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Abstract

Chemistry-Driven Dissection of Malaria Immunity and Resistance: Multiplex Antibody Analysis and
Mechanistic Inhibition Studies

Elizabeth Momoh

Chairs of the Supervisory Committee:

Pradipsinh K. Rathod
Ashleigh Theberge

Department of Chemistry

This dissertation discusses the dissection of antimalarial immunity and resistance, with an emphasis on
chemistry-driven tools for antibody analysis and parasite inhibition. Malaria remains a major global
health burden, and despite the availability of frontline therapeutics, widespread resistance and incomplete
immune protection underscore the urgent need for new strategies. To address these challenges, this work
integrates chemical biology approaches to interrogate antibody responses, evaluate drug efficacy, and

characterize host-parasite interactions during the erythrocytic life cycle.

First, bead-based multiplexing assays were developed and optimized as a platform for the simultaneous
analysis of antibody responses against multiple malaria antigens. By applying advanced coupling
chemistries and addressing limitations in antigen production and orientation, this platform enabled high-
throughput, sensitive, and reproducible profiling of naturally acquired immunity. These innovations

provide an improved chemical framework for antigen prioritization and vaccine candidate evaluation.

Second, mechanistic growth inhibition assays (GIAs) were employed to investigate parasite susceptibility
to small molecules, monoclonal antibodies, and patient sera. Using well-characterized compounds such
as Tartrolon E, DSM265, and artemisinin as pharmacological benchmarks, these assays established a
robust comparative system for evaluating inhibitory potency. Parallel studies with monoclonal
antibodies targeting key invasion ligands (MSP1, AMA1, EBA175) highlighted distinct inhibitory

profiles and stage-



specific vulnerabilities, while patient sera from a malaria-endemic region revealed protective capacity that

complements drug and antibody-mediated mechanisms.

Finally, resistance studies focused on dihydroorotate dehydrogenase (DHODH) inhibitors, a promising
class of antimalarials. Cross-resistance analyses of DSM265-resistant P. falciparum mutant lines against a
panel of novel DHODH inhibitors revealed susceptibility patterns. These findings provide critical insights

into drug-target interactions and resistance evolution, informing future drug design strategies.

Together, this dissertation demonstrates how chemical tools and mechanistic assays can be harnessed to
dissect the molecular basis of antimalarial immunity and drug resistance. The integration of multiplex
immunoassays, pharmacological profiling, and resistance mapping establishes a versatile framework for

advancing vaccine development, drug discovery, and malaria research.
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Chapter 1 | Introduction
1.1 Global Malaria Burden

Malaria remains one of the most significant infectious diseases worldwide, with progress in control
stalling in recent years despite decades of concerted global efforts. In 2023, the World Health
Organization (WHO) estimated 263 million malaria cases and 597,000 deaths, marking an increase from
the 249 million cases and 608,000 deaths reported in 2022.1* The vast majority of this burden occurs in
sub-Saharan Africa, which in 2023 accounted for 94% of global cases and 95% of deaths.>* Four
countries alone: Nigeria (~30%), the Democratic Republic of the Congo (~12%), Niger (~6%), and
Tanzania (~4%), were collectively responsible for more than half of global malaria deaths®,*. Children
under five years of age remain the most vulnerable group, contributing to about 76% of malaria deaths in
2022, equivalent to approximately 462,000 child deaths.’ This equates to more than 1,200 young children
dying every day from a preventable and treatable disease, reflecting both biological susceptibility and

structural inequities in healthcare access.

Despite these sobering statistics, progress since the early 2000s highlights the effectiveness of large-scale
interventions. Between 2000 and 2022, global malaria control measures, including insecticide-treated bed
nets, indoor residual spraying, rapid diagnostic testing, and artemisinin-based combination therapies are
estimated to have averted 2.1 billion cases and 11.7 million deaths.® Case incidence fell from around 81
per 1,000 population at risk in 2000 to 58 per 1,000 in 2022, while mortality dropped from 28.8 to 14.3
deaths per 100,000 population during the same period.” However, these gains have plateaued since 2015,
with the COVID-19 pandemic further straining fragile malaria programs through disruptions in

prevention campaigns, supply chains, and healthcare access.’

The malaria burden is highly heterogeneous and concentrated in a small number of endemic countries.
The WHO has identified a group of 11 “High Burden to High Impact” (HBHI) countries, which together
accounted for 67% of malaria cases and 73% of deaths in 20222. Within these countries, health inequities,

conflict, poverty, and weak health systems contribute to persistent transmission and high mortality.



For example, climate- and conflict-related displacement has exacerbated transmission in countries such as
Sudan and the Democratic Republic of the Congo, where internally displaced populations have limited

access to preventive tools or treatment.

Today, nearly half of the world’s population lives in malaria-risk zones. The disease is caused by parasites
of the genus Plasmodium, with Plasmodium falciparum and Plasmodium vivax responsible for most
human infections. P, falciparum, predominant in Africa, is associated with the highest mortality due to its
capacity for high parasite densities, sequestration in microvasculature, and immune evasion. P. vivax,
widespread in Asia and the Americas, contributes significantly to morbidity through its ability to establish
dormant liver stages (hypnozoites) that trigger relapses months after initial infection. The virulence of
these parasites reflects their complex life cycle and immune-evasion strategies, which continue to pose

challenges for vaccine development and sustained elimination.

In addition to biological challenges, emerging threats are undermining current control strategies. The
spread of insecticide resistance in Anopheles mosquitoes and antimalarial drug resistance in P. falciparum
are limiting the effectiveness of frontline interventions.® Climate change is also altering transmission
patterns, with rising temperatures and rainfall variability expanding malaria risk zones into previously
low-transmission areas. Together, these challenges threaten to reverse two decades of progress,
reinforcing the urgent need for novel interventions, including next-generation vector control tools, new
chemotherapeutics, and effective vaccines to achieve the global malaria elimination targets set by the

WHO.

1.2 Malaria Parasite Life Cycle

The malaria parasite has a complex lifecycle that alternates between the human host and the female
Anopheles mosquito vector. Transmission begins when an infected mosquito inoculates sporozoites into
the skin during a blood meal. A small proportion of these sporozoites enter the bloodstream and rapidly
migrate to the liver, where they invade hepatocytes and undergo asexual replication to form liver-stage

schizonts containing thousands of merozoites."? Upon rupture of infected hepatocytes, merozoites are
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released into the bloodstream, initiating the erythrocytic cycle. In P. vivax and P. ovale, a subset of
parasites develop into dormant liver stages known as hypnozoites, which can remain quiescent for weeks

to years before reactivating to cause clinical relapses.'%!?

Within the erythrocytic cycle, merozoites invade red blood cells, where they progress through ring,
trophozoite, and schizont stages before rupturing to release new merozoites. This cyclical invasion and
destruction of erythrocytes results in the hallmark clinical manifestations of malaria, including fever,
anemia, and in severe cases, organ dysfunction.!> Some blood-stage parasites differentiate into sexual
forms known as gametocytes, which are the transmissible stage of the parasite. When another mosquito
takes a blood meal, gametocytes are ingested and mature into male and female gametes within the
mosquito midgut, where fertilization produces zygotes that transform into motile ookinetes. Ookinetes
penetrate the midgut epithelium and form oocysts, which develop into thousands of sporozoites. Mature
sporozoites subsequently migrate to the mosquito salivary glands, enabling transmission to a new human

host and completing the cycle.'

The complexity of the malaria parasite lifecycle underlies the difficulty of controlling and eliminating the
disease. The parasite’s ability to transition between distinct developmental stages, establish dormant
reservoirs, and evade host immunity presents formidable barriers for both natural clearance and vaccine

development.'>16

1.3 Current Treatments and Prevention: Antimalarial Successes and Challenges

Efforts to control malaria rely on a multipronged approach integrating chemotherapy, chemoprevention,
and vector control interventions. Artemisinin-based combination therapies (ACTs) are the current
standard of care for uncomplicated Plasmodium falciparum malaria and have been central to global
reductions in mortality since their introduction in the early 2000s.!”'® ACTs pair a fast-acting artemisinin
derivative with a partner drug to enhance efficacy and reduce the risk of resistance. Severe malaria is
managed with intravenous artesunate, which has been shown to reduce mortality compared to quinine'’.

For P, vivax malaria, chloroquine remains effective in many regions, although resistance has emerged;
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radical cures require the use of primaquine or tafenoquine to eliminate dormant liver-stage hypnozoites

and prevent relapse.'’

Chemopreventive strategies, such as intermittent preventive treatment in pregnancy (IPTp) with
sulfadoxine-pyrimethamine, seasonal malaria chemoprevention (SMC) for children in highly seasonal
transmission areas, and prophylaxis for travelers to endemic regions, are also critical tools.** Beyond
pharmacological interventions, vector control measures remain the cornerstone of malaria prevention.
Insecticide-treated nets (ITNs), indoor residual spraying (IRS), and larval source management have

significantly reduced transmission, particularly in sub-Saharan Africa.”!

In recent years, advances in malaria vaccine development have marked a major milestone. The
RTS,S/AS01 vaccine, the first malaria vaccine recommended by the World Health Organization in 2021,
demonstrated modest but significant protection against clinical malaria in young children.?? More
recently, the R21/Matrix-M vaccine has shown improved efficacy and scalability, offering hope for

integration into broader control programs.?

Despite these successes, formidable challenges remain. The emergence and spread of drug resistance,
particularly artemisinin partial resistance in Southeast Asia and increasingly in Africa, threatens the
efficacy of ACTs.* Resistance to partner drugs such as piperaquine and lumefantrine further complicates
treatment strategies. On the prevention front, widespread insecticide resistance among Anopheles
mosquitoes is undermining the effectiveness of ITNs and IRS, while operational and financial constraints
limit large-scale implementation in many endemic regions.?® Vaccine rollout faces hurdles including

limited efficacy, logistical demands of multi-dose schedules, and uncertain long-term protection.?>%*

Taken together, global malaria control has achieved notable success over the past two decades, with
significant declines in morbidity and mortality. However, the combination of parasite resistance, vector
adaptation, and health system challenges underscores the need for sustained innovation, surveillance, and

investment to accelerate progress toward malaria elimination.
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1.4 Antigen Prioritization: Past, Current, and Novel Methods

Evasion of Host Immune Response and the Need for Antigen Prioritization

Antigenic variation refers to the ability of infectious organisms to systematically alter the immunogenic
epitopes exposed to their host’s immune system, thereby avoiding antibody recognition and enabling
persistent infection and transmission.?® In Plasmodium falciparum, antigenic variation manifests clinically
as successive waves of parasitemia, with each wave representing antigenically distinct parasite
populations that evade antibodies generated against previously expressed antigens.?” This phenomenon
complicates the development of protective immunity, as the parasite exploits a vast repertoire of antigens
during different stages of its life cycle. Consequently, prioritizing parasite antigens that play critical roles
in invasion and pathogenesis has become a central focus of malaria research.?® However, identifying and
characterizing immunologically relevant parasite antigens remains a challenge due to the parasite’s

structural complexity and antigenic diversity.

Approaches to Antigen Identification and Prioritization

Historically, antigen discovery relied heavily on serological assays, particularly the enzyme-linked
immunosorbent assay (ELISA), which detects host antibody responses to individual recombinant
antigens.”” While informative, this approach is limited by its singleplex nature, requiring significant time
and resources to evaluate numerous antigens individually. These early methods yielded valuable insights
but were constrained in their capacity to capture the breadth of immune responses elicited by malaria

infection.

Advances in Antigen Discovery: Current and Novel Methods

The advent of genomic technologies marked a turning point in antigen identification. Following the
publication of the P. falciparum genome in 2003, researchers gained access to a complete catalogue of
parasite genes, enabling systematic evaluation of putative antigens.?’ High-throughput platforms, such as
protein microarrays, were developed to screen host antibody responses against hundreds to thousands of

recombinant malaria proteins simultaneously, accelerating the identification of immune-reactive
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candidates.’*** More recently, the Rathod lab developed a bead-based flow cytometric assays (e.g.,
Luminex) that allows multiplex detection of up to one hundred antibody responses in a single sample,

offering both efficiency and scalability.**

Systems serology approaches that integrate functional antibody profiling with computational analysis
have provided deeper insights into correlates of immunity.*> Furthermore, reverse vaccinology and
immunopeptidomics are increasingly employed to predict and validate antigens most likely to elicit
protective responses.*® Integration of these novel methods with longitudinal cohort studies and clinical
trial data has refined the prioritization process, moving the field toward rational vaccine design and more

targeted therapeutic development.®’

1.5 Bead-Based Multiplexing for Antigen Prioritization

Principles of Bead-Based Multiplexing

Bead-based multiplexing has emerged as a powerful approach for antigen prioritization, enabling
simultaneous interrogation of multiple antigens using a single patient sample, thereby reducing assay
time, cost, and biological sample requirements.*®*° The core components of the technology are flow
cytometry, microspheres, and antibodies. Key advancements, including fluorophore-dyed microspheres,
compact lasers, expanded antibody and fluorochrome repertoires, and advanced computational software

in the late 1990s, enabled high-throughput multiplexing.*’

A major development was Luminex Corporation’s xMAP® technology, in which polystyrene
microspheres are internally dyed with precise ratios of two fluorochromes. Each bead set is physically
identical but spectrally distinct, allowing unique identification via emission spectra.*! Beads conjugated
with antigens are analyzed on instruments such as the Luminex 200® (later rebranded Bio-Plex 200®).
Two lasers interrogate each bead: a 635 nm laser excites the internal classification dye, and a 532 nm
laser excites the surface reporter fluorophore, typically R-phycoerythrin (PE). These signals enable

simultaneous detection of bead identity and antigen-antibody binding events.*!4?
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Multiplexing offers several advantages over protein microarrays. Bead conjugation is simpler than array
spotting, multiple antigens can interact with antibodies simultaneously mimicking in vivo binding, and up
to 100 antigens can be assayed per well of a 96-well plate in under an hour, increasing throughput and

reducing sample consumption.*

Multiplexing Applications in Malaria Antigen Studies

Bead-based multiplexing was first applied to malaria antigens in the mid-2000s.** Early studies
demonstrated strong correlation with ELISA while requiring smaller serum volumes and offering greater
dynamic range.***¢ Initial studies commonly targeted three to five antigens implicated in naturally
acquired immunity (NAI), using patient samples primarily from African cohorts, with fewer studies from

South America and Southeast Asia and limited data from India.’**®

Standardized bead-coupling protocols, such as those in the Luminex “cookbook”, employ carbodiimide
chemistry using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysulfosuccinimide
(Sulfo-NHS) to covalently attach purified antigens to carbonylated beads.*’” Despite these advances,
challenges remain. Many malaria antigens are membrane-bound or structurally complex, making
purification difficult.*® Additionally, carbodiimide coupling can result in non-uniform antigen presentation

and occasional loss of conformational epitopes, leading to variability in antibody binding.*

Advances in Multiplex Chemistry

To address these limitations, affinity-based capture strategies are being explored, enabling direct isolation
of tagged antigens from expression lysates without purification.?* Traditional large tags like GST or MBP
may interfere with epitope recognition, whereas smaller tags such as polyhistidine (His-tag) offer better
compatibility but can yield lower purity.*® Future improvements aim to achieve high selectivity, consistent
antigen presentation, and preserved epitopes while maintaining high-throughput capabilities. Oriented
linker chemistries are one approach that may improve assay reproducibility and epitope accessibility.
Optimized bead-based multiplexing platforms will be critical for systems-level approaches to malaria

antigen discovery and rational vaccine design.>!
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The primary goal of the work presented in the following chapter is to address current limitations in
methods used to dissect antibody-mediated immune responses to malaria. Improving the technical aspects
of immune assays will enhance the prioritization of antigen candidates and enable investigation of
additional disease-relevant questions. A critical first step is ensuring the quality of antigens used in such
studies; antigens must be expressed in full-length, functional form and isolated at high purity to maintain
structural integrity and immunoreactivity. To achieve this, we harnessed the powerful expression
capabilities of the eukaryotic wheat germ system based on a well-characterized protocol developed in the
Rathod lab.*® Furthermore, the methods used to immobilize antigens require optimization to present
correctly folded epitopes without masking or loss of antibody-binding sites, necessitating reliable and
controllable chemistries for attachment to solid surfaces. Developing strategies to gently release antigens
from these surfaces could also provide insight into structural changes induced during immobilization.
Finally, given the extensive repertoire of malaria antigens, it is highly advantageous to interrogate
multiple antigens in parallel while minimizing the use of limited patient samples. The implementation of
these technical improvements will not only save time and resources but also facilitate the development of
a highly sensitive, high-throughput platform for the investigation of naturally acquired immunity targets,

setting the stage for the experimental studies described in Chapter 2.
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Figure 1.1:World map illustrating the spatial distribution of malaria burden, highlighting regional
variation in Plasmodium falciparum and vivax prevalence and transmission intensity. Adapted from
Lancet spatial and temporal modeling study. >
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Figure 1.2: Life cycle of Plasmodium falciparum, illustrating the mosquito, liver, and blood stages.
Following inoculation of sporozoites by an infected Anopheles mosquito, parasites invade hepatocytes
and undergo replication, releasing thousands of merozoites into the bloodstream. In red blood cells,
parasites multiply asexually in cycles of exponential growth, while a subset differentiates into sexual
gametocytes that are taken up by mosquitoes, completing the transmission cycle. Adapted from White et.
al.!!

Figure 1.3: Schematic representation of Plasmodium falciparum merozoite invasion of an erythrocyte,
highlighting key organelles (nucleus, apicoplast, mitochondrion, ER) and invasion machinery
(micronemes, rhoptries, dense granules) as well as surface and secreted proteins (MSPs, AMA-1,
EBAs/Rhs, RON complex, SUB-2, ROM4) that mediate host receptor engagement and erythrocyte entry..
Adapted from Kappe et. al.**
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Figure 1.4: Schematic representation of traditional protein microarray experimentation and workflow.
Antigens are expressed and directly spotted onto slides with no purification steps. A single slide contains
thousands of antigen spots. Patient serums can then by hybridized on the slides and read out with
fluorescently labeled secondary antibodies. Finally, slides are scanned to produce an image with varying

fluorescent signal responses based on the antibody response of the patient. Adapted from Venkatesh et al.

2019.%
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Abstract

Malaria remains a major global health challenge, causing approximately 0.5 million yearly deaths. To
understand naturally acquired immunity in adult human populations in malaria-prevalent regions, improved
serological tools are needed, particularly where multiple malaria parasite species co-exist. Slide-based and
bead-based multiplex approaches have helped characterize antibodies in malaria patients from endemic
regions, but these require pure, well-defined antigens. To efficiently bypass antigen purification steps,
codon-optimized malaria antigen genes designed with N-terminal FLAG-tag and C-terminal Ctag
sequences were expressed in a wheat germ cell-free system and directly adsorbed onto functionalized
BioPlex beads. In this pilot study, 15 P. falciparum antigens, 8 P. vivax antigens, and negative control (GFP)
were adsorbed individually on functionalized bead types through their Ctag. To validate the multiplexing
powers of this platform, 10 P. falciparum-infected patient sera from a US NIH MESA-ICEMR study site
in Goa, India, were tested against all 23 parasite antigens. Serial dilution of sera revealed variations in
potency and breadth of patient antibodies to various parasite antigens. Individual patients revealed
informative variations in immunity to P. falciparum versus P. vivax. This multiplex approach to malaria
serology can answer key questions on varying immunity to different human malaria parasite species and
different parasite antigens. This approach can be scaled to track the dynamics of antibody production during

one or more human parasite infections.
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2.1. Introduction

Plasmodium falciparum (Pf) and Plasmodium vivax (Pv) are primary causative agents of human malaria.
Together they are responsible for over 240 million malaria cases yearly, resulting in roughly 600,000
deaths.! Despite the deployment of efficacious antimalarials, insecticides, and bed nets, the decline in the
worldwide parasite burden has stalled in recent years. >* Repeated exposure to malaria parasites produces
antibody responses to many antigens and confers naturally acquired immunity. “* Understanding
variations in serum antibody responses in malaria patients can offer insights into serological markers for
submicroscopic infections, activated hypnozoites, and protective immunity. Multiplexed slide-based
protein arrays offer an important approach for malaria parasite antigen prioritization. '* A single glass-
based array can report on differential antibody binding from patient sera to hundreds of parasite antigens

in parallel % 13- 14

As part of a global collaboration through the US NIH International Centers of Excellence for Malaria
Research (ICEMRs), malaria protein arrays have been used to study immunity against P. falciparum and
P, vivax. &' 12 1421 Traditionally, protein arrays have been fabricated using unpurified malaria antigens
spotted directly onto glass slides. ' !! This is often in the absence of antigen validation for correct folding
or purity. Thus, important disease biomarkers may be masked.% !% - 16:22-26 Op the other hand, slide-based

arrays can offer the capacity for versatile fabrication and customization for specialized applications.

More recent methods for dissecting broad immune responses include the multiplexing of antigens using
the bead-based BioPlex array system.?’?° Using spectrally unique beads carrying unique antigens, the
platform is well-suited for interrogating many antigens simultaneously. ** Previous bead-based methods
have detected malaria patient antibody responses.®!*! However, in these earlier studies, malaria antigen
panels had limited representation. In addition, standard antigen coupling to beads was preceded by
laborious purification of individual antigens from translation lysates, which can limit the complexity of

larger antigen panels.
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There is a need for antigen arrays that include Pf'and Pv polymorphic antigens, particularly from local
infected communities. In the present study, a streamlined bead-based protein array platform is described
for the dissection of naturally acquired immunity in malaria patients. Recombinant parasite antigens were
selectively adsorbed from translated lysates onto beads modified with an affinity reagent. Such modified
beads measured the antibody titers against 23 Pfand Pv antigens from 10 patient sera. Expansion of these
methods will help dissect patient antibody profiles, identify multiple important malarial serological

markers, and will help to improve our understanding of differential immunity in malaria patients.

2.2 Materials and Methods

2.2.1 Sample collection with ethics statement

Patient samples were collected as part of a US National Institutes of Health (NIH) sponsored Malaria
Evolution in South Asia-International Center of Excellence for Malaria Research (MESA-ICEMR).
Plasma samples were collected from symptomatic malaria-positive patients at Goa Medical College (Goa,
India). Written informed consent was obtained from all volunteers. A detailed description of the study site,
enrollment, and sample processing has been published elsewhere.*? Naive human sera from malaria-free
individuals were used as negative controls or from individuals who were treated for malaria and who were

symptom-free for at least three years while living in non-endemic regions.

2.2.2  Antigen constructs

Malaria antigen genes were designed to carry a 5° Xhol restriction site followed by a start codon (ATG)
and a Flag-tag (DYKDDDDK) coding sequence. On the 3’ of antigen, a Ctag (GAAEPEA) coding
sequence and a stop codon (TGA) were followed by an Eagl restriction site. Codons of the antigen
constructs were optimized on the GeneArt server to express in a wheat-based protein expression system.

Optimized genes were chemically synthesized (GeneArt, Thermo Fisher Scientific, Waltham, MA) and
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subcloned into a cell-free vector as earlier described (Mudeppa et al.). Plasmids were purified using
Qiagen kits (Qiagen, Germantown, MD), and the resulting DNA products were validated by Sanger

sequencing.

2.2.3 In vitro transcription

In vitro transcription of malaria antigens was carried out as previously described.*** For small-scale
batch-method protein expression, 50 pl reactions contained 4 ug of plasmid DNA, transcription buffer (80
mM HEPES-KOH pH 7.8, 16 mM magnesium acetate, two mM spermidine, 25 mM B-mercaptoethanol),
ten units of ribonuclease inhibitor (Promega, Madison, WI), 50 units of SP6 RNA polymerase (New
England Biolabs (NEB), Ipswich, MA), and three mM each of GTP, ATP, CTP, and UTP. The
transcription mixture was incubated at 37°C for 4 hours, followed by purification using Microspin G25
columns (GE Healthcare, Chicago, IL). For scaled-up bilayer method-based translations, a 600 uL.
transcription mixture contained 45 pug of plasmid DNA, 1.5x transcription buffer, 100 units of
ribonuclease inhibitor (Promega), 900 units of SP6 RNA polymerase (NEB), and 4.5 mM each of GTP,
ATP, CTP, and UTP. The mixture was incubated at 37°C for 4 hours, followed by centrifugation at 25°C

at 10,000 x g for 5 minutes. The mRNA in the supernatant was used for wheat germ cell-free translations.

2.2.4 Cell-free expression of malarial antigens

For the initial verification of expressions, a batch translation method was used for radiolabeling the
antigens. The cell-free translation of purified mRNA was carried out using an in-house preparation of
wheat germ lysate. (43). A 50 uL translation contained 10 uL mRNA, four units of wheat germ lysate,
one ug creatine kinase, 40 units of ribonuclease inhibitor, and protein expression buffer (30 mM HEPES-
KOH pH 7.8, 100 mM potassium acetate, 2.7 mM magnesium acetate, five mM DTT, 0.4 mM
spermidine, 1.2 mM ATP, 0.25 mM GTP, 16 mM creatine phosphate, 0.3 mM concentration of 19 amino
acids ((-)leucine), and 800 nCi 14C leucine (Moravek, Brea, CA)). Translation reactions were placed in a

26 °C incubator for 4 hours, followed by centrifugation at 10,000 x g at 4°C. Soluble fractions were
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boiled with Laemmli Sample buffer with 2% p-mercaptoethanol (-me) and resolved by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The gels were dried in a gel dryer for two hours
and then exposed to a phosphor imager screen (GE Healthcare). The screen was scanned on a GE
Typhoon FLA 9000 Gel Imager to visualize the position of radiolabeled proteins. For scaled-up
translations, 500 ul of mRNA was mixed with an equal volume of wheat germ extract (to give a final OD
of 120 A260 units), 80 png creatine kinase, 40 units of ribonuclease inhibitor (Promega), and 0.1%
TritonX-100. To each well of a six-well flat bottom culture plate, 10 mL of protein expression buffer was
added. 1 mL of the translation reaction mixture was injected into the bottom of each well, creating two

separate layers. Plates were incubated at 26 °C for 20 hours.

2.2.5 Functionalization of Luminex beads with anti-Ctag antibodies

Carboxylated color-coded magnetic Luminex beads were further functionalized by covalent coupling of
the anti-Ctag antibody by following the manufacturer’s instructions. Briefly, in a typical coupling
reaction, 1x106 beads (Luminex, Austin, TX) were vortexed and sonicated and then kept on the magnetic
stand to pipette out the buffer solutions. The beads were resuspended in a 50 pl solution of 0.1 M MES
pH 4.5 activation buffer containing 5.5mg per ml each of N-Hydroxysulfosuccinimide (sulfo-NHS,
Thermo Fisher Scientific) and carbodiimide (EDC, Thermo Fisher Scientific). After 25 minutes of
activation at room temperature in the dark, beads were washed on a magnetic stand twice with 0.1 M
MES pH 5.0. Next, in a series of 100 pul reactions, one million activated beads were mixed with 0.1 M
MES pH 5.0 buffer containing 0 to 75 ng per ml of biotinylated anti-Ctag antibody (ThermoFisher
Scientific) and incubated in the dark at room temperature for two hours with end-to-end rotation. Anti-
Ctag antibody functionalized beads (AFBs) were washed three times with storage buffer PBS-TBN (PBS,
0.1% BSA, 0.02% Tween20, 0.05% sodium azide) and stored in the same buffer at 4° C. The AFBs were
counted using a hemocytometer. Covalent attachment of anti-Ctag antibody to beads was confirmed using
streptavidin-conjugated R-phycoerythrin (SAPE, Thermo Fisher Scientific) on BioPlex 200 system

(Luminex). In a 96-well plate, triplicates of 2000 counts of beads (from each concentration of AFBs per
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well) were added. Unless mentioned, all binding assays in this report were carried in 100 pl of buffer
solutions. The AFBs were separated from the storage buffer by placing the plate on a handheld magnetic
washer (Luminex) for 90 seconds. Microspheres were washed once with assay buffer (0.1% BSA in PBS),
followed by the addition of 100 ul of serially diluted SAPE. The plate was incubated in the dark at room
temperature for 30 minutes with orbital shaking at 800 RPM. The unbound SAPE was washed from
AFBs once with 100 pl assay buffer. The AFBs were resuspended in 100 pL assay buffer and read on a

BioPlex 200.

2.2.6 Adsorption of Ctageed PMSP1-42 on functionalized beads from wheat germ translated lysates

WGL

Optimization of malarial antigen adsorption to AFBs was carried out using PMSP1-translated lysates.
The PMSPI1 translated lysate from the bilayer reaction was centrifuged at 20,000 x g for 10 minutes at 4
°C followed by the collection of PAMSP1 in supernatants of translated lysates for further studies. To a
series of 15 ml tubes containing 1 million of each concentration of AFBs, 0 to 9 mg (0 to 5 ml of WGL)
of supernatant of PAIMSP1 WGL were added, and the final volume was adjusted to 7.5 ml with binding
buffer (20 mM Tris pH 7.5, 100 mM NacCl, 0.05% TritonX-100). The mixtures were incubated in the dark
at room temperature with end-to-end rotation for two hours. The tubes were spun at 4000 x g for 5 min to
remove unbound proteins. The beads were washed thrice with binding buffer, followed by transfer to 1.5
ml microcentrifuge tubes. The beads were washed again with storage buffer (Phosphate Buffered Saline
pH 7.4, with 0.045% Tween, 0.1% BSA, and 0.05% Azide) on a magnetic stand. The antigen adsorbed
AFBs were stored in storage buffer at four °C, and the AFBs count was determined using a

hemocytometer.

2.2.7 Validation of adsorbed PMSP1 on antibody functionalized beads

Adsorbed PAMSP1 on AFBs was validated in a multiplex assay using anti-flag antibodies on the BioPlex

200 system. In a 96-well plate, triplicates of 2000 counts of each set of PMSP1 adsorbed AFBs were
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mixed with 100 ng per ml of anti-flag rabbit antibodies (Abcam, Waltham MA) in assay buffer in
triplicates. The plate was incubated in the dark at room temperature for one hour with orbital shaking at
800 RPM, followed by three washes with assay buffer. AFBs were resuspended in 100 pL assay buffer
containing 100 ng per ml of PE-conjugated goat F(ab’)2 anti-rabbit antibodies (Thermo Fisher Scientific).
The plate was incubated for 30 minutes with orbital shaking, followed by three five-minute washes with

assay buffer, and fluorescence was quantified on the BioPlex 200 system as described earlier.

Large-scale adsorption of individually translated malarial antigens from WGL on separate bead sets was
carried out in a 15 ml reaction volume. To overcome the variations in antigen expression levels in the
wheat germ system and differential coating on beads, a saturating volume of optimized antigen-translated
lysates was used for adsorption onto functionalized beads. Approximately one million AFBs were mixed
with 10 ml of wheat germ lysate (WGL) and an additional five ml of binding buffer. Subsequently, the
wheat germ-expressed proteins were subjected to three rounds of washing in a binding buffer. After the
washing step, the malaria antigen-adsorbed beads were quantified using a hemocytometer and combined
to achieve a consistent concentration of each adsorbed AFB per milliliter of storage buffer. AFBs were
visualized using rabbit anti-flag and R phycoerythrin-conjugated goat anti-rabbit antibodies. To validate
the pooled antigen-coated beads, an anti-flag rabbit antibody was used at one pg per ml, and binding was

extended to four hours.

2.2.8 Patient antibody binding studies in multiplex assay

Patient sera were initially diluted 50-fold in assay buffer. These 50-fold diluted sera were subjected to 5
more dilutions, with 3-fold serial dilutions relative to the previous one. Each malaria antigen-adsorbed
and a GFP-adsorbed bead set was dispensed to obtain 2000 beads per type per well. Beads were washed
twice with assay buffer (PBS, 0.1% BSA). Each serially diluted serum (100ul) was added to three wells
and incubated in the dark for an hour at room temperature. After washing off the unbound sera, 100 ul of
goat anti-human IgG-PE (Millipore Sigma, Burlington, MA), at 6 ug/ml, was added to each well and

incubated for 30 min as earlier. The microspheres were washed three times in assay buffer, resuspended in
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100 pl of assay buffer, and read on the BioPlex 200 system. To calculate half maximal titers, saturating
binding curves of patient antibodies to target antigens were generated on Prism 10 (GraphPad, San Diago,
CA). By utilizing the equation for one site binding models (Y = Bmax*X/(Kd + X)), half-maximal
binding values (Kd) were calculated. Reciprocals of these Kd values are called reciprocals of half-

maximal titers (MT50)

2.3. Results

2.3.1 Antigen selection

Toward the identification of a set of malaria serological markers to define submicroscopic infections,
activation of hypnozoites, and protective immunity for antibody binding studies in the Indian
subcontinent, the following reports were considered. In a MESA-ICEMR initiated P, falciparum whole
genome sequencing project, clinical isolates from Indian patients were genetically distinct compared to
the isolates from the rest of the world. ** Most of these Indian malaria parasite genomes displayed several
polymorphisms in known drug targets, serological markers, and vaccine candidates. In this research, we
investigated clinical isolates originating from Goa, India, to evaluate the influence of specific
polymorphisms on patient antibody binding to a specific antigen. To accomplish this, we examined
mutations present in the PMMSP1 gene from nine clinical isolates sourced from Goa, leading to the
construction of six distinct PAMSP1 variants, each characterized by a unique set of mutations (Figure 1).
Notably, all identified mutations from these clinical isolates were clustered within the amino acid region
spanning from position 1533 to 1692, corresponding to the 42 kDa portion of the C-terminal segment of
PMMSP1 (Figure 1A). Furthermore, it is noteworthy that some variants were shared among multiple
patients, while others were exclusive to individual patients (Figure 1B). In recent serological studies
conducted in India (12, 16), top reactive P. falciparum and P. vivax serological markers, distinct from
those observed in other regions of the world, were reported. To validate these identified markers, we
selected five markers each from P. falciparum and P. vivax. In this study, we included a panel of 15 P.

falciparum and 8 P. vivax antigens, and a negative control (GFP) (Table 1). Of the 15 P, falciparum
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antigens, eight were derived from truncated constructs of PAMSP1 and its variants, while five were based
on the previously reported top reactive P, falciparum serological markers identified in India. PFAMA1 and
PfRh5 were selected based on a literature search for globally reported vaccine targets. Within the group of
eight P. vivax antigens, two were truncated constructs of PvMSP1s, five were sourced from the top

reactive P. vivax markers identified in India, and one was derived from PvAMAI.

2.3.2 Rapid generation of malaria antigen-coated BioPlex beads

To overcome the limitations of the purification of malaria antigens for serological studies, a method was
designed for the selective adsorption of malaria antigens onto beads from translated lysates. A
commercially available CaptureSelect™ biotinylated anti-Ctag conjugate (anti-Ctag ab), a Camelid
single-domain 13 kDa antibody fragment (VHH) was utilized to achieve this possibility. Initially, its
versatility was tested by purifying Ctagged PMSP1 and GFP on resin coupled with this single-domain
antibody. After binding PMSP1 or GFP translated lysates onto the anti-Ctag ab column, a simple wash
with buffer solutions and gentle elution with a competing peptide yielded more than 80% pure PMSP1
antigen (supplemental data; Figure S1B). Such efficient capture of the malaria antigens from wheat-
translated lysates with minimum background, higher purification yields, and purity was difficult to obtain
using conventional purification resins. The quality of the wheat germ-expressed Ctagged PMSP1 antigen
was further verified by immunizing rabbits to generate antibodies. A rabbit-generated anti-PMSP1
antibody detected a single band of 190kDa protein from 3D7 P. falciparum lysates (supplemental data;
Figure S1C), corresponding to the size of full-length PMSP1. The anti-P/MSP1 rabbit antibody also
displayed parasite growth inhibitory activity in cell cultures (supplemental data; Figure S1D). Next, a
preliminary study assessed the ability of the anti-Ctag ab coupled to BioPlex beads in efficient adsorption
of Ctagged malaria antigen (supplemental data; Figure S2). When a purified P/MSP1 is attached to a bead
either chemically (Figure S2A) or adsorbed on an anti-Ctag ab functionalized bead (Figure S2C), or
PfMSP1 adsorbed directly from the translated lysates to an anti-Ctag ab functionalized bead (Figure

S2D), similar mean fluorescence (MFI) was observed on BioPlex 200. These results suggest the potential
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ability of anti-Ctag ab functionalized BioPlex bead to efficiently adsorb Ctagged proteins from translated
lysates with minimal interference from background proteins and chemicals. These results prompted us to

maximize antigen adsorption and to expand the study of multiple malaria antigens from translated lysates.

A generalized scheme was designed for the wheat germ cell-free expression of malaria antigens and their
selective adsorption on anti-Ctag antibody-coated beads. Select antigens were designed to have an N-
terminal flag-tag and a C-terminal Ctag. This allowed us to conveniently track binding antigens to beads
(Figure 2A). Carboxylated BioPlex beads were functionalized with various quantities of anti-Ctag
antibodies using EDC-NHS chemistry. The chemically attached anti-Ctag antibody was quantified using
streptavidin-conjugated R-phycoerythrin on the BioPlex200 system. A 50 pg of anti-Ctag ab at 0.5 mg/ml
was sufficient for saturating the chemical attachment to one million beads (Figure 2B). Next, anti-Ctag
functionalized beads were tested for their capacity to adsorb PMSP1 antigen. The PMSP1 adsorbed to
anti-Ctag coated beads was monitored by anti-flag antibodies. Maximum adsorption of P/MSP1 was
achieved by adding nine mg equivalent of wheat germ lysate per one million anti-Ctag coated beads

(Figure 2C).

2.3.3 Parallel Adsorption of malaria antigens on functionalized beads and validation

The quality of the 23 wheat-expressed antigens, along with a negative control, GFP, was ascertained
through autoradiography (Figure 3A). All antigens derived from soluble fractions of translated lysates
displayed singular bands with expected masses consistent with previously adapted codon optimization
strategy for minimizing protein fragmentation.*® Next, scaled-up cell-free expression of the 23 antigens
was carried out individually in a six-well plate using a bilayer reaction method. Subsequently, antigens
were directly pulled from the supernatant of translated lysates and adsorbed onto individual anti-Ctag
coated beads sets. To mitigate potential disparities in antigen adsorption to beads stemming from
variations in expression levels or accessibility to the Ctag moiety on antigens, a twofold excess of wheat
germ lysate was used to saturate each bead set coated with anti-Ctag antibodies for two hours. The bead

sets featuring adsorbed Ctagged antigens were consolidated, and their occupancy was tracked using anti-
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flag antibodies (Figure 3B). An average mean fluorescence intensity (MFI) exceeding 5000, substantially
surpassing the background noise level, was indicative of the maximal adsorption of each antigen to their

respective beads.

2.3.4 Patient antibody levels to P falciparum and P. vivax antigens

In preliminary serological investigations, it became evident that a single-point sera dilution did not
consistently reveal the full spectrum of patient antibody reactivity to all antigens. Consequently, in this
study, we employed a more comprehensive approach by utilizing seven-point serial diluted sera to unveil
the extent of antibody reactivity in each patient sample against the complete array of antigens. In a
multiplex assay, a panel of 23 antigens was systematically tested in triplicates, each time using sera
samples at seven different dilutions from each patient. This approach was necessitated by the unique
combination of affinities versus protein abundances inherent to each antigen-antibody interaction, which
exhibited variability among patients. For instance, the IgG antibodies from patient 8 (P8) exhibited
distinct serum dilution preferences for optimal binding to different antigens (Figure 4A). Notably, P8 IgG
showed optimal binding to P. falciparum antigens 0620400 and 0422100 at dilutions of 0.74 and 2.2 pl/ml
(corresponding to 1350 and 450-fold dilutions), respectively. Conversely, these same patient antibodies
displayed optimal binding to P. falciparum antigens 0935600 and 1002100 at dilutions of 20 and 6.6
ul/ml (50 and 150-fold dilutions), respectively. Interestingly, at higher serum dilutions, some P,
falciparum antigens (0935600 and 1002100) exhibited antibody levels near background, while lower
serum dilutions inhibited the optimal binding of patient antibodies to other antigens (0620400 and
0930300 (19kDa)). Similarly, when serially diluted sera samples were examined against variants of
PfMSP1, distinct patient antibody binding preferences were uncovered (Figure 4B). The reciprocals of
half-maximal titers (MT50) were calculated from non-linear binding curves of patient IgG to antigens.
For instance, antibodies from P8 displayed a preference for the PAMSP1-V1 variant, with an MT50 of 5
pl/ml, surpassing all other variants (MT50: 1.6 to 3.1 pl/ml) including the 3D7 construct (MT50: 2.56

pl/ml). Given that the V1 construct was isolated from P8, and harbored unique mutations compared to
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other constructs (Fig 1B), it is plausible that the patient had been primed for the V1 sequences. This
hypothesis gains further support from the observed minimal preference of P8 antibodies for constructs V4
and V6, which lacked overlapping V1 mutations. In contrast, such marked differences in MSP1 variant
preference were not evident in patients P3 and P4. Patients enrolled in the MESA-ICEMR study
(Supplemental Table 1) displayed MT50 values ranging from 0.01 to 10 ul/ml (corresponding to dilutions
of 10 to 10,000) for all antigen constructs (Fig 4C). Notably, younger patients P1 (aged 15) and P2 (aged
17) exhibited either minimal or zero levels of antibodies, limited to India-specific markers (0422100,
01315400, and 0620400), while showing no reactivity towards PMSP1, PfRhS5, or PFAMAI1. Among the
remaining P. falciparum-infected samples (aged 20 and above), only five patients exhibited IgG binding
to common P, falciparum antigens such as PMSP1 (0930300) and P/Rh5(0424100). However, IgG from
these patients did bind to at least one of the five tested Indian markers. Remarkably, patients originating
from Orissa (OR) exhibited IgG reactivity to six (P3) and seven (P8) of the nine tested P. falciparum
antigens. Similarly, a patient (P4) originating from West Bengal (WB) displayed IgG reactivity to four of
the nine tested antigens. Despite all ten tested patient samples being confirmed for P, falciparum
infections through microscopy, rapid diagnostic tests (RDT), and polymerase chain reaction (PCR)
(Supplemental Table 1), six patients demonstrated IgG reactivity to P. vivax India-specific markers,

indicating prior exposure to P. vivax.

2.4 Discussion

Malaria parasites utilize a complex combination of ligands to invade human red blood cells, eliciting a
diverse array of antibody responses targeting both surface antigens and intracellular proteins. The
identification of serological markers capable of delineating submicroscopic infections, the activation of
hypnozoites, and the characterization of protective immunity is pivotal for the achievement of malaria
elimination. Collaborative efforts have been directed toward identifying dominant serological markers for
both Plasmodium falciparum and Plasmodium vivax in malaria transmission regions. However, these

efforts have predominantly focused on areas outside the Indian subcontinent. Contrastingly, early
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serological investigations conducted in India have unveiled a distinct set of highly seroreactive P. vivax
antigens '> ¢, Furthermore, the implications of antigenic polymorphisms in evading the host immune

response remain to be understood.

In this study, we present a simple yet versatile bead-based antigen assay capable of quantifying antibody
levels against malaria antigens in regions endemic to both Pf'and Pv, such as India. Our approach
combines the sensitivity and specificity inherent to bead-based technology with the robustness of a wheat
cell-free antigen expression system. Additionally, we present a novel protocol for functionalizing beads to
adsorb antigens from translated lysates. This multiplex approach affords the flexibility to tailor
serological markers to the specific requirements of local transmission settings. Importantly, the antigen-
adsorbed beads exhibit exceptional stability, with no observable antigen exchange between beads over a
90-day storage period at 4°C, a crucial feature for the storage and shipment of pooled beads. The absence
of the antigen purification step enhances the method's scalability, enabling the concurrent analysis of

hundreds of antigens.

By employing serially diluted sera instead of the conventional single-point dilution serological tests, we
uncovered the absolute levels of patient IgG antibodies directed against all studied antigens. For instance,
PMSP10 (0620400) exhibited the highest antibody levels (MT50: 10 ul/ml) in P8, while the lowest
levels (MT50: < 0.02 pl/ml) were observed in P4. Similarly, PAIMSP1 (0930300) displayed a 2- to 10-fold
variation in binding to patient antibodies compared to its variants. Notably, six out of the ten P,
falciparum-infected samples exhibited low antibody titers against P. vivax antigens, especially those

corresponding to India-dominant markers, indicating prior exposure to P. vivax.

In summary, the presented multiplexed serological method holds the potential to uncover the true level of
antibody responses against numerous antigens from different human malaria parasites. Generated
Serological data combined with clinical information from patients promises to be instrumental in the
identification of serological markers capable of detecting submicroscopic infections and defining the

parameters of protective immunity against malaria.
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Chapter 2 Figures and Tables

Sl. ORF fragment, MW,
No. Antigen ID Common name (AAs) (kDa)
1 - Green fluorescent protein (GFP) 1-238(238) 26.9
2 PF3D7_0930300 Merozoite surface proteinl (MSP1-19) 1612-1720(108) 12.1
3 PF3D7_0930300 Merozoite surface proteinl (MSP1-42) 1361-1720(360) 41.5
4 PF3D7_0930300 MSP1-42 V1 1361-1720(360) 41.4
5 PF3D7_0930300 MSP1-42 V2 1361-1720(360) 41.6
P. falciparum 6 PF3D7_0930300 MSP1-42 V3 1361-1720 (360) 414
antigens 7 PF3D7_0930300 MSP1-42 V4 1361-1720(360) 41.4
8 PF3D7_0930300 MSP1-42 V5 1361-1720(360) 41.4
9 PF3D7_0930300 MSP1-42 V6 1361-1720(360) 41.3
10 PF3D7_1133400 Apical membrane antigen 1 (AMA1) 22-544 (523) 60.5
11 PF3D7_0424100 Reticulocyte binding protein homologue 5 1-526 (526) 63.0
. 12 PF3D7_0422100 Transmembrane emp24 domain-containing protein 1-385(385) 45.0
South Asia
P. falciparum 13 PF3D7_1002100 EMP1-trafficking protein 1-631(631) 69.7
top reactive 14 PF3D7_0315400 Conserved protein, unknown function 1-256 (256) 30.5
Serological 15 PF3D7_0620400 Merozoite surface protein10 1-525(525) 61.2
markers [12] 16 PF3D7_0935600 Gametocytogenesis-implicated protein 1-512(512) 58.2
P. vivax 17 PVX_099980 MSP1-19 1,622-1,729 (108) 118
antigens 18 PVX_099980 MSP1-42 1325-1729(428) 42.0
19 PVX_092275 Apical membrane antigen 1 (AMA1) 43-487 (444) 50.1
. 20 PVX_081830 Exported protein, unknown function 1-494 (496) 56.7
South Asia
P. vivax 21 PVX_116780 Protein transport protein SFT2, putative 1-268 (269) 29.0
top reactive 22 PVX_083560 Exported protein, unknown function 1-310(311) 34.0
serological 23 PVX_121930 Exported protein, unknown function 1-289 (290) 324
markers [12] , :
24 PVX_118705 Hypothetical protein, conserved 1-438 (439) 50.7

Table 2.1: Description of selected malarial antigens.
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Figure 2.1. PAMSP1-42 (PF3D7 _0930300) polymorphisms in Goan clinical isolates. (A) Schematic
representation of full-length PAMSP1 and (B) its C-terminal portion (Pf MSP1-42). The numbers on
the schematics indicate the amino acid positions. The black bars on PMSP1-42 indicate the position
of mutations. (C) Amino acid changes in 3D7 PfMSP1-42 variants by position. The highlighted amino

acids differ from the 3D7 sequences.
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Figure 2.2. Overview of a methodology for a rapid generation of antigen-coated beads. (A) Illustration

depicting the process of malaria antigen expression in wheat germ cell-free expression system and the

selective adsorption onto functionalized beads. (B) Saturation curves showing the mean fluorescence

intensities (MFI) of biotinylated anti-Ctag antibody chemically attached to BioPlex beads employing

streptavidin-phycoerythrin antibody conjugate (SAPE) for detection and quantification. (C) Titration for

optimal adsorption of a PAMSP1 (PF3D7 0930300) onto functionalized BioPlex beads utilizing anti-Flag

antibodies.
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Figure 2.3. Validation of malaria antigen expression and adsorption onto functionalized beads. (A)

An autoradiogram verifies the quality of malaria antigens expressed in the wheat cell-free system.

(B) Confirmation of malaria antigen adsorption onto beads using anti-flag antibodies.

39



>

P8 antibody binding (MFI)

vy

@)

SB Age

P. falciparum infected
patients
@
>
S

15
17
22
26
27
35
37
50
60

P8 plasma, pl/ml

D
P1
P2
P3
P4
P5
P6
P7
P8
P9

60 P10

NC

10

GFP

0930300(19kDa)

i

1

0930300(42kDa)

5

0930300-V1

MSP1 variants

P. falciparum Ags. E 8000,
¥ 0620400 =
0422100 2 6000
0935600 '8
1002100 S 4000
GFP =)
8
= 2000
c
[
g 0 -
20 25 0 2

L
.2

092275

j=]
®
@
@
o

0930300-V2
0930300-V3
0930300-V4
0930300-V5
0930300-V6
1133400
0424100
0422100
1002100
0315400
0620400
0935600
099980(19kDa)

. Asia markers

w
099980(42kDa)

4

o
@
I~
(e}
=t
-

083560
121930
118705

6

P8 plasma, pl/ml

-

S. Asia markers

P. falciparum 3D7 Ags

P. vivax Sal-1 Ags

PMSP1-42,

> O > ¢ O @

10

~
tn

5.0

2.5

E20.01
Neg

jw/r Jay [wIXRW-jleYy

0930300-V1
0930300-3D7
0930300-V3
0930300-V6
0930300-V4
GFP

10 [eooudioey

Figure 2.4. The magnitude of patient IgG responses to malaria antigens. (A) Assessment of IgG antibody

levels against P. falciparum and P. vivax antigens by testing serially diluted patient serum. (B)

Representative binding curves generated for the calculation of reciprocals of Half-Maximal titers. (C)

Seroreactivity profiles for P. falciparum and P. vivax antigens. Patient samples are organized in ascending

order of age, with migration status determined by their State of Birth (SB) and State of Residence (SR).

GA-Goa; UP-Utter Pradesh; KA-Karnataka; OR-Orissa; WB-West Bengal; JH- Jharkhand; MA-

Mabharashtra.
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2.5 Supplemental Methods and Data:

2.5.1 Degree of anti-c-tag antibody coating onto beads

CaptureSelect anti c-tag antibodies purchased from Thermofisher scientific are conjugated with biotin. To
test the degree of coating, activated beads were modified with various concentrations of anti c-tag
antibody to determine the optimal antibody concentration needed to coat 200,000 beads for maximum
signal. The biotinylated anti-c-tag antibodies coated on the beads were detected using streptavidin-
phycoerythrin conjugate (SAPE). The mean fluorescence intensity (MFI) curves of bead sets modified
with various concentrations of anti c-tag antibody are shown in S1. Using bead sets modified with no anti
c-tag antibody, MFI signals remain at background levels. As bead-coated antibody concentration
increases, there is an observed signal increase. Our preliminary results determined the optimal anti c-tag
antibody concentration to be 20 pg/200k beads. Increased concentrations gave similar or reduced signals
suggesting beads saturation. To verify saturation, we generated a standard curve (figure S2a) to calculate
the degree of anti c-tag coating using spectrophotometry to measure biotinylation on the coated bead sets.
The fluorescence of the biotinylated anti c-tag was measured prior to coupling which was used to generate
the standard curve. We also measured the fluorescence post-coupling to determine how much antibody
was bound to the beads. Finally, we generated a saturation curve for the degree of coating (figure S3).
From our data, we confirm that the beads are fully coated at a concentration of 20mg/200k beads,

increasing the anti c-tag concentration saturates the bead surface hampering the binding efficiency.

2.5.2 Capturing of MSPI1 antigens onto beads and multiplex analysis:

Preliminary attempts to determine the optimal concentration of WGL required for bead saturation were
conducted. Here, we quantify the binding of various concentrations of anti-c-tag coated beads to the dual-
tagged MSP1 antigen affinity captured directly from the WGL. Figure 3 shows the MFI curves of bead
sets modified with various anti-c-tag antibody concentrations. Using uncoated bead sets, MSP1 MFI
signals remain at background levels at all tested protein concentrations. As anti-c-tag antibody

concentration increases there is an observed increase in MSP1 signals. At high concentrations of anti-c-
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tag antibody (20-80 pg), there was no significant increase in signal as MSP1 concentration increased.
Also, the graph approaches saturation as the concentration of WGL increases from 600-1000 uL. This
antigen-antibody binding interaction shows a clear correlation between the concentration of anti-c-tag
antibodies and antigen capture from the wheat germ lysate. Future optimization experiments include
incubation time tests and coated beads stability assay. Traditional coupling methods require a protein
purification step must before capture. Due to the difficulty in purifying malaria surface proteins, the
Rathod lab recently developed a method to override the protein purification process by direct capturing c-
tagged antigens from the wheat germ lysate using antibody-coated beads. Multiple papers have shown
that c-tagged antigens could be isolated in high purity using capture columns coated with camelid
antibodies that recognize the c-tag. Here, we utilize the antibody-capturing ability on the multiplexing
bead surfaces. This allows for a single step of protein capture from lysates, onto the modified beads. After
this capture step, antigens bound to the modified beads can bind to anti-flag antibodies forming a bead-

antigen-antibody complex that can be analyzed for multiplex binding studies (figure S4).

2.5.3 Stability and drift of adsorbed antigens on Anti-Ctag functionalized beads (AFBs):

A stability assay was conducted to assess the longevity of antigens adsorbed onto the anti-Ctag
conjugated beads and the chance of drifting the antigens between beads. In these studies, all 25 sets of
AFBs adsorbed with no flag tag antigen (negative control), GFP (positive control), and our proteins of
interest were mixed and multiplexed against anti-flag antibodies (Figure S5). The observed fluorescence
was recorded as day 1 MFIs. Mixed beads were stored in the dark at 4°C for 6 months. The multiplexing

experiment was repeated on day 180 to record any change in MFIL.

42



Anti C-tag Ab/200k beads

80 ug
40 ug
20 ug
15 ug
10 ug
S g
2 1g
1 Hg
Oug

30000

20000+

EEEE,

MFI

10000

¢

' 1 1 1
0 1:10000 1:1000 1:100
SAPE Titer

Figure S1: Streptavidin-Phycoerythrin (SAPE) titration of anti-c-tag antibody coated on 200,000 beads.
Different bead regions were coated with various antibody concentrations ranging from 0 ug to 80 ug.
Maximum signal detected at 20 pg/200k beads.
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Figure S2a: Anti C-tag standard curve. A reporter agent containing fluorescent avidin and 4’-
hydroxyazobenzene-2-carboxylic acid (HABA) was used for quantification. Avidin fluoresces at 520 nm
when the weakly interacting HABA is displaced by biotin, measured by a plate reader.
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Figure S2b: Anti c-tag coupling efficiency. The Fluorescence of biotinylated anti c-tag was measured
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Figure S3: Degree of coating. Using the equation derived from the standard curve, the concentration of
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concentration per 200k beads.
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Figure S4: 0-80 pg of anti-c-tag antibody bound to MSP1 in WGL. 200,000 beads were coated with anti-
c-tag antibodies at varying concentrations and pooled into a single tube. 10 concentrations of WGL MSP1
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region was analyzed by the BioPlex instrument and mean fluorescence intensities (MFI) were plotted

against WGL concentrations.
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Figure S5: Stability and drift of antigens-adsorbed beads. No significant change in MFI over 6 months
when probed with anti-FLAG antibodies indicates that the antigens are intact and stable on the beads.
Similarly, no significant decrease in fluorescence over 6 months suggest that there is no exchange of
adsorbed antigens between the beads sets.
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Chapter 3 | Uncovering the Protective Potential of Patient Sera
3.1 Introduction
Building on the promising findings from our pilot studies (Chapter 2), this chapter aims to explore the
protective potential of infected patients’ sera against malaria blood-stage parasites. While several human
monoclonal antibodies have been extensively characterized and shown to effectively block parasite
invasion and replication, relatively few studies have examined the functional protective capacity of
antibodies present in patient sera. Understanding whether naturally acquired antibodies can mediate
parasite inhibition is critical for both vaccine development and the identification of correlates of

immunity.

Here, we designed a comparative growth and invasion inhibition assay framework incorporating three
categories of interventions: (i) novel small-molecule inhibitor (Tartrolon E) and clinically validated drug
compounds, including DSM265, and artemisinin; (ii) well-characterized monoclonal antibodies targeting
erythrocytic-stage antigens such as MSP1, AMA1, and EBA175; and (iii) sera from malaria-exposed
patients. This experimental approach enables a direct comparison of inhibition profiles, allowing us to
assess whether patient sera exhibit protective capabilities comparable to or distinct from established
small-molecule and monoclonal antibody interventions. Through this strategy, we seek to advance
understanding of the mechanisms underlying immune-mediated control of malaria parasites and to inform

future efforts in antigen prioritization and therapeutic development.

Growth and Invasion Inhibition Assays in Malaria Research

The erythrocytic stage of Plasmodium falciparum is central to malaria pathogenesis and disease
manifestation, making it the primary target of most therapeutic and immunological interventions. During
this stage, merozoites invade host erythrocytes, undergo asexual replication, and release daughter
parasites that perpetuate infection.! Consequently, in vitro assays that quantify parasite growth and

invasion have become indispensable for studying antimalarial drug efficacy, host-parasite interactions,
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and immune responses. Two widely used assay platforms are growth inhibition assays (GIAs) and

invasion inhibition assays (I1As).

Growth inhibition assays (GIAs): GIAs measure the ability of compounds, antibodies, or sera to suppress
parasite replication over one or more erythrocytic cycles. The typical readouts include half-maximal
inhibitory concentrations (ICso), ICso values, or percent inhibition relative to untreated controls."> These
assays provide insights into drug potency, stage specificity, and resistance phenotypes. Traditional GIA
methods rely on microscopy of Giemsa-stained blood smears or incorporation of [*H]-hypoxanthine into
parasite DNA. More recently, higher-throughput platforms employ parasite lactate dehydrogenase
(pLDH) assays, DNA-binding dyes such as SYBR Green I coupled with flow cytometry or plate readers,
and bioluminescence-based transgenic parasite lines.® The versatility of GIAs has enabled their use in
evaluating a wide array of small-molecule inhibitors, monoclonal antibodies, and sera from malaria-

exposed individuals.

Invasion inhibition assays (IIAs): While GIAs measure overall parasite growth and replication, I1As
specifically quantify the ability of interventions to block merozoite entry into erythrocytes. These assays
are generally performed using synchronized parasite cultures enriched at the schizont stage, which release
merozoites that attempt to invade fresh erythrocytes. Invasion-blocking activity is quantified by
measuring the proportion of newly invaded ring-stage parasites in the presence of inhibitors, relative to
untreated controls. IIAs provide mechanistic insights into receptor-ligand interactions, reveal stage-
specific vulnerabilities, and are particularly suited to testing monoclonal antibodies targeting merozoite
surface antigens such as MSP1, AMAL1, and EBA175.* Fluorescent labeling of merozoites or
erythrocytes, combined with flow cytometry, has significantly enhanced throughput and precision in these

assays compared to earlier microscopy-based approaches.®

Together, GIAs and I1As provide a comprehensive framework for assessing interventions targeting the
erythrocytic stages. GIAs are optimal for evaluating compounds or sera with broad activity across

multiple cycles, while IIAs are indispensable for dissecting specific invasion-blocking mechanisms.
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Importantly, IIAs can complement GIAs in distinguishing whether reduced parasite replication results
from impaired invasion, intraerythrocytic growth inhibition, or both. This distinction is particularly

relevant for antibodies or sera, where inhibitory activity may be antigen- and stage-dependent.

Overall, both assay platforms have played pivotal roles in antimalarial drug development and vaccine
evaluation. GIAs are used routinely in preclinical and clinical pipelines to benchmark the potency of
small-molecule inhibitors such as novel natural products, and artemisinin derivatives. I1As, in contrast,
are widely applied to evaluate vaccine candidates and monoclonal antibodies, as invasion-blocking
activity is strongly associated with functional protection in preclinical models. Patient sera from malaria-
endemic regions can be tested in both assays to assess naturally acquired immunity (NAI) and to identify
antigenic targets that correlate with protective responses. Taken together, GIAs and IIAs provide robust
and complementary in vitro tools to interrogate malaria parasite biology, evaluate therapeutic and
immunological interventions, and prioritize candidates for translational development. Their continued
refinement, including integration with high-throughput readouts and standardized protocols, remains

essential for advancing malaria control and eradication efforts.”

3D7 Growth-Inhibition Assays with Small Molecules (Tartrolon E, Artemisinin, DSM265)

Historically, small-molecule compounds have been in the forefront malaria prevention, control and
treatment strategies. Here, we use growth inhibition assays (GIAs) as the standard in vitro approach for

evaluating the efficacy of three highly potent compounds.

Tartrolon E (TrtE): Tartrolon E is a marine-derived polyketide first reported from symbiotic bacteria
associated with marine bivalves and, more recently, characterized for antiplasmodial activity. Two
independent reports (one from the Rathod Lab) demonstrate exceptionally high potency of TrtE against
Plasmodium falciparum asexual and sexual stages in vitro: sub-nanomolar ICso values (i.e., nanomolar to
sub-nanomolar range) and rapid parasiticidal activity within hours of exposure have been reported,

making TrtE among the most potent small molecules described against blood stages.®’
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In addition to growth inhibition, TrtE shows activity against early sexual stages, suggesting potential
transmission-blocking properties. Preliminary data suggest it disrupts intracellular development and
parasite egress, although its precise mechanism of action remains under investigation. Importantly,
Tartrolon E maintains activity against ART-resistant parasites, highlighting its potential as a next-

generation therapeutic.

Artemisinin (ART) and derivatives: Artemisinins are endoperoxide-containing natural products (and semi-
synthetic derivatives) that produce a fast and steep parasite kill in vivo and in vitro.!® Mechanistically,
activation of the endoperoxide bridge is linked to parasite-derived heme (from hemoglobin digestion) and
possibly other iron sources. Activated ART forms carbon- and oxygen-centered radicals that alkylate
multiple parasite proteins and lipids, producing a promiscuous “multi-target” effect and rapid parasite
clearance.!®!! GIAs typically show very low ICso values for ART and derivatives (example: DHA-
dihydroartemisinin) and time-kill assays demonstrate substantial parasite reduction within a single

intraerythrocytic cycle.

Clinical and laboratory emergence of ART resistance is phenotypically detected as elevated survival in
ring-stage survival assays (RSAs) and as delayed parasite clearance. Mutations in the kelchl3 (K13)
propeller domain are the principal molecular markers associated with artemisinin partial resistance;
strains harboring K13 mutations can show markedly higher RSA survival rates (for example, early
Cambodian isolates showed survival increases from < 2% to > 10-40% in some cases) and slower in vivo
clearance times.'*'* However, Artemisin combination therapies (ACTs) remain the most effective malaria

therapy currently in the market.

DSM265 (DHODH inhibitor): DSM265 is a selective inhibitor of Plasmodium dihydroorotate
dehydrogenase (DHODH), an essential enzyme in the de novo pyrimidine biosynthesis pathway.
Preclinical GIAs and parasite enzyme assays revealed potent, parasite-selective inhibition with low-
nanomolar ICsos and good selectivity indices against human DHODH, supporting further development as

a long-acting antimalarial candidate.'® In clinical development, DSM265 demonstrated desirable
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pharmacokinetics (long half-life) and antimalarial activity in first-in-human studies and controlled human
malaria infection (CHMI) trials.!® In a CHMI prophylaxis study, DSM265 provided protection when
given as a single dose prior to sporozoite challenge, and early therapeutic/efficacy studies demonstrated
parasite clearance consistent with pharmacodynamic expectations; however, monotherapy was not
sufficient for curative treatment of higher-density infections and combination strategies were
recommended.'”!"* DSM265 illustrates how GIA data (potency and stage activity) inform dosing

strategies and combination partner selection for slow-acting, long-half-life chemotypes.

Comparative GIA observations of TrTE, ART, and DSM265: ART derivatives show rapid killing but

short duration, TrtE shows rapid and ultra-potent activity in vitro against multiple stages (suggesting
utility as both therapeutic and potential transmission blocker), and DSM265 exhibits slow-acting but
long-lasting activity suitable for prophylaxis or partner drug roles. Importantly, the translation from in
vitro GIA potency to clinical efficacy depends on pharmacokinetics/pharmacodynamics, stage specificity,
and host factors. For example, DSM265’s long exposure enabled prophylactic efficacy in CHMI despite
slower kill kinetics; conversely, artemisinins’ rapid kill makes them indispensable in combination
regimens despite emerging ring-stage tolerance in some regions.!*! The discovery of potent new
chemotypes such as TrtE underscores the continued value of GIAs for lead identification, while also
highlighting the need for detailed resistance-evolution studies and mechanistic work before clinical

translation.®’

Invasion-Inhibition Assays with Erythrocytic-Stage Monoclonal Antibodies (AMA1, MSP1. EBA175)

Invasion-inhibition assays (IIAs) provide a robust platform for evaluating the functional efficacy of
monoclonal antibodies (mAbs) targeting blood-stage malaria antigens. These assays quantitatively
measure the capacity of antibodies to prevent merozoite invasion of erythrocytes, offering critical
validation for therapeutic and vaccine development.2%-2!

AMA1-Specific Monoclonal Antibodies: Apical Membrane Antigen 1 (AMAL1) is an essential

micronemal protein that facilitates tight junction formation during merozoite invasion of erythrocytes.
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AMA1-specific mAbs inhibit this process by blocking interactions with the parasite protein RON2. In
vitro, anti-AMA1 mAbs typically show modest inhibitory activity, with inhibition levels rarely exceeding
40-50% and ICso values in the mid-to-high pg/mL range. High sequence polymorphism across P,
falciparum strains limits their breadth of activity, making AMA1 a less favorable stand-alone vaccine
target.2>?

MSP1-42-Specific Monoclonal Antibodies: Merozoite Surface Protein 1 (MSP1) is abundantly expressed
on the merozoite surface and undergoes proteolytic processing critical for successful invasion. Antibodies
against the 42 kDa C-terminal fragment (MSP1-42) are among the most potent invasion-blocking
antibodies, with inhibition levels often exceeding 70% in vitro and ICso values within the low pg/mL
range. Due to its high surface expression and functional indispensability, MSP1-42 remains a leading
candidate for protective immunity, though polymorphism and epitope accessibility present ongoing
challenges.?

EBA175-Specific Monoclonal Antibodies:_Erythrocyte Binding Antigen 175 (EBA175) mediates sialic
acid-dependent binding to glycophorin A on erythrocytes. Anti-EBA175 mAbs disrupt this receptor-
ligand interaction, yielding intermediate inhibitory activity in GIAs, typically 50-70% inhibition with ICso
values in the low-to-mid pg/mL range. While these antibodies effectively block the sialic acid-dependent

invasion pathway, the parasite’s ability to switch to alternate invasion ligands reduces overall efficacy.?

Growth-Inhibition Assays with Patient Sera from Malaria-Endemic Regions.

Growth-inhibition assays using sera from malaria-exposed patients provide a complementary approach to
evaluate naturally acquired immunity. While monoclonal antibodies allow precise mechanistic dissection
of antigen-specific inhibition, patient sera reflect the polyclonal and functionally diverse antibody
repertoire present in endemic populations.?® Serum-mediated GIAs assess the capacity of naturally
acquired antibodies (NAAD) to inhibit erythrocytic-stage parasite replication in vitro, offering functional

insight beyond what is captured by simple binding assays. Multiple cohort studies have shown that higher
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pre-season GIA titers correlate with reduced risk of clinical malaria, particularly in young children
transitioning from naive to partially immune status.?’?® Importantly, this correlation is both antigen- and
strain-dependent, highlighting the influence of exposure history and immune breadth on protective
outcomes.

Antigen-specific blocking or competition assays with endemic sera have identified AMAI as a frequent
target of inhibitory antibodies, although responses are often allele-specific. In contrast, MSP1-directed
NAAD tend to act additively or synergistically with vaccine-induced antibodies, offering broader coverage
across parasite strains when incorporated into combination therapies or multivalent immunogens.**-*°
These findings suggest that functional antibodies in patient sera may recapitulate some of the protective
mechanisms observed with monoclonal antibodies, while also revealing additional targets or synergistic
effects unique to naturally acquired immunity.

Methodological analyses indicate that sera from endemic populations may contain non-GIA mechanisms
such as complement activation or opsonic phagocytosis, that contribute to protection independently of
direct growth inhibition.’! Consequently, GIAs should be integrated into a broader systems serology
framework that includes binding profiles, Fc receptor engagement, and additional functional assays to
comprehensively evaluate protective mechanisms.

Table 1 shows comparative inhibition profiles for established interventions (small molecules, monoclonal
antibodies), and patient sera in erythrocytic-stage assays. By incorporating patient sera into the
comparative experimental framework alongside small-molecule inhibitors and well-characterized
monoclonal antibodies, this study aims to directly assess whether naturally acquired antibodies can
mediate parasite inhibition at levels comparable to established interventions. This approach enables a
nuanced understanding of the protective potential of patient-derived antibodies and informs antigen

prioritization and vaccine design strategies based on real-world immune responses.
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cohort, pooled
sera

antigens

Intervention Specific Agent/ | Mechanism of Action Max notes
Type Antibody / Sera Inhibition
(%)
Small molecule | Tartrolon E Parasite replication inhibitor 98 Highly potent; rapid action
Small molecule | DSM265 Dihydroorotate dehydrogenase | 95 Active against multiple
inhibitor stages
Small molecule | Artemisinin Free-radical-mediated parasite | 99 Standard clinical reference
killing
Monoclonal Ab | mAb-MSP1-1 Blocks merozoite attachment 65 Modest inhibition,
proteolytic processing,
Monoclonal Ab | mAb-AMALI Blocks tight junction 80 High inhibition,
formation polymorphic
Monoclonal Ab | mAb-EBA175 Blocks sialic acid-dependent 70 Modest inhibition,
binding to glycophorin A redundant, invasion-switch
limited
Patient sera Endemic Polyclonal inhibition, multiple | 40-85 Heterogeneous activity;

includes non-GIA
mechanisms

Table 3.1: Adapted from combined sources.

8,10,15,22,24,25 28
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3.2 Materials and Methods

3.2.1 P falciparum Growth EC50 Determination: Small-molecule inhibition assay

Asynchronous cultures were propagated in RPMI media supplemented with human red blood cells to
0.5% hematocrit and 0.5% parasitemia. Drugs were prepared in DMSO as a 400x dilution series and
diluted 1:50 into media to yield a final DMSO concentration of 0.2%. Parasites were propagated at 37 °C
for 72 h and growth was assessed using the SYBR Green method with minor modifications. SYBR green
fluorescence was measured (ex./em. 485/535 nm) and data analysis was performed using GraphPad Prism
7. Prior to determining EC50, parasites were propagated for three intraerythrocytic cycles in media

lacking drug before plating. All data were collected in triplicate.

3.3.2 P falciparum Invasion EC50 Determination: Monoclonal Antibodies Assays.

The P. falciparum 3D7 line was maintained in continuous culture using fresh erythrocytes at 0.5%
haematocrit and synchronized by two incubations in 5% sorbitol three hours apart. Synchronized
early/mid trophozoites were adjusted to 0.5% parasitemia and then incubated with various mAb
concentrations in 96 well plate (obtained from BEI resources at 1mg/ml) tested in triplicate. Final
parasitemia was determined by sybr green staining. Briefly, parasite cultures were incubated with 2X
syber green stain (in PBS) for 20 minutes in the dark. After incubation total volume in wells is brought to

200uL. Samples were read by flow cytometry (Accuri BD C6).

3.3.3 P falciparum Invasion EC50 Determination: Patient Sera GIA.

Non-dialyzed naive and patient sera were heat inactivated at 56 degrees Celsius for 30 minutes, and
incubated at 37 degrees for 30 minutes. Control and patient sera were initially diluted 50-fold in assay
buffer. These 50-fold diluted sera were subjected to 2-fold serial dilutions per well.

3D7 ring-stage parasites were synchronized twice by sorbitol lysis (5% D-sorbitol) and allowed to mature

to late trophozoite/schizont stages. Parasites_were cultured at 2% hematocrit in RPMI-1640 supplemented
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with 25 mg/mL HEPES, 2 mg/mL sodium bicarbonate, 0.5% Albumax II, 0.3 mM hypoxanthine, and 0.1
mg/ml gentamicin. Cultures were maintained at 37 degrees C in an atmosphere of 5% CO», 5% O, and
90% N,. Parasites were adjusted to 0.5% infected red cells with a final 0.5% hematocrit, 1:10 plasma
dilution, and 100 mL final volume in 96-well flat-bottom microtiter plates in triplicates. The cultures were
incubated for 26 hours to allow for schizont rupture and merozoite invasion (monitored by microscopy to
ensure full schizont rupture). Final parasitemia was determined by sybr green staining. Briefly, parasite
cultures were incubated with 2X syber green stain (in PBS) for 20 minutes in the dark. After incubation

total volume in wells is brought to 200ul. Samples were read by flow cytometry (Accuri BD C6).
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3.3 Results

3.3.1 P falciparum 3D7 Growth EC50 Determination: Small-molecule inhibition assay

In line with the defining characteristics of historically successful antimalarials; high potency, tolerability,
and efficacy across multiple parasite life-cycle stages, our proliferation assays reveal a striking potency
profile for Tartrolon E (TrtE). As shown in Figure 3.1, TrtE demonstrated sub-nanomolar activity (ECso =
200 pM) against the asexual blood stages of P. falciparum (3D7 strain).

When compared to benchmark compounds, TrtE’s inhibition profile was both steeper and more potent.
Artemisinin (ART), the current frontline therapy, exhibited its expected nanomolar-range activity with a
typical sigmoidal dose-response curve. However, TrtE achieved complete inhibition at far lower
concentrations, with near-total suppression of proliferation observed at ~1 nM. Similarly, DSM265, a
dihydroorotate dehydrogenase (DHODH) inhibitor in advanced clinical testing, showed comparable
inhibitory activity, with a right-shifted dose-response curve relative to both TrtE and ART.

The data also highlight key pharmacodynamic differences among the three compounds. TrtE’s inhibition
curve is characterized by a sharp drop in proliferation, reflecting potent, rapid-acting activity. ART and
DSM 265 maintained activity in the low-nanomolar range but with less complete suppression relative to
TrtE at equivalent concentrations, consistent with its short half-life and stage-specific action.

Together, these findings establish TrtE as a highly potent inhibitor of P. falciparum blood-stage
proliferation, with efficacy that surpasses ART in vitro and significantly outperforms DSM265. The sub-
nanomolar ECso values position TrtE among the most potent experimental antimalarials reported to date.
Given its broad inhibitory profile and activity against blood stages, TrtE represents a promising candidate
for further evaluation in combination therapies or as a next-generation antimalarial lead.

The inclusion of these compounds in growth inhibition assays provides robust positive controls for
assessing parasite replication and invasion. Their predictable inhibitory effects establish reliable reference
points for assay performance, allowing direct comparisons with experimental test conditions. This is

particularly important for evaluating the protective potential of monoclonal antibodies and patient sera,
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where the degree of inhibition may be more variable. By anchoring results to well-defined drug
responses, TrtE, ART, and DSM265 serve as critical standards to validate assay sensitivity,

reproducibility, and interpretability.

P. falciparum 3D7 Growth Inhibition
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Figure 3.1: Dose-response profiles of Tartrolon E (TrtE, red circle), artemisinin (ART, black diamond),
and DSM265 (green square) tested for their ability to inhibit P. falciparum (3D7) proliferation. EC50
determination are as follows: TrtE (0.28 nM), DSM 265 (19.8 nM), and ART (28 nM). Data represent
mean + SD from three independent experiments.



3.3.2 Inhibition Assays of Plasmodium falciparum 3D7 Using Erythrocytic Stage Monoclonal Antibodies

Monoclonal antibodies (mAbs) targeting blood-stage antigens of Plasmodium falciparum remain
powerful tools for probing mechanisms of parasite invasion and growth inhibition. Among the most
studied targets are merozoite surface protein 1 (MSP1), apical membrane antigen 1 (AMA1), and
erythrocyte-binding antigen 175 (EBA175), each of which plays a distinct role in the invasion of
erythrocytes. Growth inhibition assays (GIAs) using these antibodies allow for direct comparisons of their
functional capacity to block parasite replication in vitro.

The results obtained for the P. falciparum 3D7 strain highlight a gradient of inhibitory potency across
these antigens (Figure 3.2). Anti-AMAT1 antibodies demonstrated the strongest inhibitory activity,
maintaining over 80% inhibition across a broad concentration range and achieving half-maximal
inhibition at approximately 0.4-0.5 mg/mL and nearly complete inhibition at sub-milligram
concentrations with a steep dose-response profile. This finding aligns with the established role of AMA1
in forming the tight junction between merozoites and erythrocytes, a process critical for successful
invasion, underscoring its potential as a protective antigen.

In contrast, antibodies targeting EBA175 exhibited intermediate potency, with a measurable but less
pronounced inhibition of parasite proliferation (60-70%) compared to AMA1.This reflects the critical role
of EBA175 in sialic acid-dependent binding to glycophorin A. However, the parasite’s capacity to switch
invasion pathways likely contributes to the incomplete inhibition observed. Although this pathway is
important for erythrocyte entry, parasites can bypass it using alternative ligands, which likely explains the
comparatively reduced inhibitory activity of EBA175-specific antibodies.

MSP1-specific antibodies displayed the weakest inhibitory activity, with incomplete suppression of
parasite growth (40%) even at the highest concentrations tested. MSP1, while abundant on the merozoite
surface and involved in erythrocyte invasion, undergoes extensive proteolytic processing, which may

limit the accessibility of critical epitopes to antibody binding.
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Together, these findings illustrate that not all erythrocytic antigens contribute equally to antibody-
mediated inhibition of parasite growth. AMA1 emerges as the most effective target in this study, followed
by EBA175, with MSP1 showing comparatively limited functional inhibition. These results provide a
useful benchmark for comparing antibody-mediated inhibition to small-molecule compounds and patient
sera responses. These results illustrate the differential inhibitory potential of monoclonal antibodies
targeting distinct merozoite antigens. Importantly, they highlight how well-characterized mAbs provide
strong positive controls in GIA studies, enabling direct comparisons to the functional activity of patient
sera. By including monoclonal antibody benchmarks, it becomes possible to contextualize the protective

capacity of naturally acquired antibodies and evaluate their contribution to blood-stage immunity.

P. falciparum 3D7 Incubation Using Monoclonal Antibodies
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Figure 3.2: P, falciparum 3D7 strain comparative monoclonal antibodies growth inhibition assay. Red
circle marker indicates MSP1Ab, blue triangle marker indicates EBA175 Ab, and green square marker
indicates AMA1 Ab. Data represent mean = SD from three independent experiments.
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3.3.3 Growth Inhibition Assay of Plasmodium falciparum 3D7 Using Patient Sera

The growth inhibition assay (GIA) was performed to evaluate the inhibitory activity of patient-derived
immune serum on the proliferation of P. falciparum 3D7 parasites. PBS and DMSO were included as
positive and negative controls, respectively, while naive serum from a malaria-naive individual served as
additional control. Parasite proliferation was measured across a range of serum dilutions, and percent
proliferation relative to the PBS control was plotted (Figure 3.3).

PBS showed consistently high parasite proliferation across all dilutions, as expected, confirming that in
the absence of inhibitory compounds or antibodies, the 3D7 strain maintains robust growth. Conversely,
DMSO resulted in near-complete inhibition of parasite growth at high concentrations, demonstrating the
assay's dynamic range and the capacity to detect inhibition. The immune serum exhibited nearly complete
inhibition of parasite growth, particularly at lower dilutions (4 to 16-fold) similar to DMSO. At the lowest
dilutions (4 - 64-fold), proliferation was markedly reduced compared with PBS, reflecting the presence of
functional antibodies capable of interfering with parasite invasion or replication. As the serum was further
diluted (256 -2048), the inhibition effect diminished, and proliferation approached that of PBS, suggesting
a dose-dependent effect consistent with antibody-mediated activity. Interestingly however, the naive
serum, obtained from an individual with no prior exposure to malaria, showed a proliferation curve nearly

identical to immune serum, indicating a possibility of non-antimalaria specific inhibitory activity.

65



P. falciparum 3D7 Incubation Using Patient Sera
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Figure 3.3. Growth-inhibition of Plasmodium falciparum 3D7 by patient sera.

Synchronized parasites were incubated with serial dilutions of immune serum (green markers) or naive
serum (red markers). PBS served as the positive control for parasite proliferation (black triangles) and
DMSO as a negative control (gray squares). Percent proliferation is expressed relative to PBS control.
Immune sera produce dose-dependent inhibition; at dilutions >256 inhibition is reduced to ~20-25%. Data
represent mean = SD from three independent experiments.
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3.4 Discussion

This chapter investigates the protective potential of small-molecule compounds, monoclonal antibodies,
and patient sera against malaria blood-stage parasites. While several drug compounds and human
monoclonal antibodies have been well-characterized and shown to inhibit parasite invasion and
replication, relatively few studies have directly evaluated the capacity of naturally acquired antibodies in
patient sera to confer protection. To address this, we employed growth/invasion inhibition assays as
comparative tools, evaluating drug compounds, erythrocytic-stage monoclonal antibodies, and sera from
individuals living in malaria-endemic regions. Together, these approaches provide a comprehensive
framework to determine how different interventions impact parasite survival and inform strategies for
antigen prioritization in vaccine development.?*-3?

In this study, three small-molecule compounds were evaluated: Tartrolon E, artemisinin (ART),
and DSM265, a dihydroorotate dehydrogenase (DHODH) inhibitor. Proliferation assays revealed that
Tartrolon E exhibits potent activity against the asexual blood stages of P. falciparum (3D7 strain), with
sub-nanomolar inhibitory concentrations and near-complete growth inhibition at low doses. Artemisinin
and DSM265 also demonstrated strong dose-dependent inhibition, consistent with their established
activity against intraerythrocytic parasites. The consistency of these results with published data supports
the robustness of the assay design and underscores the suitability of these small molecules as
experimental controls. Importantly, their predictable and potent inhibitory effects provide a benchmark
against which the protective capacity of monoclonal antibodies and patient sera can be compared.

Monoclonal antibodies (mAbs) targeting merozoite antigens offer precise tools to dissect antigen-
specific immune responses. In GIAs/I1As, they allow direct measurement of how targeting defined
invasion ligands affects parasite survival. Three antibodies were tested: anti-MSP1, anti-AMA1, and anti-
EBA175.

Anti-AMA1 antibodies showed the strongest inhibitory effect, maintaining >70% inhibition across a wide
concentration range and reaching half-maximal inhibition at ~0.4-0.5 mg/mL. This reflects the essential

role of AMA1 in merozoite invasion and its potential as a leading antigen for protective immunity. Anti-
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EBA175 antibodies demonstrated intermediate inhibition, achieving ~60-70% inhibition at lower
concentrations. Since EBA175 mediates sialic acid-dependent binding to glycophorin A, antibodies
targeting this pathway effectively reduce invasion, though parasite plasticity in switching invasion
mechanisms likely contributes to incomplete inhibition. Anti-MSP1 antibodies displayed the weakest
inhibitory activity, with plateau at 40% inhibition at concentrations above 0.8 mg/mL. This reduced
efficacy is consistent with MSP1’s high polymorphism across parasite strains. Together, these results
highlight the differential inhibitory potential of mAbs and emphasize their value as positive controls.
Their inclusion provides a functional benchmark for interpreting the activity of patient sera, helping to
contextualize naturally acquired immunity relative to well-characterized antigen-specific responses.
Patient sera from malaria-endemic regions provide a unique window into the complexity of naturally
acquired immunity (NAI).?® Unlike monoclonal antibodies, sera contain a diverse, polyclonal mixture of
antibodies against multiple parasite antigens. GIAs using patient sera therefore capture the combined
effect of naturally induced antibody responses, offering a more holistic assessment of functional
immunity. Here, sera from exposed individuals were incubated with P. falciparum parasites, and their
ability to inhibit invasion and replication within erythrocytes were quantified relative to control sera, PBS,
and DMSO. Typically, stronger inhibitory activity is often observed in sera from highly exposed
individuals, particularly adults who have acquired partial immunity, whereas sera from children or

malaria-naive donors typically show weaker effects.?’*!

The variability across samples reflects differences
in exposure history, immune maturity, and parasite antigen diversity. In the patient sera assay covered in
this chapter, immune sera showed typical inhibitory profiles, strong inhibitions at higher concentrations,
and waning inhibitions as dilutions increased. We expected to see a contrasting difference between sera
from an infected patient in malaria endemic region and sera from a naive donor due to malaria specific
antibodies present in the patient sample. Interestingly, control sera from a non-malaria-exposed donor
showed a level of parasite growth inhibition comparable to that of sera from a malaria-exposed patient.
This observation likely reflects the contribution of non-specific serum factors rather than malaria-specific

immunity. Human serum contains innate inhibitory components, such as complement proteins, natural
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antibodies, and other serum proteins, which can interfere with parasite growth in vitro. Additionally, assay
conditions, including red blood cell donor variability, serum handling (dialysis, heat-inactivation), and
parasite strain susceptibility may contribute to apparent inhibition in naive sera. It is also possible that the
patient sera contained low titers of functional malaria-specific antibodies, reducing the difference between
naive and immune serum. These results highlight that growth inhibition assays measure both specific and
non-specific effects, and appropriate controls are essential to interpret malaria-specific antibody activity.
Also, partial inhibition observed even at high serum concentrations may be due to several factors;

e Redundant Invasion Pathways: P. falciparum can utilize multiple ligands to invade erythrocytes.
Antibodies targeting a subset of these ligands may not fully block invasion, allowing residual
growth.*

e Antibody Specificity and Affinity: Immune serum likely contains a heterogeneous mixture of
antibodies, some of which may bind non-inhibitory epitopes or have lower affinity, limiting overall
efficacy.™

e Functional Maturation of Antibodies: Not all antibodies generated in response to natural infection are

equally inhibitory; some may require complement or other immune factors to exert full effect.3!*

Heterogeneity of responses underscores the complexity of protective immunity and the challenges in
identifying a single antigen that can account for robust protection. By comparing patient sera results with
those from small molecules and monoclonal antibodies, this study establishes a comprehensive
framework for evaluating parasite inhibition. This comparative approach enables the assessment of
naturally acquired antibodies against defined standards, helping to prioritize antigens for future vaccine

development and improve our understanding of protective humoral immunity.
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Chapter 4 | Cross Resistance Studies of PfDd2 Mutant Lines Against Novel DHODH Inhibitors

4.1 Introduction

Historically, the development and deployment of potent small-molecule antimalarials such as
chloroquine, sulfadoxine-pyrimethamine, and artemisinin derivatives revolutionized malaria treatment.
However, each of these drug classes has eventually been compromised by parasite resistance.
Artemisinin-based combination therapies (ACTs), currently the global frontline treatment, are now facing
resistance in Southeast Asia and parts of Africa, underscoring the urgent need for new therapeutic
strategies.! In the past decade, high-throughput screening (HTS) against either intraerythrocytic parasites
or P. falciparum enzymes have led to the identification of several novel chemical entities that reached
clinical development. HTS also contributed to the validation of new parasite targets by providing different
mechanisms of action from previously used antimalarials. One such candidate to reach Phase II clinical
development include the pyrimidine bio synthetic enzyme dihydroorotate dehydrogenase (DHODH)
inhibitor DSM265.2 Through our work in collaboration with external partners, DHODH emerged as a

strong target for malaria prophylaxis.®

PfDHODH: Structural Basis for Selective Inhibition

Plasmodium parasites rely exclusively on the de novo pyrimidine biosynthesis pathway for DNA and
RNA precursors, making this pathway essential for survival in both blood and liver stages.*’
Dihydroorotate dehydrogenase (DHODH), a class II membrane-associated enzyme, catalyzes the fourth
step by oxidizing dihydroorotate to orotate via flavin mononucleotide (FMN) and coenzyme Q (CoQ)
(Figure 4.1).8

The Plasmodium enzyme forms a conserved o/p-barrel structure with an additional hydrophobic N-
terminal extension that generates a tunnel-like pocket near the barrel top.>!° The active site, located

within the barrel, binds FMN, while inhibitors can block activity either by occupying the barrel or by
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binding within the tunnel. The tunnel site, due to its sequence variability and conformational flexibility,

offers a route to selective inhibition.'%'

This tunnel binding pocket consists of three regions:!%!
1. Hydrophilic pocket - containing conserved residues His185 and Arg265.
2. Hydrophobic pocket - shaped by Phel188 and Phe227, which help position inhibitors.

3. Hydrophobic channel - leading toward FMN, lined by Val532, 11e272, and 11e263.

Unlike human host cells, which can salvage pyrimidines from their environment, P. falciparum parasites
are entirely dependent on de novo pyrimidine biosynthesis for nucleotide production, making P/DHODH
indispensable for parasite survival. This dependency creates a therapeutic window that can be exploited

by highly selective inhibitors that block parasite but not human DHODH activity.'4

Development of Plasmodium-specific DHODH Inhibitors

Progress in developing selective inhibitors was limited until the PADHODH crystal structure was
resolved. The first structure bound to a human DHODH inhibitor (A77-1726) revealed why the
compound, though potent against HsSDHODH, showed only weak activity against P/DHODH.!>:1¢
Species-specific differences, particularly residues Met536, Phel174, Phel88, and Ile substitutions, create a
smaller tunnel in PADHODH, altering inhibitor orientation and reducing hydrogen-bonding capacity.!”!®
Consequently, inhibitor binding in P/DHODH is guided primarily by hydrophobic interactions, especially
stacking with Phe188 and Phe227, while conserved residues His185 and Arg265 provide essential
hydrogen bonds.'®!°

Early efforts to modify A77-1726 yielded only moderate potency. Target-based high-throughput screening

(HTS) then identified a thiophene-carboxamide scaffold, leading to Genz-667348.2°2! This compound

displayed selective nanomolar activity, with its benzimidazole moiety engaging the hydrophobic pocket
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and its amide group hydrogen-bonding to His185 and Arg265.%>?* However, despite promising in vitro
and pharmacokinetic profiles, these inhibitors did not progress beyond late lead development.?

A second HTS campaign by our collaborators (UT Southwestern and MMV) produced DSM1, a
triazolopyrimidine inhibitor that established the chemical foundation for current P/DHODH inhibitors.**
27 Structural studies showed its hydrophilic head group formed critical hydrogen bonds with His185 and
Arg265, while the naphthyl tail occupied the hydrophobic pocket, inducing favorable stacking with
Phe188.%¢ Electron delocalization via the triazolopyrimidine N—1 was essential for potency, as
replacement abolished activity. Further optimization revealed that bulky para-substituted phenyl groups,
such as 4-SF5-Ph, provided the best balance of potency, stability, and exposure (as seen in DSM265).%
Exploiting the C-5 position of DSM1 allowed extension into the narrow hydrophobic tunnel, producing
DSM265 with superior drug-like properties.'*?® Overall, these studies not only validated P/DHODH as a
clinically relevant target but also generated potent clinical candidates, with DSM265 representing the

most advanced inhibitor to date.?®

Triazolopyrimidine DSM265

DSM265 is a triazolopyrimidine-based compound with excellent potency against blood-stage parasites
and long half-life properties compatible with single-dose therapy. DSM265 combines strong P/DHODH
inhibition with oral bioavailability and efficacy in vivo.* It engages the hydrophilic pocket through the
triazolopyrimidine core, the hydrophobic channel via a CF2CH3 group, and the hydrophobic pocket with
its 4-SF5-Ph substituent.?>2” DSM265, developed by MMV and Takeda, has advanced through Phase Ila

clinical trials, showing potential both as a single-dose cure and as weekly chemoprophylaxis.
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Preclinical studies demonstrated its ability to cure P. falciparum infections in murine models, and early-
phase human trials confirmed safety, tolerability, and efficacy in /O’ SFs
controlled human malaria infection studies.*>*! DSM265 was thus HN
considered one of the most promising non-artemisinin candidates in >L<N TNTS
recent decades. In human Phase Ila clinical studies, DSM265, which

DSM265
has a long human half-life, was able to provide single dose cures of P.
falciparum malaria in patients in Peru.3> However, it showed lower efficacy against P. vivax, and resistant
parasites that mapped to mutations in DHODH were identified in two relapsing P. falciparum patients.
Importantly, DSM265 has both potent blood and liver-stage antischizontal activity, which supports the use
of DHODH inhibitors for prophylaxis and provides superiority over compounds with only blood-stage
activity for this indication.** Human sporozoite challenge studies showed that DSM265 prevented the
emergence of P. falciparum infection if dosed a day prior to infection, providing a clinical proof of
concept supporting the DHODH target for this indication.*'** Despite its good efficacy, DSM265 was
shown to be both teratogenic and to result in testicular toxicity in certain preclinical species and thus was
unable to meet the safety bar required for continued clinical development, particularly for use as a
prophylactic over months during the transmission season in Aftrica, or in pregnant women (results
unpublished).>> While clinical development of DSM265 has been terminated, the clinical data obtained
has validated DHODH as a strong target for malaria prophylaxis. As the current clinical malaria portfolio
now lacks a DHODH inhibitor, there is strong justification to identify new DHODH inhibitors from a
different chemical class that will combine the good efficacy of DSM265 with a safety profile that can

support its development.3> 3¢

Emergence of Resistance to DHODH Inhibitor DSM 265

Drug resistance remains a looming threat for any antimalarial introduced at scale. In-vitro studies have
shown that continuous exposure of P. falciparum parasites to DSM265 results in the rapid emergence of

resistant lines.”” The sequencing of these resistant lines pioneered by the Rathod Lab has identified point

76



mutations clustered around the ubiquinone-binding pocket of PADHODH (figure 4.2). These mutations
alter the interaction between DSM265 and its binding site, reducing inhibitor affinity without abolishing
enzyme activity. For example, mutations such as Cys276Phe (C276F) and Gly181Ser (G181S) have been
implicated in conferring substantial shifts in susceptibility.>**” The phenotypic consequences of these
mutations can be quantified using in vitro growth inhibition assays (GIAs). Resistant parasite lines
typically exhibit several-fold increases in the ECso (half-maximal effective concentration) of DSM265
relative to wild-type strains, providing direct evidence of reduced drug sensitivity. For example, in
selection assays, C276F and C276Y mutants show about an 18- to 32-fold increase in ECso.>” While
DSM265 maintains potent activity against drug-naive parasites, the selection of resistant lines
demonstrates the evolutionary plasticity of P. falciparum and foreshadows the potential for resistance to

emerge clinically if DSM265 or related inhibitors were deployed widely.

Cross-Resistance and the Need for New Target Profiling

Resistance mutations in P/DHODH raise critical concerns not only about DSM265 itself but also about
the broader drug discovery pipeline targeting this enzyme. Structurally distinct inhibitors may engage
PfDHODH in different ways, but those that share binding properties with DSM265 could be
compromised by the same mutations.*®*° This phenomenon, known as cross-resistance, can severely limit
the clinical utility of a drug class. If resistant parasites selected under DSM265 pressure also show
diminished susceptibility to novel PADHODH inhibitors, the therapeutic potential of the entire target class
could be undermined.

The importance of cross-resistance surveillance has been highlighted in prior studies. Ross et al. (2018)
systematically characterized DSM265-resistant P. falciparum Dd2 lines and demonstrated that several
novel DHODH inhibitors exhibited reduced potency against these mutants.*® At the same time, other
inhibitors with distinct structural scaffolds retained activity, suggesting that rational design and scaffold
diversity may overcome resistance.’* These findings underscore the dual importance of understanding the

molecular basis of resistance and evaluating the cross-resistance potential of next-generation candidates.*’
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Growth Inhibition Assays as a Tool for Studying Cross-Resistance

GIAs serve as a platform for quantifying drug susceptibility and resistance in P. falciparum. By exposing
parasites to a range of inhibitor concentrations and measuring proliferation across the erythrocytic cycle,
GIAs provide quantitative metrics such as ICso/ECso values, fold shifts in resistance, and stage-specific
inhibition profiles. Methods including [*H]-hypoxanthine incorporation, parasite lactate dehydrogenase
(pLDH) activity, or SYBR Green I-based DNA quantification have all been widely used to generate
robust dose-response curves.*! These assays are indispensable for establishing the potency of new
antimalarial compounds, confirming resistance phenotypes, and comparing the activity of drug candidates
across wild-type and mutant parasite lines.

When applied to DSM265 and other PADHODH inhibitors, GIAs allow for direct head-to-head
comparisons of drug susceptibility in resistant versus wild-type parasites. ECso values shifted by several
folds in resistant lines provide compelling evidence of altered target engagement, while preserved
susceptibility to structurally distinct inhibitors highlights opportunities for drug design. Thus, GIAs not
only serve as a functional readout of resistance but also guide the medicinal chemistry optimization

process by identifying structural features that can evade resistance.

Objectives of the Current Study
Building on this background, the present work investigates cross-resistance of DSM265-resistant P
falciparum DA2 lines against a panel of nine novel DHODH inhibitors. By expanding the resistance
profiling beyond DSM265 itself, this study aims to identify compounds that retain potency against
resistant parasites and thus represent viable scaffolds for future development. The key objectives are:

o To characterize DSM265-resistant P. falciparum Dd2 lines through growth inhibition assays and

confirm shifts in ECso relative to wild-type parasites.
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e To evaluate cross-resistance profiles of resistant lines against nine chemically distinct DHODH

inhibitors.

Through this work, we seek to expand the understanding of resistance liabilities in the PADHODH target

class and to inform the development of durable, next-generation antimalarials.
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Figure 4:1: PA/DHODH enzyme converts dihydroorotate (DHO) to orotate using ubiquinone; DSM265
competitively inhibits this reaction.?
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Figure 4.2: Resistance mutations (e.g., Cys276Phe, Gly181Ser) near the binding pocket reduce DSM265
efficacy, establishing the rationale for testing cross-resistance against diverse DHODH inhibitors.*’
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4.2 Materials and Methods

4.2.1 DSM265-Resistant P, falciparum Dd2 Clones Re-sequencing

For targeted dhodh sequencing, DNA was extracted from saponin-lysed parasites using the DNA
extraction kit (Qiagen) and manufacturer’s protocol. Briefly, frozen infected red blood cell (RBC) pellet
was thawed at room temperature, during which most RBCs lysed. To initiate selective lysis, 1/20th
volume of 3% saponin was added, and the suspension was incubated for 5 minutes at room temperature.
Following incubation, 2 volumes of PBS were added, and the mixture was centrifuged at 4000 x g for 5
minutes. The pellet was washed twice more with the same volume of PBS, then transferred to a 1.5 ml
microcentrifuge tube and centrifuged again at 4000 x g for 5 minutes, after which the supernatant was
discarded. The resulting parasite pellet was resuspended in 200 pl PBS, followed by the addition of 20 pl
proteinase K (supplied with the kit) and 4 pul RNase (100 mg/ml). Next, 200 ul buffer AL was added, and
the sample was pulse-vortexed for 15 seconds, then incubated at 56 °C for 90 minutes with vortexing
every 10 minutes. After a brief centrifugation to collect drops, 200 ul 100% ethanol was added, mixed by
pulse vortexing, and spun briefly. The solution was carefully transferred into a mini spin column and
centrifuged at 6000 x g for 1 minute. The column was placed into a clean tube while the collection tube
was discarded. Washes were performed sequentially with buffer AW1 (6000 x g, 1 min) and buffer AW2
(20,000 x g, 3 min). To minimize buffer carryover, an additional centrifugation at 20,000 x g for 1 minute
was performed. The column was transferred into a clean 1.5 ml tube, and DNA was eluted by adding 50
ul buffer AE, incubating for 1-2 minutes, and centrifuging at 6000 x g for 1 minute. The elution step was
repeated using the initial eluate to maximize yield. After, the P. falciparum dhodh gene was PCR
amplified using forward primer (CATTTAAGCCCCAAAACATTTTTAC) and reverse primer

(GTGATAGATAGCTCCAGTCGATTTC) and submitted for sequencing to confirm point mutations.
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4.2.2 P falciparum Growth EC50 Determination

Asynchronous cultures were propagated in RPMI media supplemented with human red blood (O+) cells
to 0.5% hematocrit and 0.5% parasitemia. Drugs were prepared in DMSO as a 400x dilution series
(typically a 2- or 3-fold dilution series was used, yielding a final concentration in media ranging from

0.001-30 uM depending on the cell line) and were then diluted 1:40 into media to yield a final DMSO

concentration of 0.2%. Parasites were propagated at 37 °C for 72 h and growth was assessed using the
SYBR Green method with minor modifications. SYBR green fluorescence was measured (ex./em.
485/535 nm) and data analysis was performed using GraphPad Prism 10. Prior to determining EC50,
parasites were propagated for three intraerythrocytic cycles in media lacking drug before plating. All data

were collected in triplicate.

81



4.3 Results

4.3.1 DSM265-Resistant P, falciparum Dd2 Clones Re-sequencing

DSM265-resistant P. falciparum Dd2 parasites were previously generated through in vitro selection
under continuous drug pressure at varying DSM265 concentrations. Whole-gene resequencing of the
Pfdhodh locus was performed to confirm the presence of resistance-associated mutations. Four distinct
amino acid substitutions were identified in the resistant lines: G181C, R265S, C276F, and L531F.
Notably, the C276F mutation has also been observed in clinical isolates, underscoring its translational
significance.

In this study, resequencing the parental Dd2 line and five DSM265-resistant clones confirmed the
presence of these known Pfdhodh point mutations without evidence of additional novel mutations (Table
4.1). The resistant clones carried single mutations corresponding to specific nucleotide substitutions —
amino acid changes: R10C1B (G541T — G181C), R2B B2D11 (A795T — R265S), RIBC1A and
R1BCI1B (G1593T — L531F), and R1AC1B (G827T — C276F). The parental Dd2 strain remained wild-
type at these loci.

These results validate the stability of resistance-conferring mutations in DSM265-selected lines and
confirm the absence of secondary mutations in Pfdhodh that might complicate the interpretation of cross-

resistance studies.

Table 4.1: cell Line Selection [265] Pfdhoc(i:::nugctleeotlde PfDHOI::a:,::nO acid
Dd2 na na na
R10C1B 22.8nM G541T (TGT) G181C
R2B B2D11 36 nM A795T (AGT) R265S
R1BC1A 36 nM G1593T (TTT) L531F
R1BC1B 36 nM G1593T (TTT) L531F
R1AC1B 60 nM G827T (TTIT) C276F

Confirmation of P/DHODH amino acid substitutions in DSM265-resistant P. falciparum clonal lines.
Sequences were analyzed using Geneious Prime software.
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4.3.2 Verification of DSM265 resistant parasites ECso

The effective concentration leading to 50% reduction in cell proliferation (ECso) values of DSM265 were
determined for the parental P. falciparum Dd2 wild-type (WT) strain and five DSM265-resistant clonal
lines, with artemisinin (ART) included as a control compound. The DSM265 senstitive WT Dd2 parasites
showed an ECso of 5.18 £+ 1.30 nM for DSM265, consistent with previous reports of sub- to low-
nanomolar potency against DHODH in drug-sensitive parasites. In contrast, the resistant lines exhibited a
substantial shift in DSM265 susceptibility, with ECso values ranging from ~85 nM to 140 nM,
representing an approximate 20- to 30-fold reduction in potency relative to WT parasites (Table 4.2).

The Dd2 R10C1B line demonstrated the highest level of resistance, with a DSM265 ECso of 140.2 +
40.50 nM, while R2B and R1BC1B showed intermediate resistance (85.50 £ 15.30 nM and 110 + 35.52
nM, respectively). The Dd2 R1ACIB line also displayed a similar resistance phenotype with an ECso of
118.41 £37.29 nM. These findings indicate that different clonal selections confer varying degrees of
cross-resistance, but all resistant lines show consistent loss of sensitivity compared with Dd2 WT.

In contrast, artemisinin maintained low-nanomolar ECso values across all lines (1.10 + 0.10 to 3.20 £ 0.10
nM). The absence of a significant shift in ART sensitivity across resistant clones confirms that resistance
was specific to DSM265 and not due to global alterations in drug susceptibility. These results confirm that

resistance phenotypes observed are directly attributable to mutations in the DHODH target pathway.

Table 4.2: Half-maximal inhibitory concentrations (ECso) of DSM265 and artemisinin (ART) against

Plasmodium falciparum Dd2 wild-type (WT) and
DSM265-resistant clonal lines. Data sets were Clonal line |ART ECso @M)| DSM 265 ECso
o . ‘ 95% CI 95% CI (nM)
collected in triplicate for each concentration in the
dose-response curve, and data were fitted in Dd2 WT 110 +0.10 518 +1.30
GraphPad Prism to determine the ECsy using the logl R10C1B 1741011 1402 = 40,50
versus response equation. Reported values are OB 5912008 855021530
presented as mean + standard deviation with 95%
. R1BC1A 1.80 £0.12 124.0 £ 20.58
confidence intervals (CI).
R1BC1B 3.20+0.10 110 +35.52
R1AC1B 1.81 £0.20 118.41 +£37.29

&3



4.3.3 Activity of Novel DHODH Inhibitors Against DSM265-Resistant Parasite Lines

To evaluate cross-resistance patterns and the potency of next-generation DHODH inhibitors, we
determined ECso values for a panel of DSM265-resistant P. falciparum Dd2 clones (R10C1B, R2B,
R1BCI1B, R1BCI1A, and R1ACI1B) and compared them to wild-type Dd2 parasites. Assays included
artemisinin (ART) as a reference control, DSM265 as the parental DHODH inhibitor, and nine
structurally distinct DSM compounds (DSM1465, DSM 1463, DSM 1469, DSM1389, DSM 1200,
DSM1398, DSM1342, DSM 1459, DSM1510). All tested analogs retained nanomolar potency against
DSM265-resistant clones, with ECso values closely matching those observed for wild-type parasites.

(Table 4.3, Figure 4.3)

DSM1465 demonstrated consistent sub-nanomolar potency across all lines. WT parasites were highly
sensitive (0.23 £ 0.10 nM), and resistant clones showed ECso values between 0.15 £+ 0.04 nM (R2B) and
0.65 + 0.01 nM (R1AC1B). Importantly, no significant right-shift was observed relative to WT,

highlighting DSM 1465 as a lead candidate with full retention of activity despite DSM265 resistance.

DSM 1463 potency was similarly preserved. WT ECso was 0.80 £ 0.15 nM, with resistant lines showing
values from 0.40 = 0.02 nM (R1BC1B) to 3.37 £ 0.19 nM (R1AC1B). While most resistant clones
showed comparable or even slightly enhanced sensitivity, RIAC1B displayed a ~4-fold reduction in
potency, suggesting allele-specific effects. Nonetheless, overall activity remained in the low-nanomolar

range.

DSM 1469 was the most potent compound tested, with ECso values of 0.04 £ 0.02 nM (WT) and 0.040-
0.27 nM across resistant clones. These data indicate complete preservation of inhibitory activity,
irrespective of resistance mutations. The extremely low ECso values highlight DSM 1469 as an

exceptionally promising scaffold with resilience to DSM265-associated resistance.

DSM 1389 displayed low-nanomolar potency but showed clone-specific variation. WT parasites were

inhibited at 1.20 £ 0.20 nM, while resistant clones ranged from 0.38 £ 0.07 nM (R1BC1B) to 5.15 + 0.46
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nM (R1ACI1B). The elevated ECso in RIAC1B suggests partial susceptibility to resistance mechanisms,

although potency remained within a therapeutically favorable range.

DSM1200 potency was well preserved in resistant lines. The WT ECso (0.26 + 0.07 nM) compared
closely with resistant values of 0.17-0.64 nM across clones. These results indicate minimal impact of

DSM265 resistance mutations on DSM 1200 activity.

DSM1398 remained effective while modest increases in ECso were observed. WT parasites had an ECso of
2.61 £ 0.72 nM, while resistant lines ranged from 0.42 £ 0.03 nM (R1BC1B) to 5.22 + 0.23 nM
(R1ACIB). The right-shift in RIAC1B (~2-fold higher than WT) points to allele-specific reductions in

potency, though overall activity remains within a favorable nanomolar range.

DSM 1342 showed excellent potency across all lines, with ECso values of 0.39 + 0.06 nM (WT) and 0.15-
1.88 nM in resistant clones. No consistent pattern of resistance-linked loss of activity was observed,

suggesting robustness to DSM265-associated mutations.

DSM1459 retained strong activity, with ECso values of 0.23 £ 0.05 nM (WT) and 0.11-0.63 nM in
resistant lines. Although resistant clones generally showed slightly higher ECsos, the differences were <3-

fold and biologically minor.

DSM1510 potency remained broadly intact, with WT parasites inhibited at 0.55 + 0.15 nM and resistant
clones showing 0.32-2.62 nM. R1IAC1B demonstrated the largest increase (~5-fold vs WT), indicating
partial susceptibility to DSM265 resistance mechanisms. Nonetheless, activity remained within a low-

nanomolar range.

Overall, all novel DSM based DHODH inhibitors demonstrated particularly strong activity, with ECso

values <6 nM across all resistant clones, showing no cross-resistance relative to DSM265.
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Interestingly, sensitivity patterns were not uniformly skewed toward resistance. Some novel DHODH
inhibitors demonstrated greater potency in resistant lines compared to wild type, while others retained

slightly stronger activity in WT parasites.

For example, DSM 1465 displayed an ECso of 0.23 = 0.10 nM in WT but was even more potent against
R2B (0.15 £ 0.04 nM) and R1BC1B (0.21 £+ 0.02 nM). Similarly, DSM1459 showed enhanced inhibition
in resistant clones such as RIBC1B (0.11 £ 0.02 nM) relative to WT (0.23 + 0.05 nM). These findings
suggest that some resistance-associated mutations may not reduce, and in certain cases may even

improve, drug-target interactions for specific compounds.

By contrast, several compounds demonstrated slightly reduced potency in resistant lines relative to WT.
DSM1398, for instance, showed an ECso 0of 2.61 £0.72 nM in WT but shifted to 5.22 £ 0.23 nM in
R1ACI1B. Likewise, DSM1510 exhibited a WT ECso of 0.55 = 0.15 nM, increasing to 2.62 = 0.12 nM in
the same clone. These clone-specific shifts indicate that structural modifications in certain inhibitors may

not fully circumvent resistance-conferring mutations.

Taken together, these observations emphasize the allele-specific effects of DHODH mutations. While
some novel inhibitors, such as DSM 1465 and DSM 1459, appear to exploit compensatory changes in
resistant parasites to maintain or even enhance potency, others such as DSM1398 and DSM 1510 exhibit
modest reductions in activity in select clones. This highlights the importance of evaluating new inhibitors

across multiple resistant alleles to identify scaffolds with both potency and breadth of coverage.
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DSM Inhibitors Dd2 WT RI10C1B R2B RIBCIA RIBCIB RIACIB
ART EC50 (uM)

o 110 £0.10 1744011 2.91+028 1.80+0.12 320+0.10 1.81+0.20
RS (ESIS)O 5.18 +1.30 140.2 + 40.50 85.50 £ 15.30 12402058 110 +35.52 118.41 +37.29
Dsglgf/j‘gs(lﬁf)so 0.23 £0.10 0.64 +0.05 0.15 +0.04 0.15 +0.05 0.21+0.02 0.65 +0.01
Dg?;}gili({:;o 0.80=0.15 167 £0.07 0.45 £ 0.09 0.24£0.02 0.40 0.02 3374019
Dg?fﬁ)lgiligo 0.04 £0.02 0.12 £0.01 0.043 £ 0.01 0.044 £0.01 0.040 £ 0.01 0.27 £0.01
D??;Iéfili%m 120020 2374014 0.53 +0.04 0.22 +0.02 0.38 +0.07 5.15+0.46
Dg?g/olgio(ligo 0.26 £0.07 0.64 %0.03 0.40 £0.04 0.15 £0.03 0.17 £0.02 0.48 £0.02
Dggg/nlgs(li‘{?;o 2612072 370 4031 0.78 £ 0.04 0.40 +0.03 0.42 +0.03 5224023
Dﬁﬁf/féﬁﬁfo 0.39 % 0.06 0.78 +0.05 0.15 £ 0.06 0.30 £ 0.01 0.31+0.03 1.88 +0.08
Dg?fﬁlgg(lﬁ%w 0.23 +0.05 0.50 +0.02 0.25+ 0.04 0.13+0.02 0.11+0.02 0.63 +0.03
DSM 1310 ECS0 0.55=0.15 1.00 +0.07 032005 032 20.01 0.47 £0.06 262012

95% CI (nM)

Table 4.3: Half-maximal inhibitory concentrations (ECso) of DSM265, artemisinin (ART), and nine novel
DSM inhibitors against Plasmodium falciparum Dd2 wild-type (WT) and DSM265-resistant clones.

ECso values were determined from triplicate measurements at each drug concentration, and dose-response
data were analyzed in GraphPad Prism using the log(inhibitor) versus response model. Results are
reported as mean + standard deviation with corresponding 95% confidence intervals (CI).
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Figure 4.3: Half-maximal inhibitory concentrations (ECso) of DSM265 and artemisinin (ART) and 9 DSM
inhibitors against Plasmodium falciparum Dd2 wild-type (WT) and DSM265-resistant clonal lines. A- DSM265,
B- ART, C- DSM165, D- DSM1463, E- DSM 1469, F- DSM 1389, G-DSM 1200, H- DSM1398, I- DSM 1432, J-

DSM1459, K- DSM1210.

Data sets were collected in triplicate for each concentration in the dose-response curve, and data were fitted in
GraphPad Prism to determine the ECso using the logl versus response equation. Reported values are presented as

mean + standard deviation with 95% confidence intervals (CI).
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Figure 4: EC50 curves showing comparative parasite proliferation for DD2 and resistant lines (a- DD2,
b- R10C1B, c- R2B, d- R1BCIA, e- R1BCIB, f- RIBC1B) against DSM 265, ART and all 9 novel DSM-
based DHODH inhibitors. Data sets were collected in triplicate for each concentration in the dose-
response curve, and data were fitted in GraphPad Prism to determine the ECso using the logl versus

response equation. Reported values are presented as mean + standard deviation with 95% confidence
intervals (CI).
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4.4. Discussion

The emergence of resistance to antimalarial agents continues to pose a formidable challenge to global
malaria control efforts, particularly for mechanistically novel compounds such as DHODH inhibitors. In
this study, we evaluated the inhibitory profiles of a series of novel DHODH inhibitors against P.
falciparum Dd2 clones carrying DSM265-resistance-associated mutations, with the aim of identifying
compounds that maintain potency and broad coverage across resistant alleles. The data collectively
underscore the critical importance of both structural optimization of DHODH inhibitors and detailed
evaluation across multiple resistant backgrounds to anticipate and circumvent clinically relevant

resistance.

Resequencing of the Pfdhodh locus in DSM265-selected clones confirmed the presence of four distinct
amino acid substitutions (G181C, R265S, C276F, and L531F) previously reported to confer resistance.’
The absence of additional novel mutations highlights the stability of these point mutations under
continuous in-vitro selection, providing a defined framework to study cross-resistance. Importantly, one
of these mutations, C276F, has been detected in clinical isolates, emphasizing the translational relevance
of our findings. The differential distribution of these mutations across resistant clones allowed for an

assessment of allele-specific effects on novel DHODH inhibitors.

Previous studies have indicated that mutations in the DHODH active site can impact inhibitor binding in a
manner that is highly compound-specific.3®37 Structural analyses have demonstrated that substitutions at
residues such as C276 or L531 may alter the conformation of the inhibitor-binding pocket, potentially
reducing binding affinity for some scaffolds while having minimal effect or even enhancing affinity for
others.*”*® The findings from the current study align with these observations: certain compounds retained
full inhibitory potency across all resistant clones, whereas others exhibited modest shifts in ECso values

depending on the specific allele present.
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Among the series evaluated, DSM 1465 and DSM 1469 emerged as standout candidates due to their
remarkable retention of activity across resistant alleles. The lack of substantial right-shifts in ECso values,
even in clones carrying the C276F mutation (figure 4.4), suggests these compounds possess structural
features that enable robust interactions with the altered DHODH active site. Such resilience is consistent
with previous reports indicating that noncovalent interactions, including hydrogen bonding and
hydrophobic contacts, can mitigate the impact of point mutations on inhibitor binding.?”-?*3%37 DSM 1469,
in particular, demonstrated sub-0.1 nM ECso values across all lines, indicating near-maximal potency. The
consistency of these results suggests that the compound may occupy multiple binding subsites within
DHODH or engage in interactions outside the canonical active site, thereby reducing vulnerability to

single-residue mutations.

DSM1463 and DSM 1342 also displayed broadly preserved activity, although modest shifts were observed
in specific clones. These patterns suggest that certain allelic variants can selectively influence inhibitor
efficacy. The RIACIB clone, carrying the C276F mutation, frequently exhibited reduced susceptibility to
select compounds, emphasizing the importance of evaluating multiple resistance backgrounds when
assessing novel inhibitors. Such observations are consistent with previous work on DSM265 cross-
resistance, where differential binding effects were attributed to steric hindrance and altered hydrogen

bonding at the mutation site.

The observation that some resistant clones demonstrated greater sensitivity than the wild-type parasite to
certain inhibitors is particularly noteworthy. Compounds such as DSM1459 and DSM 1465 exhibited
enhanced potency against select resistant clones. This paradoxical increase in sensitivity may reflect
conformational compensations in the DHODH enzyme that enhance inhibitor binding. Similar
phenomena have been described in other systems, where resistance-conferring mutations inadvertently
stabilize the enzyme in a conformation that favors binding of specific scaffolds.*>* These data highlight
the potential for rationally designed inhibitors to exploit compensatory changes in mutant DHODH
enzymes, offering a strategic avenue for the development of “resistance-proof” antimalarials.
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Despite the overall retention of potency observed for most compounds, allele-specific differences were
apparent. DSM 1398 and DSM 1510, for example, displayed modest right-shifts in ECso against the
R1ACIB clone. The selective reduction in potency suggests that subtle structural features of these
inhibitors may be less compatible with the conformational changes induced by specific DHODH
mutations. These findings underscore the mechanistic principle that even minor alterations within the
active site can have compound-specific consequences for binding affinity. Structural studies of DHODH-
inhibitor complexes have highlighted that residues such as C276 and L531 participate in both
hydrophobic packing and hydrogen bonding networks critical for high-affinity binding.’” Thus,
substitutions at these positions are likely to selectively impact inhibitors with precise steric or electronic

requirements.

The variability in sensitivity patterns also suggests that multi-clone screening is essential for accurate
evaluation of cross-resistance potential. A compound that retains activity against one resistant allele may
not necessarily retain it against others. This complexity highlights the need for comprehensive structure-
activity relationship (SAR) studies in the context of resistance-associated mutations, to optimize both

potency and breadth of coverage.

Therapeutic Implications

The preservation of low-nanomolar potency across most resistant clones has important implications for
the development of next-generation DHODH inhibitors. DSM 1465 and DSM 1469, with their exceptional
resilience to DSM265 resistance, represent promising lead candidates for clinical development. Their
robust activity suggests that these compounds could maintain efficacy even in regions where DSM265
resistance has emerged, addressing a key limitation of current DHODH-targeted therapy. Furthermore,
the observation that some inhibitors exhibit enhanced potency against resistant clones raises the
possibility of designing compounds that selectively exploit resistance-associated conformational changes,

potentially converting a liability into a therapeutic advantage.
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From a translational perspective, these findings support that these novel DHODH inhibitors could serve
as effective monotherapies or components of combination regimens. The retention of activity in multiple
resistant backgrounds reduces the likelihood of cross-resistance and may prolong clinical utility. This
aligns with prior observations that compounds designed to accommodate active site mutations can sustain

potency in preclinical models.

The data also provide mechanistic insights into the molecular basis of DHODH inhibitor activity. The
variable impact of resistance mutations across different scaffolds highlights the importance of the
inhibitor’s chemical structure, particularly its size, shape, and ability to form stabilizing interactions
within the DHODH active site. This understanding could guide future medicinal chemistry efforts,
particularly in the design of compounds with broad-spectrum activity against both wild-type and resistant
P. falciparum isolates. Moreover, these findings underscore the importance of integrating resistance-
informed design into early-stage drug discovery. By systematically evaluating compounds across diverse
resistant alleles, researchers can identify scaffolds that combine both high potency and resilience to

resistance, a strategy increasingly recognized as essential for sustainable antimalarial development.*’

While the current study provides comprehensive in vitro evaluation of DHODH inhibitor potency against
multiple DSM265-resistant clones, several limitations should be acknowledged. First, in vitro resistance
profiles may not fully capture the complexity of clinical resistance, which can involve compensatory
mechanisms outside the target enzyme, such as altered drug metabolism, efflux, or host-parasite
interactions. Second, the study focused on single-point mutations, whereas clinical isolates may carry
multiple co-occurring mutations or genetic backgrounds that influence susceptibility.3” Nonetheless, the
defined clonal lines used here provide a robust platform for mechanistic investigation of cross-resistance

and rational inhibitor design.

In summary, the findings of this study highlight the promising potential of novel DHODH inhibitors to

overcome DSM265-associated resistance. The compounds evaluated exhibited a spectrum of activity
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patterns, with some retaining full potency across all resistant clones and others showing allele-specific
shifts. Notably, several inhibitors demonstrated paradoxically enhanced activity against resistant lines,
suggesting opportunities to exploit conformational changes induced by resistance mutations. These results
underscore the importance of evaluating multiple resistant alleles during preclinical development and
provide a framework for the rational design of DHODH inhibitors with both potency and breadth of

coverage.

Collectively, these observations inform future drug development strategies aimed at sustaining the clinical
utility of DHODH-targeted antimalarials. By prioritizing scaffolds that are resilient to resistance-
conferring mutations and capable of maintaining nanomolar potency across diverse parasite backgrounds,
researchers can develop next-generation therapies that address the growing threat of drug-resistant

malaria,***
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Chapter 5 | Conclusion and Future Directions

5.1 Overview

This dissertation presented an integrated analysis of antimalarial immunity and resistance, emphasizing
chemistry-driven tools to dissect antibody responses and small molecule activity against Plasmodium
falciparum. The overall aim was to bridge antigen prioritization strategies with mechanistic assays that
evaluate drug and antibody-mediated inhibition, thereby advancing the molecular understanding of

malaria immunology and therapeutic resistance.

In Chapter 1, the background on malaria burden, immune evasion, and antigenic diversity underscored the

central challenge: the parasite’s ability to alter surface-expressed epitopes and employ redundant invasion

pathways. This sets the stage for antigen prioritization and mechanistic assay development.

Chapter 2 described the optimization of bead-based multiplexing platforms to interrogate antibody
responses against multiple malaria antigens simultaneously. By improving antigen immobilization
chemistry, orientation, and detection sensitivity, these assays overcame limitations of earlier single-
antigen ELISAs, allowing for a more comprehensive and physiologically relevant mapping of antibody
repertoires.

In Chapter 3, growth and invasion inhibition assays were applied to evaluate the inhibitory effects of
small molecules, monoclonal antibodies, and patient sera. Tartrolon E, DSM265, and artemisinin served
as pharmacological benchmarks, demonstrating consistent inhibitory activity in erythrocytic stages.

Monoclonal antibodies targeting MSP1, AMAT1, and EBA175 exhibited differential inhibition, with

AMA1-directed antibodies being the most potent, consistent with their direct role in merozoite invasion.

Patient sera from malaria-endemic regions further highlighted the protective potential of naturally
acquired immunity, reinforcing the relevance of multiplex assays for antigen prioritization.

Finally, Chapter 4 addressed the problem of drug resistance by characterizing cross-resistance of
DSM265-selected mutant parasite lines against a panel of novel DHODH inhibitors. These studies
revealed varying susceptibility patterns, highlighting both the vulnerability and adaptability of the P.

falciparum DHODH enzyme. The results demonstrate that resistance mutations selected by one
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compound can extend to structurally related inhibitors, providing mechanistic insights into resistance
evolution and guiding rational design of next-generation antimalarials.

Collectively, the studies presented here demonstrate that combining chemical biology, immunological
assays, and resistance profiling provides a multidimensional framework for dissecting host-parasite

interactions and informing malaria control strategies.

5.2 Contributions to the Field

The major contributions of this dissertation can be summarized in three key areas:

5.2.1 Advancements in Antigen Prioritization Technologies

The bead-based multiplexing system described in Chapter 2 represents a significant methodological
improvement over traditional ELISAs and protein microarrays. By addressing issues of antigen
orientation and epitope masking through chemistry-based immobilization strategies, the developed assay
provided a more physiologically relevant platform for assessing naturally acquired immune responses.
This system enables parallel evaluation of >100 antigens using minimal patient sample volumes, which is
particularly important in field studies where blood collection is limited. Such advances have direct
implications for vaccine development by allowing for rapid, high-throughput antigen screening in diverse

populations.'

5.2.2 Mechanistic Insights into Inhibition of Parasite Growth

Chapter 3 provided comparative analyses of three modalities of growth inhibition: small molecules,
monoclonal antibodies, and patient sera. The use of pharmacological controls (Tartrolon E, DSM265,
artemisinin) established reliable benchmarks for interpreting antibody- and sera-mediated inhibition. The
identification of AMA1 as a highly potent antibody target supports continued exploration of AMA 1-based
vaccines or monoclonal therapies, while the relatively modest inhibition by MSP1 underscores the need

for combination antigen approaches. Patient sera studies further validated that naturally acquired

100



immunity can confer growth inhibition, although with variable potency, pointing toward heterogeneity in

immune responses across populations.*®

5.2.3 Understanding and Anticipating Drug Resistance

Chapter 4 extended current knowledge on DHODH inhibitors by demonstrating cross-resistance among
DSM265-selected mutant parasite lines. These findings reveal that while DSM265 resistance mutations
compromise susceptibility to several related compounds, some novel inhibitors retain activity, suggesting
opportunities for rational structure-activity optimization. This highlights the importance of resistance
surveillance in drug development and demonstrates that mechanistic assays can help predict clinical

resistance outcomes before large-scale deployment.®®

5.3 Limitations of the Present Work

Despite the advances presented in this dissertation, several limitations warrant acknowledgment.

First, while bead-based multiplex assays allow for robust antigen screening, they remain limited by the
availability and quality of recombinant antigen preparations. Many malaria antigens are large,
conformationally complex, or membrane-bound, making expression and purification challenging.
Improvements in expression systems could mitigate these limitations.?

Second, growth inhibition assays, although widely used, are limited in their ability to fully replicate in-
vivo conditions. These assays do not account for the complexities of host immune networks, complement
pathways, or tissue-specific sequestration that occur during malaria infection. As such, results should be
interpreted as mechanistic proxies rather than absolute predictors of clinical efficacy.”!?

Third, the resistance studies in Chapter 4 were restricted to in vitro-selected mutant lines of P. falciparum
Dd2 strain. While informative, these findings require validation in additional genetic backgrounds,
particularly field isolates, to confirm their generalizability. Moreover, fitness costs associated with
resistance mutations were not systematically addressed, an area that could significantly impact their

epidemiological relevance."
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5.4 Future Directions

5.4.1 Expanding Antigen Discovery Platforms

Future work should focus on refining multiplex bead-based systems to include conformationally intact,
post-translationally modified antigens. Integration with protein microarray and next-generation proteomic
approaches could provide complementary insights. Coupling multiplex assays with systems serology,
including Fc-effector function profiling, could enable a more holistic understanding of protective
immunity. Machine learning approaches could also be applied to large-scale multiplex datasets to identify

predictive immune signatures of protection.'?

5.4.2 Combining Antibody and Drug-Based Strategies

Given the variable potency of monoclonal antibodies and patient sera, future studies could be done to
investigate combination strategies that pair antibody-based interventions with small molecules (i.e.
antibody-drug conjugates).'® For instance, synergistic inhibition may be achieved by combining AMA1
antibodies with DHODH inhibitors or artemisinin derivatives. Such combination therapies could reduce

the likelihood of resistance emergence and provide broader protection against diverse parasite strains.

5.4.3 Resistance Surveillance and Structural Optimization

The resistance profiling described in Chapter 4 should be expanded to include field-derived resistant
isolates, longitudinal sampling from endemic regions, and structural biology approaches. Solving high-
resolution structures of mutant DHODH enzymes bound to inhibitors could reveal mechanisms of
resistance at the molecular level and guide medicinal chemistry optimization.'* Furthermore, genome-
editing technologies such as CRISPR-Cas9 can be leveraged to validate the fitness impact of resistance

mutations and to model polygenic resistance phenotypes. '’
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5.4.4 Translational Applications and Clinical Relevance

The ultimate goal of this work is to advance translational malaria control strategies. Multiplex assays can
be deployed in vaccine field trials to monitor antigen-specific antibody responses, while growth inhibition
assays can serve as surrogate markers for vaccine efficacy. Resistance monitoring against DHODH
inhibitors should be incorporated into clinical trial designs to anticipate resistance emergence before
wide-scale use. Additionally, the framework established here could be adapted for other parasitic diseases

where antigenic complexity and drug resistance remain barriers to control.

5.5 Concluding Remarks

Malaria continues to challenge global health due to the parasite’s antigenic diversity, immune evasion
strategies, and ability to develop drug resistance. This dissertation contributes to addressing these
challenges by integrating chemistry-based immunoassays, mechanistic growth inhibition studies, and
drug resistance profiling. The findings underscore the importance of multipronged strategies that combine
antigen discovery, mechanistic dissection, and drug surveillance. Looking forward, advances in antigen
engineering, structural biology, and integrative computational analysis hold promise for accelerating the
development of effective vaccines and therapeutics. Ultimately, the tools and frameworks developed in
this work provide a foundation for rational design of next-generation malaria interventions, with broader

implications for combating other complex infectious diseases.
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