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Abstract of “2741-19 in combination with piperaquine as next generation therapy against P.
falciparum,” by Brooke Skinner, ScM, Brown University, May 2026.

Introduction: Malaria, caused by the Plasmodium parasite, is a leading cause of mortality in
sub-Saharan Africa, disproportionately affecting children under the age of 5. The species
Plasmodium falciparum is responsible for > 95% of these deaths. Recent spread of drug
resistance in Africa to the mainstays of malaria treatment, artemisinin combination therapy
(ACT), underscores the importance of novel antimalarial compound development. The Kurtis
Lab at Brown University previously identified families of antimalarial small-molecule
compounds believed to target P. falciparum glutamic acid rich protein (PfGARP). 2741-19 is the
most effective compound with an ICso around 50 nM. Part II investigates 2741-19 drug binding
with P. falciparum proteins to support mounting evidence that 2741-19 kills P. falciparum via
PfGARP binding, an independent mechanism of action from artemisinin derivatives and ACT
partner drugs. Part III assesses the potential for in vitro synergistic killing of P. falciparum
between short acting 2741-19 and longer lasting ACT partner drugs widely used in Africa,
lumefantrine and piperaquine. Methods: Drug binding enzyme-linked immunosorbent assays
(ELISA) were performed over 72 hours examining binding between a variety of Plasmodium
proteins and antimalarial compounds. Growth inhibition assays designed with dose-response
matrix dilutions were conducted and four mathematical models (i.e., ZIP, HSA, Loewe
Additivity, Bliss Independence) were utilized to assess in vitro synergistic killing. Results:
2741-19 showed over 4X higher binding to PfGARP via optical density (OD) measurements than
other antimalarials and statistical significance compared to controls (p < 0.0001). 2741-19 and
piperaquine synergistically kill P. falciparum in vitro across relevant synergy models, with
highest scoring in the Bliss Independence model. Conclusions: Differential binding of 2741-19

to PIGARP in ELISAs is consistent with 2741-19 binding to PfGARP in its mechanism of killing



action, unique from current clinically utilized antimalarials. Highest in vitro synergy scoring with
piperaquine in the Bliss Independence model supports the notion that these compounds operate
on unique pathways to inhibit P. falciparum growth and proliferation. These findings support
further evaluation of 2741-19 and piperaquine as promising candidates for the next generation of

antimalarial combination treatments.



Part I: Introduction and Scientific Premise

Chapter 1: Introduction

1.1.1 Plasmodium Parasite Lifecycle

Malaria is a parasitic vector-borne disease transmitted to humans from the bite of a
female Anopheles mosquito infected with the Plasmodium parasite. Of the 200+ described
Plasmodium species, only five infect humans: P. falciparum, P. vivax, P. knowlesi, P. malariae,
and P. ovale.! Regardless of species, Plasmodium essentially has the same life cycle across
vector and human host. As seen in Figure 1, once an infected mosquito takes a blood meal, she
transmits sporozoites into the body that target the liver for the first stage of human infection, the
exoerythrocytic stage. Infected hepatocytes can contain up to 40,000 parasites.> Within
hepatocytes, sporozoites develop into hepatic schizonts, which rupture the hepatic cell after 5 to
25 days® and release merozoites that target red blood cells, or erythrocytes.* Inside the infected
erythrocyte, the parasite’s developed morphology resembles a ring before growing a digestive
vacuole and becoming a trophozoite. The digestive vacuole enables the parasite to break down
hemoglobin. Parasites develop from trophozoites to schizonts, initiating another cycle of cell
rupture, merozoite release, and rapid infection of other erythrocytes.* This asexual blood stage of
Plasmodium infection causes the clinical and physical symptoms of malaria. Shown in Figure 1,
most antimalarials molecularly target the asexual blood stage to inhibit parasite reproduction and
alleviate disease.

From the erythrocytic life cycle, some parasites will selectively develop from
trophozoites into intraerythrocytic gametocytes in a process called gametocytogenesis. This
initiates the sexual stage of the parasite life cycle approximately 7-14 days following initial

infection.’ The sexual life stage can also be initiated when the parasites are under significant
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stress in the host and receive environmental signals including parasite density, anemia, host
immune response, or drug treatment.’ In P. falciparum specifically, gametocytes develop over
the course of 10 days, which is about 5 times longer than other Plasmodium species.’
Gametocytes hide in the body until another Anopheles mosquito takes a blood meal and has the
opportunity to infect a new vector, or mosquito. This newly infected mosquito restarts the

Plasmodium lifecycle.
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Figure 1 Antimalarial drug targeting during lifecycle of the Plasmodium parasite in human hosts. Reproduced
from Okombo, et al. (2025).5 Parasites are deposited into the body from the blood meal of a female Anopheles
mosquito blood meal and first infect liver cells in the exoerythrocytic stage. Target candidate profile (TCP) 1
highlights the priority of drugs that clear parasites in the asexual blood stage of development. Antimalarials,
piperaquine and lumefantrine, target the asexual blood stage of infection and we assessed for synergistic interactions
with novel compound 2741-19.°

1.1.2 Global Burden of Malaria

Malaria is one of the largest single-agent causes of mortality in low-middle income
countries', with the WHO reporting 282 million cases in 2024 and over 600,000 deaths across 80

countries.” The most prevalent Plasmodium species are P. falciparum and P. vivax, where P.
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falciparum is the dominant species in sub-Saharan Africa and P. vivax is most prevalent outside

of sub-Saharan Africa.!

Share of the population with malaria, 2021

No data No cases 0.1% 0.3 1% 3% 10%

Data source: IHME, Global Burden of Disease (2024 OurWorldinData.org/mal CC BY

Figure 2 Share of country populations with malaria in 2021 as reported by the Institute for Health Metrics and
Evaluation (IHME). ¢

Plasmodium falciparum is responsible for more than 95% of all malaria deaths. Africa bears
over 94% of the global malaria disease burden and mortality with the WHO reporting 265
million cases and 579,000 deaths in 2024 (Figure 2).! Malaria is diagnosed as either
mild/uncomplicated or severe depending on its clinical manifestation and measured parasitemia.
Mild malaria cases are categorized by symptoms such as fever, chills, and headaches whereas
severe malaria (SM) patients exhibit high parasitemia (> 5%), and clinical symptoms such as
seizures, impaired consciousness, and acidosis.” While malaria infects people at all ages, children
under 5 are disproportionately vulnerable to severe malaria, accounting for 75% of all malaria
deaths in Africa.! Adults infected with malaria in endemic regions are commonly asymptomatic
or mildly infected due to acquired immunity from exposure and repeated infection. This

observed acquired immunity to severe malaria P. falciparum infections provides a lens into host-
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parasite interactions that could be leveraged for severe malaria preventative or therapeutic

measures.

Number of deaths from malaria, 2021

Annual number of deaths from malaria*
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Data source: World H:

1. Malaria M

Figure 3 Global prevalence of malaria deaths in 2021 as reported by the IHME. Sub-Saharan Africa is disproportionately
burdened with mortality from malaria.’

1.1.3 Current Malaria Treatment and Increasing Drug Resistance

From the 17" to mid-20™ centuries, quinine was primarily used to treat all malaria
infections.!? Resistance to quinine was first reported in the mid-1900s, catalyzing the
development and therapeutic use of chloroquine and other antimalarials globally.!® Specifically,
a Chinese drug discovery program in 1972 identified extracts of sweet wormwood, Artemisia
annua, had strong antimalarial activity in mice, leading to the discovery of the current backbone

of clinical malaria treatment, artemisinin, and its many analogs.!'!

Elimination half-life is defined as the time it takes for a compound’s concentration in the
blood plasma to decrease by 50%.!? Artemisinin specifically has an elimination half-life of 2 to 5

hours.!3 Both a strength and weakness of artemisinin therapy is its short elimination half-life in
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the body. While this means antimalarial activity is delivered quickly to patients, it provides
opportunity for the development of erythrocytic drug resistance. With an elimination half-life
ranging from under 1 hour for artesunate and up to 11 hours for artemether, the rapid action and
clearance rate of artemisinin and its derivatives can lead to resistance events over the allotted

course of treatment.!?

Partial artemisinin resistance (ART-R) was first seen in the Greater Mekong region of
Southeast Asia in 2008.!" ART-R is caused by mutations in the P. falciparum Kelch13 (K13)
protein and independent resistance events have since been seen in various African countries.!'! In
the WHO’s 2025 malaria report, they stress this increasing threat of antimalarial drug resistance,
highlighting partial resistance to artemisinin derivatives in 8 African countries and signs of
declining ACT partner drug efficacy.!'* Partial resistance to both artemisinin derivatives and
partner drugs leads to a significant decline in treatment efficacy, rendering ACT ineffective. '3
Partial resistance to any antimalarials treating P. falciparum is especially concerning in Africa,
which bears a disproportional burden of P. falciparum infections and mortality compared to
other regions. Shown in Figure 4, by the start of the 20™ century, the prevalence of drug
resistance to monotherapies necessitated the development and widespread use of combination

antimalarial therapies.

To combat resistance and increase treatment success, artemisinin and other
monotherapies are administered alongside longer lasting antimalarial compounds. The most
clinically utilized artemisinin-based combination therapies (ACTs) for uncomplicated malaria in
Africa are artemether-lumefantrine (AL), artesunate—amodiaquine (AS-AQ),
dihydroartemisinin—piperaquine (DHA-PPQ), and pyronaridine—artesunate (PA), with AL and

DHA-PPQ as the mainstays of clinical treatment in Kenya, where our research colleagues at the
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Kenya Medical Research Institute (KEMRI) are based. Lumefantrine has an elimination half-life
of 3 to 6 days depending on the patient’s infection status'® and piperaquine’s elimination half-life
is reported around 33 days.!” In this research, we focus on assessing lumefantrine and
piperaquine as potential partner drugs to the novel compound 2741-19 based on their widespread
clinical usage in Kenya and reported developing drug resistance globally.!®!?

In the past years, reports of resistance to ACT partner drugs have increased in Africa.
Researchers have linked increased copy number of pfindri xN as a genetic marker of decreased
artemether-lumefantrine treatment efficacy, highlighting the increasing P. falciparum tolerance
to treatment measures.?’ P. falciparum parasites with increased copy numbers of plasmepsin-
coding genes (pfpm) has been linked to piperaquine resistance in clinical practice.?! To reduce
the chance of resistance events, it is imperative that drugs used in combination kill parasites
through different mechanisms of action. This ensures that if resistance is developed to one of the
drugs, it is unlikely to result in treatment failure and can still effectively clear parasitic infection.
Recently, with the mounting threat of ART-R, approaches in treatment have considered
therapeutic options outside of the ACT paradigm. Current antimalarial innovation includes non-
artemisinin based combination therapy, such as the development of GanLum, a ganaplacide-

lumefantrine combination therapy in clinical stage evaluation from Novartis.??

15



=
Pyronaridine I PA

v v
f— ]
Piperaquine I D H A= P
Artorisinins S —

v

Motogun m— S —

Sulfadoxine-pyrimethamine

v —
Amodiaguine ASAQ_
Atovaquone-proguanit
v Alovaguone
Proguanil
v
Chioroguine
1910
Quinine M —
ANy ot e et i
1632 1940 1950 1960 1970 1980 1980 2000 2010
Time {year)
[ ¥ First resistance reported ® Aryt-amino alcohols ® 4-aminoguinolines » Antif m Endop m Nap ‘"nnn&s|

Figure 4 Timeline of antimalarial monotherapy and combination therapy strategies with documented resistance events.
Quinine was the first compound used to treat malaria with the first resistance events reported in the early 20" century. By the
latter half of the 20™ century, clinicians started treating malaria with multiple antimalarials, starting with the sulfadoxine-
pyrimethamine combination. The discovery of artemisinin and its derivatives in the late 1970’s catalyzed the current mainstay of
antimalarial treatment, artemisinin combination therapy (ACT)./?

1.1.4 Molecular Targets and Mechanisms of ACT Antimalarials

Many antimalarial drugs, including artemisinin and piperaquine, are thought to work by
preventing the detoxification of heme (Figure 5). Within the digestive vacuole, parasites reduce
hemoglobin into amino acids that can be utilized for parasite protein synthesis and thus growth.'’
As a byproduct of this process, heme containing Fe?* is oxidized to Fe** protoporphyrin (FPIX),
which induces toxic oxidative stress for the parasite.!? In a healthy parasite, FPIX is detoxified in
its incorporation to hemozoin crystals.!” Drugs that block the detoxification of heme into
chemically inert hemozoin crystals or disrupt this process in other ways result in a fatal buildup
of toxic heme in the parasite.

Artemisinin exerts its antimalarial activity through a heme-dependent activation process
within the malaria parasite. Heme activates artemisinin’s antimalarial activity by cleaving its

endoperoxide bridge, generating highly reactive intermediates that indiscriminately alkylate
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nearby biomolecules, leading to widespread cellular damage and parasite death.?3?* In contrast,
piperaquine, and other 4-aminoquinolines, act primarily within the parasite’s digestive vacuole
interfering with heme detoxification and preventing the conversion of toxic free heme into inert
hemozoin. Thus, although both drug classes are associated with heme biology, their mechanisms
of action are fundamentally distinct: artemisinin relies on heme-mediated activation to produce
broad cytotoxic damage, whereas 4-aminoquinolines target heme detoxification pathways to
disrupt parasite survival within the digestive vacuole (Figure 5).%3

The mechanisms of action for antimalarials in clinical use are not always fully
understood. Lumefantrine, for example, despite being used for decades does not have a clearly
defined mechanism of action for parasite killing, but may also work on the heme detoxification
pathway .2 To prevent resistance events, it is crucial that the next generation of antimalarials

have unique mechanisms of action.®
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Figure 5 Molecular targets of clinically relevant antimalarial drugs and their mechanisms of resistance.’’ Artemesinin
(ART), piperaquine (PPQ), and lumefantrine (LMF) are all pictured to interact in different ways with the heme to hemozoin
detoxification pathway.
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1.1.5 PfGARP Target Identification

To understand the disproportionate fatality burden of P. falciparum infection on children
and the observed acquired immunity against severe malaria, researchers in the Kurtis Laboratory
at Brown University used a differential screening method to compare antibody responses of
children susceptible and resistant to severe malaria from P. falciparum parasites. Using plasma
from a Tanzania birth cohort, they identified antibodies against P. falciparum glutamic acid rich
protein (PfGARP) were present in children resistant to severe malaria but absent in plasma
samples of children susceptible to severe malaria.?’” Longitudinal cohort studies in Tanzanian
children (n = 246) shows those without anti-PfGARP antibodies had a 2.5 times higher risk of
having severe malaria.?’

PfGARP is a parasite antigen present in only P. falciparum parasites on the exofacial
surface of infected erythrocytes during trophozoite stage. These results were consistent with
higher anti-PfGARP antibody density predicting decreased parasitemia in serum samples from
Kenyan males aged 12 to 35 years old (n = 135).?” Furthermore, the Kurtis Laboratory
determined anti-PfGARP antibodies inhibit parasite growth in culture and non-human primate

vaccination with PFGARP provides some protection against infection.?’
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Figure 6 Anti-PfGARP antibodies inhibit P. falciparum parasite growth.”’
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The Kurtis Laboratory demonstrated the potential of anti-PfGARP antibodies in mRNA
vaccination for malaria.?’ Given the killing ability of anti-PfGARP (Figure 6), PFGARP as a
target could have therapeutic and prophylactic value in P. falciparum infection management. The
complete inhibition of parasite growth in anti-PfGARP red blood cells (RBCs) shown in Figure
7, suggests PFGARP binding is sufficient for parasite killing. The accessible presentation of
PfGARP on the surface of infected erythrocytes makes it a prime potential therapeutic target.
Additionally, PFGARP has no homology to host proteins, limited sequence variation,?® and is
present during the asexual blood stage of the parasite, satisfying one of the crucial priorities of
malaria drug development as described by Blasco, et al.!° Shown in Figure 7, PfGARP is
essential for in vivo parasite growth and development. Its exact mechanistic purpose as a specific

protein of P. falciparum, however, is not well characterized or understood.
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Figure 7 Measured in vivo parasitemia of P. falciparum 3D7 strain and 3D7-PfGARP knockout strains in infected NSG
murine model.

1.1.6 Small-Molecule Drug Development Targeting PfGARP
To assess the therapeutic potential of PFGARP as a druggable target in P. falciparum
infection, the Kurtis Laboratory conducted a high-throughput bead-based fluorescence screening

of 30-million small molecules from the Torrey Pines Combinatorial Library. Low fluorescence
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indicated limited ability of anti-PfGARP to bind to PfGARP coated beads, signaling the small-
molecule compound successfully binding with PfGARP. Sub-libraries of the lowest fluorescence
scaffolds were identified and screened for P. falciparum killing activity. Multiple families of
effective P. falciparum growth inhibiting compounds were identified in this way, including
2741, a family of 36 compounds. 2741-19 was selected for further development as one of the
most potent compounds, with an ICso around 50 nM (Figure 8). Pharmacokinetic (PK) evaluation
of 2741-19 in vivo studies in Aotus monkeys showed a half-life of approximately 38 hours. The
half-life of 2741-19 is a comparable PK profile to artemisinin and its derivatives than ACT

partner drugs.

2741-19 HN?\I\] ﬂ
s SR

HNT N

Br

Chemical Formula: C3qH4,BrFNg
Molecular Weight: 585.61

Figure 8 Chemical structure of novel compound 2741-19.

1.1.7 Scientific Premise

Considering the tenants of malaria partner drug therapy, this research assesses whether
novel small-molecule compound 2741-19 could be developed as a combination therapy with
commonly utilized antimalarial ACT partner drugs. The fast-acting half-life and killing efficacy

of 2741-19 suggests it could be used in lieu of or similarly to artemisinin and its derivatives. This
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research aims to investigate whether 2741-19 has a unique mechanism of action from the
selected partner drugs in assessment (Part II) and if so, whether there are in vitro synergistic
effects between 2741-19 and selected partner drugs (Part II1). /n vitro synergistic interaction can
be used as rationale for choosing one partner drug over another for in vivo assessment.
Lumefantrine and piperaquine were selected as the primary partner drugs for evaluation with
2741-19 given their predominance in P. falciparum ACT therapy in Africa, which

disproportionately bears the burden of infections globally.

Part I1: 2741-19 differentially binds to PFGARP compared to ACT antimalarial drugs
Abstract

Infections of P. falciparum malaria are responsible for > 95% of the ~600,000 deaths
attributed to malaria annually, a majority of which are children under the age of 5. Increasing
drug resistance necessitates antimalarial treatment of multiple drugs with unique targets,
currently known as artemisinin combination therapy (ACT). Previous research in the Kurtis
Laboratory shows binding of exofacial P. falciparum antigen PfGARP and novel small-molecule
antimalarial 2741-19, however, it is unknown whether there is compound specific binding of
2741-19 and PfGARP. This distinction is important because it supports claims that there are
separate mechanisms of action for parasite killing between 2741-19 and current antimalarials, a
requirement of antimalarial combination therapy. To assess this, we evaluated 2741-19 binding
with other compounds (i.e., 2741-19 analog 13, MT 2-20, DHA, lumefantrine, and piperaquine)
in enzyme-linked immunosorbent assays (ELISAs). ODu4so quantification of 2741-19 binding to
PfGARP (ODu4s0,2741-19= 0.88) were over four times higher than clinically used antimalarials
(ODa4soranges from 0.13 to 0.2; see Table 1) and statistically significant compared to controls (p

<0.0001). MT 2-20, DNA, lumefantrine, and piperaquine show statistically insignificant binding
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to PFGARP compared to controls (see Table 1). Results are consistent with specific binding
between novel compound 2741-19 and its target PFGARP. Differential binding of 2741-19 and
mainstay ACT antimalarials to PFGARP is consistent with 2741-19 inhibiting P. falciparum
growth through mechanisms of action independent from the other assessed antimalarials,
satisfying a key tenant of antimalarial combination therapy.
Chapter 2: Materials and Methods
2.2.1 Antimalarial Compounds and Proteins

Stock solutions of 10 mM 2741-19, 2741-19 analog 13, MT 2-20, and DHA (Cayman
Chemical) were made in DMSO (Sigma-Aldrich). These compounds were diluted with 5X
coating buffer and MiliQ water to make a final 10 uM solutions in 1X coating buffer. Stock
solutions of 2 mM lumefantrine (Sigma-Aldrich) and 5X buffer was diluted with MiliQ water to
10 uM lumefantrine and 1X coating buffer. Stock solutions of 2 mM piperaquine tetrahydrate
tetraphosphate (Sigma-Aldrich) and 5X coating buffer was diluted with MiliQ water to 10 uM
piperaquine tetrahydrate tetraphosphate and 1X coating buffer. 5X coating buffer was a
carbonate-bicarbonate solution with a pH of 9.6.
2.2.2 Expression and Purification of Recombinant Proteins

A truncated immune-relevant region (PfGARP-A) of the 80 kDa target protein, PFGARP,
was cloned into a bacterial expression vector encoding affinity tags to facilitate downstream
purification. The construct was transformed into an Escherichia coli expression strain, and
recombinant protein production was induced under high-density culture conditions in a
controlled fermentation system. Following expression, cells were harvested and lysed by high-

pressure disruption in a buffered solution containing salts, mild detergents, and low
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concentrations of imidazole to maintain protein solubility and minimize nonspecific interactions.

The lysate was clarified by filtration to remove insoluble debris prior to purification.

Protein purification was carried out using a multi-step chromatographic approach.
Initially, the affinity-tagged protein was captured using immobilized metal affinity
chromatography, exploiting the interaction between the affinity tag and a nickel-charged resin,
and subsequently eluted with increasing concentrations of imidazole. The partially purified
protein was then subjected to hydrophobic interaction chromatography following adjustment of
salt concentration, enabling separation based on surface hydrophobicity. Further purification was
achieved using anion-exchange chromatography, which separates proteins according to charge
and improves overall purity. A final step using hydroxyapatite chromatography was performed to

enhance protein homogeneity through interactions with calcium phosphate matrices.

Between purification steps, fractions containing the target protein were pooled and buffer
conditions were adjusted to optimize performance in subsequent chromatographic separations.
The purified protein was then buffer exchanged into a formulation buffer containing stabilizing
agents and concentrated by ultrafiltration. The final product was lyophilized for storage, and

endotoxin levels were assessed to ensure suitability for downstream applications.

2.2.3 Drug and PfGARP Binding Enzyme-Linked Immunosorbent Assays
A 96-well high-binding microplate (Greiner ref#655081) was coated with 100 pL of 10
UM drug in each well and incubated overnight at 4°C. One plate included 6 to 12 wells of 2741-

19, 2741-19 analog 13, MT2-20, DHA (Cayman Chemical), lumefantrine (Sigma-Aldrich), and
piperaquine (Sigma-Aldrich). Appropriate vehicle controls were made for each drug. After

overnight incubation, 10X ELISA Washing Buffer (ImmunoChemistry Cat# 650) was diluted to
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1X in MiliQ water. The incubated plate was washed three times with 100 puL of 1X washing
buffer in each well. To prepare the blocking buffer, 5 mg of non-fat dry milk (Lab Scientific
bioKEMIX Cat #M0841) was dissolved in 1X Phosphate-Buffered Saline with Tween-20
(PBST) to create a 10% solution. 80 pL of this blocking buffer was added to each well of the 96-
well plate and was incubated overnight at 4°C on a shaker.

Recombinant rPfGARP-A was stored at -80°C. rPfGARP-A was diluted from 0.2 pg/uL
to 12.5 pg/mL in prepared binding buffer. 5X binding buffer was made combining 0.25% Triton
X-100 (Fisher BioReagents Lot 153966), 750 mM sodium chloride (Sigma Life Science Lot #
SLBS5149), and 250 mM Tris-HCI. 5X binding buffer stored at 4°C and 0.2 pg/uL rPfGARP
was diluted to 1X buffer and 12.5 ug/mL rPfGARP in MiliQ water. After the 96-well plate was
washed thrice with 100 uL of 1X washing buffer, 80 uL of rPfGARP dilution was added to each
well. The plate was incubated on a shaker at room temperature and was washed thrice with 1X
washing buffer after 3 hours.

A 1:2000 dilution of perioxidase-conjugated AffiniPure Rabbit Anti-His Tag (Jackson
ImmunoResearch Laboratories Code: 300-035-240) was diluted in Neptune Block
(ImmunoChemistry Technologies Cat #62). 80 uL of anti-his tag solution was added to each well
and incubated on a shaker at room temperature for 3 hours. After antibody incubation, the plate
was washed 7 times with 100 pL of 1X washing buffer in each well. 100 pL. of TMB Super
Sensitive 1-Component HRP Microwell Substrate (ImmunoChemistry Technologies Cat #6329)
and 100 uL Stop Solution for TMB Substrate (ImmunoChemistry Technologies Cat #6282) was
added to each well before plate was absorbance OD was measured at 450 nm using a UV max
kinetic microplate reader (Molecular Devices). Figure 9 depicts the well constitution at each step

of this process.
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Figure 9 ELISA protocol used to assess antimalarial drug binding to PEGARP.

2.2.5 Statistical Analysis

Statistical analysis on ELISA results was carried out with a one-way analysis of variance

(ANOVA) test in GraphPad Prism 10 version 10.6.1 assuming a normal Gaussian distribution.

Statistically significant group variation was determined using unpaired t-tests in GraphPad Prism

10 version 10.6.1. Bar charts were generated using mean with SEM of data points. Unpaired t-
tests for piperaquine were calculated separately with its no drug vehicle controls since
piperaquine was the only compound in solution with water not DMSO (Appendix Figure 1).
Statistical significance is considered p < 0.05.
Chapter 3: Results

ELISAs were employed to quantify antimalarial (i.e., DHA, lumefantrine, and
piperaquine) binding to the recombinant protein PFGARP-A. ‘No drug’ consists of the vehicle
control readings of each drug. Mean readings of 2741-19 (n = 21), 2741-19 analog 13 (n = 21),
MT2-20 (n=15), DHA (n = 15), lumefantrine (n = 15), piperaquine (n = 15), and the no drug

control (n = 45) are 0.88, 0.45, 0.17, 0.20, 0.19, 0.13, and 0.21, respectively (Table 1).
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Compound (n) Mean Reading (OD4s50 nM) T-test to no drug control
2741-19 21 0.88 p <0.0001
2741-19 analog 13 21 0.45 p=0.0027
MT 2-20 15 0.17 p=0.2239
DHA 15 0.20 p =0.4683
Lumefantrine 15 0.19 p =0.2694
Piperaquine 15 0.13 p=0.1857
Table 1 Results of ELISA assays assessing antimalarial binding to rPfGARP. Data is representative of two repeated
assays.

One-way ANOVA test shows statistically significant differences between drug binding
readings (p < 0.0001). 2741-19 (n = 21; mean = 0.88) binding quantification was more than 4X
greater than no drug (n = 45; mean = 0.21) binding, which was confirmed statistically significant
using an unpaired two-tailed t-test (p < 0.0001). 2741-19 analog 13 shows some binding to
rPfGARP-A and a statistically significant difference from the control (p = 0.0027). 2741-19
shows a statistically significant increase in binding compared to 2741-19 analog 13 (p = 0.0030).
There is no statistically significant difference in readings between MT2-20 (p = 0.2239), DHA (p

=0.4683), lumefantrine (p = 0.2694), or piperaquine (p = 0.1857) and their appropriate ‘No

drug’ control.
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P < 0.0001
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Drugs (10 uM)

Figure 10 ELISA OD4so quantification of 2741-19 and antimalarial binding to rPfGARP-A. Data is representative of two
repeated assays. Noise was subtracted from readings using control wells void of rPfGARP-A. Bars are representative of mean
with SEM. Piperaquine vehicle control (H20) excluded. ‘No drug (DMSO)’ results for piperaquine included in Appendix Figure
1.

Chapter 4: Discussion

Enzyme-linked immunosorbent assays (ELISA) were optimized and utilized to determine
whether the novel compound 2741-19 has binding specificity to PFGARP compared to other
antimalarial compounds. We used the recombinant protein rPfGARP-A. rPfGARP-A is the
immuno-relevant subunit of the larger 80 kDa PfGARP protein identified by isolating the largest
clone. Alongside 2741-19 in ELISAs, we tested two additional novel compounds (i.e., 2741-19
analog 13 and MT 2-20) that were discovered in the Kurtis Laboratory through the same library
screening process described in Section 1.1.6. While MT 2-20 shows activity against parasite
growth in vivo, 2741-19 analog 13 does not show any killing ability. We tested the clinically

relevant ACT drugs, DHA, lumefantrine, and piperaquine.
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Figure 10 shows rPfGARP-A binding specificity to compound 2741-19 compared to
other compounds tested. 2741-19 analog 13 shows some binding to rPfGARP despite its inability
to kill P. falciparum in growth inhibition assays. This is especially interesting result and is
further evidence to suggest that binding between 2741-19 and PfGARP is an essential aspect of
parasite inhibition. Binding is not seen between MT2-20, DHA, lumefantrine, or piperaquine and
rPfGARP-A as determined from statistically insignificant results when compared to their
respective ‘No Drug’ controls (Figure 10; Table 1).

Considering the clinically used compounds are known to kill P. falciparum, it can be
concluded that is unlikely they interact with PfGARP or kill the parasite through exofacial
binding with PFGARP. These results are consistent with 2741-19 binding to PfGARP in its
mechanism of action and other antimalarials likely do not interact with PfGARP as an exofacial
protein. As mentioned in Section 2.2.3, though lumefantrine’s mechanism of action is not well
characterized or understood, lack of binding to PFGARP seen in Figure 10 confirms that it is
extremely unlikely that lumefantrine catalyzes parasite death or inhibits parasite growth through
PfGARP binding. While piperaquine’s suggested mechanism of action occurs in the digestive
vacuole, lack of binding means it likely does not interact with PfGARP in an auxiliary manner.

Recent in vivo research on the joint effects of artemisinin combination therapy shows
antagonism between the active metabolite of artemisinin, DHA, and 4-aminquinoline ACT
partner drugs, chloroquine, piperaquine, and amodiaquine.? Additionally, they found DHA
antagonism severity increased in chloroquine resistant parasite strains.?> While DHA has a
separate mechanism of action from 4-aminoquinolines, they hypothesize the interaction of 4-
aminoquinolines with heme reduces the effectiveness and activity of DHA.?* These results

demonstrate the importance of partner drugs acting on separate pathways within parasite
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inhibition. Compounds in combination that target intracellular and extracellular pathways of P.
falciparum infection would be an advantageous addition to our arsenal of antimalarial
combination therapies, such as 2741-19 and partner drugs that do not bind PfGARP.

While unique rPfGARP-A binding is a promising start for distinguishing the distinct
mechanisms of action between 2741-19 and other antimalarials, it is not conclusive evidence,
and further experimentation needs to be conducted for confirmation. Additionally, ELISAs are
idealized and optimized conditions that do not reflect parasite-host physiology and cannot
account for in vivo accessibility, affinity, membrane localization, or host-parasite interactions.
Further screening with more antimalarials would be beneficial and could strengthen claims of
rPfGARP-A binding specificity to 2741-19.

Further experimentation could be pursued to confirm results of 2741-19 specific binding
to rPfGARP-A is also seen in rPfGARP-FL, though there is no basis to suppose results of
PfGARP-FL would be different from rPfGARP-A or have different scientific implications for
2741-19 binding. Throughout all Kurtis Laboratory research with Pf~-GARP, differing and
consequential experimental results of PEFGARP-A compared to PFGARP-FL is rare. These ELISA
experiments should also be repeated with native PFGARP protein to confirm the results seen
using recombinant PFGARP-A.

Chapter 5: Conclusions

ELISA assays demonstrate specific binding between 2741-19 and its target P. falciparum
exofacial recombinant protein, PFGARP-A. These results are consistent with 2741-19 and
PfGARP binding playing a crucial role in 2741-19’s antimalarial mechanism of action and

supports compound-protein target specificity.
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Part II1: 2741-19 synergizes with ACT partner drug, piperaquine, in vitro to kill P.
falciparum
Abstract

Plasmodium falciparum malaria infects 300-500 million individuals and accounts for
over 600,000 deaths each year with most deaths occurring in children under 5 years of age living
in sub-Saharan Africa. In the past several years, morbidity and mortality due to P.
falciparum have increased. The spread of parasites resistant to artemisinin, the mainstay of
treatment, threatens to exacerbate this trend, underscoring the urgent need to identify novel
antimalarial drugs. Previously, we identified a novel antimalarial small molecule drug, 2741-19,
that binds with PfGARP, a malarial protein expressed on the exofacial surface of infected human
erythrocytes. 2741-19 kills malaria parasites with an ICso of 50 nM with no observable toxicity
to mammalian cells. To forestall the development of resistance, P. falciparum infections are
treated with artemisinin-based combination drug therapy. Key partner drugs for artemisinin in
Kenya are lumefantrine and piperaquine, a 4-aminoquinoline. To assess the potential for synergy
in parasite killing between 2741-19 with potential partners, lumefantrine and piperaquine, we
performed in vitro parasite growth assays with a dose response matrix design. Synergy was
quantified using four reference models including Loewe Additivity, Bliss Independence, Highest
Single Agent (HSA), and Zero Interaction Potential (ZIP). In all context relevant models, 2741-
19 demonstrated significant synergy with piperaquine in mediating parasite killing reflecting
greater parasite killing than would be expected if the interaction were merely additive. These
findings support further evaluation of 2741-19 in combination with artemisinin partner drugs as
promising candidates for a next generation of antimalarial combination therapies.

Chapter 6: Materials and Methods
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3.6.1 P. falciparum 3D7 Culture

The 3D7 strain of P. falciparum parasites were cultured in vitro at < 5% parasitemia and
2% hematocrit in culture medium. RPMI-1640 culture medium contained Glutamax, 25 mmol/L
HEPES (Gibco Cat# 72400-047), 5% human O+ erythrocytes (Rhode Island Blood Center),
0.5% (w/v) Albumax II (Gibco Cat#11021-037), 100 uM hypoxanthine and 16 uM thymidine
(Gibco Cat# 11067-030), 25 pg/mL gentamicin (Gibco Cat# 15710-064) gassed with 5% COo,

1% O2, and 94% N> and incubated at 37°C.

3.6.2 2741-19, Artemisinin Derivatives, and ACT Partner Drugs

Piperaquine tetrahydrate tetraphosphate (Sigma-Aldrich) was dissolved in MiliQ water at
5 mg/mL to create a 2 mM stock solution stored at -80°C. Lumefantrine (Sigma-Aldrich) was
dissolved in DMSO (Sigma-Aldrich) at 5 mg/mL to create a 2 mM stock solution stored at -
80°C. DHA was purchased from Cayman Chemical dissolved in DMSO at 5 mg/mL.
Piperaquine and lumefantrine 2 mM stock solutions were stored at -80°C and diluted with
complete culture media for each assay.
3.6.3 Drug Sensitivity on Asexual Blood Stage Parasites

Initial growth inhibition assays (GIAs) were conducted with partner drugs lumefantrine
and piperaquine to determine approximate ICso values. Before growth inhibition assays (GIA)
were plated, the 3D7 parasite culture were ring-stage synchronized twice with 5% D-Sorbitol
(Aldrich-Sigma) and the culture parasitemia was maintained below 5%. GIAs were plated in a
96-well round-bottom culture-treated polystyrene plate (CELLTREAT Cat #229190). The 2 mM
stocks of piperaquine and lumefantrine, were diluted in the culture medium (see Section 3.6.1) to
final concentrations of 4 uM. Each drug was plated in duplicate and two-fold serial diluted

across the plate. Previously synchronized ring-stage parasites were added to each well creating
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final volume of 150 pL in each well with a parasitemia of 0.4%, 1% hematocrit, and drug
concentrations ranging from 3.90625 nM to 2 uM. The 96-well plate was gassed in a chamber
with 5% CO2, 5% Oz, and 90% N2 and was incubated at 37°C for 72 hours.

After the incubation, well contents were stained with 20 mM Hoescht (Thermo Scientific
lot YI4017055) diluted to 4 uM solution for 30 minutes and then washed twice with 1X PBS.
Parasitemia of each well was quantified using the CytoFLEX (Beckman Coulter) flow
cytometer. Based on the quantified parasitemia at each plated drug concentration, the inhibitory
concentration that killed 50% of parasites (ICso) in culture was calculated using a non-linear 4-

parameter regression in GraphPad Prism 10 version 10.6.1.

3.6.4 Dose-Response Assay Matrix Design

As described by Caser and Cech, a dose-response matrix assay design is required to
comprehensively determine in vitro synergy. This research employs the suggested checkerboard
growth inhibition assay adapted from Bellio et al. and utilizes conditions that closely resemble
human physiology.?*° This method consists of preparing three drug dilutions of two drugs (i.e.,
drug A and drug B) and performing one vertical two-fold serial dilution with drug A and one
horizontal serial dilution with drug B prior to plating diluted and ring-synchronized P.
falciparum parasites. Solutions four times more concentrated than the maximum desired
concentration of drug A (Sa) and four times more concentrated than the maximum desired
concentration of drug B (Ss) were diluted in culture media from 2 mM stock solutions. A second
dilution of drug A was made, equivalent to 2 x Sa, or 8 times more concentrated than the desired
maximum concentration. Maximum desired concentrations of Sa and Sg were determined based
on initial determinations of ICso for each drug. For each maximum desired concentration of drug

A and drug B, two assays were plated at the same time such that each drug was diluted vertically
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from top to bottom on one plate and horizontally from right to left on the other to capture the
widest range of drug concentration combinations.

As standard in P. falciparum GlAs, the exterior wells of the 96-well plate were not used
and filled with 200 pL of media. 100 uL of Sa was plated in wells B2 to B10 and 100 pL of 2 x
Sa was added to well B11. 100 pL of culture medium was added to the rest of the plate.
Vertically, from top to bottom (i.e., row B to row F), the plated concentrations of drug A were
two-fold serially diluted using a multichannel pipette. 100 uL of S was added in wells B11 to
G11 and horizontally serially diluted from right to left (i.e., column 11 to column 3) using a
multichannel pipette.

After the vertical dilution of Sa and horizontal dilution of Sg, there are 45 different
combinations of drug A and drug B concentrations. Column 2 is exclusively varying
concentrations of drug A and row G is exclusively varying concentrations of drug B from which
the independent ICso of each drug will be derived. There are three drug free negative control
wells, G2, H2, and H3. Previously synchronized ring-stage parasites were added to each interior
well creating final volume of 200 pL with a parasitemia of 0.4% and 1% hematocrit. The
addition of parasites reduces the combinations of drug concentrations by half. The 96-well plate
was gassed in a chamber with 5% COz2, 5% Oz, and 90% N2 and was incubated at 37°C for 72
hours. Parasitemia was quantified using flow cytometry (see Section 3.6.3).

3.6.5 Reference Models of Synergistic Drug Interaction

To determine synergistic drug combinations and quantify the degree of drug interaction,
different reference models calculate a null hypothesis of non-interaction for given drug
concentrations in combination and compare that expected value to the experimental response.

Using the publicly available website SynergyFinder.org, four reference models (i.e., Bliss
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Independence, Loewe Additivity, Zero-Interaction Potential (ZIP), and Highest Single-Agent
(HSA)) were utilized to analyze interactions between 2741-19 and the ACT partner drugs
lumefantrine and piperaquine.®' Response at each drug concentration combination was calculated
as a percent of inhibition compared to negative control wells in each plate after normalizing for
flow cytometer reading noise. Synergy scores are calculated as the difference between the
experimental percent inhibition and the expected response as determined by each synergy
respective model.?® Synergy scores in Synergy Finder are ‘after’ imputation and corrected as
offered in the Synergy Finder interface. Missing experimental values are imputed based on
multiple imputation by chained equations (MICE).

Bliss Independence, Loewe Additivity, and HSA are the three foundational synergy
reference models that provide a basis for all models developed in the past century.? They are
based on the following three mathematical principles respectively: Multiplicative Survival
Principle (MSP), Dose-Equivalence Principle (DEP), and Highest Single-Agent (HSA).

To describe the four reference models employed, let drug 1 at dose x; produce a response
y1 and drug 2 at dose x2 produce a response y2. In the simplest examples, the Highest Single
Agent (HSA) model computes expected value as the maximum of the independent drug
responses. This determines synergy as the difference between the experimental response of drugs
in combination and the most efficacious individual drug response:*?

Yusa = Max (y1,y2)

The Bliss Independence model, based on MSP, claims the probability of being unaffected
by each drug is independent.?**? The biological interpretation of the Bliss Independence model
surmises that the drugs are acting on separate pathways and responses are the result of

independent events or actions.** The effects caused by compounds together are mutually non-
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exclusive described as a combined probability and calculated as subtracting the overlap.*> Thus,
the expected response of combination of events is equal to the probability of either drug exerting
their independent response, y; and y»:
P(y1Uy;) =P(y) + P(y2) —P(y1 N y2)
Therefore,
Youss =Y1+ (L =y1)y2 = Y1+ Y, — Y1 V2

Alternatively, the Loewe Additivity model suppose the null hypothesis of non-interaction
from the DEP or ‘sham-experiment’, where non-interaction is the response in which ‘the effect
of reducing one drug’s concentration can be compensated for by adding a second drug at a
constant ratio.’3? Under Loewe Additivity, drug response is mutually exclusive. When one drug
can be substituted for another drug in constant proportion, the interaction is considered additive
not synergistic, constituting the expected value for the Loewe Additivity model. A biological
interpretation of Loewe Additivity assumes the two drugs in combination are acting on the same
molecular pathway.

The Loewe Additivity model utilizes the 4-parameter log-logistic dose-response curves
(i.e.,y=fi(x) and y = f,(x) for drug 1 and drug 2 respectively) generated from each drug’s
independent responses to determine the expected response of the drugs in combination (i.e.,
Yioewe)->> This model’s assumed baseline is that the expected response would be the same as
adding the drug to itself, f; (x) = f,(x) and furthermore, y; opwr = f (%1 + x,). The inverse of
the dose response curves (i.e., [ *(V.oewr) and f5 * (Viogwg) for drug 1 and drug 2
respectively) produces the dose responsible for the expected effect, y. This model must satisty
the following equations where E,,;, and E,,,,, are the minimal and maximal effects of the drug

and m, , are the ICso, or half maximal inhibitory concentration, of drug 1 and drug 2
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respectively. A, , are the shape of the parameters of the dose-response curve. It assumes that

dose-response curves are parallel and potency is constant:
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The Zero-Interaction Potential (ZIP) reference model uses the dose response curves of

drug responses independently to calculate an expected effect of drug 1 and drug 2 in combination

under the circumstances that they act independently would not potentiate one another.3*’ In this

sense, the ZIP model is a parameterized MSP.3? This results in an equation based on the same
mathematical basis as the Bliss Independence model using probabilistic assumptions of
independent events where drug responses are based on dose response curves rather than
independent drug response:

X132 X232, X132, X232,

G ) G GD

X1y X281, X1z, X252
AL+Dh A+pD% @+7Dh (A +70%

Yzip =

Synergy scores from a specific reference model and drug concentrations are referred to
using the format SmopeL TYpE (2741-19 concentration (nM), partner drug concentration (nM)).
Percent of concentration combinations of a specific interaction designation (i.e., synergy, non-
interaction, antagonism) are calculated at the number of synergy scores constituting that
designation divided by the total number of concentration combinations (54 combinations for
2741-19 with lumefantrine and 100 combinations for 2741-19 with piperaquine).

Chapter 7: Results
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3.7.1 P. falciparum sensitivity to ACT partner drugs

As described in Section 3.6.3, we conducted initial GIAs with 3D7 P. falciparum parasite
strain to determine the ICso values of ACT partner drugs lumefantrine and piperaquine.
Lumefantrine’s ICso was 6.057 nM and piperaquine’s ICso was 16.62 nM (Figure 11). 2741-19
had an ICso of 33 nM in these assays but ranges from around 30 to 80 nM in our research. These
ICso0 values were the basis of designing the matrix drug combination assays (see Section 3.6.3
and 3.6.4) and determining appropriate concentration ranges for each drug. Lumefantrine and
piperaquine 1Cso values were consistent with values stated in 3D7 growth inhibition assay

literature.

Lumefantrine
IC;, =6 NM

Piperaquine
IC5y =16 NM

2741-19
IC50 =33 nM

% Growth

1 T T 1
1 10 100 1000

Concentration (nM)

Figure 11 In vitro growth inhibition of 2741-19, lumefantrine, and piperaquine on 3D7 parasites. Lumefantrine and
piperaquine data representative of two assays each with two replicates of each well concentration. 2741-19 dose response curve
representative of 7 growth inhibition assays. Parasitemia readings were adjusted for noise using the average reading of red blood
cell wells (n = 3) with equivalent hematocrit to experimental wells for each assay.
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3.7.2 Novel compound 2741-19 in combination with lumefantrine

Based on ICso values determined in section 3.7.1, growth inhibition assays of 2741-19
and lumefantrine were designed with concentration ranges of around 7.8 nM to 2000 nM and 3.9
nM to 125 nM respectively. 2000 nM is the standard maximum concentration used in 2741-19
GIAs. 125 nM of lumefantrine was chosen because it is about 20 times the ICso. Four reference
synergy models (i.e., Bliss Independence, Loewe Additivity, HSA, and ZIP) were utilized to
assess synergistic drug interactions from the quantified parasitemia of each drug combination in
GIAs (Figure 11). Figure 12 depicts the synergy scores of each reference model depicted in three
different graphical formats. Across reference models, synergy is determined from scores greater
than 10 and antagonism is determined from scores less than -10. Synergy scores between -10 and
10 are considered merely additive or non-interactive, satisfying the null hypothesis of non-
interaction and failing to reject the null hypothesis.

The Bliss and ZIP reference models showed relatively little variation from the expected
response of drugs in combination with maximum synergy scores of SpLiss, max(15.625, 15.625) =
3.56 and Szip, max(31.25, 15.625) = 2.7. This is discernable from the relatively flat three-
dimensional response surface in A.1 and C.1 of Figure 12. The Bliss and HSA models share a
global minimum at the same concentrations of 2741-19 and lumefantrine (SsLiss, min(62.5, 125) =
-22.78; Susa, min(62.5, 125) = -19.5). The Loewe Additivity reference model shows significant
antagonism around the 1Cso ranges of 2741-19 and lumefantrine in combination, specifically
around concentrations of 15.625 to 31.25 nM of 2741-19 (Scoewe, min(31.25, 3.90625) = -24.2).
Moderate to weak synergy is seen in the HSA model with a maximum score of Stsa, max(62.5,
7.8125) = 16.57. Synergy scores for all 2741-19 and lumefantrine concentration combinations

are available in Appendix Table 1.
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Figure 12 Synergy scores for growth inhibition assays of 2741-19 in combination with lumefantrine based on four
reference models (A-D). Scores represented with three different visualizations for each reference model (1-3). Heatmaps for
each model show the calculated synergy score and standard deviation.

3.7.3 Novel compound 2741-19 in combination with piperaquine

The same four synergy models used in Section 3.7.2 were used to assess drug interactions
of 2741-19 and piperaquine. Figure 13 depicts the synergy scores of each reference model in
three different graphical formats. Based on ICso values determined in Section 3.6.1, the growth
inhibition assays of 2741-19 and piperaquine were designed with concentration ranges of around
0.98 nM to 500 nM and 0.39 nM to 200 nM respectively. Synergy scores greater than 10 indicate
synergistic drug interactions and below -10 constitute antagonistic drug interactions. Scores
between -10 and 10 are consistent with an additive or non-interactive drug interactions.

2741-19 and piperaquine show significant synergy and no antagonism in the Bliss
Independence reference model as defined by synergy scores exceeding 10 and none below the
antagonism threshold of -10. Bliss Independence synergy scores for 2741-19 and piperaquine
have a maximum score of SsLiss, max(31.25, 1.5625) = 26.98 and a minimum of SBLIss, min(62.5,
6.25) =-8.19. Generally, this is observed in the HSA and ZIP reference model with maximum
scores of Susa, max(62.5, 1.5625) = 22.55 and Szip, max(31.25, 1.5625) = 21.66 and minimum
scores of Susa, min(0.976, 6.25) = -7.56 and Szip, min(0.976, 0.39) = -13.52. Loewe Additivity for
2741-19 and piperaquine shows specific concentration combinations peaks of synergy
(Scoewe(31.25, 0.78125) = 15.48) and antagonism (Scoewe(31.25, 6.25) = -25.04). Synergy scores

for all 2741-19 and piperaquine concentration combinations are available in Appendix Table 2.
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Figure 13 Synergy scores for growth inhibition assays of 2741-19 in combination with piperaquine based on four
reference models (A-D). Scores represented with three different visualizations for each reference model (1-3). Heatmaps for
each model show the calculated synergy score and standard deviation.

Chapter 8: Discussion

In Chapter 6, in vitro synergy of 2741-19 and antimalarial partner drugs was assessed to
determine if there could be additional benefits of using 2741-19 as a combination therapy beyond
extended half-life and unique mechanisms of parasite killing to prevent drug resistance events.
The goal of using drug synergy models in this research is to prioritize potential partner drugs for
novel compound 2741-19. We demonstrated strong in vitro synergy between 2741-19 and
piperaquine but did not see the same beneficial enhanced killing in combinations of 2741-19 and
lumefantrine. Therapeutic antimalarial drug pairings with synergistic interactions could be
beneficial in increasing treatment efficacy and reducing drug dosing, potentially reducing the
risk of side-effects.?!

In synergy models, the null hypothesis assumes non-interaction of the drugs in
combination. Synergy models differ in their approach to determine the null hypothesis of non-
interaction, resulting in varying expected values representing non-interaction and potentially
divergent synergy results in different models. Synergistic drug interaction is determined as
significant positive deviation from a null hypothesis of non-interaction, typically quantified as
synergy scores greater than 10. Drug antagonism is quantified as synergy scores less than -10,
which constitutes significant negative deviation from the null hypothesis of non-interaction. In
general, synergy models are built on one of three underlying mathematical principles: Dose-
Equivalence Principle (DEP), Multiplicative Survival Principle (MSP), or Highest-Single Agent
(HSA).* Loewe Additivity is built on the DEP and parameterizing assumptions of the MSP

result in the ZIP synergy model.*? Bliss Independence is based on notions of the MSP. As
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mentioned in Section 3.6.5, four synergy reference models were utilized, specifically Bliss
Independence, Loewe Additivity, HSA, and ZIP.

Since drug synergy models were proposed in the early 20"-century, there has been
significant debate about determining the ‘best’ synergy model, leading to the Saariselka
Agreement in 1992.383* Attendees resolved that there is not a single universal synergy model.?*
Differences in synergy model results based on whether the null hypothesis of non-interaction is
predicated on the DEP or MSP are to be expected based on the biological interactions of drugs
and are both theoretically justified.>* While in practice there may be debate on inconsistencies
across models, this is inherent in the different assumptions the models are built on.** Approaches
to reconciling differences in synergy reference model results span both determining consensus
synergy across models or selecting synergy reference models in the context of the data being
analyzed.’”-

In combination with novel compound 2741-19, we looked at the two most popular ACT
partner drugs prescribed in Africa, lumefantrine and piperaquine. Growth inhibition assays were
used to quantify P. falciparum killing of different drug concentration combinations (see Sections
3.6.3 and 3.6.4). Contradictory or varying conclusions of synergy in different synergy reference
models is a commonly cited critique of drug synergy assessments but stems from the variation of
approaches to calculating non-interaction in reference models.

3.8.1 Synergy assessment of 2741-19 and lumefantrine

We conclude 2741-19 and lumefantrine do not show enhanced or decreased drug-drug
interactions based on synergy results of non-interaction in the ZIP and Bliss models and
inconsistent conclusions in the HSA and Loewe models. Concentration specific synergy between

2741-19 and lumefantrine was shown in the most basic reference model, HSA, with around 5%
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of scores exceeding the threshold of 10 constituting drug synergy. Synergistic scores in the HSA
model are seen from 31.25 to 62.5 nM of 2741-19, almost double the ICso of 2741-19 (ICso = 33
nM), and from 3.9 to 15.625 nM of lumefantrine (ICso = 6 nM). This is an interesting range to
see synergy considered we would expect almost if not complete inhibition in this range. The
opposite interaction of antagonism in this range in the Loewe model exemplifies the
inconsistencies that can occur across synergy models and the dose response sensitivity that can
occur around a compound’s 1Cso.

Antagonism was demonstrated in the Loewe Additivity model (Figure 12.B) with almost
13% of concentration combinations resulting in a synergy score less than -10 because of lower-
than-expected parasite killing of the drugs in combination. These antagonistic combinations are
mostly concentrated under 31.25 nM of 2741-19 and under 7.8125 nM of lumefantrine.
Considering that 2741-19’s ICso = 33 nM and lumefantrine’s ICso = 6 nM, this region is where
we would expect to see the most sensitivity to non-linear dose response behavior. This is clear
from the opposite synergistic response in this range seen in the HSA model, weakening the claim
of either model for an interaction beyond additive or non-interaction. With the mechanistic
insights gleaned from Part I1, it is expected that the Loewe Additivity reference model would
show the lowest synergy scores since it is theoretically incompatible with expected biological
mechanistic assumptions of the model. Namely, we do not expect 2741-19 to work on the same
biological pathways as lumefantrine and any enhanced response would likely be the result of an
independent pathway incorporating PfGARP binding.

With almost all synergy scores between -10 and 10 in Bliss and ZIP models, 2741-19 and
lumefantrine in combination showed indifferent interaction. The Bliss and ZIP reference models

(Figure 12.A and 12.C) result in flat synergy surfaces, indicating no interaction above or below
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the expected response in those models. Apart from one trough in the Bliss Independence model
(SsLiss, min (62.5, 125) = -24.2), all synergy scores for these models are between -10 and 10. With
the lack of standardization in drug synergy assessment, often a view of consensus synergy,
where multiple models point towards the same type of drug interaction, is most compelling.®’

The results of 2741-19 in combination with lumefantrine indicate a consensus of non-
interaction based on the Bliss and ZIP models. Opposite interactions seen in the HSA and Loewe
models at specific combination concentrations weaken the claim of either model beyond non-
interaction. Inconsistent results across multiple synergy models are likely indicative of no drug
interaction enhancing the expected response of the compounds in combination. Further research
could consider using lower concentrations of 2741-19 and lumefantrine to achieve a more
granular synergy assessment in the ICso range.

There is one significant antagonistic synergy score present in the Bliss, Loewe, and HSA
reference models at 62.5 nM of 2741-19 and 125 nM of lumefantrine (SsLiss = -24.2; SLOEWE = -
20.86; Susa = -19.5) resulting from data imputation. This minimum is not representative of a true
antagonistic interaction or experimental results. The imputed growth inhibition of these drug
concentrations in combination is 75.74% (Appendix Figure 2), which is biologically unlikely to
occur since this concentration range is over 20 times higher than the ICso of lumefantrine and
about double the ICso 0of 2741-19 in these assays. If this concentration combination were
experimentally tested, it would result in essentially 100% growth inhibition, similar to the local
mean of growth inhibition (95.54%) in the lumefantrine concentration range of 31.25 to 125 nM.
It was visually confirmed on CellaVision that there are no parasites present at this concentration.
This antagonism is not seen in experimental values of other lumefantrine and 2741-19

combination assays performed or other combinations of 125 nM lumefantrine. Since it is at the
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highest bounds of drug concentration where we see complete killing, imputed values are
inconsequential to the overall interpretation of synergy scores. Future assays could be designed
to have true experimental values for these concentration combinations that are otherwise
imputed.

3.8.2 Synergy assessment of 2741-19 and piperaquine

Overall, we conclude in vitro synergistic interaction between 2741-19 and piperaquine.
Seen in Figure 13, 2741-19 and piperaquine together showed significant synergistic activity in
the Bliss Independence and HSA reference models. In all reference models, scores around 0 at
concentrations above 25 nM of piperaquine are expected considering this range reaches double
the ICso concentration of piperaquine (16 nM) and thus the expected response is near 100%
parasite growth inhibition, which does not leave room for a higher effect that would constitute
synergy.

Using the standard synergy designation of for calculated scores greater than 10, 21% of
concentration combinations for 2741-19 and piperaquine in the Bliss Independence model are
synergistic. As described in Section 3.8.1, the most sensitive dose-response range is around the
ICso. When we consider scores below 62.5 nM 2741-19 and below 50 nM piperaquine, a range
that accounts for about 2 times ICso values, we see around 38% of concentration combinations
are synergistic with another 7% of combinations trending towards synergy (5 < Ssriss < 10) and
23% in this range non-interactive, but greater than 0 (0 < Ssriss < 5). This breakdown is relevant
in understanding the spatial distribution of synergy seen in the Bliss reference model.
Specifically, regions of considerably high synergy are surrounded by positively trending synergy
scores (Figure 12.A.2), confirming an overall synergistic interpretation. Importantly, there are no

antagonistic combinations in the Bliss Independence model (SBLiss,min (62.5, 6.25) =-8.19 > -
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10). Given the results and interpretation of 2741-19 binding in Part II, highest synergy scores in
the Bliss Independence model are consistent with the mechanistic context of 2741-19 and
piperaquine likely having distinct mechanisms of action on P. falciparum parasites.

A moderate amount of significant synergy (Susa > 15) is also seen in the HSA reference
model with 11% of concentration combinations exceeding the synergy score cutoff of 10. The
HSA model shows a similar, but less pronounced spatial pattern of significant synergy and
additive regions trending towards synergy in the ICso zone of both compounds (Figure 13.B).
Similar to the Bliss Independence model, the HSA reference model does not show any
antagonistic interactions (Susa, min(0.977, 6.25) = -7.56). Consensus of synergy interpretations
between multiple reference models, Bliss Independence and HSA, strengthens the overall claim
of synergistic interactions between 2741-19 and piperaquine.

The ZIP reference model, like the Bliss Independence model, assumes compounds act
independently, and similar to the Loewe Additivity model, use the dose-response curve of each
individual compound to determine expected effect at a given combination concentration.3
Implicit in these assumptions are that potency of drugs is constant and not affected by the other
compound once in combination and that the dose-response curves are parallel.?® Biologically and
in practice, both of these assumptions are most often exceptional cases than the rule.*°

The ZIP reference model shows both regions of antagonism and synergy below
piperaquine concentrations of 6.25 nM and across all 2741-19 concentrations tested. The stark
shift from antagonistic to synergistic regions around 2741-19 concentrations of 15.625 nM in the
ZIP models suggests an overall limitation of the ZIP model’s reliance on dose-response model
fitting. This region of antagonism to synergism directly correlates to the growth inhibition

achieved by the compounds in combination (Appendix Figure 3). Namely, at 3.125 nM and
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under of piperaquine and from 15.625 nM to 31.25 nM of 2741-19, percent inhibition increases
at least doubles, compared to around a 5X increase in piperaquine growth inhibition from 6.25 to
12.5 nM. Here, we can see potencies that result in non-parallel dose-response curves, violating
the first assumption of ZIP model fitting. These aspects of the specific dose-response curves
generated from 2741-19 and piperaquine make the ZIP model an unreliable reference for
determining drug interactions.

In Figure 13.D, 2741-19 and piperaquine showed moderate synergy in the Loewe
Additivity reference model around the ICso concentration of 2741-19 (31.25 nM) and low
concentrations of piperaquine, but this only accounts for around 3% of concentration
combinations. The majority (87%) of concentration combinations were indifferent to synergy or
antagonism. The plurality (10%) of all synergy scores was antagonistic. Antagonism is seen in
the most dose-response sensitive concentration range around the ICso ranges of both compounds
(Figure 13.D). Overall, the assumptions of the Loewe Additivity model are not well aligned with
our biological understanding of how 2741-19 and piperaquine inhibit P. falciparum growth,
making it an unreliable reference model for determining drug-drug interaction. It is notable,
however, that despite the base assumptions of DEP and Loewe Additivity contradicting the
mechanistic context of 2741-19 and piperaquine, we still see synergistic peaks using this model.
Presence of these peaks in the Loewe model supports the relevant in vitro synergy seen between
2741-19 and piperaquine in the Bliss and HSA models. These enhanced interactions between
2741-19 and piperaquine could potentially be leveraged for clinical therapeutic benefit.

Since inconsistencies in synergy scores across models is common based on the inherent
differences in expected response calculation of the reference models, it is particularly striking

when there is consistency on synergistic assessment in multiple models, as seen in the case of
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2741-19 and piperaquine. The highest synergy scores are seen in the ICso range of 2741-19 and

below the ICso of piperaquine, consistent with expectations of dose-response sensitivity.

3.8.3 Limitations and future research

In vitro assessment of any drug will not directly correlate to in vivo drug effects,
highlighting a prominent limitation of this research and many in vitro models. To understand this
better, further experimentation should be conducted with drug combinations in vivo, specifically
between 2741-19 and piperaquine based on their demonstrated synergistic potential. Prior
research from Taneja et al. examined a novel antimalarial compound in combination with
lumefantrine and piperaquine with in vivo PK studies in murine models.*' Their results showed a
negative impact on the half-life of piperaquine when used alongside their novel compound.*!
Given the described in vifro benefits of 2741-19 and piperaquine, it is important to conduct in
vivo studies to ascertain whether there is a pharmacokinetic interaction between 2741-19 and
piperaquine that would outweigh the benefits of synergistic parasite killing.

Additionally, GIAs assessing synergy in this research were conducted on ring-stage
synchronized 3D7 parasites over a 72-hour period (see Section 3.6.3). Ongoing research in the
Kurtis Lab suggests that P. falciparum trophozoite stage parasites are most sensitive to 2741-19,
which is consistent with the appearance and proliferation of PfGARP on the erythrocytic surface
during trophozoite development.?” Experimentation with GIAs on trophozoite-stage
synchronized parasites could elucidate synergistic interactions when 2741-19 will presumably
have a more potent effect. Additionally, in vitro assays considering compounds with vastly
different half-lives can be difficult to translate clinically, which provides additional opportunity
to confirm these interactions with pulsing assays that aim to mimic the effects of in vivo

treatment.?’
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Chapter 9: Conclusions

Based on differential 2741-19 binding to rPfGARP results compared to other
antimalarials described in Part II, the mechanism of action of 2741-19 satisfies ACT partner drug
tenants of distinct antimalarial killing pathways making it is plausible therapeutic option in
combination with lumefantrine or piperaquine. These mechanistic findings are consistent with
the synergistic in vitro findings of highest synergy between 2741-19 and piperaquine in the Bliss
Independence reference model. We successfully demonstrated consistent synergistic scores
across all utilized synergy models confirms in vitro synergy between the novel compound 2741-
19 and the 4-aminoquinoline piperaquine. This makes 2741-19 and piperaquine a strong
combination therapy for further development. Inconsistent synergy scores across reference
models for 2741-19 in combination with lumefantrine demonstrates no beneficial in vitro

interactions of 2741-19 and lumefantrine.
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Appendix Figure 1: ELISA readings of piperaquine tetrahydrate tetraphosphate binding and H;0 vehicle
control with PFGARP.
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Appendix Figure 2: Dose-response heatmap of 2741-19 in combination with lumefantrine. Standard deviation
shown for each concentration combination. Missing values imputed.
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Appendix Figure 3: Dose-response heatmap of 2741-19 in combination with piperaquine. Standard deviation
shown for each concentration combination. Missing values imputed.

Appendix Tables

conc | conc | ZIP_ | ZIP_ | ZIP_syn HSA_ | HSA_syn ‘Loewe Loewe_syn | Bliss_ | Bliss_syn

‘ drug?2 1 2 fit ref ergy ref ergy

_ref ergy ref ergy
2741-  lumefant 62.5
19 rine 0 0 96.17 96.17 0.00 96.17 0.00 96.17 0.00 96.17 0.00
2741-  lumefant  7.81  62.5
19 rine 25 0 9638 95.36 1.02 96.17 0.26 95.88 0.54 95.44 0.99
2741-  lumefant 156 625
19 rine 25 0 9642 95.55 0.87 96.17 0.00 95.88 0.29 95.63 0.55
2741-  lumefant 312 625
19 rine 5 0 9623 96.67 -0.45 96.17 0.26 95.88 0.54 96.99 -0.56
2741-  lumefant 62.5
19 rine 62.5 0 93.16 98.83 -5.67 96.17 -0.26 95.88 0.03 98.82 -2.90
2741-  lumefant 62.5
19 rine 125 0 9594 99.65 -3.71 96.17 0.51 95.99 0.70 99.73 -3.04
2741-  lumefant 62.5
19 rine 250 0 9580 99.77 -3.97 96.17 0.26 95.88 0.54 99.76 -3.33
2741-  lumefant 62.5
19 rine 500 0 9565 99.78 -4.13 96.17 -0.26 95.88 0.03 99.76 -3.84
2741-  lumefant 62.5
19 rine 1000 0 9586 99.78 -3.92 96.17 -0.26 95.88 0.03 99.80 -3.89

56



2741-  lumefant 62.5

19 rine 2000 0 95.83 99.78 -3.95 96.17 -0.51 95.88 -0.22 99.84 -4.18
2741-  lumefant 125.

19 rine 0 00 9526 95.26 0.00 95.26 0.00 95.26 0.00 95.26 0.00
2741-  lumefant 7.81 125.

19 rine 25 00 9533 96.29 -0.96 95.26 0.56 96.55 -0.73 94.35 1.47
2741-  lumefant 15.6  125.

19 rine 25 00 9531 96.44 -1.13 95.26 0.05 96.55 -1.24 94.58 0.73
2741-  lumefant 31.2 125.

19 rine 5 00 94.68 97.34 -2.66 95.26 -0.61 96.55 -1.91 96.27 -1.63
2741-  lumefant 125.

19 rine 62.5 00 9148 99.06 -7.58 95.26 -19.51 96.55 -20.81 98.54 -22.79
2741-  lumefant 125.

19 rine 125 00 9426 99.72 -5.46 95.26 -1.28 96.55 -2.57 99.66 -5.68
2741-  lumefant 125.

19 rine 250 00 94.14 99.81 -5.68 95.26 -0.97 96.55 -2.26 99.70 -5.41
2741-  lumefant 125.

19 rine 500 00 94.02 99.83 -5.80 95.26 0.20 96.55 -1.09 99.70 -4.24
2741-  lumefant 125.

19 rine 1000 00 9421 99.83 -5.62 95.26 -0.05 96.55 -1.35 99.76 -4.55
2741-  lumefant 125.

19 rine 2000 00 9434 99.83 -5.49 95.92 0.00 96.55 -0.63 99.81 -3.89
2741-  lumefant 31.2

19 rine 0 5 9439 9439 0.00 94.39 0.00 94.39 0.00 94.39 0.00
2741-  lumefant 7.81 31.2

19 rine 25 5 9374 91.81 1.94 94.39 -0.26 93.18 0.95 93.31 0.82
2741-  lumefant 156 31.2

19 rine 25 5 9385 92.14 1.71 94.39 -0.26 93.52 0.61 93.59 0.55
2741-  lumefant  31.2  31.2

19 rine 5 5 9484 94.12 0.71 94.39 1.53 93.75 2.17 95.59 0.33
2741-  lumefant 31.2

19 rine 62.5 5 9247 97.94 -5.46 94.39 0.77 93.97 1.18 98.27 -3.11
2741-  lumefant 31.2

19 rine 125 5 9528 99.38 -4.09 94.39 1.53 94.76 1.16 99.60 -3.68
2741-  lumefant 31.2

19 rine 250 5 9516  99.59 -4.43 94.39 1.02 94.87 0.54 99.64 -4.23
2741-  lumefant 31.2

19 rine 500 5 9499  99.61 -4.63 94.39 0.00 95.09 -0.70 99.64 -5.25
2741-  lumefant 31.2

19 rine 1000 5 9496  99.62 -4.66 94.90 0.00 95.09 -0.19 99.71 -4.82
2741-  lumefant 31.2

19 rine 2000 5 95.17  99.62 -4.45 95.92 -1.53 95.09 -0.70 99.77 -5.38
2741-  lumefant 15.6

19 rine 0 3 81.89 81.89 0.00 81.89 0.00 81.89 0.00 81.89 0.00
2741-  lumefant 7.81 15.6

19 rine 25 3 8148 79.53 1.95 81.89 0.26 84.31 -2.17 78.42 3.72
2741-  lumefant 156  15.6

19 rine 25 3  82.88 80.36 2.52 81.89 3.57 86.11 -0.65 79.30 6.16
2741-  lumefant 31.2 15.6

19 rine 5 3 88.75 8531 3.44 81.89 6.89 89.03 -0.26 85.77 3.01
2741-  lumefant 15.6

19 rine 62.5 3 91.62 9484 -3.23 81.89 12.24 92.06 2.07 94.41 -0.28
2741-  lumefant 15.6

19 rine 125 3 95.10 98.44 -3.34 92.86 3.06 93.75 2.17 98.71 -2.79
2741-  lumefant 15.6

19 rine 250 3 9508 98.97 -3.89 93.62 2.30 94.76 1.16 98.84 -2.93
2741-  lumefant 15.6

19 rine 500 3 9489 99.04 -4.14 93.62 0.26 94.87 -0.99 98.84 -4.97
2741-  lumefant 15.6

19 rine 1000 3 9487  99.04 -4.18 94.90 -1.79 95.09 -1.98 99.08 -5.96
2741-  lumefant 15.6

19 rine 2000 3 9510 99.04 -3.94 95.92 -1.02 95.09 -0.19 99.26 -4.36
2741-  lumefant

19 rine 0 7.81 5459 54.59 0.00 54.59 0.00 54.59 0.00 54.59 0.00
2741-  lumefant 7.81

19 rine 25 7.81 53.55 49.22 4.33 54.59 -4.59 62.55 -12.55 45.90 4.10
2741-  lumefant 15.6

19 rine 25 781 5477 51.26 3.51 54.59 -5.36 68.94 -19.70 48.10 1.13
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2741-  lumefant 31.2

19 rine 5 7.81 63.66 63.54 0.12 54.59 9.18 78.47 -14.70 64.32 -0.55
2741-  lumefant

19 rine 62.5 7.81 86.76 87.20 -0.45 69.13 16.58 88.13 -2.42 85.98 -0.27
2741-  lumefant

19 rine 125  7.81 9491 96.13 -1.22 92.86 2.55 93.18 2.23 96.76 -1.35
2741-  lumefant

19 rine 250 7.81 9522 9745 -2.23 93.62 1.02 93.97 0.67 97.10 -2.46
2741-  lumefant

19 rine 500 7.81 95.02 97.61 -2.59 93.62 1.02 94.76 -0.12 97.10 -2.46
2741-  lumefant

19 rine 1000  7.81 95.03 97.63 -2.60 94.90 -0.51 94.98 -0.59 97.68 -3.30
2741-  lumefant

19 rine 2000 7.81 9527 97.63 -2.36 95.92 0.51 95.09 1.34 98.15 -1.72
2741-  lumefant

19 rine 0 391 2270 22.70 0.00 22.70 0.00 22.70 0.00 22.70 0.00
2741-  lumefant 7.81

19 rine 25 391 19.58 11.63 7.95 22.70 -4.85 32.46 -14.61 7.92 9.94
2741-  lumefant 15.6

19 rine 25 391 2191 15.19 6.71 22.70 0.00 43.24 -20.54 11.66 11.04
2741-  lumefant 31.2

19 rine 5 391 36.50 36.57 -0.07 22.70 14.54 62.66 -25.41 39.27 -2.02
2741-  lumefant

19 rine 625 391 77.04 77.74 -0.69 69.13 791 83.42 -6.38 76.14 0.90
2741-  lumefant

19 rine 125 391 93.82 93.26 0.56 92.86 1.28 92.52 1.62 94.48 -0.35
2741-  lumefant

19 rine 250 391 95.18 95.56 -0.38 93.62 1.79 93.97 1.44 95.07 0.34
2741-  lumefant

19 rine 500 391 9503 95.84 -0.81 93.62 2.04 94.76 0.90 95.07 0.59
2741-  lumefant

19 rine 1000 391 95.08 95.87 -0.78 94.90 -0.51 94.98 -0.59 96.06 -1.67
2741-  lumefant

19 rine 2000 391 9532 95.87 -0.55 95.92 -0.87 95.09 -0.04 96.85 -1.79
2741-  lumefant

19 rine 0 0.00 -508 -5.08 0.00 -5.08 0.00 -5.08 0.00 -5.08 0.00
2741-  lumefant 7.81 - -

19 rine 25 0.00 19.13 19.13 0.00 -19.13 0.00 -19.13 0.00 -19.13 0.00
2741-  lumefant 15.6 - -

19 rine 25 0.00 1429 14.29 0.00 -14.29 0.00 -14.29 0.00 -14.29 0.00
2741-  lumefant  31.2

19 rine 5 000 2143 2143 0.00 21.43 0.00 21.43 0.00 21.43 0.00
2741-  lumefant

19 rine 62.5 0.00 69.13 69.13 0.00 69.13 0.00 69.13 0.00 69.13 0.00
2741-  lumefant

19 rine 125  0.00 9286 92.86 0.00 92.86 0.00 92.86 0.00 92.86 0.00
2741-  lumefant

19 rine 250 0.00 93.62 93.62 0.00 93.62 0.00 93.62 0.00 93.62 0.00
2741-  lumefant

19 rine 500 0.00 93.62 93.62 0.00 93.62 0.00 93.62 0.00 93.62 0.00
2741-  lumefant

19 rine 1000  0.00 9490 94.90 0.00 94.90 0.00 94.90 0.00 94.90 0.00
2741-  lumefant

19 rine 2000 0.00 9592 95.92 0.00 95.92 0.00 95.92 0.00 95.92 0.00

Appendix Table 1: Synergy scores of 2741-19 in combination with lumefantrine in four synergy models.
Suffixes that include ‘fit” are the experimental or imputed percent inhibition for the drug concentration combination.
Suffixes that include ‘ref” are the expected inhibition response based on the reference model. The suffix ‘synergy’ is
the synergy score calculated as the difference of ‘fit” and ‘ref” values.

drug2
2741-  piperaq 250.
19 uine 00 0.00 9333 93.33 0.00  93.33 0.00 93.33 0.00  93.33 0.00
2741-  piperaq 500.
19 uine 00 0.00 94.16 94.16 0.00 94.16 0.00 94.16 0.00 94.16 0.00



2741-  piperaq 125.

19 uine 00 0.00 9173 91.73 0.00 91.73 0.00 91.73 0.00 91.73 0.00
2741-  piperaq 62.5

19 uine 0 0.00 6433 64.33 0.00  64.33 0.00 64.33 0.00 6433 0.00
2741-  piperaq 31.2

19 uine 5 0.00 21.56 21.56 0.00  21.56 0.00 21.56 0.00  21.56 0.00
2741-  piperaq 15.6

19 uine 3 0.00 3.46 3.46 0.00 3.46 0.00 3.46 0.00 3.46 0.00
2741-  piperaq

19 uine 0.00 0.00 38.11 38.11 0.00  38.11 0.00 38.11 0.00  38.11 0.00
2741-  piperaq

19 uine 098 0.00 -1.69 -1.69 0.00 -1.69 0.00 -1.69 0.00 -1.69 0.00
2741-  piperaq

19 uine 195 0.00 -0.78 -0.78 0.00 -0.78 0.00 -0.78 0.00 -0.78 0.00
2741-  piperaq

19 uine 391  0.00 -0.09 -0.09 0.00 -0.09 0.00 -0.09 0.00 -0.09 0.00
2741-  piperaq

19 uine 7.81 0.00 -2.15 -2.15 0.00 -2.15 0.00 -2.15 0.00 -2.15 0.00
2741-  piperaq 250.

19 uine 00 039 96.67 93.53 3.14  93.33 2.16 93.65 1.84  92.53 2.96
2741-  piperaq 500.

19 uine 00 039 97.12 9433 279  94.16 -0.98 94.35 -1.16  93.43 -0.25
2741-  piperaq 125.

19 uine 00 039 93.89 89.59 430 91.73 4.50 89.51 6.72  90.93 5.29
2741-  piperaq 62.5

19 uine 0 039 7739 68.71 8.68 64.33 17.88 71.85 10.37  60.03 22.18
2741-  piperaq 31.2

19 uine 5 039 39.66 23.01 16.65  22.03 14.69 24.39 12.33 12.04 24.68
2741-  piperaq 15.6

19 uine 3 039 8.86  10.03 -1.17 3.46 5.72 9.60 -0.42 -8.76 17.94
2741-  piperaq - -

19 uine 0.00 039 1197 11.97 0.00 -11.97 0.00 -11.97 0.00 -11.97 0.00
2741-  piperaq

19 uine 098 0.39 -6.70 6.82 -13.52 -1.69 -1.18 5.86 -8.73  -14.46 11.59
2741-  piperaq

19 uine 195 039 -593 6.84 -12.77 -0.78 0.51 5.86 -6.13  -13.43 13.17
2741-  piperaq

19 uine 391 039 458 6.93 -11.51 -0.09 1.90 5.86 -4.06  -12.66 14.46
2741-  piperaq

19 uine 781 039 -2.46 7.41 -9.87 -2.15 8.92 6.35 0.41 -14.98 21.74
2741-  piperaq 250.

19 uine 00 078 98.69 93.54 5.15 93.33 5.85 97.56 1.62  92.86 6.32
2741-  piperaq 500.

19 uine 00 078 97.58 94.34 324  94.16 2.71 94.35 2.53 93.72 3.16
2741-  piperaq 125.

19 uine 00 0.78 96.64 89.60 7.04  91.73 7.70 96.65 277 9133 8.09
2741-  piperaq 62.5

19 uine 0 078 82.02 68.75 13.27  64.33 17.14 74.49 6.99  61.79 19.69
2741-  piperaq 31.2

19 uine 5 078 4081 23.10 17.71 22.55 20.07 27.14 15.48 15.90 26.72
2741-  piperaq 15.6

19 uine 3 078 5.58 10.13 -4.55 3.70 2.28 10.98 -5.00 -3.99 9.97
2741-  piperaq

19 uine 000 0.78 -7.05 -7.05 0.00 -7.05 0.00 -7.05 0.00 -7.05 0.00
2741-  piperaq

19 uine 098 0.78 -4.35 6.94 -11.28 -1.69 2.66 5.86 -4.90 -9.43 10.40
2741-  piperaq

19 uine 195 0.78 -3.82 6.95 -10.78 -0.78 0.12 5.86 -6.52 -8.45 7.79
2741-  piperaq

19 uine 391  0.78 -3.33 7.04 -10.37 -0.09 2.58 5.86 -3.37 -7.71 10.20
2741-  piperaq

19 uine 7.81 0.78 -3.28 7.52 -10.80 -2.15 -1.61 6.75 -10.51 -9.93 6.17
2741-  piperaq 250.

19 uine 00 1.56 99.14 93.58 5.56  93.33 4.86 95.50 270  92.94 5.26
2741-  piperaq 500.

19 uine 00 1.56 98.16 94.37 379  94.16 4.52 96.58 2.10  93.79 4.90
2741-  piperaq 125.

19 uine 00 156 97.14 89.69 7.45 91.73 7.21 94.49 444 9143 7.50
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2741-  piperaq 62.5

19 uine 0 1.56 83.67 69.01 14.66  64.33 22.55 78.60 8.28  62.22 24.66
2741-  piperaq 31.2

19 uine 5 156 4531 23.65 21.66  22.81 21.04 34.49 9.36 16.87 26.98
2741-  piperaq 15.6

19 uine 3 1.56 8.57 10.80 -2.23 3.83 5.59 14.43 -5.00 -2.79 12.21
2741-  piperaq

19 uine 000 156 -582 -582 0.00 -5.82 0.00 -5.82 0.00 -5.82 0.00
2741-  piperaq

19 uine 098 1.56 -3.55 7.63 -11.17 -1.69 6.20 5.86 -1.36 -8.18 12.68
2741-  piperaq

19 uine 195 1.56 -2.82 7.64 -10.47 -0.78 -0.52 5.86 -7.16 -7.20 591
2741-  piperaq

19 uine 391 156 -2.48 7.73 -10.21 -0.09 -3.27 6.36 -9.72 -6.47 3.11
2741-  piperaq

19 uine 7.81 156 -2.17 8.21 -10.38 -2.15 7.74 8.23 -2.64 -8.66 14.25
2741-  piperaq 250.

19 uine 00 3.13 9838 93.89 450 9333 5.36 96.29 240  93.37 5.32
2741-  piperaq 500.

19 uine 00 3.13 9746 94.64 2.83 94.16 2.17 94.44 1.89  94.17 2.17
2741-  piperaq 125.

19 uine 00 3.13 96.88 90.23 6.64  91.73 6.47 93.52 4.67 9195 6.25
2741-  piperaq 62.5

19 uine 0 3.13 8491 70.66 1424  64.33 20.83 83.42 1.75  64.51 20.66
2741-  piperaq 31.2

19 uine 5 313 4785 2739 2047  24.14 19.47 52.89 -9.29  21.89 21.71
2741-  piperaq 15.6

19 uine 3 313 1440 1525 -0.85 4.50 10.83 27.28 -11.95 3.42 11.91
2741-  piperaq

19 uine 0.00 3.13 0.57 0.57 0.00 0.57 0.00 0.57 0.00 0.57 0.00
2741-  piperaq

19 uine 098 3.13 1.48  12.27 -10.78 0.57 -2.07 8.74 -10.24 -1.64 0.15
2741-  piperaq

19 uine 195 3.13 3.08  12.28 -9.20 0.57 9.39 9.73 0.24 -0.73 10.69
2741-  piperaq

19 uine 391 3.3 2.19 1236 -10.17 0.57 -5.51 11.89 -16.83 -0.04 -4.90
2741-  piperaq

19 uine 7.81 3.13 2.05 1281 -10.76 0.57 -6.59 16.21 -22.23 -2.10 -3.92
2741-  piperaq 250.

19 uine 00 625 9735 95.75 1.60  93.33 4.13 94.25 3.21 95.78 1.68
2741-  piperaq 500.

19 uine 00 625 97.13 96.27 0.86  94.16 2.52 94.54 2.14  96.36 0.32
2741-  piperaq 125.

19 uine 00 625 9451 93.24 1.28 91.73 1.04 93.55 -0.78  95.08 -2.31
2741-  piperaq 62.5

19 uine 0 625 79.81 79.79 0.02  64.48 5.25 88.63 -1890 7791 -8.19
2741-  piperaq 31.2

19 uine 5 625 5511 49.39 572 41.79 11.52 78.35 -25.04  51.53 1.78
2741-  piperaq 15.6

19 uine 3 625 4582  41.02 4.80  38.09 12.42 61.64 -11.12 39.80 10.71
2741-  piperaq

19 uine 0.00 6.25 38.09 38.09 0.00  38.09 0.00 38.09 0.00  38.09 0.00
2741-  piperaq

19 uine 098 6.25 33.74 38.96 -522  38.09 -7.56 37.42 -6.89  36.53 -6.01
2741-  piperaq

19 uine 195 625 3623 3897 -2.74  38.09 -5.96 39.27 -7.14  37.11 -4.98
2741-  piperaq

19 uine 391  6.25 3357 39.03 -5.45 38.09 -6.42 42.59 -10.92  37.53 -5.86
2741-  piperaq

19 uine 7.81 625 3392 3934 -542  38.09 -7.33 49.23 -18.47  36.25 -5.49
2741-  piperaq 250. 125

19 uine 00 0 9739 9897 -1.58 93.33 6.67 98.67 133  98.77 1.23
2741-  piperaq 500. 125

19 uine 00 0 96.82 99.10 -2.28 94.16 -0.72 94.74 -1.30  98.92 -5.48
2741-  piperaq 125. 125

19 uine 00 0 9652 9832 -1.80  91.73 2.73 94.05 0.41 98.54 -4.08
2741-  piperaq 62.5 125

19 uine 0 0 9041 95.06 -4.65 83.10 7.38 93.26 -2.78 9354 -3.06
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2741-  piperaq 312 125
19 uine 5 0 8330 87.56 -426  81.63 4.20 91.49 -5.66  85.56 0.26
2741-  piperaq 15.6 125
19 uine 3 0 83.05 8545 -2.39 81.63 0.77 89.63 -7.23 82.13 0.27
2741-  piperaq 12.5
19 uine 0.00 0 81.63 81.63 0.00  81.63 0.00 81.63 0.00  81.63 0.00
2741-  piperaq 12.5
19 uine 0.98 0 8144 84091 -3.48 81.63 -1.51 84.65 -4.53 81.20 -1.08
2741-  piperaq 12.5
19 uine 1.95 0 8124 84.92 -3.68  81.63 0.32 85.04 -3.09  81.37 0.58
2741-  piperaq 12.5
19 uine 391 0 81.04 8493 -3.89 81.63 -3.56 86.01 -7.95 81.49 -3.43
2741-  piperaq 12.5
19 uine 7.81 0 80.84 85.01 -4.18 81.63 -3.79 87.57 -9.74  81.11 -3.28
2741-  piperaq 250. 25.0
19 uine 00 0 9859 99.81 -1.21 98.01 0.75 97.78 0.99  99.87 -1.10
2741-  piperaq 500. 25.0
19 uine 00 0 9825 99.83 -1.58 98.01 1.12 97.87 126 99.88 -0.75
2741-  piperaq 125.  25.0
19 uine 00 0 98.18  99.69 -1.51 98.62 0.26 97.87 1.00  99.84 -0.97
2741-  piperaq 62.5 25.0
19 uine 0 0 9639 99.07 -2.68  98.01 0.50 97.76 0.75 9933 -0.82
2741-  piperaq 312 25.0
19 uine 5 0 9544 97.68 -2.24  98.01 -0.13 97.37 0.52 9843 -0.54
2741-  piperaq 15.6  25.0
19 uine 3 0 97.14 97.26 -0.12  98.01 -0.36 97.17 0.48  98.07 -0.42
2741-  piperaq 25.0
19 uine 0.00 0 98.01 98.01 0.00  98.01 0.00 98.01 0.00  98.01 0.00
2741-  piperaq 25.0
19 uine 0.98 0 9759 97.16 0.42  98.01 0.39 97.12 128  97.96 0.44
2741-  piperaq 25.0
19 uine 1.95 0 97.87 97.16 0.71 98.01 0.61 97.24 1.39  97.98 0.65
2741-  piperaq 25.0
19 uine 391 0 9785 97.17 0.68  98.01 0.16 97.19 098  97.99 0.18
2741-  piperaq 25.0
19 uine 7.81 0 9754 97.18 036  98.01 -0.07 97.15 0.79  97.95 -0.01
2741-  piperaq 250.  50.0
19 uine 00 0 98.82 99.90 -1.08  99.21 0.08 98.47 0.82  99.95 -0.67
2741-  piperaq 500. 50.0
19 uine 00 0 98.70 9991 -1.21 99.08 -0.30 98.27 0.51 99.95 -1.17
2741-  piperaq 125.  50.0
19 uine 00 0 9852 99.85 -1.33 99.51 -0.12 98.37 1.03  99.94 -0.55
2741-  piperaq 62.5 50.0
19 uine 0 0 97.63 99.53 -1.90  99.08 -0.07 98.27 0.74  99.67 -0.67
2741-  piperaq 312 50.0
19 uine 5 0 98.03 98.80 -0.77  99.08 -0.29 98.36 0.43 9943 -0.65
2741-  piperaq 15.6  50.0
19 uine 3 0 9897 9859 0.39  99.08 -0.80 98.07 022 99.06 -0.78
2741-  piperaq 50.0
19 uine 0.00 0 99.08 99.08 0.00  99.08 0.00 99.08 0.00  99.08 0.00
2741-  piperaq 50.0
19 uine 0.98 0 9925 98.54 0.71 99.08 0.69 98.45 1.32  99.05 0.72
2741-  piperaq 50.0
19 uine 1.95 0 9991 98.54 1.37  99.08 0.92 98.46 1.54  99.06 0.94
2741-  piperaq 50.0
19 uine 391 0 99.56 98.54 1.02  99.08 1.15 98.47 1.76  99.07 1.16
2741-  piperaq 50.0
19 uine 7.81 0 9926 98.55 0.71 99.08 1.15 98.49 1.74  99.05 1.18
2741-  piperaq 250.  100.
19 uine 00 00 98.79 9991 -1.12 98.77 -1.11 98.67 -1.01 99.91 -2.26
2741-  piperaq 500.  100.
19 uine 00 00 9896  99.92 -0.96  98.77 1.15 98.67 125  99.93 -0.01
2741-  piperaq 125.  100.
19 uine 00 00 98.53 99.87 -1.33 99.18 0.16 98.67 0.68  99.90 -0.56
2741-  piperaq 62.5  100.
19 uine 0 00 9837 99.58 -122  98.77 0.12 98.67 022  99.54 -0.66
2741-  piperaq 31.2 100.
19 uine 5 00 99.49 98.92 0.57  98.77 -0.34 98.67 -0.24  99.01 -0.58
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2741-  piperaq 15.6  100.

19 uine 3 00 9924 98.74 0.49  98.77 1.00 98.66 1.11 98.79 0.98
2741-  piperaq 100.

19 uine 0.00 00 98.77 98.77 0.00  98.77 0.00 98.77 0.00  98.77 0.00
2741-  piperaq 100.

19 uine 0.98 00 99.04 98.70 0.33 98.77 -1.05 98.67 -0.95  98.73 -1.01
2741-  piperaq 100.

19 uine 1.95 00 99.80 98.70 1.10  98.77 1.69 98.64 1.82  98.74 1.72
2741-  piperaq 100.

19 uine 391 00 99.39  98.70 0.69  98.77 1.00 98.66 1.11 98.75 1.02
2741-  piperaq 100.

19 uine 7.81 00 99.12 98.71 0.41 98.77 0.09 98.67 0.19  98.72 0.14
2741-  piperaq 250.  200.

19 uine 00 00 9856 99.91 -1.35 98.55 -0.61 98.67 -0.73  99.90 -1.96
2741-  piperaq 500.  200.

19 uine 00 00 98.99 99.92 -0.93 98.55 0.30 98.67 0.18 9991 -1.06
2741-  piperaq 125.  200.

19 uine 00 00 9837 99.87 -1.50  99.00 -0.07 98.67 026  99.88 -0.96
2741-  piperaq 62.5  200.

19 uine 0 00 9893 99.59 -0.66  98.55 -0.60 98.67 -0.72  99.48 -1.54
2741-  piperaq 312  200. 1004

19 uine 5 00 8  98.94 1.53 98.55 0.77 98.67 0.65  98.86 0.46
2741-  piperaq 15.6  200.

19 uine 3 00 99.15 98.76 039  98.55 0.22 98.67 0.10  98.59 0.18
2741-  piperaq 200.

19 uine 0.00 00 9855 9855 0.00  98.55 0.00 98.55 0.00  98.55 0.00
2741-  piperaq 200.

19 uine 0.98 00 98.87 98.72 0.15 98.55 -0.07 98.67 -0.19  98.52 -0.04
2741-  piperaq 200.

19 uine 1.95 00 99.65 98.72 092  98.55 0.56 98.67 044  98.53 0.58
2741-  piperaq 200.

19 uine 391 00 99.23 98.73 0.50  98.55 0.81 98.67 0.69  98.54 0.82
2741-  piperaq 200.

19 uine 7.81 00 9896 98.73 0.23 98.55 -0.47 98.67 -0.59  98.51 -0.43

Appendix Table 2: Synergy scores of 2741-19 in combination with piperaquine in four synergy models.

Suffixes that include ‘fit” are the experimental or imputed percent inhibition for the drug concentration combination.
Suffixes that include ‘ref” are the expected inhibition response based on the reference model. The suffix ‘synergy’ is

the synergy score calculated as the difference of ‘fit” and ‘ref” values.
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