells which contained 200 µL of 0.25% Albumax RPMI 

with no culture or drug added. Abbreviations: ATV, Atovaquone; SJ,  SJ733; ND, no drug. 
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Figure 6: 96 Well Plate Layouts for the Investigation of Interactions Between P218 and 

SJ733 

Numerical values within wells refer to the proportional concentration of that well’s drugs to the full 

solution in column H. For example, well G3 in the top plate contains 0.5 times the concentration of drug 

in well H3 due to a single twofold dilution. Tan wells refer to no-drug controls which contained 100 µL 

of 0.25% Albumax RPMI in place of any drug media. Light red wells refer to RPMI control wells which 

contained 200 µL of 0.25% Albumax RPMI with no culture or drug added. Abbreviations: SOLN, 

solution. See Table 1 for contents of each solution. 
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Table 1: Concentrations of SJ733 and P218 in Solutions 1 Through 6 

Solution Number Concentration of SJ733 [nM] Concentration of P218 [nM] 

1 280 0 

2 224 0.64 

3 168 1.28 

4 112 1.92 

5 56 2.56 

6 0 3.2 

SJ733 and P218 were varied at fixed ratios across six solutions. Listed concentrations refer to the 

final concentration of SJ733 and P218 after 100 µL of each solution was combined with 100 µL of 

parasite culture in the 96 well plate. In other words, the prepared solutions were two-fold more 

concentrated before mixing with culture in the plates took place. 
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Results 

Figure 7: IC50 Determination of P218 

Fluorescence intensity readout was normalized by subtracting the average of the RPMI control 

readout from each sample readout and setting 0% growth equal to 0 intensity. 100% growth was set to the 

average of the blank-subtracted no-drug control readout. Each of the three technical replicates in the plate 

was normalized separately. The normalized intensity was plotted against corresponding log-transformed 

drug concentrations and a curve was fitted via a log(inhibitor) vs. response – Variable slope (four 

parameters) model in GraphPad Prism, from which the IC50 values were derived. Error bars represent the 

standard deviation of three technical replicate wells at each drug concentration.  
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Figure 8: IC50 Determination of SJ733 

Due to an abnormally high RPMI control reading, fluorescence intensity readout was normalized 

by defining 0% growth as the smallest mean (of three technical replicates) for each drug. This makes 

growth relative to the lowest amount of signal as opposite to an absolute measurement. 100% growth was 

defined as the average of the no-drug control readout. The three technical replicates for each drug were 

first averaged, and the means were normalized. The normalized intensity was plotted against 

corresponding log-transformed drug concentrations and a curve was fitted via a log(inhibitor) vs. response 

– Variable slope (four parameters) model in GraphPad Prism, from which the IC50 values were derived. 

Error bars represent the standard deviation of three technical replicate wells at each drug concentration. 
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Figure 9: Isobologram Analysis of First Set of SJ733 – P218 Combination Plates 

Isobologram construction was performed by normalizing each technical replicate for each 

solution separately, with 0% defined as the smallest value in each subcolumn and 100% defined as the 

largest value in each subcolumn. No blank subtraction or no drug thresholding was performed. 

Normalized values were then fit to log-transformed drug concentrations for both SJ733 and P218 using a 

log(inhibitor) vs. response – Variable slope (four parameters) fit, resulting in 5 fitted curves for each drug. 

IC50 values were calculated from these curves by GraphPad Prism, and were used to determine FIC50 

values for each drug for each solution. Plotted points represent best-fit values for each drug’s FIC50 for 

all six solutions (e.g. the point at (0, 1) represents solution 6, the point at approximately (0.2, 0.85) 

represents solution 5, and so on). The connecting line does not represent a model, it is simply a 

connecting line. The dashed line represents the expected interaction for two drugs which do not interact 

(i.e. are additive), with deviations above the line suggesting antagonism and deviations below the line 

suggesting synergism. 



24 

 

Figure 10: Isobologram Analysis of Second Set of SJ733 – P218 Combination Plates 

This figure was constructed in the same way as previously described, but using data from the first 

replicate set of plates for the SJ733 and P218 combination. It should be noted that this set of plates was 

generated at the same time and with the same input culture as the third set of plates, meaning they are not 

truly distinct biological replicates.  
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Figure 11: Isobologram Analysis of Third Set of SJ733 – P218 Combination Plates 

This figure was constructed in the same way as previously described, but using data from the 

second replicate set of plates for the SJ733 and P218 combination. It should be noted that this set of plates 

was generated at the same time and with the same input culture as the second set of plates, meaning they 

are not truly distinct biological replicates.  

  



26 

 

Figure 12: Combined Isobologram Analyses of SJ733 – P218 Combination Plates 

Data from the three sets of plates were combined into a single isobologram, with data points 

representing the average of the three FIC50 values for each drug (calculated using the best-fit IC50 values 

within each plate), from each of the solutions in the previous plate sets, with error bars representing the 

standard deviation derived from this average plotted for both drugs at each solution. It should be noted 

that since the second and third set of plates were generated at the same time with the same input culture, 

although three sets of plates worth of data are represented, these data only comprise two biological 

replicates. 
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Table 2: IC50 Values For Individual Drugs and Combination Replicates 

Drug & Solution IC50 Plate Set 1 (M) IC50 Plate Set 2 (M) IC50 Plate Set 3 (M) 

SJ733 Alone 3.6e-008* N/A, single plate N/A, single plate 

P218 Alone 3.8e-010 N/A, single plate N/A, single plate 

SJ733 Solution 1 4.3e-008* 3.5e-008+ 3.4e-008+ 

SJ733 Solution 2 5.2e-008+ 3.0e-008+ 2.9e-008+ 

SJ733 Solution 3 3.6e-008 3.1e-008% 4.1e-008+ 

SJ733 Solution 4 2.2e-008% 2.6e-008 2.5e-008* 

SJ733 Solution 5 7.3e-009 1.0e-008* 8.8e-009* 

SJ733 Solution 6 N/A (no SJ in solution) N/A (no SJ in solution) N/A (no SJ in solution) 

P218 Solution 1 N/A (no P218 in solution) N/A (no P218 in solution) N/A (no P218 in solution) 

P218 Solution 2 1.5e-010+ 8.6e-011+ 8.2e-011+ 

P218 Solution 3 2.8e-010 2.4e-010% 3.1e-010+ 

P218 Solution 4 3.7e-010% 4.4e-010 4.2e-010* 

P218 Solution 5 3.3e-010 4.6e-010* 4.0e-010* 

P218 Solution 6 3.9e-010+ 4.6e-010* 4.1e-010 

 

 Best-fit IC50 values derived from GraphPad Prism for individual drugs and all solutions across the 

three sets of plates tested. Plate sets 2 and 3 were derived from the same starter culture and as such cannot 

be considered biological replicates. Notes for statistical errors: * = lacking one side of a 95% confidence 

interval. % = lacking both sides of a 95% confidence interval. + = nonlinear fit flagged “ambiguous” by 

GraphPad Prism, so confidence intervals are not given. 
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Table 3: Derived FIC50 Values 

Drug & Solution FIC50 (Plate Set 1) FIC50 (Plate Set 2) FIC50 (Plate Set 3) 

SJ733 Solution 1 1.0 1.0 1.0 

SJ733 Solution 2 1.2 0.85 0.85 

SJ733 Solution 3 0.84 0.88 1.2 

SJ733 Solution 4 0.50 0.72 0.73 

SJ733 Solution 5 0.17 0.29 0.26 

SJ733 Solution 6 0 (no SJ733 in solution) 0 (no SJ733 in solution) 0 (no SJ733 in solution) 

P218 Solution 1 0 (no P218 in solution) 0 (no P218 in solution) 0 (no P218 in solution) 

P218 Solution 2 0.38 0.18 0.20 

P218 Solution 3 0.71 0.51 0.76 

P218 Solution 4 0.95 0.94 1.0 

P218 Solution 5 0.85 0.99 0.99 

P218 Solution 6 1.0 1.0 1.0 

 

FIC50 values were derived for each drug combination point by dividing the drug’s IC50 value in 

that combination by the calculated IC50 of the drug alone within the same plate. For example, the FIC50 

of SJ733 in Plate Set 1, Solution 2, is equal to 5.2e-008 (the IC50 of SJ733 in solution 2 for plate set 1) 

divided by 4.3e-008 (the IC50 of SJ733 in solution 1, which only contained SJ733). For P218, solution 6 

served as the reference IC50 in each plate since solution 6 contained only P218. By definition, the FIC50 

values for drugs when alone are 1, or 0 if they are not present in the solution. Calculations were 

performed with the full IC50 values from GraphPad prism. 
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Table 4: Mean FIC50 Values 

Solution SJ733 Mean FIC50 SJ733 FIC50 

Standard Deviation 

P218 Mean FIC50 P218 FIC50 

Standard Deviation 

1 1 0 0 0 

2 0.97 0.21 0.26 0.11 

3 0.98 0.20 0.66 0.13 

4 0.65 0.13 0.97 0.052 

5 0.24 0.062 0.94 0.080 

6 0 0 1 0 

 

Mean FIC50 values were calculated by averaging the three FIC50 values for each drug in each 

solution across data from the three plate sets. In other words, these are the results if one averaged the rows 

in Table 3. The standard deviations associated with these means are noted. 
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Discussion 

The combined isobologram (Figure 11) combines data from all three sets of plates which were 

run (though as noted above, plates 2 and 3 were derived from the same input culture, so they are 

technically not biological replicates). The reference additive line displayed is the simplest way of 

analyzing drug-drug interactions with isobolograms, where data points above the line indicate antagonism 

and data points below the line indicate synergism. Since all data points on the combined isobologram lie 

above the reference line, this appears to indicate antagonism. However, true definitions of synergism and 

antagonism vary – two commonly used cutoffs are that the sum of the FIC’s is below 0.5 for synergism, 

and above either 2 or 4 for antagonism23. None of the summed FIC’s for a given solution across any set of 

plates crosses the boundary of 2 for antagonism (though one comes close in plate set 3). Given the 

varying definitions of antagonism and the observation that this data doesn’t meet one of the more 

common definitions of antagonism, we cannot conclusively say that SJ733 and P218 act antagonistically, 

just that they trend towards that direction. Opting to use software such as Calcusyn for this experiment 

may have incorporated more caveats and provided a clearer picture as to what interaction is occurring 

between SJ733 and P218. Other complications exist with the data, as discussed below in Future 

Directions. 

An antagonistic interaction between SJ733 and P218 would not be expected given the 

independent mechanisms of action for these compounds – targeting PfATP4 for SJ733, and PfDHFR for 

P218. As described previously, the metabolic footprints of parasites treated by these two drugs also differ 

rather substantially, making it even less clear why an antagonistic interaction may be seen. One potential 

metabolic area of overlap for these two drugs is deoxyribonucleotides/nucleobases, as SJ733 caused a 

slight increase in some of these compounds while P218 caused a slight decrease in the same portion of the 

metaprint (see Figure 3, the furthest left hexagon in each drug’s metaprint). The log2 fold changes in this 

area are very small, but potentially could present an area of conflict between the way the two drugs 

impact the parasite’s metabolism, impacting each other’s efficacy. If not metabolic, an interaction 
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between the drugs in terms of uptake may be another avenue to pursue (see here35 for a brief mention of 

both compounds in terms of predicted drug absorption). 

It is worth noting that, as described in the legend for Table 2, the IC50 determination for many of 

the combinations tested across all plate sets suffered from statistical pitfalls (missing ends of 95% 

confidence intervals or completely lacking 95% confidence intervals) or in some cases, nonlinear 

regression fits which GraphPad designated “ambiguous.” GraphPad gives this property to nonlinear 

regressions in which at least one of the parameters has a best-fit value that is unreliable36, even though the 

R2 value may be good. These problems were likely due to suboptimal plate design – the assays had been 

intended to solidly delineate the top and bottom plateaus for each IC50 curve, to ensure that the full range 

of action for each drug was captured. However, this led to very few data points on the curve between the 

two plateaus actually being recorded. This likely hampered curve fitting, leading to problematic 

regressions. Despite these issues, the data does appear to be rather consistent across the three sets of 

plates, lending reliability to the measurements. 

A positive note is that the Atovaquone IC50 value was rather consistent between the two 

individual drug plates, and the individual drug solutions (solutions 1 and 6) yielded IC50 values that were 

close together across different sets of plates. These built-in controls help show that there likely was not 

much variance across experiments, as similar results were yielded for individual drugs between different 

plate setups. 

The determined IC50 values for SJ733 across the combination and individual experiments (37 nM 

+/- 4.1 nM, mean +/- standard deviation) fell very close to the published EC50 value of 0.03 µM for 3D7 

P. falciparum29. The determined IC50 values for P218 across the combination and individual experiments 

(0.41 nM +/- 0.037 nM, mean +/- standard deviation) were approximately 10-fold lower than the 

published value of 4.6 nM, though that experiment was performed on TM4 parasites using a [3H]-

hypoxanthine incorporation assay32. The determined IC50 values for Atovaquone (0.042 nM +/- 0.0022 

nM, mean +/- standard deviation), only two data points from the individual drug experiments) were 
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approximately 25-fold lower than published values of approximately 1 nM for 3D7 parasites using SYBR 

Green assays37,38. 
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Future Directions 

There are many ways to evaluate dose-response curves and fixed-ratio drug combination results 

with isobolograms, and the simple method used in this study likely can be improved on. First, a linear 

additive reference line represents what one would expect given two drugs that have equal potencies and 

the same level of maximum killing. In other words, the individual IC50 curves for the two compounds 

being measured should be parallel and achieve the same lower-bound for parasite death. For such drugs, 

additivity is expected to present by the sum of the fractional IC50’s totaling one at each ratio, indicating 

that the drugs do not interact with each other. In this set of experiments, I assumed the drugs achieved the 

same lower-bound for parasite death. Since both drugs are known to be good at clearing the parasite, this 

is probably an OK assumption. The larger underlying issue is that SJ733 and P218 appear to have rather 

different slopes for their dose-response curves. GraphPad evaluates the Hill Slope for nonlinear 

regressions such as those used here, which essentially describes how much steeper or shallower the curve 

is than a standard curve. In the individual drug assays, SJ733 was determined to have a Hill Slope of        

-9.533, while P218 had a Hill Slope of -3.057. This indicates that the two drugs have non-parallel dose-

response curves, and as such the simple linear additive reference line may not be the best way to evaluate 

interactions. There are means of deriving curved isoboles for such pairs of drugs39. However, it may be 

best to rerun the assays here with a larger emphasis on landing data points on the curve itself to improve 

curve fits before reanalyzing the data. 

Another less technical means of verifying the data presented here would be to test pairs of known 

synergistic or antagonistic antimalarials. This would provide a point of reference to which the currently 

acquired data could be compared. I previously combined atovaquone and proguanil (known synergists) 

with a fixed-ratio plate design, but the results for proguanil did not make logical sense and as such the 

experiment was discarded. A number of synergistic and antagonistic pairs have been described in the 

literature, as compiled in this review23, and so choosing representative pairs may not be such a difficult 

task. 
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When an antagonistic or synergistic combination is identified, it may be interesting to pursue 

study into where exactly the component drugs are interacting within the parasite’s metabolism. One way 

to analyze this would be to extract metabolites from parasites given no drug, each drug individually, and 

the two drugs together. This project was not completed in favor of progressing to another area of research. 

However, this can be done with a methanol-based extraction for hydrophilic compounds, or an 

isopropanol-based extraction for lipids. The extracted metabolites can then be analyzed by liquid 

chromatography-mass spectrometry (LC-MS) for identification, and the relative amounts of metabolites 

can be compared between each experimental condition. By identifying metabolites that are significantly 

upregulated or downregulated between samples, we may be able to discern what pathways are impacted 

under the influence of individual drugs and how those pathways change when both drugs are combined. 
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Chapter 3  
 

Discerning Metabolic Differences in P. falciparum Lipid Supplements 

Introduction 

In vitro culturing of P. falciparum requires a lipid supplement, as shown by only certain 

combinations of fatty acids (contained in reconstituted lipid-associated BSA) added to serum-free media 

supporting continuous culture40. A follow-up study further narrowed down a specific lipid needed to 

optimize parasite growth41, and a chemically defined media was later produced which could sustain 

parasite growth42. While human serum (part of blood) is a logical choice and has long been used to fulfill 

this lipid requirement, there are valid concerns about its high cost and potentially unstable availability as 

well as the intrinsic variability that serum from different human donors will yield when used in 

experiments. A desirable alternative would be cheap and standardized to reduce costs and experimental 

variability. One such candidate to solve this problem is AlbuMAX (versions I and II are commercially 

available, differing in IgG content), which is widely used in labs such as ours and has been shown to be 

suitable as a culturing alternative in terms of growth rate, drug susceptibility, and transcriptional 

differences43.  

However, the literature is conflicting and impacts on parasite phenotypes have been documented 

when human serum vs. AlbuMAX or a mixture of both supplements is used. Infected erythrocytes grown 

in human serum have been found to bind certain endothelial receptors better than those grown in 

AlbuMAX, and the same study found significantly different gene expression (using next generation 

mRNA sequencing) in ring-stage FCR3 parasites grown in AlbuMAX vs. serum44. The level of 

expression of PfEMP1, a family of important P. falciparum endothelial binding and antigenic variation 

proteins, has been shown to be significantly decreased in AlbuMAX-grown culture compared to serum-

grown culture45. Culture conditions have been shown to alter the duration of the asexual lifecycle, as 

parasites grown solely in AlbuMAX have a five-hour longer lifecycle than those grown in a 
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serum/AlbuMAX mixture (45 hours vs. 40 hours, respectively46). Drug responses have even been shown 

to differ between AlbuMAX-only and serum/AlbuMAX cultures, specifically pyrimethamine and 

lumefantrine46. Most interestingly, serum cultures produce more gametocytes than AlbuMAX cultures, 

and AlbuMAX media contains a reduced amount of multiple fatty acids compared to serum media47. 

When AlbuMAX cultures were supplemented with fatty acids via phospholipids in vesicles, rates of 

gametocytogenesis could be recovered, indicating that fatty acids may play a key role in 

gametocytogenesis47. 

The last point addressed above is interesting because it is related to a seldom-discussed problem 

plaguing the field – AlbuMAX-grown asexual parasites can generate gametocytes, but they will not 

transmit to mosquitoes. This last point is something not published on (rather it is more of an accepted 

facet of the field), but it has long been known that serum is necessary for the best gametocyte 

maturation48. It is for these reasons that transmission assays or studies otherwise looking at gametocytes 

typically use serum as the lipid supplement of choice49–51 (this information is also based on personal 

communications with Michael Delves, Carole Long, and Kazutoyo Miura). Serum-grown asexual 

parasites have varying results, with “good” serum resulting in transmission and “bad” serum lacking it. 

This phenomenon leads to labs studying transmission having to rely solely on batches of “good” serum 

that they have found by chance from expensive, variable donor serum. Consequently, finding “good” 

serum is costly and unpredictable. Developing a cheaper, standardized alternative that could allow for the 

consistent generation of transmissible gametocytes is highly desirable, but AlbuMAX is clearly not yet 

that alternative due to the many phenotypic impacts described above. Understanding the metabolites 

present in “good” vs. “bad” serum as well as delving into how parasite metabolism changes upon 

transitioning parasites from AlbuMAX media to serum media (and vice-versa) may help pave the way for 

the development of an ideal transmission-oriented supplement. Research studying transmission deserves 

this important boost, as blocking parasite transmission is one important route of stopping disease spread 

and tackling the burden malaria imposes on humanity52. 
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Ongoing Efforts 

To help understand what metabolites cause serum to be “good” vs. “bad” our lab is collaborating 

with the lab of Dr. Carole Long at the NIH. The Long lab has retained “good” and “bad” serum samples 

and conducted transmission experiments with treated serum – for example by using “good” serum that 

has been dialyzed, normal “good” serum that has been mixed with dialyzed “good” serum, or a reduced 

concentration of “good” serum. They then send aliquots of these sera to us for metabolomic analysis via 

LC-MS, where we attempt to find both hydrophilic and lipid compounds which are differentially present 

between “good” and “bad” serum. The answer so far does not seem to be one or two compounds alone 

that determine “goodness” for a certain serum sample – there are many compounds that differ between 

different types of serum (see Figure below). A talented postdoc who recently joined the lab is 

spearheading the analysis of all of the data we have on this project, hoping to uncover leads for future 

experiments to expand on. 
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Figure 13: Good vs. Bad Serum Separation from One Sample Set 

Serum samples from the first round of data collected by Erik Allman were analyzed by Gabe 

Rangel. The plot on the left is a PLS-DA demonstrating clear separation of good and bad serum based on 

metabolite data collected in aqueous positive, aqueous negative, and lipid positive modes. As depicted in 

the center, the data appears to be reliable. On the right, many compounds appeared to have comparably 

high VIP scores, indicating that there is no clear single compound that determines whether serum is good 

or bad – rather, many factors contribute. Many thanks to Gabe Rangel for this representation, done using 

MetaboAnalyst (see here for website53). 
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Future Experimental Design 

Experiments described in this section were curtailed by the COVID-19 pandemic. Given the 

numerous phenotypic changes that have been documented in the asexual parasite, we are also interested in 

evaluating how the metabolism of the parasite changes when a culture grown with one type of lipid 

supplement is switched over to the other (i.e. AlbuMAX → serum or vice-versa). Intriguingly, it has been 

anecdotally noted that switching from AlbuMAX to serum is relatively straightforward and does not alter 

the 48-hour asexual developmental cycle, while the opposite direction can cause a serious crash of the 

population, requiring a somewhat slow recovery. This further drives our interest in characterizing how the 

parasite responds to changing lipid supplements. 

The AlbuMAX to serum transition makes for a good first step as the transition allows the parasite 

to continue growing well, which should facilitate relatively simple collection of enough parasites for 

metabolomic analysis. These experiments should focus on trophozoite metabolism, as this stage of the 

asexual life cycle is the most metabolically active. Our lab uses a magnetic separation protocol to isolate a 

highly pure population of trophozoites for metabolomic analysis – this procedure relies on the fact that 

trophozoites produce large hemozoin crystals which are magnetic, meaning that trophozoites can be 

selected for with the use of magnets. 

We are not yet sure how long the parasites need to be in the “switched” media before metabolic 

changes will present. One possible route is to grow parasites in AlbuMAX as normal, perform a magnetic 

separation, and then transfer the separated trophozoites to serum media for two and a half hours prior to 

metabolite extraction, similar to drug mode-of-action tests which have previously been conducted in a 

similar manner26. A parallel set of samples which are simply resuspended in AlbuMAX media (instead of 

switching to serum media) for 2.5 hours should be run as a control. Extracted metabolites can then be 

analyzed via LC-MS to compare metabolite levels between the switched serum samples and the control 

AlbuMAX samples to see what changes have occurred. This would provide a glimpse into metabolic 

changes that occur quickly after switching media types. For a more elongated exposure to the post-switch 
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media which may allow for slower changes to become apparent, it may be preferable to split a single flask 

of AlbuMAX-grown parasites into two parallel flasks, with one switched to serum media. This ensures 

that the original populations are identical and allows for continuation of the cultures in parallel for a 

number of days to let the switched parasites acclimate to the serum media. Then, the parallel cultures can 

be magnetically purified, and their metabolites extracted & analyzed via LC-MS. 
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Figure 14: Sample AlbuMAX to Serum Transition Experiment Layouts 

Pictured is a graphical representation of the above-described “short” and “long” AlbuMAX to 

serum transition experiments. As we do not know how long the parasite needs to adapt during this switch, 

it may be that both versions must be performed to determine optimal experimental conditions. The 

rectangular boxes and circles represent parasite cultures or magnetically separated suspensions, 

respectively, using the indicated lipid supplements. 
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 The serum to AlbuMAX switch may yield more interesting results, as this is the “difficult” switch 

where populations of parasites have been known to crash post-switch. It is worth first attempting at least 

one of the aforementioned experimental designs to see if the population crash is reproducible, and if it is, 

to get an idea of whether or not there is still enough usable parasite material for magnetic purification and 

LC-MS analysis. If it turns out that the crash is too severe to switch media types immediately, a gradient 

switch should be considered. For example, if the starting media is 10% serum and the ending media is 

0.5% AlbuMAX, an example gradient may be to use 10% serum, then 7.5% serum + 0.125% AlbuMAX, 

then 5% serum + 0.25% AlbuMAX, then 2.5% serum + 0.375% AlbuMAX, finishing at 0.5% AlbuMAX. 

The gradient can be made steeper or shallower depending on whether or not the parasites continue to 

crash during the switch. When parasites are able to be stably transitioned from serum media to AlbuMAX 

media, a similar protocol to the AlbuMAX to serum transition should be followed where a transitioned 

culture and parallel control (only ever grown in serum media) culture are grown, purified, and extracted 

alongside each other so that metabolite levels between the two conditions can be compared. If a gradient 

is able to be established in which the parasites are stable throughout the transition, it may be interesting to 

perform a sort of time-course experiment in which parasites are sampled throughout the transition for 

metabolomic analysis. This could provide an interesting view into the process by which the parasite 

changes its metabolism, as opposed to the other experimental designs which are more like endpoint 

comparisons. 

Analysis of these datasets could first begin by looking only at metabolites which are on our 

knowns list – this will simplify the process and should skip the hassle of having to identify unknown 

compounds. However, the most interesting changes are not always in compounds that are reflected in our 

knowns lists, so it may be worth doing an untargeted analysis in the future to get a comprehensive view of 

how the entire parasite’s metabolism changes during these transition experiments. Additionally, one 

should consider whether they are interested in looking at both lipids and hydrophilic compounds, as we 

have no reason to believe that only one group or the other is impacted during transition. The two types of 
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compounds require different extraction procedures, so this should be carefully considered prior to the 

commencement of transition experiments. 

It is hard to say what the expected results are for these experiments, but it would be reassuring if 

the results from one transition mirrored those from the other (that is, what is upregulated after transition 

from AlbuMAX to serum is downregulated in the opposite direction). If this does not happen, then 

something truly interesting may be at work where the parasite responds differently based on what 

supplement it begins in. Such experiments are sure to provide valuable insight into how different lipid 

supplements alter parasite metabolism, and hopefully can guide us towards the ideal supplement that the 

field has been looking for. 
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Appendix A 

 

Commonly Used P. falciparum Culturing Protocols 

Culture Maintenance 

3D7 Plasmodium falciparum parasites were maintained in vented culture flasks (incubated at 

37ºC, 6% O2, 5% CO2, and 89% N2) at 2% hematocrit in 0.25% Albumax in RPMI 1640 media. Culture 

medium was changed daily and parasitemia was monitored as needed by methanol fixation and Giemsa 

staining. Parasitemia was generally kept under 10% trophozoites, and cultures were split as required. 

When cultures were tested for mycoplasma, an e-Myco plus PCR Kit (Boca Scientific) was used. 

Washing Blood 

Male, O+ human blood was washed prior to in vitro use. Briefly, half of the desired final volume 

of blood was aliquoted into a 50 mL conical tube and resuspended to 50 mL total volume with 0.25% 

Albumax RPMI. The tube was mixed thoroughly and then centrifuged for 10 minutes at 2000-2300 RPM 

at 20ºC. The supernatant was then aspirated. This wash was then repeated for a total of two washes, and 

the washed blood was resuspended with an equal volume of 0.25% Albumax RPMI to make a 50% blood 

in 0.25% Albumax RPMI mixture and was stored at 4ºC for use in vitro. 

Sorbitol Synchronization 

To synchronize cultures which had become asynchronous with time (i.e. abundant ring and 

trophozoite stages at the same time), a sorbitol synchronization method was used as needed to eliminate 

trophozoites and select for rings. Briefly, a 5% sorbitol solution in water was pre-warmed to 37ºC. The 

culture to be synchronized was transferred to a 50 mL conical tube and centrifuged at 1500 RPM for 5 
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minutes, followed by aspiration of the supernatant. The cell pellet was resuspended in 10x volumes of 5% 

sorbitol, mixed thoroughly, and incubated for 10 minutes in a 37ºC water bath. The solution was then 

centrifuged at 1500 RPM for 5 minutes and the supernatant was aspirated. The cell pellet was 

resuspended in 10x volumes of 0.25% Albumax RPMI and centrifuged at 1500 RPM for 5 minutes, 

followed by aspiration of the supernatant. The cell pellet was then resuspended in the original volume of 

0.25% Albumax RPMI and transferred to a fresh vented flask for incubation. 

Culture Freezing 

To freeze down stocks of P. falciparum parasites (ideally >5% rings), the entire culture volume 

was transferred to a 50 mL conical tube and centrifuged at 1500 RPM for 5 minutes at 20ºC. The 

supernatant was aspirated and 0.3 volumes of Glycerolyte 57 solution was added to the cell pellet slowly 

and dropwise while gently shaking. The cells were then incubated at room temperature for 5 minutes 

before the slow, dropwise addition of 1.7 volumes of Glycerolyte 57. The cells were again incubated at 

room temperature for 5 minutes. Following incubation, approximately 1 mL of cells each were aliquoted 

to labeled cryovials and stored at -80ºC. 

Culture Thawing 

To thaw frozen stocks of P. falciparum for culturing, a cryovial was thawed by hand and the 

contents were transferred to a 50 mL conical tube. 12% NaCl was added slowly and dropwise to a 

concentration of 100 µL per 1 mL of cells while gently shaking the tube, and the tube was then allowed to 

rest for 5 minutes at room temperature. 10x starting volumes of 1.6% NaCl was then was then added 

slowly and dropwise while gently shaking the tube, and the tube was immediately centrifuged at 1500 

RPM for 5 minutes at 20ºC. The supernatant was aspirated and 10x the starting volume of 0.9% NaCl + 
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2% glucose was added slowly and dropwise while gently shaking the tube. The tube was again 

centrifuged at 1500 RPM for 5 minutes at 20ºC and the supernatant was aspirated. The cell pellet was 

resuspended in 10 mL of 0.25% Albumax RPMI at 2% hematocrit. The culture was transferred to a small 

vented culture flask and incubated at 37ºC with 6% O2, 5% CO2, and 89% N2. 
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Appendix B 

 

Complete Normalized IC50 Figures for Isobologram Construction 

The following figures are the IC50 curves from which the combination experiment FIC50 values 

were derived. Note that since, as previously described, 0% was defined as the smallest value in each 

subcolumn and 100% growth was defined as the largest value in each subcolumn, the growth depicted 

here is relative. For all figures, “Sol” = solution. Data points represent averages from three technical 

replicate wells, and error bars represent the corresponding standard deviations. 

 

  

Figure 15: Normalized Relative Growth Data for SJ733 from Plate Set 1 
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Figure 16: Normalized Relative Growth Data for P218 from Plate Set 1 

 

 

 

Figure 17: Normalized Relative Growth Data for SJ733 from Plate Set 2 
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Figure 18: Normalized Relative Growth Data for P218 from Plate Set 2 

 

 

 

Figure 19: Normalized Relative Growth Data for SJ733 from Plate Set 3 
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Figure 20: Normalized Relative Growth Data for P218 from Plate Set 3
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