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Malaria remains a leading cause of illness and death worldwide, particularly in sub-

Saharan Africa, which bears the majority of malaria-related morbidity and mortality. While 

first-generation malaria vaccines represent a significant advance, their modest and time-

limited efficacy underscores the need for improved vaccine strategies. Progress is impeded 

by the complex immunological landscape governing protection against Plasmodium 

falciparum infection and disease, as well as the parasite’s extensive antigenic diversity 

which has evolved to evade host immunity through antigenic escape. In this study, I applied 

high-throughput serological profiling to identify correlates of protection following whole-

organism vaccination and implemented temporally informed population genetic analyses 

to detect immune-driven antigenic escape.  

Proteome-wide IgG reactivity (>3.9 million 16-mers) was measured using sera 

collected before and after PfSPZ vaccination from individuals later challenged by 

controlled human malaria infection. Although vaccination induced broad serological 

responses across more than 4,000 proteins, few peptide-level responses were associated 

with protection. Most differentially reactive peptides were elevated in unprotected 

individuals both before and after vaccination. Pre-vaccination differences may reflect 

preexisting cross-reactive antibodies. After vaccination, protection-associated targets were 

enriched for membrane-localized proteins, while peptides elevated in unprotected 



individuals were linked to nuclear processes. These findings suggest that linear peptide 

reactivity alone may be insufficient to define correlates of protection and that additional 

immune mechanisms are likely to contribute. 

To investigate antigenic escape, I analyzed whole-genome sequence data from 

clinical isolates collected over 15 years from symptomatic infections in southern Malawi. 

Using Tajima’s D and Hudson’s FST across sliding genomic windows, I identified 21 genes 

showing consistent signals of balancing selection and temporal allele frequency shifts. One 

identified gene, PF3D7_0710200, encoding a conserved protein of unknown function, 

underwent further analysis using both supervised and unsupervised machine learning to 

identify key amino acid residues and haplotype clusters. Random forest analysis identified 

nine informative amino acid residues that delineated four major haplotypes that remained 

stable over time, with three accounting for over 90% of circulating diversity.  

These findings support the integration of immunological and evolutionary 

approaches to inform vaccine design and identify promising targets for broadly protective 

malaria vaccines. 
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Chapter 1 

1 Introduction and Specific Aims 

1.1 Background and Introduction 

Malaria is a parasitic disease that, each year, infects hundreds of millions of people 

across the world and, in 2023 alone, resulted in an estimated 597,000 deaths [1]. Africa 

carries most of the malaria burden, including 94% of malaria cases and 95% of malaria 

deaths worldwide. Through strengthened control and elimination efforts, malaria mortality 

has decreased over the past two decades. However, progress has stalled since 2015, leaving 

hundreds of thousands of dead each year. This plateau in malaria cases and deaths 

highlights the need for additional tools to control, eliminate, and eventually eradicate 

malaria.  

A vaccine against Plasmodium falciparum, the deadliest human malaria species, 

would prevent deaths and accelerate eradication efforts [2]. Since the first report of human 

protection from malaria by vaccination in 1973 [3, 4], decades of research and development 

have culminated in the recent approval of two vaccines by the World Health Organization 

(WHO): RTS,S/AS01 and R21/Matrix-M. Both are subunit vaccines targeting the 

Circumsporozoite Protein (PfCSP) [1]. While the approval of these vaccines represents a 

major milestone, their efficacy against clinical malaria and asymptomatic infection is 

modest [5-7]. Therefore, improving upon these first-generation vaccines remains a critical 

objective to further reduce malaria morbidity and mortality and to advance toward 

eradication. To date, malaria subunit vaccine development efforts have concentrated on a 

small number of well-characterized proteins [8]. With over 5,300 genes in the P. falciparum 

genome [9], with different genes expressed in each of multiple life cycle stages, 
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identification of vaccine candidate antigens has been challenging and has been further 

complicated by extensive genetic diversity of antigens, driven in part by selection pressures 

from host immune responses [10].  

In malaria endemic regions, repeated infection with malaria parasites leads to the 

development of non-sterilizing immunity characterized by the presence of circulating 

parasites without clinically apparent symptoms i.e., asymptomatic or subclinical infection 

[11, 12]. P. falciparum antigens exhibit high genetic diversity, resulting in multiple 

antigenic variants that allow the parasite to escape recognition by the host immune system 

[13]. Over the course of repeated infections, individuals acquire a repertoire of anti-parasite 

immune responses, some of which are directed against specific variants of a given protein 

[14]. After many exposures, an accumulation of these variant-specific immune responses 

against multiple antigens is thought to contribute to protection against clinical malaria [15]. 

As variant-specific immune responses are not equally protective against heterologous 

variants, the polymorphism of parasite antigens allows for antigenic escape, a phenomenon 

that has been observed in the context of naturally-acquired immunity, and which has 

limited the efficacy of several promising vaccine candidates in field trials [16-19]. As such, 

understanding the potential for antigenic escape may aid in the development of a broadly 

protective malaria subunit vaccine.  

The primary objectives of this research were to identify correlates of vaccine-

derived protection against P. falciparum malaria and to identify parasite loci potentially 

involved in antigenic escape by detecting evolutionary signatures of balancing selection, a 

genetic signature strongly associated with immune-driven maintenance of antigenic 
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diversity, using samples collected during three studies conducted in southern Malawi 

between 2007 and 2022.  

1.1.1 Malaria Epidemiology 

Derived from the Italian phrase mala aria, meaning “bad air,” malaria is not caused 

from breathing noxious air from marshes as originally suspected in the 1800s, but rather is 

caused by infection with a mosquito-borne protozoan of the genus [20]. There are five 

species of Plasmodium that infect humans, namely, Plasmodium falciparum, Plasmodium 

knowlesi, Plasmodium malariae, Plasmodium ovale, and Plasmodium vivax. Malaria is 

endemic in sub-Saharan Africa, Central and South America, Asia, and Oceania [21]. The 

World Health Organization estimated that in 2023, 263 million cases of malaria occurred 

globally resulting in an estimated 597,000 deaths. Sub-Saharan Africa was 

disproportionately burdened with 246 million cases and 569,000 deaths, with 73.7% of 

malaria deaths befell children aged under five years [1]. In sub-Saharan Africa, P. 

falciparum is the dominant species of human-infecting Plasmodium. Malaria manifests 

clinically as flu-like symptoms, including paroxysmal fever, headache, body aches, 

malaise, and fatigue [22]. The cyclic symptoms tend to coincide with acute spikes in 

parasitemia that occur as a new generation of parasites is released into the bloodstream 

[22]. Individuals develop partial immunity after numerous P. falciparum infections and 

exposure to a large spectrum of parasite antigens, which reduces the severity of clinical 

symptoms but does not protect against future infection [23]. Over time, with frequent and 

repeated exposure to a large range of P. falciparum antigens, acquired immunity may 

prevent clinical malaria entirely resulting in asymptomatic or subclinical infection [24].  
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1.1.2 Lifecycle  

For P. falciparum, the causative agent of the most lethal form of malaria [1], the 

complex life cycle requires a female Anopheles mosquito, the definitive host, and humans, 

the intermediate host [25]. Through the bite of an infective Anopheles mosquito, haploid 

sporozoites are inoculated into the human skin layer, where they quickly migrate to enter 

the blood stream [26]. Sporozoites that are able to reach the bloodstream then travel to the 

liver invading hepatocytes where the exoerythrocytic amplification cycle begins [27]. 

During this 6-to-14-day period, sporozoites mature into hepatic schizonts that contain 

thousands of merozoites. Upon maturation, the schizonts rupture and release merozoites 

into the bloodstream. These merozoites invade red blood cells, beginning the erythrocytic 

cycle. In the red cell, the parasite develops into a ring stage, then a mature trophozoite, and 

finally into a schizont that contains multiple merozoites. The schizont ruptures and releases 

merozoites into the blood stream and this process of asexual amplification repeats, greatly 

increasing the number of parasites in the blood. A subset of parasites will commit to 

differentiate from asexual forms to gametocytes which are male and female sexual forms. 

Mature gametocytes in the human blood stream are ingested by a female Anopheles 

mosquito during a blood meal [27]. In the midgut of the mosquito, male gametocytes 

undergo exflagellation to form eight male gametes, which are then available to fertilize a 

female gamete [28]. The male and female gametes fuse and generate a zygote which 

develops into the ookinete, a motile and elongated diploid form that invades the mosquito’s 

mid-gut wall and develops into an oocyst, which produces thousands of haploid sporozoites 

that migrate to the salivary glands of the mosquito where they can infect another human 

host during a blood meal [27]. 
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1.1.3 Malaria Vaccinology 

Effective antimalarial treatment, vector control and diagnostics have been historic 

pillars of malaria control [29]. While great strides have been made to control malaria, 

diagnostic-resistant [30, 31] and multidrug-resistant [32] malaria parasites, along with 

insecticide-resistant mosquitoes [33], emphasize the need to approach elimination from 

multiple fronts. An effective vaccine would be a valuable and sustainable component of 

this multi-pronged approach [34]; indeed, to date, no infectious disease has been eradicated 

in the absence of a vaccine [2]. However, the development of an effective malaria vaccine 

faces multiple challenges. These challenges include the complex life cycle of P. falciparum 

with multiple life stages, each presenting different antigens, an incomplete understanding 

of protective immunity, and the extensive antigenic diversity that is thought to have 

evolved to avoid host immune defenses [10, 35, 36]. This diversity has implications for 

malaria interventions, including development of a broadly efficacious vaccine. 

Pre-erythrocytic vaccines target the early stages of P. falciparum infection in the 

human host [37]. These vaccines induce immune responses against sporozoites and liver-

stage parasites. The historic goal of pre-erythrocytic vaccines was to prevent the 

establishment of infection by blocking sporozoite passage to the liver and/or hepatocyte 

invasion and development. This ‘sterilizing’ immunity has the added benefit of preventing 

disease and transmission, making this approach attractive both to prevent deaths, but also 

to reduce the burden of infection and disease. However, the two World Health Organization 

(WHO)-approved vaccines, both of which are pre-erythrocytic vaccines, have not been 

shown to induce sterilizing immunity [1, 4]. In October 2021, the WHO recommended 

RTS,S/AS01 for the use in children aged 5 months and above living in regions of moderate 
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to high transmission for the prevention of P. falciparum malaria and the reduction of 

malaria burden [38]. However, protective efficacy against clinical malaria as measured in 

a large Phase 3 trial in children aged 5-17 months ranged from 11-32% and in children 

aged 6-12 weeks was ranged from 23-41% [7], underscoring the need for more effective 

and durable vaccines [39]. Another promising pre-erythrocytic subunit vaccine, 

R21/Matrix-M™, was approved by WHO and is similar to RTS,S/AS01 in that both 

vaccines are based on the C-terminus and central repeats of the P. falciparum 

circumsporozoite protein fused with either a single moiety of hepatitis B antigen 

(R21/Matrix-M) or four moieties of hepatitis B antigens (RTS,S/AS01) [40, 41]. A 

randomized controlled trial of R21/Matrix-M in Burkinabe children aged 5-17 months, 

reported an efficacy of 77% (95% CI: 67-84) [6]. Although this estimate is higher than that 

observed in RTS,S trials, differences in trial design and transmission intensity of the trial 

sites make direct comparison challenging. Importantly, both vaccines provide only partial 

protection, and efficacy wanes over time. Additionally, incomplete blockage of sporozoite 

development by either vaccine could lead to active blood stage replication that might 

partially negate the sought-after infection- and transmission-blocking effects of pre-

erythrocytic vaccines. Nonetheless, the potential of these pre-erythrocytic vaccines to 

reduce the burden of malaria disease and death is both groundbreaking and cause for 

optimism; novel vaccines with higher and longer-lasting efficacy against clinical malaria, 

ideally in tandem with infection- and transmission-blocking efficacy, may be required to 

achieve the goal of malaria eradication [42].  

By combining antigens that protect against multiple parasite life-stages, the 

likelihood of vaccine escape may be decreased [43]. Erythrocytic or blood stage vaccines, 
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as the name suggests, target the parasite after release from the liver into the blood stream. 

As malaria symptoms develop during the erythrocytic stage coinciding with cyclic 

increases in parasitemia, vaccines could attempt to ameliorate symptoms by reducing 

parasitemia [44]. Antibodies against erythrocytic parasite antigens may function in 

multiple ways, such as inhibition of merozoite invasion in the red blood cell, and inhibition 

of parasite egress from the red blood cell, among others. A well-studied erythrocytic 

antigen that is involved in merozoite invasion, Apical Membrane Antigen 1 (PfAMA1), 

has been incorporated as a component of multiple subunit vaccines. In early clinical trials 

of PfAMA1-based vaccines, efficacy was not observed [45] or was limited and variant-

specific [46]. However, novel vaccines incorporating PfAMA1 in a complex, usually with 

Rhoptry Neck Protein 2 (PfRON2), have shown promise in mouse models [47]. Another 

promising erythrocytic antigen, Reticulocyte-binding Protein Homolog 5 (PfRH5), has 

been reported to be essential for erythrocyte invasion into the blood cell [48], and a vaccine 

containing PfRH5 has been shown to be safe, immunogenic, and delay symptoms after 

blood-stage challenge [49]. Other antigens considered for erythrocytic vaccines inhibit 

non-invasion cellular mechanisms with a similar goal to decrease parasite proliferation. 

For example, the inhibition of Schizont Egress Antigen-1 (PfSEA1) prevents merozoite 

egress during schizont rupture resulting in decreased parasite replication [50, 51]. 

Similarly, in vitro antibody inhibition of Glutamic-acid-rich Protein (PfGARP) induces 

programmed cell death [50]. A subset of erythrocytic candidate vaccines aim to protect 

against specific manifestations of clinical malaria. One such vaccine is based on the 

Erythrocyte Membrane Protein 1 (PfEMP1) variant surface antigen, VAR2CSA, which 

aims to reduce virulence by preventing sequestration in the placenta during pregnancy [52].  
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Unlike pre-erythrocytic and erythrocytic vaccines, transmission blocking vaccines 

do not directly prevent disease [53]. Rather, transmission blocking vaccines interrupt the 

transmission of gametocytes to mosquitoes or their development into sporozoites, 

preventing spread to community members. In 1976, Gwadz et al. demonstrated that 

infectivity of the Plasmodium gallinaceum was reduced in malaria-infected chickens that 

had previously received three weekly doses of formalin-treated or irradiated parasite-

infected blood by intravenous injection [54]. Later that same year, Carter and Chen 

improved on these results by enriching for gametocytes prior to irradiation resulting in a 

99.9% decrease in infectivity compared to unvaccinated chickens [55]. Recent approaches 

to develop transmission blocking vaccines have moved away from whole organism 

approaches towards subunit vaccines with leading subunit candidate antigens such as 

Ookinete Surface Protein P25 (Pfs25) [56], Ookinete Surface Protein P28 (Pfs28) [57], 6-

cysteine Protein P230 (Pfs230) [58], 6-cysteine Protein P48/45 (Pfs48/45) [59], and the 

Anopheles protein Anopheline Alanyl Aminopeptidase N 1 (AnAPN1) [60]. One advantage 

of transmission blocking vaccines is that candidate antigens tend to be less polymorphic 

than erythrocytic or pre-erythrocytic antigens, reducing the likelihood of antigenic escape 

[61]. Like erythrocytic vaccines, transmission blocking vaccines target forms of the 

parasite that exist in a chokepoint of the lifecycle when the number of parasites is relatively 

small [61]. However, evaluating efficacy of transmission blocking vaccines is challenging 

due to the requirement to assess a community level outcome, resulting in the use of 

surrogate assays that show transmission inhibition via ex vivo membrane feeding assays 

[62]. The extent to which these assays reflect community-level transmission reduction in 

endemic settings is unknown.  
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Attenuated whole-organism vaccines have demonstrated protective efficacy in 

challenge studies in malaria-naïve individuals [63]. One method of attenuation, irradiation, 

was based on early experiments by Nussenzweig et al. that reported protection in a rodent 

malaria model after administration of sporozoites from irradiated Anopheles stephensi 

mosquitos infected with Plasmodium berghei [64]. Further proof-of-concept of the 

protective efficacy of irradiated sporozoites was performed by Clyde et al. [3, 65-68] and 

Rieckmann et al. [69, 70] demonstrating protection from infectious mosquito challenge 

after more than one thousand irradiated mosquito bites [63]. An updated version of 

radiation attenuated sporozoites, developed by the U.S.-based biotechnology company 

Sanaria, obviates the need for mosquito-bite administration by isolating sporozoites from 

irradiated mosquitoes by dissection and cryopreserving these sporozoites for future 

vaccination [63, 71]. The Sanaria® PfSPZ Vaccine was evaluated in Phase 1 clinical trials 

by intravenous administration to volunteers resulting in 100% protection against 

homologous malaria infection in the group receiving the highest does of irradiated 

sporozoites [72]. Additional trials in naïve volunteers confirmed this protective efficacy 

enabling progression to Phase 2 clinical trials in endemic regions [73, 74]. However, the 

same high level of protection in malaria-naïve individuals was not maintained in clinical 

trials performed in endemic areas of Mali [75] and Tanzania [76]. Despite limited efficacy, 

a Phase 3 trial of the PFSPZ Vaccine was scheduled to occur in 2021 but was delayed by 

the SARS-CoV-2 pandemic. Other promising whole organism vaccines based on 

attenuated parasites include chemoprophylaxis-attenuated sporozoites (PfSPZ-CVac) [77], 

early-arresting genetically attenuated sporozoites (PfSPZ-GA1 and PfGAP3KO) [78, 79], 

late-stage genetically attenuated sporozoites (PfLARC and PfSPZ-LARC2) [80, 81], and 
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chemically attenuated asexual blood-stage parasites [82, 83]. Radiation-attenuated and 

chemoprophylaxis-attenuated sporozoites have shown promise when administered to 

malaria naïve volunteers, with each vaccine generating protection after challenge with 

infective mosquitoes or direct venous injection of sporozoites [72-74, 77]. In endemic 

settings, the vaccine efficacy of both the radiation-attenuated and chemo-attenuated PfSPZ 

vaccines has been modest in natural [75] and controlled challenge trials [84-86]. However, 

in a study of Malian women who became pregnant within 24 weeks after vaccination, the 

PfSPZ Vaccine demonstrated up to 65% efficacy against infection [87]. The two early-stage 

genetically attenuated vaccines were evaluated in humans with PfSPZ-GA1 protecting only 

3 of 25 malaria-naïve volunteers from infection after challenge [78] and PfGAP3KO 

protecting 10 of 10 malaria-naïve volunteers after challenge, though without infectivity or 

placebo controls [88]. Late-arresting Replication-competent (LARC) genetically 

attenuated parasites, such as PfLARC, PfSPZ-LARC2, and PfGA2-MB (Pf∆mei2) are 

designed to arrest development late in the liver stage, thereby exposing the host to a broader 

repertoire of parasite antigens. In a Phase 1 clinical trial evaluating the efficacy of the 

PfGA2-MB vaccine delivered by mosquito bite, 90% of vaccinated volunteers were 

protected following controlled human malaria infection, compared to 0% protection in the 

placebo group [89].  

A novel whole organism blood stage vaccine employs chemical attenuation using 

tafuramycin-A to prevent asexual replication and produce protective immunity in rodent 

models [82]. Additional approaches have used whole blood stage parasites with mannose 

presenting liposomes to present to immune cells, abrogating the potential for self-

recognition of parasitized red blood cells [83]. 
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PfCSP is the primary antigen used in both currently approved malaria vaccines, 

RTS,S/AS01 and R21/Matrix-M [90]. PfCSP is one of the most abundant surface proteins 

on P. falciparum sporozoites [91], playing important roles in the parasite’s life cycle within 

the mosquito and human hosts [92, 93]. Structurally, PfCSP is composed of three distinct 

regions: an N-terminus domain containing the signal sequence and a conserved KLKQP 

motif, a central repeat region characterized by NPNA-repeating tetrapeptides, and a C-

terminus domain containing a thrombospondin-like type I repeat (TSR) domain and the 

glycosylphosphatidylinositol (GPI)-anchor [94, 95]. In mosquitoes, PfCSP functions 

include sporozoite development, release of sporozoites from the oocyst, and subsequent 

sporozoite migration to the mosquito salivary glands [96]. The N-terminus of PfCSP is 

necessary for mosquito salivary gland localization, with its cleavage reducing sporozoite 

infectivity [92]. In humans, PfCSP is involved in sporozoite motility, host cell traversal, 

and the subsequent invasion into liver cells, establishing the liver-stage of infection [92, 

97]. During migration from the site of infection, the full-length form of PfCSP conceals the 

C-terminus domain, which maintains the sporozoite in a migratory state [92]. The 

proteolytic cleavage of PfCSP releases the C-terminus domain and exposes the adhesive 

N-terminus domain, enabling hepatocyte invasion and establishing the liver-stage of 

infection [98]. PfCSP is highly immunogenic [99]. Monoclonal antibodies that target the 

central repeat region and the junctional region of the N-terminus with the central repeat 

region have shown high protective efficacy in clinical trials [100-103]. Though the NPNA-

repeat motif is a constant epitope targeted by many of these monoclonals, several have 

dual-binding capacity in which they recognize junctional region motifs as well [104-106]. 

In fact, CIS43 monoclonal antibodies preferentially bind the DPNA-containing motifs, 
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while L9 antibodies preferentially bind NPNV-containing motifs with higher affinity than 

NPNA-repeats alone [107]. The C-terminal TSR domain also contains epitopes that are 

recognized by antibodies and T cells, although these are less accessible due to the structural 

conformation of PfCSP, which can mask these sites from immune detection [92]. This 

structural diversity has implications for vaccine design and the development of monoclonal 

antibodies for passive immunity.  

While PfCSP is a major target of both subunit vaccines and monoclonal antibodies, 

its utility as a vaccine antigen is complicated by extensive genetic diversity. For instance, 

an analysis of global pfcsp sequences revealed 138 different haplotypes in the C-terminal 

region, with only a small fraction matching the 3D7 strain used in the RTS,S and R21-

Matrix-M vaccines [108]. This high level of polymorphism, particularly in immunogenic 

regions, suggests that vaccine-elicited immune responses may be strain-specific and less 

effective against heterologous parasites [109]. Indeed, allele-specific efficacy has been 

observed for RTS,S, with protection biased toward parasites carrying pfcsp sequences 

matching the vaccine strain [18]. These findings underscore the potential for immune 

escape and highlight the need to identify additional antigens under balancing selection or 

subject to vaccine-induced selection pressure. 

1.1.4 Controlled Human Malaria Infection (CHMI) 

Early clinical evaluation of novel vaccines or antimalarial drugs involved the 

intentional inoculation of study volunteers with malaria parasites, either by injecting live 

sporozoites [110] or malaria infected erythrocytes [111], or allowing infective mosquitoes 

to feed on volunteers [112], followed by monitoring and curative treatment. CHMI studies 

allow for a well-controlled, early evaluation of vaccine safety, immunogenicity, and 
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efficacy that permits promising vaccines to continue to field trials in endemic regions [111]. 

Due to their established safety in non-endemic settings, CHMI studies are increasingly 

being conducted in low- and middle-income countries, where they allow for the evaluation 

of interventions in populations naturally exposed to malaria [113]. The general process of 

evaluating a vaccine in a Phase 1 clinical trial with controlled human malaria infection 

(CHMI) begins with the recruitment of malaria-naïve volunteers. Administration of the 

vaccine initiates the follow-up period for monitoring adverse events, after which 

participants undergo malaria challenge via exposure to infective mosquitoes or injection 

with replicating parasites. Additionally, volunteers who were not administered the vaccine 

are exposed to the infective mosquito/replicating parasites to confirm the infectivity of the 

challenge. All challenged volunteers are monitored closely for 3 - 4 weeks to detect the 

development of symptoms or the presence of parasites in the blood, either by microscopy 

or molecular methods [114]. Volunteers who fail to develop detectable parasitemia are 

considered protected, while volunteers who develop parasitemia are administered curative 

drug therapy and monitored for safety.  

1.1.5 Immunology of Malaria Infections 

The human immune system mounts a complex and multifaceted response to 

infection with Plasmodium parasites. The effectors of the immune system against malaria 

can be broadly categorized into two interrelated components: innate and adaptive, with the 

adaptive response further (imperfectly) classified as cellular and humoral immune effector 

responses [115, 116]. The innate immune system acts as the first line of defense, rapidly 

recognizing and responding to Plasmodium infection [117]. When sporozoites of P. 

falciparum enter hepatocytes, they induce a Type I interferon response driven by the 
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detection of parasitic RNA, which attracts natural killer and natural killer T cells to the 

liver [118]. Liver-stage innate immune responses to Plasmodium are limited, primarily 

involving cytosolic sensors in hepatocytes that detect parasite RNA and trigger type I 

interferon production [117]. In contrast, blood-stage infection elicits a more robust innate 

response, characterized by rapid production of pro-inflammatory cytokines (including type 

I interferons, TNF-α, and IL-12) by dendritic cells and macrophages [118]. This blood-

stage response also involves activation of pattern recognition receptors and increased 

phagocytic activity, collectively aiming to control parasite replication and shape 

subsequent adaptive immunity [118]. The liver-stage cellular immune response against P. 

falciparum involves CD8+ T cells, including liver-resident CD8+ T cells, which patrol 

hepatic sinuses and contribute to protective immunity against pre-erythrocytic stages [119, 

120]. The blood-stage cellular response engages various T cell subsets, with CD4+ T cells 

playing a role in parasite control and providing help for antibody production [121]. The 

balance and timing of these innate and cellular responses, along with their interactions with 

humoral immunity, influence the course of infection and the development of protective 

immunity against malaria. 

Humoral immunity, characterized by antibody responses, is important for limiting 

blood-stage parasite infections and reducing disease severity. Antibodies or 

immunoglobulins (Ig) are crucial components of the adaptive immune system and are 

classified into five main isotypes: IgG, IgA, IgM, IgD, and IgE [122]. IgG is the most 

abundant isotype in serum and is important for neutralization [123, 124], opsonic 

phagocytosis [125, 126], and complement activation [127] responses against the parasite. 

It is the only antibody capable of crossing the placenta during a healthy pregnancy, 
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providing passive immunity to the fetus [128]. Antibody isotypes can be further classified 

into subclasses or subtypes that exhibit distinct structural and functional characteristics. 

IgG subtypes include IgG1, IgG2, IgG3, and IgG4, which differ in their ability to activate 

complement, bind to Fc receptors, and mediate effector function [129, 130]. IgG1 and IgG3 

participate in complement activation and antibody-dependent cell-mediated cytotoxicity 

[131-133]. Increased risk for malaria has been correlated with IgG2 [129, 134] and IgG4 

[135] and both subtypes have been correlated with severe malaria [136]. Though, both 

IgG2 [135] and IgG4 [129] have also been associated with protection. The variation in 

distribution and effect of malaria antibody subclasses may stem from differences in human 

individuals, parasite life stages, or specific antigens, but the precise factors determining 

this variation remain unclear [137, 138]. 

1.1.6 Correlates of Protection 

Stanley Plotkin, a distinguished vaccinologist, defines a "correlate of protection" as 

an immune response that both causes and is statistically associated with protection [139]. 

He further clarifies this concept by differentiating it from related but distinct terms. An 

"absolute correlate" refers to a threshold level of immune response highly correlated with 

protection. A "relative correlate" describes an immune response with a variable level of 

correlation to protection. "Co-correlates" are multiple factors that may interact in 

alternative, additive, or synergistic ways to correlate with protection. Lastly, a "surrogate" 

represents an immune response that substitutes for the actual immunologic correlate of 

protection, which may remain unidentified [139]. Identifying immune correlates of 

protection would accelerate vaccine discovery and could also identify individuals or 

populations who, after vaccination, developed insufficient protective responses. Although, 



16 

 

correlates of protection against malaria have been identified [140, 141], they remain 

unvalidated and thus robustness of these correlates of protection for purposes such a 

vaccine testing remains limited [141, 142]. One reason for the difficulty in establishing 

correlates of protection is the lack of a well-defined protective phenotype. Multiple 

phenotypes of protection have been established including protection against symptomatic 

malaria (but not infection), protection against infection, and transmission-blocking 

protection [15]. Adding to the complexity is that vaccine-induced immune responses are 

often multifactorial, combining innate, cell-mediated, and humoral components of the 

immune system to generate protection [139] and even then, protective responses may be 

individual dependent [34, 143]. As the PfSPZ vaccine demonstrated high levels of sterile 

protection in malaria-naïve North Americans after challenge, this clear and well-defined 

phenotype may enable detection of a correlate of protection that could be useful in 

evaluating efficacy in future clinical trials. Identifying correlates of protection also presents 

an opportunity to discover potential vaccine-induced responses or even pre-immunization 

immunological conditions that are associated with protection. For example, some 

hemoglobinopathies have been associated with adaptive immune responses and protection 

from malaria [144, 145] and therefore might have a detectable impact on the humoral 

response to vaccination. By identifying the antibody responses associated with protection, 

the mechanisms underlying that response can be interrogated and may help to guide the 

design of more effective vaccines.  

1.1.7 PfSPZ Vaccine Mechanisms of Protection 

Although the mechanism of protection conferred by the PfSPZ vaccine has been 

well studied, much remains unknown, especially in humans. Pre-erythrocytic immunity 
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has traditionally been thought to require T cell mediated protection via liver resident T cells 

that eliminate Plasmodium-infected hepatocytes [146]. Mouse models have established a 

role in pre-erythrocytic immunity for several cellular immunological components, 

specifically, CD8+, IFNγ-producing T cells, and γδT cells [147]. Studies in non-human 

primates have shown that protective immunity was established after administration of 

irradiated Plasmodium knowlesi sporozoites; however, this protective effect was abrogated 

after administering an antibody against CD8 lymphocytes and protection was returned after 

the waning of anti-CD8 antibodies, suggesting that CD8 lymphocytes were necessary for 

protection [148]. The extent to which these non-human malaria models represent human 

immunological protection and the extent to which other immunological effectors are 

necessary for protection in humans remains unclear. In addition to cellular responses, 

serological responses may be important for protection in the liver. Recently, by screening 

sera from a volunteer who was protected after vaccination with radiation-attenuated 

sporozoites [72], a monoclonal antibody, CIS43, was isolated and found to confer a high-

level of sterile protection in mouse models [149]. CIS43 binds to the junction of the N-

terminus and central repeat region of the circumsporozoite protein, a site not previously 

thought to be involved in protection [102]. Hence, CIS43 was optimized to increase 

antibody half-life while maintaining epitope recognition and binding, resulting in CIS43LS 

[150]. CIS43LS was evaluated in a Phase 1 clinical trial wherein 9 out of 9 volunteers 

administered with the monoclonal antibody by direct venous injection were protected after 

challenge [102]. During the same screening, another monoclonal antibody, L9, was isolated 

from another protected volunteer who received irradiated sporozoites [107]. In mouse 

studies, L9 was shown to have similar or even improved reduction of infected hepatocyte 
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burden to that of CIS43 suggesting it may have more inhibitory capacity than CIS43 [107]. 

As both novel monoclonal antibodies were isolated from a screen of serum from 

individuals exposed to irradiated sporozoites and protected after subsequent challenge, the 

extent to which these and other antibodies contributed to protection is unknown. 

Additionally, while CIS43- and L9-like antibodies were not identified in most individuals 

whose sera were screened, the limited sampling prevents conclusions about their overall 

frequency in the vaccinated population, underscoring potential heterogeneity in vaccine-

induced responses. 

1.1.8 Population Genetics and Antigenic Escape 

The P. falciparum genome exhibits substantial genetic diversity [151, 152], which 

plays a pivotal role in the parasite's ability to adapt and persist against a wide range of 

environmental pressures. This genetic diversity enables the parasite to evade host immune 

responses [153], resist anti-malarial drugs [154], and adapt to novel interventions such as 

vaccines [155] and diagnostics [156]. Understanding the evolutionary forces shaping this 

diversity, such as natural selection and genetic drift, is crucial for developing effective 

strategies to control and eliminate malaria. The following sections delve into these 

interconnected topics, exploring how antigenic diversity aids immune evasion, how 

population genetics informs our understanding of vaccine development, and how 

evolutionary processes like selection contribute to the resilience and adaptability of P. 

falciparum [157, 158]. These insights provide a framework for understanding the diversity 

dynamics underlying the persistence of P. falciparum and the implications for malaria 

control, elimination, and eradication.  
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1.1.9 Population Structure 

The population genetics of P. falciparum has been extensively studied to understand 

patterns of genetic variation across geographic regions. A central concept in these studies 

is population structure, which refers to the non-random distribution of alleles among 

subpopulations. Population structure can arise from a variety of evolutionary and 

ecological processes, including mutation, limited gene flow, local adaptation, genetic drift, 

and historical demographic events, among other factors. These processes contribute to 

differences in allele frequencies between groups [159, 160]. Population differentiation 

quantifies the extent of these differences, providing a measure of how genetically distinct 

subpopulations are from one another. It is commonly assessed using F-statistics such as 

FST, which estimates the proportion of total genetic variance that is attributable to between-

population variation relative to total genetic variation [161, 162].  

The P. falciparum genome consists of more than 5,300 genes, some of which exhibit 

substantial genetic diversity. This diversity is critical to the parasite’s adaptability, 

including its evasion of host immune responses and resistance to antimalarial drugs [163]. 

Geographically, P. falciparum populations exhibit differences in genetic diversity and 

population structure. For example, populations in sub-Saharan Africa typically display 

higher levels of genetic diversity compared to those in Southeast Asia, South America, and 

the Pacific Islands [164-166]. These patterns are influenced by multiple factors, such as 

variation in transmission intensity and human movement, as well as other ecological and 

epidemiological dynamics that affect parasite population structure. For example, in high-

transmission settings such as much of sub-Saharan Africa, genetic diversity is maintained 

through frequent recombination events among genetically distinct clones [167]. In contrast, 
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low-transmission settings in Southeast Asia, South America, the Pacific Islands, and some 

region in sub-Saharan Africa, such as Eswatini, may sustain diversity through the 

importation of parasites from higher transmission areas [168]. Global studies also reveal 

that high-transmission settings are associated with a greater multiplicity of infection 

(MOI), the number of genetically distinct clones within an infection, and lower population 

differentiation, while low-transmission settings typically show reduced MOI and stronger 

genetic differentiation [158, 169-172]. In the context of vaccine development, analyzing 

genetic diversity, including population structure and variation over time, is necessary for 

identifying key polymorphisms associated with immune escape. Such insights help design 

vaccines that effectively cover antigenic diversity and mitigate the parasite's adaptive 

capabilities [13, 173, 174]. 

1.1.10 Antigenic Escape 

Antigenic escape refers to the failure of the host immune system to recognize novel 

variants of pathogen antigens, allowing the pathogen to evade variant-specific immune 

responses [175, 176]. This phenomenon has been observed in the context of naturally 

acquired immunity to malaria and has limited the efficacy of several promising vaccine 

candidates in field trials [16-19]. Variation in parasite antigens at immunologically relevant 

loci prevents the recognition and elimination by highly specific immune responses enabling 

recurrent clinical episodes and the reduction of vaccine efficacy. To distinguish escape-

driven variation, molecular epidemiological approaches have been developed to detect 

antigenic escape by examining the within-host dynamics of antigen alleles in individuals 

followed longitudinally [16, 19, 46, 177-179]. Using this approach, protection against 

symptomatic malaria has been associated with the acquisition of novel alleles at several 
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antigen loci, indicating that variant-specific immune recognition may contribute to immune 

evasion. Although several antigen genes exhibit patterns consistent with immune selection 

and antigenic escape [180-182], the full spectrum of genetic polymorphisms contributing 

to this process in P. falciparum remains incompletely characterized.  

1.1.11 Genetic Diversity 

The genetic diversity of P. falciparum is shaped by several factors, including 

mutation, recombination, inbreeding, genetic drift, and migration. While mutation serves 

as the fundamental source of genetic variation, high rates of meiotic and mitotic 

recombination in P. falciparum generate novel genetic combinations, contributing to 

within-population diversity [183-192]. However, in regions with low transmission 

intensity, high levels of inbreeding can result in reduced genetic diversity and increased 

linkage disequilibrium [164, 193]. Similarly, genetic drift (change in the allele frequency 

in a population due to random chance) can also reduce genetic diversity. Geographic 

barriers and human movement patterns influence gene flow, leading to distinct population 

structures across different regions [194, 195]. For example, population structure has been 

observed in regions of Southeast Asia and South America where transmission is low and 

populations are more fragmented [194, 196]. Population size fluctuations also affect 

genetic diversity. In general, areas with high transmission rates have increased multiplicity 

of infection and large effective population sizes that facilitate frequent sexual 

recombination events, maintaining high genetic diversity [197, 198], although diversity can 

be maintained in low transmission settings, as well [151, 168]. Population bottlenecks, 

whether resulting from intensified control efforts or reductions in transmission, can reduce 

genetic diversity. In the case of intervention-driven bottlenecks, selective pressures may 
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favor certain alleles while purging others, leading to both reduced diversity and potential 

shifts in allele frequency [199, 200]. Understanding these dynamics is essential for 

designing effective malaria control strategies that account for the complex and evolving 

landscape of P. falciparum genetic diversity. 

1.1.12 Balancing and Positive Directional Selection 

Balancing selection is a process that maintains genetic diversity within a population 

by preserving alleles at higher frequencies than expected from genetic drift alone [201]. 

Though multiple mechanisms can lead to higher-than-expected allele frequencies, negative 

frequency-dependent selection is particularly relevant in the interaction between pathogens 

and the host immune response [202]. Negative frequency-dependent selection favors rare 

phenotypes contributing to the parasite's ability to evade host immunity. Hosts mount 

immune responses that target the specific antigenic variants they have previously 

encountered, reducing the fitness of more common variants while providing a selective 

advantage to rarer variants. This dynamic creates a constant turnover of antigenic variants, 

maintaining high levels of genetic diversity within parasite populations [203]. Such 

diversity is evident in the erythrocyte invasion proteins of P. falciparum, which are critical 

for the parasite's ability to invade host red blood cells and are subject to strong immune 

selection pressures [204]. Key invasion ligands include members of the reticulocyte-

binding protein homolog (Rh) gene family and the erythrocyte-binding antigen (EBA) gene 

family, both of which tend to exhibit significant genetic diversity [205, 206]. Over time, 

this process helps stabilize genetic diversity, facilitating the parasite’s adaptability and 

complicating vaccine development efforts. 
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Positive directional selection, unlike balancing selection, tends to reduce genetic 

diversity by favoring alleles that confer a selective advantage under specific environmental 

pressures [207]. When selection is strong, this process can lead to a rapid increase in the 

frequency of beneficial alleles, potentially resulting in their fixation and leading to 

diminishing genetic variation in the affected region of the genome for a period of time. In 

the context of P. falciparum, positive directional selection often occurs when drug 

resistance emerges. For example, mutations in genes encoding drug targets or transporters, 

such as the P. falciparum chloroquine resistance transporter gene (pfcrt) for chloroquine 

resistance or P. falciparum multidrug resistance protein 1 gene (pfmdr1) for drug resistance 

against multiple drugs, are selected for under drug pressure [208-211]. These beneficial 

alleles increase in frequency within the population, leaving a genomic signature known as 

a selective sweep. This signature is characterized by reduced genetic diversity and 

increased linkage disequilibrium in the region of the genome linked to the selected allele 

[212]. The contrasting genomic signatures and mechanisms of balancing and positive 

directional selection highlight the interplay between evolutionary forces in shaping the P. 

falciparum genome, driving both immune escape and the anti-malarial resistance.  

1.2 Specific Aims 

1.2.1 Overarching Research Question 

To facilitate the rational design of a protective malaria vaccine targeting a parasite 

with more than 5,300 genes, it is essential to determine which parasite components, 

including antigens and epitopes, are most strongly associated with protective immunity. 

One question is which antibody targets distinguish vaccine recipients who are protected 

from those who are not. Addressing this question may include a broad and unbiased 
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assessment of the humoral response directed against each component of the entire P. 

falciparum proteome. By systematically profiling antibody reactivity using a high-

throughput peptide array and comparing serological profiles between protected and non-

protected individuals, it becomes possible to identify both known and previously 

uncharacterized antigens that contribute to vaccine-mediated protection. Integrating these 

data with machine learning and statistical modeling enables the discovery of 

immunological signatures predictive of protection, offering a path toward the identification 

and prioritization of antigenic regions most relevant to protective immunity. Additionally, 

considering the extensive diversity exhibited by candidate vaccine antigens, delineating the 

patterns of antigen evolution under immune- and intervention-driven pressures is crucial 

for vaccine developers. Understanding the historical and temporal patterns of genetic 

diversity and selection in candidate vaccine antigen genes, shaped by natural immunity and 

control interventions, can inform vaccine development and help minimize vaccine-induced 

selection. This study will address these questions by analyzing longitudinal parasite 

genomic data to detect signatures of selection at antigen loci. These analyses will help 

identify antigens that are under strong immune-driven selection that remains relatively 

stable over time, thereby supporting the prioritization of vaccine targets with greater 

potential for durable and broadly effective malaria vaccines. 

1.2.2 Specific Aim 1 

Identify humoral immune responses directed against P. falciparum antigens that are 

associated with protection following malaria challenge in individuals immunized with a 

whole organism, irradiated sporozoite vaccine.  
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Rationale and Approach: Despite progress in reducing malaria burden through vector 

control, chemoprevention, treatment strategies, and malaria vaccines [213], more 

efficacious and durable vaccines are still needed to reduce transmission and infection. 

Whole-organism vaccines, such as the irradiated P. falciparum sporozoite vaccine, have 

shown promising levels of protection, even against infection, in malaria naïve volunteers; 

however, the mechanisms underlying this protection remain incompletely understood [72-

74]. Identifying the specific immune responses associated with protection will advance our 

understanding of vaccine-induced immunity and inform the selection of antigenic targets 

for future vaccine development. These insights may also help to distinguish 

immunologically relevant responses from non-specific or non-protective antibody 

responses, thereby refining correlates of protection and providing a foundation for 

improving both antigen design and vaccine trial efficiency [214].  

To address this aim, a high-throughput peptide array covering the entire P. 

falciparum proteome was used to probe serum samples collected from vaccine recipients 

before and after immunization. Following vaccination, participants were challenged with 

P. falciparum, and outcomes were recorded to distinguish those who were protected from 

those who were not, enabling a systematic comparative analysis of peptide-specific 

antibody responses. By linking fine-scale immunological responses to vaccine outcomes, 

this work provides insight on the immunological mechanisms underpinning vaccine 

efficacy and the prioritization of key antigenic regions for further investigation, ultimately 

informing the development of improved malaria vaccines that elicit robust and durable 

protection. 
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Hypothesis: Vaccine recipients protected from infection upon challenge will have a 

repertoire of antibody responses that are distinctive from the immune responses of non-

protected vaccine recipients.  

1.2.3 Specific Aim 2 

Identify signatures of antigenic escape in P. falciparum genes by investigating how 

naturally acquired immunity has shaped antigen evolution over time in southern Malawi. 

This aim seeks to identify changes in allele frequencies and patterns of genetic variation, 

including genetic signatures of balancing selection and population differentiation that are 

consistent with immune selection, providing insight into the evolutionary stability of 

vaccine targets and informing the development of broadly protective malaria vaccines.  

Rationale and Approach: Plasmodium falciparum exhibits remarkable genetic diversity in 

antigenic loci that complicates vaccine development [17, 18, 215]. This diversity allows 

for antigenic escape whereby immune responses directed against specific antigen variants 

are evaded through the emergence and selection of new variants, enabling the parasite to 

avoid recognition and clearance by the host immune system [13, 174]. Temporal analyses 

of genetic diversity in vaccine candidate genes provide insights into the parasite's 

evolutionary response to natural immunity, offering key information for prioritizing 

durable vaccine targets that minimize the risk of immune escape.  

Balancing selection, driven by allele-specific host immune responses, maintains 

polymorphisms in key antigenic regions that allow the parasite to evade immune detection 

[216, 217]. In this context, selection is frequency-dependent, whereby parasites with rare 

alleles have an advantage over parasites with common alleles, because they are less likely 

to be recognized by responses elicited by a prior infection. This aim focuses on identifying 
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population genetic signatures across the genome that are consistent with antigenic escape, 

including signals of balancing selection and temporal fluctuations in allele frequencies that 

reflect selection against common alleles and for rare alleles. As balancing selection can 

maintain antigenic variants with essential functional roles, such antigens may represent 

constrained, immunologically relevant targets that are attractive for vaccine design. 

To detect patterns of immune-driven selection and temporal changes in parasite 

genetic diversity, blood samples from symptomatic malaria cases were collected during 

three longitudinal studies conducted in Malawi: cohort 1 (2007–2009), cohort 2 (2014–

2017), and cohort 3 (2019–2022). Genomic sequencing was then performed on these 

samples and the resulting genomic sequences were analyzed to identify signatures of 

balancing selection within each cohort, measure population differentiation between 

cohorts, and for loci identified in both analyses, temporal changes in major allele 

frequencies were examined to detect shifts consistent with frequency-dependent immune 

selection. Specifically, within each cohort, population genetic metrics such as nucleotide 

diversity (π), the number of segregating sites (S), and Tajima’s D were used to assess 

deviations from neutrality and identify loci under balancing selection. Genetic 

differentiation between time points was then assessed using pairwise FST. Finally, for loci 

identified in either analysis, temporal changes in major allele frequencies were examined 

to detect shifts consistent with frequency-dependent immune selection. Temporal changes 

in major allele frequencies were examined to detect shifts in allele prevalence at 

polymorphic loci. These complementary analyses support the identification of 

immunologically relevant genes and polymorphisms, particularly those under selective 

pressure, and inform the prioritization of vaccine targets that may represent functionally 
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constrained regions consistently recognized by host immunity. This approach facilitates the 

design of vaccines that reflect the naturally circulating antigenic diversity in endemic 

populations, enhancing their relevance and potential efficacy across genetically diverse 

host and parasite backgrounds. 

Hypothesis: Antigenic loci involved in immune escape are expected to exhibit signals of 

balancing selection that reflect immune-mediated maintenance of diversity. These patterns 

will distinguish loci under immune pressure from those evolving under neutral processes 

or directional selection, thereby identifying genes most likely to contribute to antigenic 

escape. 
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Chapter 2 

2 Research Design and Methods 

2.1 Aim 1 Methods 

2.1.1 PfSPZ Vaccination, Sera Collection, and CHMI 

This investigation utilized serum samples from three independent clinical trials 

aimed at assessing the protective efficacy of the PfSPZ Vaccine in malaria-naïve adult 

volunteers [72-74]. Blood samples were drawn before and after immunization, and efficacy 

was evaluated by exposing participants to CHMI three weeks following the final vaccine 

dose. Malaria infection was closely monitored after exposure. Serum was obtained by 

centrifuging whole blood and stored at -80°C for subsequent immunological evaluations. 

Participants chosen for microarray profiling met three specific conditions: (1) they 

underwent homologous CHMI three weeks post-final dose, (2) the vaccine was delivered 

via direct-venous inoculation (DVI), and (3) their assigned vaccine dose and regimen 

groups included both individuals who were protected and those who were not post-CHMI. 

For peptide microarray analysis, sera from 42 individuals were tested both before the first 

dose and three weeks after the final immunization. Analyses were conducted on baseline 

and post-vaccination data separately, as well as on the difference between the two time 

points. 

2.1.2 Peptide Array Design and Probing 

To quantify antibody responses, a comprehensive peptide microarray was 

employed that spanned the entire proteome of the P. falciparum NF54 strain. The array 

featured overlapping 16-mer peptides with a 15 amino acid overlap, representing all 5,542 

predicted protein-coding genes. Each unique peptide appeared only once on the array. 
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Peptides were synthesized in situ using a light-directed, maskless array synthesis system. 

The arrays were imaged using the Roche NimbleGen MS200 scanner at 635 nm with a 2 

µm resolution and a 25% gain setting. Image alignment was handled using NimbleScan 2 

software. To correct for spatial signal variation, a 2D loess normalization was applied, and 

background correction was carried out using the R package preprocessCore [218]. All 

statistical and machine learning analyses were performed on the background normalized 

raw fluorescence data from 42 subjects across two time points, totaling 3,918,353 unique 

peptides.  

2.1.3 Random Forests 

Random forest classification was employed due to its robustness in modeling high-

dimensional immunological data with complex, non-linear relationships among features. 

As an ensemble method, random forests construct numerous tree-based statistical models 

using bootstrap sampling of the observations and random subsampling of variables, which 

collectively reduce overfitting and improve model stability [219]. In this study, class 

imbalance between protected and unprotected vaccinees was mitigated by under-sampling 

during the bagging phase. The model’s predictive performance was assessed using the out-

of-bag (OOB) error estimate, a form of internal cross-validation that leverages the unused 

observations in each bootstrap sample to test model accuracy. OOB error provides an 

unbiased estimate of generalization performance and is particularly valuable when external 

test sets are limited or unavailable [220]. With the construction of 100,000 trees, the model 

ensured convergence and stability of OOB error rates while maintaining computational 

efficiency in R. 
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2.1.4 Elastic Net 

Elastic net regularization was used to predict protection status due to its efficacy in 

handling datasets where the number of predictors exceeds the number of observations (p > 

n), and where multicollinearity among predictors is substantial, as in the case of tiled 

peptide arrays [221]. The elastic net combines L1 (lasso) and L2 (ridge) penalties, allowing 

for both feature selection and coefficient shrinkage, improving model interpretability and 

generalizability [221]. This approach was implemented using the SGDClassifier in scikit-

learn with a nested cross-validation framework to optimizes hyperparameters and avoid 

information leakage. The inner loop performed a grid search across a range of alpha values 

and L1 ratios using the Area Under the Receiver Operating Characteristic Curve (AUC-

ROC) as the selection criterion, while the outer loop evaluated the model's performance on 

held-out folds. This hierarchical validation design provides an unbiased estimate of model 

performance and reduces the risk of overfitting common in high-dimensional omics 

datasets [222]. Prior to modeling, features were log2-transformed and standardized, and 

class imbalance was managed via under-sampling, further ensuring robustness. 

2.1.5 Differential Seroreactivity 

The Wilcoxon signed-rank test and the Brunner-Munzel test were chosen to 

evaluate peptide-level immune responses due to their non-parametric robustness, 

especially under small sample sizes [223-225]. The Brunner-Munzel test is particularly 

robust against imbalanced classes which relevant to the imbalance between the 13 

unprotected and 29 unprotected vaccine recipients in this study. The Wilcoxon signed-rank 

test, a paired non-parametric alternative to the t-test, assesses whether the ranks order of 

differences in peptide reactivity before and after vaccination are significantly different, 
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effectively capturing vaccine-induced shifts in immune response without assuming 

normality [224]. In contrast, the Brunner-Munzel test extends this approach to unpaired 

data and specifically addresses violations of the assumption of equal variances and 

distributional shapes between groups, providing a robust alternative to the Mann-Whitney 

U test under these conditions [225]. This makes it suitable for immunological studies where 

differences in response magnitude and variability may confound simpler tests. The use of 

the Benjamini-Hochberg procedure [226] was employed to control the false discovery rate 

due to the high-dimensional nature of the peptide dataset. 

2.2 Aim 2 Methods 

2.2.1 Chloroquine Combination Randomized Clinical Trial 

A randomized, open-label clinical trial was conducted in Ndirande, a malaria-

endemic township in Blantyre, Malawi, to evaluate the effects of repeated antimalarial 

treatment over a 12-month period [227]. Children aged 6 months to 5 years presenting with 

symptoms consistent with uncomplicated malaria and P. falciparum mono-infection were 

enrolled if they met inclusion criteria and provided informed consent. Participants were 

randomized equally to receive chloroquine alone or in combination with artesunate, 

azithromycin, or atovaquone-proguanil at each malaria episode. Routine follow-up 

occurred every four weeks, with additional unscheduled visits for illness. Malaria diagnosis 

was confirmed by microscopy, and treatment was administered under direct observation. 

At each malaria episode and follow-up visit, blood samples were collected for microscopy, 

clinical measurements, and molecular analysis. Collected whole blood was cryopreserved 

before freezing and shipping to the University of Maryland. DNA was extracted via the 

QIAamp DNA Blood Mini Kit (Qiagen, CA) according to the manufacturer’s instructions. 
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To enhance the amount of parasite DNA relative to host DNA, selective whole genome 

amplification (sWGA) was performed using a protocol specifically optimized for clinical 

samples [228]. 

2.2.2 Mfera Cohort Study 

A longitudinal study was conducted in the Chikwawa district in southern Malawi 

to following symptomatic and asymptomatic P. falciparum infections over time. The study, 

previously described in detail [229, 230], involved enrolling 120 participants from the 

Chikwawa district who initially presented with symptomatic, non-severe malaria at the 

Mfera Health Centre between mid-2014 and early 2015. Following initial diagnosis and 

antimalarial treatment, participants were longitudinally observed through both routine 

monthly assessments and unscheduled illness-driven visits for a duration of up to two 

years. At each encounter, a sample of whole blood was collected and screened for 

parasitemia using both microscopy and molecular assays to ensure sensitive detection of P. 

falciparum. For this genomic analysis, only samples corresponding to confirmed 

symptomatic infections during passive follow-up were included. Sampled whole blood was 

centrifuged, plasma was removed, and the red blood cell pellets frozen and stored before 

shipping and subsequent DNA extraction and whole genome sequencing. Nucleic acids 

were extracted using a high-sensitivity protocol validated for low-density parasitemia 

[231]. To increase parasite DNA yield relative to host DNA, samples underwent selective 

whole genome amplification (sWGA) employing a protocol refined for clinical isolates 

[228]. 
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2.2.3 Malawi ICEMR Household Study 

The International Centers of Excellence for Malaria Research (ICEMR) carried out 

a household-based cohort study within the catchment areas of Namanolo Health Centre in 

Balaka District and Ntaja Health Centre in Machinga District [232]. Starting in April 2019, 

households were randomly chosen with the objective of enrolling all residents, regardless 

of age. At the Namanolo site, 449 individuals were enrolled, and 537 were enrolled at the 

Ntaja site. Participants were monitored for approximately one year, with follow-up 

concluding in June 2021 for the Balaka site and in March 2022 for the Machinga site. 

Uncomplicated malaria cases were identified based on malaria-like symptoms and 

confirmed by rapid diagnostic tests and PCR. Blood samples were collected from 

participants who tested positive for uncomplicated malaria and preserved in RNA Protect 

before freezing and shipping to the University of Maryland, Baltimore for DNA extraction, 

sample processing, and parasite genome sequencing was conducted. DNA was extracted 

using the QIAamp DNA Blood Mini Kit (Qiagen, CA) following the manufacturer’s 

instructions. Purified DNA was amplified using selective primer to preferentially amplify 

parasites sequences over human sequences following previously describe protocols [233]. 

2.2.4 Whole Genome Sequencing and Data Processing 

Subsequent sequencing libraries were prepared from fragmented DNA using a 

modified workflow based on the KAPA Library Preparation Kit, incorporating bead-based 

purification and quantification via AMPure XP beads and qPCR, respectively [177, 234]. 

Equimolar pooling was followed by high-throughput Illumina sequencing to produce 150 

bp paired-end reads suitable for whole-genome analysis.  
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2.2.5 Balancing Selection and Population Differentiation 

To detect genetic signatures consistent with antigenic escape, I employed two 

population genetic metrics: Tajima’s D [235] and the F-statistic, FST [159, 236]. Tajima’s 

D was used to identify loci exhibiting deviations from neutrality suggestive of balancing 

selection, which is expected at antigenic sites maintained by allele-specific host immune 

responses [203, 237]. A positive Tajima’s D indicates an excess of intermediate-frequency 

alleles, consistent with frequency-dependent selection favoring low-frequency variants that 

escape immune recognition. Tajima’s D was calculated within each cohort across sliding 

genomic windows to identify regions under putative balancing selection. 

To evaluate temporal population differentiation, Hudson’s FST was calculated 

between pairs of time-separated cohorts (cohorts 1 vs. 2; 2 vs. 3; 1 vs. 3) [238, 239]. FST 

measures genetic differentiation between subpopulations relative to the total population, 

where values near 0 indicate no differentiation and values approaching 1 reflect nearly 

complete divergence [240]. Hudson’s estimator was selected over the Weir–Cockerham 

method due to its reduced sensitivity to unequal sample sizes [241]. To assess empirical 

significance of FST for each window, a permutation procedure was performed in which 

cohort labels were randomly shuffled, FST was recalculated for each window, and this 

process was repeated 10,000 times to generate a null distribution of FST values. Observed 

FST values were then compared to this null distribution to calculate empirical P values, and 

loci with FST P < 0.05 were considered significantly differentiated across time. 

Genes exhibiting both elevated Tajima’s D and significant FST were prioritized as 

candidates under immune selection, as this combination of metrics highlights loci with 

maintained polymorphisms and shifting allele frequencies. For these loci, I additionally 
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assessed temporal shifts in major allele frequencies to detect patterns consistent with 

selection against high-frequency alleles and for low-frequency alleles. Together, these 

analyses provide a robust framework for identifying immunologically relevant targets 

shaped by natural immunity. 
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Chapter 3 

3 Peptide Microarray Profiling of PfSPZ Vaccine Responses that Correlate with 

Protection 

3.1 Abstract 

Identifying serological correlates of protection remains a critical barrier to the 

development of effective malaria vaccines. To identify peptides and proteins associated 

with protection, peptide-level antibody responses comparing serological responses of 

protected and unprotected malaria-naïve adults who received the PfSPZ Vaccine and 

subsequently underwent controlled human malaria infection (CHMI). Using a high-density 

microarray tiling 3.9 million overlapping 16-mer peptides across the P. falciparum 

proteome, I compared pre- and post-vaccination IgG reactivity profiles between protected 

and unprotected individuals. Vaccination induced broad serological responses, with 

significant IgG increases observed for 76,695 peptides from 4,292 proteins. However, few 

peptide responses were significantly associated with protection, and most differential 

signals were more reactive in unprotected participants. Predictive models using random 

forests and elastic net logistic regression failed to reliably classify protection status, 

suggesting that IgG responses to linear peptides alone are insufficient to predict vaccine 

efficacy. Bivariate differential reactivity analysis revealed a consistent pattern in which 

most differential peptides were inversely associated with protection, while relatively few 

peptides were associated with protection. This pattern was consistent when comparing pre, 

post, and post minus pre (change) reactivities between protected and unprotected groups. 

Gene ontology enrichment analysis linked protection-associated responses to membrane-

localized proteins, while inverse associations were enriched for nuclear-related functions. 
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These findings highlight the complexity of vaccine-induced immunity and underscore the 

need for integrated multi-omic approaches to capture the complex immunological results 

leading to protection enabling the identification of robust correlates of protection in malaria 

vaccine trials. 

3.2 Introduction 

The development of effective and durable malaria vaccines will represent an 

important milestone in the fight against this devastating disease that killed 597,000 

individuals in 2023 [1]. Two malaria vaccines, RTS,S/AS01 [38] and R21/Matrix-M [242], 

have been approved by the World Health Organization for widespread use. Both 

demonstrate moderate efficacy, ranging from 30% to over 70% protection against clinical 

malaria in field trials in Africa [5, 6, 243]. Despite their impact, both vaccines share 

multiple challenges including the need for improved and sustained efficacy and ongoing 

surveillance for parasite resistance driven by antigenic variation [18, 174]. Although these 

vaccines represent progress against malaria, their limitations underline the ongoing need 

for continued research and development of novel malaria vaccines with enhanced efficacy 

and durability of protection [244]. 

Attenuated whole-organism vaccines have shown promising protective efficacy 

against malaria in controlled human malaria infection (CHMI) studies involving malaria-

naïve individuals [63]. The concept of irradiation-based attenuation originated from 

groundbreaking experiments by Nussenzweig et al., who demonstrated protection in a 

rodent malaria model using sporozoites from irradiated Anopheles stephensi mosquitos 

infected with P. berghei [64]. Clyde et al. [3, 65, 66] and Rieckmann et al. [69, 70] further 

validated this approach in humans, showing protection against infectious mosquito 
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challenge after exposure to over a thousand bites from irradiated mosquitoes. Building on 

this foundation, Sanaria, a U.S.-based biotechnology company, developed a method to 

isolate and cryopreserve sporozoites from irradiated mosquitoes, eliminating the need for 

mosquito-bite administration [63, 71]. Sanaria PfSPZ Vaccine was evaluated in clinical 

trials by intravenous administration to volunteers resulting in 100% protection against 

homologous malaria infection in the group receiving the highest does of irradiated 

sporozoites [72]. Additional trials on naïve volunteers confirmed this protective efficacy 

enabling progression to heterologous [245, 246] and natural challenge trials in endemic 

regions [73, 74]. However, trials in these malaria endemic settings resulting in limited 

efficacy compared to the high protection levels observed in malaria-naïve individuals.  

Identifying a correlate of protection will accelerate clinical trials and identify 

individuals or populations who develop insufficient protective responses after vaccination. 

A robust correlate of protection for malaria has long been pursued but remains elusive. One 

reason for the difficulty in establishing a correlate of protection is that a protective 

phenotype has been equally challenging to establish. Multiple definitions of protection 

have been employed including partial acquired immunity which is protective against 

symptomatic or severe malaria (but not infection) and sterile immunity which protects 

against infection, symptoms, and transmission [15]. The complexity of the parasite life 

cycle, the large number of proteins expressed by the parasite, and the extensive antigenic 

diversity of parasitic proteins compound the difficulty of identifying a robust correlate of 

protection. As the PfSPZ Vaccine demonstrated high levels of sterile protection in malaria-

naïve North Americans, this clear and well-defined phenotype may enable detection of a 

correlate of protection that could be useful in evaluating efficacy in future clinical trials. 
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Additionally, identifying the correlates of protection in a pre-erythrocytic malaria vaccine 

trial presents an opportunity to discover potential vaccine-induced responses that are 

associated with protection from infection and may help to guide the rational design of more 

effective vaccines. Hence, I aimed to use peptide array data generated during several PfSPZ 

Phase 1 CHMI trials to identify correlates of protection and proteins that are critical in 

clinical malaria. I hypothesized that our approach would facilitate the identification of 

proteins or peptides with potential utility as components of future malaria vaccines.  

3.3 Results 

3.3.1 Peptide-array 

To identify serological correlates of protection, reactivities against P. falciparum 

peptides were measured from 42 malaria‐naïve adults enrolled in three Phase I clinical 

trials of the PfSPZ Vaccine. Blood was collected both before vaccination and three weeks 

after the final vaccination with subsequent challenge after which protection from infection 

was assessed, resulting in 29 protected and 13 unprotected vaccinees. Antibody responses 

from before and after the vaccination (but before the challenge) were measured using a 

high-density peptide microarray containing 16-amino acid peptides with 15-amino acid 

overlap representing the entire P. falciparum proteome derived from the NF54 strain, 

resulting in serological responses against 3,918,353 unique 16-mer peptides. Global 

seroreactivities from all peptides from all vaccinees were used to assess reactive versus 

unreactive peptides after which 420,214 peptides were deemed reactive while 3,498,139 

peptides were considered unreactive and excluded from further analysis. Differential 

seroreactivity by bivariate statistical testing and machine learning methods were performed 

to identify peptides associated with or predictive of protection after challenge. For 
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exploratory and predictive analyses additional covariates were included describing the 

vaccinee’s originating study, sporozoite dosages, timing and number of doses received, and 

the processing batch. Parallel exploration of pre-vaccination, post-vaccination, and the 

absolute change between post- and pre-vaccination responses ensured that baseline 

antibody profiles, vaccine‑induced responses, and vaccination‑associated changes were 

each evaluated when comparing protected versus unprotected volunteers and when training 

machine‑learning models.  

3.3.2 Global Seroreactivity Patterns and Targets of PfSPZ Vaccination 

Uniform Manifold Approximation and Projection (UMAP) of the spatial- and 

background-normalized peptide intensities revealed that, for most volunteers, pre- and 

post-vaccination samples clustered closely together indicating that differences in antibody 

responses between different participants were more pronounced than the changes observed 

within the same participant over time. A Wilcoxon signed-rank test was conducted to 

compare pre-vaccination and post-vaccination seroreactivity to identify antibody responses 

that increased after vaccination. A total of 76,695 peptides corresponding to 4,292 proteins 

exhibited significantly increased IgG reactivity two weeks post-vaccination (Benjamini–

Hochberg FDR α = 0.05), corresponding to 1.96% of the total 3,918,353 peptides assayed 

and 18.2% of the 420,214 reactive peptides (Fig. 3.1a). Only 2 peptides exhibited 

decreasing seroreactivity after vaccination, though both were from proteins that also 

contained peptides that significantly increased after vaccination. The circumsporozoite 

protein (PfCSP) emerged as the most immunogenic antigen with 77 of its 386 tiled peptides 

(19.9%) demonstrating significant increases after vaccination (Table 3.1, Figure 3.1b, and 

Figure 3.2).  
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Table 3.1: Table of five proteins with the highest proportion of peptides with increased reactivity after 

vaccination.  

Figure 3.1: Differential seroreactivity after vaccination. (a) Volcano plot of differential pre-vaccination 

and post-vaccination serological responses for each peptide. The x-axis represents median of the fold 

change (log2(pre/post)) from each participant for a given peptide. Each spot represents one peptide. The 

y-axis is the -log10(FDR-corrected P value). (b) Bar plot of the sorted proportion of peptides with positive 

fold change in reactivity after vaccination divided by the total number of peptides represented from a 

given protein on the array.  

Table 3.1 Table of five proteins with the highest proportion of peptides with increased reactivity after vaccination 

Figure 3.1 Differential seroreactivity after vaccination 
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Figure 3.2. Agglomerative hierarchical clustering heatmap of the two proteins with the highest 

percentage of reactive peptides after vaccination. (a) Circumsporozoite protein (PfCSP, 

PF3D7_0304600) and (b) putative protein splicing factor 3B subunit 4 (PF3D7_1420000) each with 

protection status of the absolute change in reactivity due to vaccination. The y-axis is the position 

along the full protein sequence that aligns with the first amino acid of the peptide. The x-axis 

corresponds to the peptide responses for each vaccinee with protected participants colored red and 

unprotected colored blue. A dendrogram indicates the clusters of responses. 

Figure 3.2 Agglomerative hierarchical clustering heatmap of the two proteins with the highest percentage of 

reactive peptides after vaccination 



44 

 

3.3.1 Serological Targets Associated with Protection  

Peptide-level antibody reactivity was evaluated in relation to protection status 

across pre-vaccination, post-vaccination, and difference (post minus pre) data sets. Few 

peptides showed statistically significant differences between protected and unprotected 

individuals, and most exhibited higher reactivity in the unprotected group. This pattern was 

consistent across all time points. To explore the biological relevance of these findings, gene 

ontology (GO) enrichment analysis was performed on proteins corresponding to significant 

peptides associated with protection. 

Sera collected prior to vaccination was examined for baseline associations with 

protection. The baseline seroreactivities of 3 peptides, each from a distinct protein, showed 

higher baseline reactivity in individuals who were later protected after vaccination and 

challenge (Figure 3.3a). Of these three source proteins, Rhoptry Neck Protein 3 (PfRON3, 

PF3D7_1252100), was the only significantly enriched protein in the Gene Ontology (GO) 

analysis. PfRON3 was functionally annotated to be involved in protein transport and is 

localized to the cell surface, extracellular space, and rhoptry, with a molecular function 

classification of host cell surface binding. In contrast, 71 peptides corresponding to 61 

proteins showed higher baseline seroreactivity in individuals who were not protected 

following vaccination and challenge. GO enrichment analysis revealed that 6 of 61 proteins 

were significantly associated with five biological processes, including DNA repair, 

intracellular receptor signaling, and various histone modifications. Furthermore, three of 

these proteins were functionally linked to three molecular functions: methylated histone 

binding, oxidoreductase activity, and ubiquitin binding. However, none of these proteins 

showed significant enrichment in the GO category for cellular components. 
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Figure 3.3: Scatter plots of median peptide fluorescence 

intensities (FI) among protected versus unprotected 

volunteers. (a) Pre-vaccination, (b) Post-vaccination, and 

(c) Difference (post minus pre). Peptides with higher 

median responses in protected individuals are shown in red, 

the converse shown in blue, and with insignificant 

responses (Generalized Wilcoxon, Benjamini-Hochberg 

False Discovery Rate adjusted P < 0.05) shown in grey.  

Figure 3.3 Scatter plots of median peptide fluorescence intensities (FI) among protected versus unprotected 

volunteers 
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Sera collected prior to vaccination was examined for baseline associations with 

protection. The baseline seroreactivities of 3 peptides, each from a distinct protein, showed 

higher baseline reactivity in individuals who were later protected after vaccination and 

challenge (Figure 3.3a). Of these three source proteins, Rhoptry Neck Protein 3 (PfRON3, 

PF3D7_1252100), was the only significantly enriched protein in the Gene Ontology (GO) 

analysis. PfRON3 was functionally annotated to be involved in protein transport and is 

localized to the cell surface, extracellular space, and rhoptry, with a molecular function 

classification of host cell surface binding. In contrast, 71 peptides corresponding to 61 

proteins showed higher baseline seroreactivity in individuals who were not protected 

following vaccination and challenge. GO enrichment analysis revealed that 6 of 61 proteins 

were significantly associated with five biological processes, including DNA repair, 

intracellular receptor signaling, and various histone modifications. Furthermore, three of 

these proteins were functionally linked to three molecular functions: methylated histone 

binding, oxidoreductase activity, and ubiquitin binding. However, none of these proteins 

showed significant enrichment in the GO category for cellular components. 

Post-vaccination antibody responses reflected a similar trend to the baseline (pre-

vaccination) data of which relatively few peptides exhibited significantly higher reactivity 

in protected individuals, whereas a larger set of peptides was elevated in unprotected 

individuals (Figure 3.3b). Specifically, six peptides, corresponding to six proteins, were 

significantly more reactive in the protected group, while 222 peptides, mapping to 167 

distinct proteins, were elevated in the unprotected group. Among the six proteins enriched 

in protected individuals, three were associated with five biological processes, including 

microtubule cytoskeleton organization, anatomical structure development, protein 
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depolymerization, coenzyme A biosynthesis, and supramolecular fiber organization. Four 

of these proteins were also localized to distinct cellular components such as the cell surface, 

microtubules, subpellicular microtubules, and the symbiont-containing vacuole. 

Additionally, two proteins were linked to molecular functions including RNA endonuclease 

activity and ligase activity, suggesting involvement in nucleic acid metabolism. In contrast, 

proteins associated with higher reactivity in the unprotected group (167 total) showed 

extensive enrichment across several GO categories. These included seven biological 

processes such as DNA replication, DNA biosynthesis, RNA biosynthesis, endocytosis, 

and histone methylation. Proteins in this group were also significantly enriched in seven 

cellular component categories, with strong representation in nuclear and chromatin-

associated structures such as the DNA polymerase complex, heterochromatin, and nuclear 

replisome. Molecular function enrichment among these proteins included DNA polymerase 

activity, topoisomerase activity, histone binding, and sequence-specific DNA binding. 

To assess how antibody responses changed after vaccination, I examined the 

absolute change in peptide reactivity between pre- and post-vaccination timepoints. Only 

two peptides showed greater increases in protected individuals (Fig. 3.3c). One peptide was 

derived from a putative protein, Nucleoporin NUP390 (PfNUP390, PF3D7_0212400) and 

the other from Reticulocyte-binding Protein Homologue 3 (PfRH3, PF3D7_1252400). 

Only NUP390 was enriched for the nuclear periphery among cellular components. In 

contrast, 23 peptides, each from a different protein, exhibited larger increases in the 

unprotected group. Of the 23 proteins with greater post-vaccination signal increases in  

unprotected individuals were significantly enriched among cellular components such as the 

90S pre-ribosome, heterochromatin, COPII vesicle coat, subpellicular microtubule, and 
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cell surface. Enriched molecular functions included cyclase activity, hydro-lyase activity, 

and methylated histone binding. Biological process enrichment was limited but included 

anatomical structure development and protein transport by the Sec complex. 

3.3.2 Predictive Modeling of Protection 

Random forests and elastic net logistic regression, two machine learning 

approaches adept at handling high-dimensional data, were employed to identify serological 

responses predictive of protection. The random forest models included 100,000 

classification trees with under-sampling of the majority class to address class imbalance. 

Separate analyses were conducted for pre-vaccination, post-vaccination, and change (post 

minus pre) in antibody responses for each peptide. Each model incorporated covariates 

including PfSPZ dosage and administration details, originating clinical trial, and array 

processing batch. The random forest model yielded overall accuracies of 54.8% for pre-

vaccination, 69.0% for post-vaccination, and 61.9% for the change data set, all of which 

are not substantially different from the majority-class baseline of 69% (29/42).  

For the elastic net logistic regression, a nested cross-validation framework was 

implemented to optimize hyperparameters and robustly evaluate model performance. In 

this framework, the inner folds tuned the model parameters while the outer folds assessed 

performance using the area under the receiver operating characteristic curve (AUC-ROC) 

as the accuracy metric. This approach produced mean AUC-ROC values of 44.3% (S.D. = 

7.03%) for pre-vaccination, 47.3% (S.D. = 22.7%) for post-vaccination, and 58.7% (S.D. 

= 22.8%) for the pre-to-post change. The final predictive model combined random forest 

for feature selection with elastic net logistic regression within a nested cross-validation 

framework to prevent data leakage. However, this combined approach also resulted in poor 
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predictive performance, with AUC-ROC accuracies of 48.2% (SD = 13.8%) for pre-

vaccination, 50.4% (SD = 31.2%) for post-vaccination, and 37.9% (SD = 20.6%) for the 

change dataset. Overall, none of the models outperformed a naïve baseline prediction. 

3.4 Discussion 

In this study, I analyzed sera from malaria-naïve recipients of the PfSPZ Vaccine 

who were either protected or unprotected following controlled human malaria infection. 

Using a high-density peptide microarray tiling the Plasmodium falciparum NF54 

proteome, I observed that PfSPZ vaccination elicited broad IgG responses, with 76,695 

peptides from 4,292 proteins showing significantly increased reactivity relative to baseline. 

Despite this extensive reactivity, few responses were associated with protection against 

homologous challenge, and the magnitude of these differences was generally modest. 

Global patterns of antibody binding visualized by UMAP revealed individual-

specific profiles, with pre- and post-vaccination samples from the same participant 

showing greater similarity than samples from different individuals, despite direct venous 

administration of over 500,000 irradiated sporozoites between these time points. This 

observation aligns with previous reports describing distinctive antibody profiles called 

immunosignatures, that are unique to each individual, possibly arising from prior immune 

exposures or antibody cross-reactivity [247-249]. Such inter-individual variation likely 

complicates the identification of group-level associations and may inflate false positive or 

obscure meaningful signals, underscoring the value of developing robust peptide-level 

internal controls. 

Despite broad serological reactivity, machine learning models built from pre-

vaccination, post-vaccination, and change-in-response datasets failed to predict protection 
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above chance levels, irrespective of algorithm, feature selection strategy, or data subset. 

These findings suggest that peptide-specific IgG responses alone are insufficient to reliably 

predict protection following PfSPZ vaccination. Comparisons between protected and 

unprotected individuals revealed an unexpected pattern: most differential peptide responses 

were more reactive in unprotected participants relative to protected participants, and this 

difference was detectable prior to vaccination. Since all participants were malaria-naïve, 

such pre-vaccination differences are unlikely to reflect prior malaria exposure. Instead, 

these pre-vaccination differences may reflect pre-existing antibodies elicited by prior 

exposure to unrelated pathogens, resulting in cross-reactive binding to malaria peptides. 

Supporting this interpretation, GO enrichment of proteins corresponding to peptides 

inversely associated with protection revealed overrepresentation of nuclear pathways, 

including histone modification and DNA repair, functions localized to compartments that 

are typically inaccessible to antibody-mediated recognition. Although the median 

magnitude of these pre-existing responses was low, they may reflect prior exposures to 

pathogens similar to P. falciparum. This is consistent with original antigenic sin, which is 

the immunological phenomenon where the immune system preferentially recalls and 

amplifies responses to an initial antigen exposure, potentially at the expense of mounting 

optimal responses to new but related antigens [250]. A similar pattern of pre-existing 

immune responses being inversely associated with protection was found during a 

serological analysis of malaria-naïve North American vaccinees who developed higher 

anti-PfCSP antibody responses than Tanzanian adults receiving the same vaccine, despite 

the latter’s prior exposure to malaria [251, 252]. The lower efficacy observed in Tanzanian 

participants may indicate that immune history or antigen familiarity modulates both 
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vaccine responsiveness and protection. In this context, the inversely associated antibody 

responses identified here may serve as markers of historical immune activation that 

influence the likelihood of protection [75, 76, 253, 254]. However, this interpretation 

remains an area of active research and warrants further investigation in larger, 

immunologically diverse cohorts. 

Among proteins showing the strongest increases in response after vaccination, 

circumsporozoite protein (PfCSP) was the most immunogenic antigen, with approximately 

20% of its peptides exhibiting increased reactivity after vaccination. Additional proteins 

with high proportions of reactive peptides included the putative Splicing Factor 3B Subunit 

4 protein (PF3D7_1420000) and several conserved proteins of unknown function. Though 

these proteins showed high-intensity changes, they did not contain peptides significantly 

associated with protection. In the case of PfCSP, while several central-repeat region 

peptides were nominally associated with protection prior to multiple comparison 

correction, none remained significant after FDR adjustment. Clustering analysis of PfCSP 

responses revealed that among the 5 largest clusters, four showed strong reactivity targeting 

the central-repeat region, and individuals in these clusters were predominantly protected 

(clusters 1-4 combined: 21/27(77.8%) protected compared to 6/27(22.2%) unprotected). In 

contrast, the fifth cluster, which showed the weakest reactivity to the central-repeat region, 

included a similar number of protected (8) and unprotected (7) individuals. This suggests 

that some protected individuals generate low-level PfCSP antibody responses comparable 

to those of unprotected individuals. While these findings establish PfCSP antibodies as a 

definitive correlate of protection, they suggest that heterogeneity in responses targeting 

PfCSP may contribute to variability in vaccine-induced protection. These results are 
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consistent with previous results from Camponovo, et al. [253], which analyzed serological 

responses of malaria-exposed, Tanzanian PfSPZ Vaccine recipients against 7,455 full 

length or fragmented P. falciparum proteins. In that study, reactivity against PfCSP was 

initially associated with protection, but the association lost statistical significance after 

adjustment for multiple comparisons [253]. Larger sample sizes may improve the power to 

detect PfCSP as a correlate of protection; however, if substantial individual variation exists 

even among protected individuals, PfCSP may have limited utility as a universal correlate 

of protection. 

This study had several notable strengths. The use of homologous challenge ensured 

a clearly defined protective phenotype, eliminating strain-specific variation as a 

confounder. The proteome-wide peptide array enabled a systematic and unbiased high-

resolution evaluation of humoral responses to vaccination, including potential targets not 

captured in more targeted assays. Limitations of this study include detection of total IgG 

without subclass or avidity resolution, and the inherent restriction of peptide-based arrays 

to linear epitopes, excluding large conformational and discontinuous epitopes [255]. 

Importantly, other components of the immune response, such as T cell activity, antibody 

effector functions, and innate mechanisms, were not assessed, though they are likely 

critical to protection [72, 73, 251]. 

Together, these findings indicate that while PfSPZ vaccination elicits widespread 

IgG reactivity, protection from malaria in this setting is not readily explained by antibody 

responses to against linear peptides alone. The predominance of non-protective or inversely 

associated responses, particularly to intracellular and conserved parasite antigens, 

underscores the complexity of vaccine-induced immunity. Protective responses are likely 
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multifactorial and likely require the coordinated engagement of antibody, cell-mediated, 

and innate immunity mechanisms. Future studies incorporating multi-omic 

immunoprofiling and larger, diverse cohorts will be essential to identify reliable correlates 

of protection and to guide the rational design of more effective malaria vaccines. 

3.5 Methods 

3.5.1 PfSPZ Vaccination and Control Human Malaria Infection (CHMI)  

This study analyzed serum from three clinical trials across four study sites that 

evaluated the efficacy of the PfSPZ Vaccine against controlled human malaria infection 

(CHMI) in malaria-naïve adults [72-74]. In each trial, participants received the PfSPZ 

Vaccine via direct-venous inoculation (DVI) and underwent homologous CHMI three 

weeks after final vaccination, during which protective efficacy was assessed by active daily 

monitoring for malaria infection. Blood was collected prior to and after vaccination from 

which serum was immediately separated by centrifugation and stored at -80ºC for 

immunological assays [71-74]. As each trial assessed similar, but not identical, dosing and 

vaccination regimens, groups were selected from each trial where incomplete protection or 

susceptibility to CHMI was observed. Sera collected from these 42 individuals prior to first 

vaccination and three weeks after the final vaccination with the PfSPZ Vaccine were used 

to assess seroreactivity by peptide microarray, with analyses performed on pre-vaccination 

and post-vaccination measurements separately as well as on the change in signal. 

3.5.2 Whole Proteome Peptide Microarray 

Antibody responses before and after vaccination were measured using a high-

density peptide microarray covering the proteome of the NF54 strain of P. falciparum. 

Peptides consisting of 16-amino acids with 15 amino acid overlaps were tiled across protein 
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coding sequence consisting of 5,542 open reading frames (ORF). Identical peptides were 

represented only once per array. High-density peptide synthesis was performed using a 

Maskless Array Synthesizer by light-directed solid-phase peptide synthesis following 

established protocols [255]. Arrays were then scanned with the Roche NimbleGen MS200 

microarray scanner (Madison, WI) at 635 nm at 2 µm resolution with 25% gain. The 

resulting images were aligned using the NimbleScan 2 software (Roche NimbleGen, 

Madison WI). The resulting fluorescence intensities were smoothed for potential spatial 

bias by 2D loess normalization [256]. Robust multi-array analysis background correction 

was performed using the R package preprocessCore [218]. Statistical and predictive 

analyses was performed on spatial- and background-normalized serological intensities 

from 42 malaria-naïve participants, across three studies, at two time points (pre- and post-

vaccination), covering 3,918,353 unique peptides, resulting in over 329 million data points. 

Unless otherwise specified, all seroreactivity analyses were performed on the spatial‑ and 

background‑normalized raw fluorescence intensities (not log2‑transformed). Log2 

fold‑change values were calculated only for visualization purposes, and log2‑transformed 

data were used solely for elastic‑net modeling. 

3.5.3 Exploratory Data Analysis and Peptide Filtering 

UMAP was performed to explore broad patterns in peptide reactivity and their 

relationship to protection and the following covariates: study site, single dose sporozoite 

count, number of vaccine doses, total sporozoites administered, weeks in which vaccine 

dosages were received, and probing batch. A 2D UMAP embedding was generated using a 

grid search across combinations of the number of nearest neighbors, minimum distance 

between clusters, and distance metrics (Euclidean and Manhattan). For each parameter 
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combination, embeddings were visualized with lines connecting paired pre- and post-

vaccination samples from the same individual. Points and connecting lines were color-

coded based on protection status and other covariates. To identify reactive peptides and 

filter away unreactive peptides, a global threshold was established by graphing the 

empirical cumulative density function plot of all peptide responses from all volunteers from 

both pre- and post-vaccination timepoints combined. The maximum distance “elbow” 

analysis threshold [257] distinguishing elevated reactivities from the lower baseline 

plateau. The threshold was determined by calculating the maximal perpendicular distance 

from each point to the line connecting the extreme ends of the sorted distribution to identify 

a global threshold separating reactive from unreactive responses. Peptides were considered 

unreactive and removed from further analyses if less than 95% of the reactivities of that 

peptide were below the global threshold, thereby reducing noise and dimensionality while 

preserving the most informative components of the dataset.  

3.5.4 Differential Seroreactivity 

Bivariate analyses identified peptide responses either associated with changes after 

PfSPZ vaccination or associated with protection status. Changes after vaccination were 

determined using paired Wilcoxon signed-rank test comparing pre- and post-vaccination 

peptide reactivities. Associations with protection status compared peptide responses (pre-

vaccination, post-vaccination, and their differences) between protected and unprotected 

groups using the Generalized Wilcoxon test. The Wilcoxon signed-rank test and the 

Generalized Wilcoxon test were selected for their robustness to small sample sizes, 

minimal distributional assumptions, and ability to manage skewed distributions and class 

imbalances. For both analyses, statistical significance was determined at an α = 0.05 
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threshold, with Benjamini-Hochberg False Discovery Rate adjustments applied to control 

for multiple comparisons. Median fold-changes and group differences were visualized 

using volcano plots. To indicate the which proteins contained the most reactive peptides 

while adjusting for protein size, I calculated the proportion of peptides that significantly 

increased after vaccination relative to the total peptides representing each protein on the 

array. This metric allowed us to identify proteins in which multiple peptides exhibited 

increased reactivity, a pattern expected for proteins represented by overlapping peptides 

and one that may indicate exposure to the vaccine.  

To predict protection from serological responses, two machine learning analyses 

were performed. Elastic net logistic regression and random forest classification methods 

were used because they are well-suited to datasets with many more predictors than samples. 

These methods efficiently manage feature selection, handle class imbalance, and capture 

complex interactions among predictors effectively. For elastic net logistic regression, I 

utilized the SGDClassifier package from scikit-learn with a combination of L1 (lasso) and 

L2 (ridge) regularization penalties to predict protection based on peptide reactivity profiles 

[221]. Elastic net regularization is particularly useful for high-dimensional datasets with 

highly correlated features such as responses to significantly overlapping tiled peptides, as 

it effectively manages collinearity among predictors [221]. Nested cross-validation was 

performed to determine the best-performing hyperparameter configuration and provide a 

robust estimation of model generalization [258]. In the inner loop, I conducted a grid search 

over regularization parameters (alpha values of 0.001, 0.01, 0.1, 1, and 10, and L1 ratios 

of 0.1, 0.5, and 0.9) with parallelized model fitting, using the area under the receiver 

operating characteristic curve (AUC-ROC) as the evaluation metric [259]. Numeric 
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predictors were log2-transformed then standardized via z-score transformation prior to 

model fitting, and under sampling of the majority class ensured balanced class 

representation. Hyperparameters identified from the inner fold with the highest mean AUC-

ROC accuracy and lowest standard deviation across folds were then applied in the outer 

cross-validation loop, where independent folds were used to assess generalization. In 

parallel, random forest classification was performed in R using the randomForest package. 

The random forest model was constructed with 100,000 decision trees, and an under-

sampling strategy was implemented during the bagging process to address the noted class 

imbalance [219, 260]. Random forests are capable of analyzing high-dimensional datasets 

and non-linear relationships and interactions between features without extensive 

preprocessing [219]. Model performance was estimated via the out-of-bag (OOB) error.  

3.5.5 Gene Ontology(GO) Enrichment  

GO enrichment analysis was performed using the pfGO R package [261] to identify 

molecular functions, biological processes, and cellular components that were enriched in 

identified genes relative to background genes. Separate GO enrichment analyses were 

conducted for proteins containing peptides that were significantly associated with 

increased reactivity after vaccination. GO analysis was also peptides significantly 

associated with protection among pre-vaccination, post-vaccination, and change in 

responses. Background genes consisted of all genes that contain sequences of reactive 

peptides on the array after filtering. The pfGO R package uses a weighting method that 

applies a hierarchical weighting algorithm that leverages the GO structure to reduce 

redundancy and down-weight the significance of terms with overlapping gene annotations 

without adjustment for multiple comparisons [262, 263].  
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3.5.6 Protein Seroreactivity Clustering and Visualization 

Agglomerative hierarchical clustering of peptides responses from all identified 

proteins was performed using complete linkage with Euclidean distance on peptide 

intensity values.  
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Chapter 4 

4 Intertemporal Identification of Genetic Determinants of Antigenic Escape 

4.1 Abstract 

Antigenic diversity in Plasmodium falciparum poses a major challenge for effective 

and durable malaria vaccine design. This chapter presents an intertemporal genomic 

framework to identify genetic loci under immune-driven balancing selection using whole-

genome sequence data from 114 clinical malaria infections across three time-separated 

studies in Malawi. By applying sliding window analyses of Tajima’s D and Hudson’s FST 

estimator, genes with persistent allelic diversity and temporal shifts in allele frequencies 

were identified. A combined threshold-based and empirical strategy revealed both stable 

and time-variable signals of selection, enriching for loci potentially shaped by host 

immunity. Further analysis prioritized genes with high Tajima’s D and significant FST, 

including PF3D7_0710200, which was selected for proof-of-concept analysis. Using 

haplotype clustering and random forest classification of nonsynonymous SNPs, this gene 

revealed four distinct haplotype clusters, each defined by unique combinations of amino 

acid variants with moderate to high population frequencies. These clusters exhibited 

temporal persistence and divergence consistent with immune selection and putative 

serotype differentiation. This approach demonstrates how integrating population genetics 

with unsupervised and supervised machine learning can uncover dynamic antigenic 

variation and inform prioritization of vaccine targets. 

4.2 Introduction 

Globally, malaria remains one of the deadliest infectious diseases, with the World 

Health Organization (WHO) estimating approximately 263 million cases and 597,000 
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deaths in 2023 [1]. Over 90% of these cases occur in sub-Saharan Africa, where 

transmission intensity is highest and children under five years of age account for an 

estimated 74% of malaria deaths [1]. Despite extensive control efforts, progress has 

plateaued, and new strategies are urgently needed [1]. Vaccines offer a promising approach 

to reduce the malaria burden. However, the first-generation malaria vaccines, RTS,S/AS01 

and R21/Matrix-M, confer only moderate and short-lived protection, highlighting the need 

for more durable and broadly effective immunization strategies. 

A major challenge in malaria vaccine development is the extensive genetic diversity 

of Plasmodium falciparum, particularly within antigen-encoding genes [16, 180, 264]. In 

addition to expressing different antigens at each life stage, P. falciparum exhibits high 

levels of polymorphism within individual antigens, much of which has evolved over 

millennia as a mechanism of immune evasion [265, 266]. Host immune responses are often 

allele-specific, targeting certain antigenic variants while failing to recognize others [267]. 

This allows parasites carrying rare or divergent variants to escape detection and persist. 

Such antigenic escape drives frequency-dependent balancing selection, a form of positive 

selection in which parasites harboring rare alleles gain a fitness advantage by avoiding 

immune responses elicited by more common variants [268]. As these rare alleles rise in 

frequency in the population, their advantage diminishes due to increased immune 

recognition, leading to cyclical shifts in allele prevalence [216]. Over time, this dynamic 

can stabilize, maintaining multiple alleles at intermediate frequencies and contributing to 

long-term antigenic diversity.  

To address the challenge of antigenic diversity and immune escape, this study 

analyzes genomic data from three time-separated longitudinal studies conducted in 
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Malawi. By integrating two complementary population genetics metrics, Tajima’s D and 

FST, the analysis identifies genes exhibiting persistent allelic diversity and temporal shifts 

in allele frequencies consistent with immune-driven selection. Candidate loci are further 

examined using unsupervised clustering followed by supervised classification to explore 

haplotype structure and highlight coding variation that may influence immune recognition. 

One gene is presented in detail as a proof of concept, illustrating the potential of this 

approach to reveal dynamic antigenic variation shaped by host immunity. This framework 

offers a broadly applicable strategy for detecting immune-relevant genetic diversity and 

prioritizing targets for vaccine design.  

4.3 Methods 

4.3.1 Studies Contributing Samples 

Each of the three Malawian longitudinal studies from which samples were used in 

this analysis were performed in catchment areas around local health centres. For all studies, 

parasite genome sequences were obtained from clinical isolates collected during 

symptomatic malaria episodes, prior to the initiation of treatment. To preserve a cross-

sectional design, one parasite genome per study participant, randomly selected, was 

included in the genomic analyses, even if the individual experienced multiple symptomatic 

episodes. The three studies will be referred to as time points 1-3 corresponding to the 

oldest, middle, and most recent time frames.  

A randomized, controlled clinical trial conducted in Blantyre, Malawi from 2007 to 

2009 (time point 1) investigated the efficacy of chloroquine monotherapy compared to 

chloroquine combined with artesunate, azithromycin or atovaquone-proguanil for the 

treatment of uncomplicated malaria in children [227]. Children from the catchment area of 
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the Ndirande Health Centre who presented with signs and symptoms consistent with 

uncomplicated malaria and confirmed via thick smear microscopy were enrolled. 

Enrollment started in February 2007, resulting in 640 children aged six months to five years 

enrolled and followed over 12 months concluding in August 2009. During both clinical 

malaria episodes and routine follow-up visits, blood samples were obtained for 

parasitological examination, clinical evaluation, and molecular diagnostics. Venous whole 

blood samples were frozen shortly after collection for storage until later transported to the 

University of Maryland, where DNA was extracted and subjected to whole genome 

sequencing. 

A prospective cohort study was conducted in the Chikwawa district of rural 

southern Malawi from 2014 to 2017 (time point 2) to estimate the incidence and duration 

of infections, including both symptomatic and asymptomatic cases [229, 230]. Detailed 

study procedures have been reported previously [177, 229, 230]. In brief, 120 individuals 

presenting with uncomplicated malaria at the Mfera Health Centre between June 2014 and 

March 2015 were enrolled and subsequently followed over a period of up to two years. 

Participants underwent scheduled monthly visits as well as additional clinical assessments 

when presenting with illness. At each visit, venous or capillary blood samples were 

collected and analyzed for P. falciparum parasitemia using both light microscopy and PCR-

based methods to maximize diagnostic sensitivity. For the purposes of genome sequencing, 

only specimens collected during passive surveillance from individuals with confirmed 

symptomatic malaria episodes were selected. Whole blood samples were centrifuged to 

remove plasma, and the resulting red blood cell pellets were frozen, stored, and later 

processed for DNA extraction and whole genome sequencing. 
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The Malawi International Centers of Excellence for Malaria Research conducted a 

household-based cohort study that enrolled and followed participants in the catchment area 

of the Namanolo Health Centre in Balaka District and Ntaja Health Centre in Machinga 

District from 2019 to 2022 (time point 3) [232]. Beginning in April 2019, households were 

randomly selected with the aim of enrolling all household members of any age. The 

Namanolo site enrolled 449 participants, while the Ntaja site enrolled 537 participants. 

Symptoms consistent with malaria and a positive rapid diagnostic test were used to 

diagnose uncomplicated malaria. The follow-up period was approximately 12 months, with 

the Balaka site concluding in June 2021 and the Machinga site ending in March 2022. 

Whole blood samples were collected from participants diagnosed with uncomplicated 

malaria then mixed with RNAprotect, a chemical RNA preservative, prior to freezing. 

Frozen samples were shipped to the University of Maryland Baltimore for DNA extraction, 

processing, and parasite genome sequencing. 

4.3.2 DNA Extraction and Genomic Sequencing 

Frozen isolates from each study were shipped to the University of Maryland 

Baltimore for DNA extraction, processing, and parasite genome sequencing. DNA was 

extracted from isolates from time points 1 and 3 using the QIAamp DNA Blood Mini Kit 

(Valencia, CA, USA) according to the manufacturer’s protocol. DNA from frozen red blood 

cell pellets collected from time point 2 were extracted using a previously published, in-

house extraction method [231]. Selective whole genome amplification was performed to 

enrich for parasite DNA. Extracted DNA from time point 2 was enriched after purification 

of DNA by size-exclusion filtering and subsequent selective whole genome amplification 

(sWGA) as described previously [citation]. DNA from time point 3 was purified using via 
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AMPure XP beads followed by human-DNA digestion with the McrBC enzyme [269] 

followed by sWGA [233].  

4.3.3 Whole Genome Sequencing 

Sequencing libraries were generated from extracted DNA as described previously 

[177, 234]. DNA was fragmented via acoustic shearing and libraries were then prepared 

using a modified workflow based on the KAPA Library Preparation Kit, incorporating 

bead-based purification and quantification via AMPure XP beads and qPCR, respectively. 

Equimolar pooling was followed by high-throughput sequencing using the Illumina HiSeq 

2500 or 4000 or NovaSeq 6000 platforms (Illumina, San Diego, CA) to produce 150 bp 

paired-end reads suitable for whole-genome analysis. 

4.3.4 Sequence Data Processing 

To ensure the quality and reliability of genomic analyses, whole-genome sequence 

data from P. falciparum infections were processed using a structured, multi-step pipeline 

as described previously [177, 234, 270]. Initially, raw sequencing reads were aligned to the 

human GRCh38 reference genome [271] to remove host DNA reads. The unmapped reads 

were subsequently aligned to the P. falciparum 3D7 reference genome (PlasmoDB version 

44) using the Bowtie2 aligner [272]. The resulting alignment files were further refined 

according to the Genome Analysis Toolkit (GATK) best practices, which included base 

quality score recalibration and duplicate marking, to produce high confidence read 

alignments [273, 274]. Depth of coverage across the genome was assessed using Bedtools 

[275], and custom Python scripts were used to quantify the proportion of each isolate 

achieving various genome coverage thresholds (e.g., greater than 5×, 10×, 25×, and 100×). 

Genomic variant call format (GVCF) files for each sample were created by Haplotype 
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Caller followed by joint SNP calling between all samples using GATK [273, 274]. To retain 

only high-confidence variants, a minimum read depth of five was required and a series of 

hard filtering steps were applied. Variants were excluded if they did not meet the following 

conditions: read depth > five, quality by depth of at least two, Fisher Strand score of 60.0 

or lower, root mean square of mapping quality of at least 30.0, mapping quality rank sum 

score of −12.5 or higher, read position rank sum score of −8.0 or higher, variant quality 

score of at least 50.0, and a symmetric odds ratio of strand bias of nine or less. Only biallelic 

single-nucleotide polymorphisms with a minimum allele frequency of 1% were retained 

for analysis. To reduce biases associated with missing genotype data, a stepwise filtering 

procedure was used. This involved alternating rounds of filtering samples and then variants 

based on missingness, beginning with permissive thresholds (e.g., excluding samples and 

variants with more than 85% missing data) and incrementally tightening the criteria. This 

process was repeated iteratively, first filtering samples then sites, until the final dataset 

included only those samples with no more than 30% missing genotypes and variants with 

no more than 20% missing samples. Sites with multi-allelic variants or within short tandem 

repeats [276] were also removed.  

After variant filtration, FWS, a measure of within host diversity, was calculated for 

each sample to distinguish monoclonal from polyclonal infections [277]. For each genome, 

FWS was calculated using the R package, moimix [278] and the empirical distribution of 

the resulting FWS values was examined using kernel density estimation. Based on the 

empirical distribution of FWS, a local minimum inflection point was identified as threshold 

that delineates monoclonal from polyclonal infections. These monoclonal samples were 

then phased using DEploid [279] to resolve haplotypes and missing genotype calls were 
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imputed using Beagle [280, 281] with default window size (40 cM), three cM overlap, and 

a 3D7 recombination rate map. The phased and imputed monoclonal samples were then 

used to construct a high-confidence haplotype reference panel, which served as input for 

the deconvolution of polyclonal infections using DEploid-IBD [282]. Haplotypes were 

retained from infections where the predominant clone accounted for more than 70% of the 

within-host parasite population and was at least three times more abundant than any minor 

clone. These strain-resolved genotypes were then re-imputed with Beagle to complete any 

remaining missing SNP calls, resulting in fully phased haplotypes [270, 283]. Finally, 

functional annotation of genetic variants was conducted using SnpEff [284]. Due to 

extreme variation in the subtelomeric regions resulting in poor sequencing quality, only the 

core genome [158] was retained followed by removal of any remaining genes encoding 

variant surface antigens in the of pfemp1, rifin, and stevor gene families. 

4.3.5 Sliding Window Tajima’s D and FST 

To investigate temporal dynamics of balancing selection and genetic differentiation 

across the P. falciparum genome, SNP data from three longitudinal studies were analyzed 

using window-based approaches. Sliding windows were defined by fixed minimum SNP 

counts for time point 1, the time point with the smallest sample size, to maintain consistent 

statistical resolution across genomic regions with variable recombination rates and gene 

densities. Three window configurations were employed: 35 SNPs with a 7-SNP step, 50 

SNPs with a 10-SNP step, and 80 SNPs with a 20-SNP step. Smaller windows increased 

the ability to detect localized signals of selection, whereas larger windows offered greater 

stability and sensitivity to broader genomic patterns. Using multiple overlapping windows 
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also enhanced the ability to localize genes of interest within larger regions and helped 

confirm the robustness of signals.  

To identify loci where host immune pressure may have resulted in genetic patterns 

consistent with balancing selection, I applied Tajima’s D, a widely used neutrality test that 

compares two estimators of the population mutation rate: one is based on the number of 

segregating sites (Watterson’s θ [285]) and the other is the average number of pairwise 

nucleotide differences (π [286]) [235]. Under the standard neutral model of evolution, these 

two metrics are expected to be equal, resulting in Tajima’s D values near zero [235, 287]. 

However, deviations from this expectation can signal evolutionary forces acting on the 

population. A significantly positive Tajima’s D indicates an excess of intermediate-

frequency alleles relative to rare variants, consistent with balancing selection, where 

multiple alleles are maintained in the population due to frequency-dependent selection. In 

the context of malaria, such patterns may reflect immune-mediated selection at antigenic 

sites targeted by host immune responses [237]. By contrast, a negative Tajima’s D suggests 

an excess of low-frequency alleles relative to intermediate-frequency alleles, which is 

consistent with positive directional selection [235]. However, it is important to note that 

demographic processes confound the interpretation of Tajima’s D: population contraction 

or bottlenecks can lead to elevated Tajima’s D values, mimicking signals of balancing 

selection, while population expansion can depress Tajima’s D, leading to values more 

negative than expected under neutrality [287]. Tajima’s D was calculated using the sci-kit 

allel Python package [288] on all variants in sliding windows of minimum fixed variant 

counts to capture localized signals of selection. Windows with Tajima’s D values exceeding 

an absolute threshold of Tajima’s D > 2 or a chromosome-specific empirical threshold (e.g., 
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the top 1% Tajima’s D scores among windows per chromosome), were flagged as 

candidates for balancing selection.  

Although balancing selection is often detected in alleles with intermediate 

frequencies, changes in selective pressures, like variation in immune recognition among 

diverse antigen variants, could plausibly shift the relative frequencies of alleles across time 

to either high or low allele frequencies. If these frequency shifts are substantial, measures 

of genetic differentiation, e.g., FST [159, 236], combined with Tajima’s D may improve 

detection of antigenic escape among loci that exhibit genetics signatures of balancing 

selection and temporal allele frequency shifts. FST quantifies the proportion of total genetic 

variance that can be attributed to between-subpopulation differences. With values ranging 

from zero to one, an FST of zero indicates no genetic differentiation between 

subpopulations, while an FST of one reflects complete differentiation, where subpopulations 

are fixed for distinct alleles. This analysis aimed to identify genes falling within windows 

with high Tajima’s D in at least one time points and which also showed significant FST 

between time points, as a potential signal of allele frequency turnover related to frequency-

dependent selection. 

Multiple approaches exist for estimating FST, with the Weir-Cockerham estimator 

being a popular approach as it compares variance of allele frequencies between 

subpopulations to those of the combined subpopulations to estimate FST [289]. However, 

the Weir-Cockerham estimator is sensitive to imbalanced sample sizes between comparator 

populations, potentially leading to inflated estimates of differentiation [241]. In contrast, 

Hudson’s FST compares the average allele frequencies of the combined subpopulations 

relative to the difference between subpopulations, making it a robust alternative for 
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comparator populations with imbalanced sample sizes [241]. In this study, Hudson’s 

method to estimate FST was performed using scikit-allel [288] for each genomic window 

for all pairwise comparisons between the three time points (1 vs. 2, 2 vs. 3, 1 vs. 3). 

Permutation significance was estimated using 10,000 permutations. Genes within windows 

with consistently high Tajima’s D values across all time points and genes with high 

Tajima’s D values and significant FST were selected for further analysis.  

4.3.6 Identification of Haplotype Clusters and Informative SNPs  

To assess whether variation at specific SNPs may drive changes in the structure or 

distribution of haplotypes across different time points, genes were prioritized if they fell 

within genomic windows exhibiting consistently high Tajima’s D across all three time 

points or if they showed elevated Tajima’s D in one or two time points along with 

significant FST values, indicating temporal differentiation. The goal of this analysis was to 

identify the nonsynonymous SNPs (nsSNPs) most likely driving these signals of immune 

escape. For each gene meeting the above criteria, agglomerative hierarchical clustering was 

applied to each matrix of haplotypes excluding all but nsSNPs. Haplotypes were clustered 

using complete linkage and Hamming distance to group samples based on sequence 

similarity [290] and clustering was performed across a range of two to 6 clusters (k). 

Silhouette coefficients were calculated to assess clustering quality. The silhouette score 

quantifies the degree of separation between clusters by comparing intra-cluster similarity 

to inter-cluster dissimilarity with higher scores indicating more distinct and internally 

coherent groupings. The k value that maximized the silhouette score was retained as the 

optimal number of clusters for each gene and time point combination. Genes with fewer 
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than three nsSNPs were excluded from this analysis to ensure sufficient data for both 

clustering and classification. 

To identify the specific nsSNPs predictive of haplotype group membership, random 

forest classifiers were trained for each gene-timepoint combination using the nsSNP 

haplotype matrix as input and the assigned cluster labels as the response variable. 

Classifiers were trained with 3,000 decision trees, a maximum depth of three, and class 

weights adjusted to balance uneven cluster sizes. Model performance was assessed using 

out-of-bag (OOB) error/accuracy scoring. Gini importance scores were computed for each 

nsSNP to quantify its contribution to correct classification of haplotype clusters. Among 

all nsSNPs, the empirical cumulative distribution function (CDF) of Gini scores was used 

to identify a threshold delineating important from unimportant nsSNPs using the “elbow” 

method [257] which identifies the largest perpendicular distance between a line drawn from 

the lowest and highest importance data points in the empirical CDF. This method identifies 

a threshold based on the maximum curvature or “elbow” of the ranked data, above which 

nsSNPs are considered important for predicting haplotype clusters. SNPs with Gini 

importance above this threshold were retained for building discriminative haplotypes for 

each cluster.  

4.3.7 Identification of Mode and Consensus Variants, and Putative 

Serotypes 

Mode and consensus variants were identified for each cluster using only the 

discriminative nsSNPs selected by the random forest classifier. Reference and alternate 

alleles at these positions were translated into amino acid residues based on available SNP 

annotations. For each cluster, the mode variant was defined as the single most frequently 
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observed complete amino acid haplotype across all individuals. In contrast, the consensus 

variant was generated by determining the most common amino acid residue at each 

discriminative position and concatenating these residues into a single sequence. This 

consensus variant represents a theoretical construct that reflects the most frequent residue 

at each site but does not necessarily correspond to any observed haplotype in the dataset. 

Putative serotypes were subsequently inferred based on the structure and composition of 

both the mode and consensus variants within each cluster. Finally, haplotype frequencies 

and their temporal distributions were calculated and visualized for each cluster to assess 

representation over time.  
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4.4 Results 

4.4.1 Sequence Data Processing 

To examine the temporal dynamics of balancing selection and genetic 

differentiation in P. falciparum, a total of 288 P. falciparum isolates collected from study 

participants with clinical malaria across three time-points were subjected to whole genome 

sequencing, resulting in 900,357 raw SNPs. After applying quality control filters to remove 

low-confidence sites and variants with a minor allele frequency less than 0.01, 96,956 high-

quality SNPs remained. Sample and site missingness thresholds were then applied, 

reducing the dataset to 66,592 SNPs across 244 samples. Within-host fixation index (FWS) 

was calculated to assess clonality. The empirical distribution of FWS among all isolates 

revealed a local minimum close to 1 at 0.899; accordingly, FWS > 0.9 was selected to define 

monoclonality aligning with the observed separation in density. Among the 244 samples, 

122 were classified as monoclonal and 122 as polyclonal. Monoclonal samples were 

phased, and missing calls were imputed, yielding 65,595 biallelic haplotypes. Resolved 

haplotypes were also generated for 16 polyclonal samples followed by imputation, 

resulting in a total of 138 complete haplotypes. To ensure genomic reliability, only variants 

from the core genome were retained, removing genes located in subtelomeric regions and 

pfemp1, rifin, and stevor gene families and principal component analysis was performed to 

identify and exclude outliers. The final dataset included 114 samples, with 22 from time 

point 1, 34 from time point 2, and 58 from time point 3, and a total of 63,665 high-

confidence SNPs used for downstream analyses. 
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4.4.2 Distribution of Tajima’s D Across Chromosomes and Time Points 

The distribution of Tajima’s D values across sliding genomic window was 

consistently centered below zero for all chromosomes and time points, with full-

chromosome values ranging from −0.39 to −1.80 (Figure 4.1). This consistent genome-

wide pattern wherein the Tajima’s D values of all 14 full chromosome windows are 

consistently negative (though not to the same extent) across each time point, and the 

distribution of fixed-SNP windows from each chromosome and time point shifting toward 

negative Tajima’s D, reflects an excess of rare alleles across each chromosome. To account 

for global shifts in the distribution of Tajima’s D that may result from population 

demographic processes, such as recent expansion, or from systematic technical factors, 

such as sequencing artifacts, an empirical thresholding approach was applied. Specifically, 

high-Tajima’s D windows were defined as those falling within the top 1% of values within 

each chromosome. This method adjusts for chromosome-specific baselines and facilitates 

the identification of genomic regions with relatively elevated Tajima’s D values, even when 

the absolute magnitude of those values is modest due to global shifts in the background 

site frequency spectrum. 

 

 

 

 

 

 

Figure 4.1: Ridgeline plot of density distributions of Tajima’s D per chromosome per time point (TP1, 

TP2, TP3) among sliding genomic windows consisting of 50 SNPs with 10-SNP steps. The vertical black 

line and corresponding annotated number represents the Tajima’s D value when all SNPs from the entire 

chromosome are included in the calculation of Tajima’s D. 

 



74 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 Ridgeline plot of density distributions of Tajima’s D per chromosome 
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4.4.3 Comparing Absolute and Empirical Thresholds for High Tajima’s D 

Using an absolute threshold of Tajima’s D > 2 identified high-Tajima’s D windows 

on a limited subset of chromosomes, specifically chromosomes 2, 4, 5, 7, 8, 10, and 11, 

while no windows with high Tajima’s D were observed on the remaining chromosomes. In 

contrast, applying an empirical threshold based on the top 1% of Tajima’s D values per 

chromosome is by definition able to identify high Tajima’s D windows on all 

chromosomes.  

When comparing overlap across time points, the absolute threshold approach 

identified five stretches of contiguous high-Tajima’s D windows shared among all time 

points, six shared by two of three time points, and five found only in a single time point, 

while the top 1% method identified 21 stretches of contiguous high-Tajima’s D windows 

shared among all time points, eight shared by two of three time points, and three found 

only in a single time point. All high-Tajima’s D regions identified by the absolute threshold 

were also captured by the empirical threshold. Among the five stretches detected only in a 

single time point by the absolute threshold method, three were also identified by the 

empirical threshold method and were also detected at all time points. Figure 4.2 illustrates 

this comparison on chromosome five, where the windows with high Tajima’s D identified 

by the absolute threshold (panel a) are also detected by the top 1% empirical method (panel 

b), which additionally reveals regions of elevated Tajima’s D shared across all three time 

points. These two approaches yielded overlapping but distinct sets of regions, reflecting 

differences in the number and distribution of high-Tajima’s D windows across the genome. 

 



76 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.4.4 Tajima’s D and FST: Joint Signals of Balancing Selection 

Consistency across time points was used as a filtering criterion to enrich for loci showing 

stable signals of balancing selection, reducing the likelihood that elevated values reflected random 

processes that can influence allele frequencies. Genes in these regions with consistent high 

Tajima’s D across all time points, included 21 and 167 genes when employing the Tajima’s D > 2 

(Table 4.1) and top 1% of Tajima’s D thresholds, respectively. The union across time points 

included 69 and 317 genes, respectively. Of the 21 genes with consistent signals of balancing 

Figure 4.2: Comparison of selection signals on chromosome 5 using absolute and empirical Tajima’s D 

thresholds in SNP-based windows. Panel (a) shows results using an absolute threshold of Tajima’s D > 

2 to define high-Tajima’s D windows, while panel (b) uses an empirical threshold based on the top 1% 

of Tajima’s D values per chromosome and time point. Each row represents a time point or pairwise time 

point comparison. Heatmaps displaying with light to dark colors, the proportion of windows at each 

genomic position that meet one of three criteria: high Tajima’s D (red), low Tajima’s D < −2 (blue), or 

significant FST based on permutation testing (green). Color intensity reflects the proportion of overlapping 

windows meeting each criterion (i.e., darker color = more overlapping windows), with white indicating 

no signal at that position. The empirical threshold captures all high-Tajima’s D regions identified by the 

absolute method and additionally reveals regions shared across multiple time points. 

Figure 4.2 Comparison of selection signals on chromosome 5 
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selection, 14 (67%) are of unknown function, and five are annotated as “Plasmodium exported 

protein.” 

To prioritize genes from this list of 21, the intersection of genes identified through two 

additional approaches: a genomic association study of protected phenotypes [177], and an 

integrative omics analysis that identified genes with high antigenic potential [291]. Each of these 

methods and this study converged on PF3D7_0710200, annotated as “Conserved Plasmodium 

Protein, unknown function.” Given this overlap, Pf3D7_0710200 was selected as a proof-of-

concept candidate for downstream analysis, including investigation of haplotype structure and 

identification of high-importance nonsynonymous SNPs. Figure 4.3 displays the selection 

windows across chromosome 7 corresponding to this analysis. 

4.4.5 Haplotype Clusters and Informative SNPs 

Across all time points, PF3D7_0710200 contained 69 variable nonsynonymous SNPs 

(nsSNPs) based on variant annotation. Agglomerative clustering identified two clusters and the 

random forest classifier predicting cluster membership achieved a high out-of-bag (OOB) accuracy 

of 91.2% (Figure 4.4). Gini importance scores were calculated for each nsSNP. For all time points 

combined, importance above the determined significance threshold (0.02 Gini importance), 

yielded a set of 9 high-importance nsSNPs. Figure 4.4 shows the Gini importance and major allele 

frequency (MAF) for each nsSNP. Five of the nine most influential nsSNPs are in close proximity 

in a 125-bp stretch (genomic positions 470,356–470,480), corresponding to amino acid residues 

2418, 2426, 2427, 2441, and 2459. A second group in close proximity spans from genomic 

positions 469,224 to 469,357 corresponding to amino acid residues 2040, 2082, and 2085. SNPs 
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in these two groups ranked the highest in importance but also exhibited intermediate MAFs, a 

pattern consistent with balancing selection.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.1 Genes in regions with consistently high Tajima’s D across all time points 

Table 4.1: Genes in regions with consistently high Tajima’s D across all time points 
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Figure 4.3: Comparison of selection signals on chromosome 7 using absolute and empirical Tajima’s D 

thresholds in SNP-based windows. Panel (a) shows results using an absolute threshold of Tajima’s D > 2 to 

define high-Tajima’s D windows, while panel (b) uses an empirical threshold based on the top 1% of Tajima’s 

D values per chromosome and time point. Each row represents a time point or pairwise time point comparison. 

Heatmaps displaying with light to dark colors, the proportion of windows at each genomic position that meet 

one of three criteria: high Tajima’s D (red), low Tajima’s D < −2 (blue), or significant FST based on 

permutation testing (green). Color intensity reflects the proportion of overlapping windows meeting each 

criterion (i.e., darker color = more overlapping windows), with white indicating no signal at that position. The 

empirical threshold captures all high-Tajima’s D regions identified by the absolute method and additionally 

reveals regions shared across multiple time points. 

Figure 4.4: Nonsynonymous SNP importance and major allele frequency across PF3D7_0710200. Each bar 

represents the Gini importance of a nsSNP for classifying haplotype cluster membership based on a random 

forest model trained across all three time points together. SNPs are ordered by genomic position along the x-

axis. Gray bars (left y-axis) indicate the relative contribution of each nsSNP to the classifier’s accuracy, as 

measured by Gini importance. Colored lines (right y-axis) denote the major allele frequency (MAF) of each 

nsSNP within time point 1 (red), time point 2 (blue), and time point 3 (green). nsSNPs with both high 

classification importance and intermediate MAFs highlight are consistent with signals of balancing selection. 

Figure 4.3 Comparison of selection signals on chromosome 7 
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Figure 4.4 Nonsynonymous SNP importance and major allele frequency across 

PF3D7_0710200 
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4.4.6 Haplotype Clusters and Informative SNPs 

Across all time points, PF3D7_0710200 contained 69 variable nonsynonymous SNPs 

(nsSNPs) based on variant annotation. Agglomerative clustering identified two clusters and the 

random forest classifier predicting cluster membership achieved a high out-of-bag (OOB) accuracy 

of 91.2% (Figure 4.4). Gini importance scores were calculated for each nsSNP. For all time points 

combined, importance above the determined significance threshold (0.02 Gini importance), 

yielded a set of 9 high-importance nsSNPs. Figure 4.4 shows the Gini importance and major allele 

frequency (MAF) for each nsSNP. Five of the nine most influential nsSNPs are in close proximity 

in a 125-bp stretch (genomic positions 470,356–470,480), corresponding to amino acid residues 

2418, 2426, 2427, 2441, and 2459. A second group in close proximity spans from genomic 

positions 469,224 to 469,357 corresponding to amino acid residues 2040, 2082, and 2085. SNPs 

in these two groups ranked the highest in importance but also exhibited intermediate MAFs, a 

pattern consistent with balancing selection.  

These 9 high-importance SNPs were then used to reconstruct a reduced haplotype matrix 

across all samples from the combined data set. Agglomerative hierarchical clustering was applied 

to this reduced matrix. Silhouette analysis supported the selection of four haplotype clusters and 

for each cluster the resulting consensus sequences were 9-amino-acid in length and were unique 

to each cluster (Table 4.2). The modal sequences of each cluster were variable in only 8 of the 9 

amino acids, though each cluster varied substantially in their temporal distribution. The frequency 

of each cluster shows that clusters 1 and 2 were the most common overall, observed among 31.6% 

and 43% of all samples across all three time points (Figure 4.5). In contrast, clusters 3 and 4 were 
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less common with a combined observed percentage of 25.4% (9.6% and 15.4%), though all 

clusters maintained relatively stable frequencies over time. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.2: Variant cluster frequencies. Clusters were defined based 

on haplotype similarity across nine amino acid positions (1006, 2040, 

2082, 2085, 2418, 2426, 2427, 2441, and 2459). For each cluster, the 

modal sequence (most frequent haplotype) and consensus sequence 

(most frequent amino acid at each position) are shown. The number 

and percentage of samples belonging to each cluster are provided for 

the full dataset and for each time point (T1, T2, T3). 

Table 4.2 Variant cluster frequencies 
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Figure 4.5. Haplotype cluster frequency (%) dynamics over time. Cluster 

frequencies (%) of across three time periods (2007-2009, 2014-2017, 2019-2022). 

Each color represents a unique haplotype cluster. Data points indicate actual 

observed frequency percentages at each cluster, while the legend shows the modal 

cluster sequences for identification of specific haplotypes and their trajectories 

over the 15-year period (ENSEKYTNT = cluster 1, EKNQEFSKI = cluster 2, 

ENSEEFSKI = cluster 3, EKNQEYTNT = cluster 4). 

Figure 4.5 Haplotype cluster frequency (%) dynamics over time 
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4.5 Discussion 

A temporally informed genome-wide scan was used to identify loci under balancing 

selection and genetic differentiation in P. falciparum across three time points in Southern 

Malawi. Chromosome-wide estimates of Tajima’s D were consistently negative across all 

chromosomes and time points, a pattern suggesting historic population expansion or 

bottleneck. However, localized regions showed elevated Tajima’s D, identifying 21 and 

167 genes across all time points using absolute and empirical thresholds, respectively. 

Among those 21, 19 were in regions exhibiting significant FST, suggesting a pattern of 

signals of population differentiation occurring concomitantly with signals of balancing 

selection. Among the 21 genes, the PF3D7_0710200 gene, which encodes a conserved 

protein with unknown function, was selected for further characterization. Hierarchical 

clustering and random forest modelling of nsSNP-based haplotypes revealed four distinct 

haplotype groups, each characterized by unique 9-amino-acid-long consensus sequences 

which may represent targets of allele specific immune response analogous to serotypes. Of 

these four haplotype clusters, the three most common (cluster 1: 31.6%; cluster 2: 43%; 

cluster 4: 15.8%) together account for approximately over 90% of all sequences in this 

study over the 15-year period.  

In comparison to Pf3D7_0710200, numerous well‐characterized vaccine 

candidates, PfAMA1, PfMSP1, PfMSP3, PfGLURP and PfTRAP, have exhibited elevated 

Tajima’s D previously [16, 19, 180, 203, 237, 292-294]. In this study, each was identified 

by the empirical chromosome-specific threshold, though none of these candidate antigens 

were identified by the absolute threshold of D > 2, suggesting demographic noise may 

mask their balancing‐selection signals. This mirrors previous work, where researchers 
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often report the most extreme genome-wide values instead of relying on a fixed absolute 

threshold (e.g., D >2) [203, 237, 292]. Other major antigens (PfCSP, PfEBA-175, 

PfSERA5) lacked detectable signals using both thresholds, which may be a result of 

filtering short tandem repeats. In contrast, PF3D7_0710200 consistently surpassed 

chromosome-specific and absolute D thresholds at all time points and exhibited significant 

temporal FST, suggesting possible strong, immune-driven selection signature, even on a 

background of demographic noise, making it a candidate for further characterization for its 

suitability as a vaccine target. 

Located on chromosome 7, PF3D7_0710200 encodes a 2,910-amino acid protein 

and exhibits strong balancing-selection signals in both Mali [295] and Malawi (this study). 

Insertional mutagenesis studies suggest that this protein is essential for blood stage growth 

and survival [296]. Proteomic surveys detect PF3D7_0710200 expression across multiple 

life-cycle stages, including sporozoites, oocysts, rings, trophozoites, schizonts, and 

gametocytes [91, 297-304], and in silico analyses predict it to be surface-exposed [304]. A 

previous genome-wide screen flagged PF3D7_0710200 among 25 genes whose allelic 

turnover was associated with allele-specific natural immunity [177]. An integrative omics 

approach using positive unlabeled machine learning analyzed proteomic, structural, 

functional, immunological, genomic, and transcriptomic data to rank order P. falciparum 

[291] and P. vivax [305] antigens by antigenicity with the former predicting a set of 200 

antigens, of which PF3D7_0710200 was ranked highly for antigenicity. Though 

PF3D7_0710200 is diverse, 4 major serotype-like haplotypes in Malawi were identified 

potentially reducing the antigen variants necessary to cover the diversity observed over 15 

years. In fact, only three would cover over 90% of all samples in this study. Further 
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validation of this approach might include assessing both immunogenicity and haplotype-

specific immune responses, by exposing Malawian sera to haplotype-variants expressed on 

protein [306-310] or peptide arrays [255, 311] and performing functional assays, including 

growth inhibition assays [312, 313] and inhibition of liver-stage development assays [314, 

315].  

A limitation of this study is the temporal resolution of sampling, which may be 

insufficient to detect allele frequency shifts driven by cyclical or time-variable immune 

selection. If the periodicity of allele frequency turnover does not align with the multi-year 

intervals between sampling points, such patterns could be missed, regardless of whether 

their dynamics unfold over shorter or longer timescales. For example, prior studies of the 

gene encoding PfAMA1 have shown that allele-specific immunity may be transient, with 

effects detectable within only weeks following infection and no clear association observed 

at longer intervals [16]. In the context of our study, where sampling points are separated 

by several years, such temporally restricted signals of immune selection may be missed, 

particularly when allele frequency turnover occurs on faster or asynchronous timescales. 

Additionally, demographic processes such as population expansion and contraction can 

influence allele frequency distributions in ways that mimic or obscure signals of balancing 

selection. Tajima’s D, which assumes a constant population size under the standard neutral 

model, is known to be sensitive to these deviations [235, 287]. To mitigate this, I used both 

absolute and chromosome-specific empirical thresholds and focused on signals that were 

consistent across time points supplemented with allele frequency shifts detected by FST. 

Finally, multiallelic SNPs were excluded because current genotype imputation methods 

and reference panels are optimized for biallelic sites [280, 281], making accurate 
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imputation of multiallelic loci infeasible. This exclusion limits our ability to assess some 

of the most polymorphic and potentially immunologically relevant SNPs in the genome. 

However, SNPs in linkage disequilibrium with multiallelic sites may still carry indirect 

signals of selection, allowing genes harboring such variants to be identified even when the 

multiallelic sites themselves are not analyzed. 

This study presents a novel framework for identifying genetic determinants of 

antigenic escape using clinical isolates collected from temporally spaced studies. Although 

the isolates were derived from longitudinal studies, only one cross-sectional sample per 

individual was analyzed. By examining temporal patterns in Tajima’s D using both 

conventional and chromosome-specific thresholds, the approach strengthens the ability to 

distinguish genuine signals of balancing selection from global (or chromosomal) 

population demographic noise. Consistent elevation of Tajima’s D across multiple time 

points increases the reliability of selection inference, while empirical thresholding within 

chromosome-specific distributions improves detection of loci that might otherwise be 

overlooked. Measures of genetic differentiation, such as FST, provide an additional 

dimension by highlighting temporal shifts in allele frequencies that may signal changing 

immune pressures. This combination allows the identification of genes that show both 

long-term maintenance of allelic diversity and evidence of changing allele frequencies over 

time, providing a fuller picture of how immune selection acts on parasite populations. 

Further resolution is achieved through haplotype clustering and classification of key 

nonsynonymous variants, exemplified by the analysis of PF3D7_0710200, a large, 

conserved, broadly expressed, and functionally uncharacterized gene that consistently 
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ranked highly across all analytic layers and has been independently predicted to be 

antigenic.  

This analytical framework can be adapted to other endemic settings and vaccine 

trial cohorts to detect immune-driven allele frequency changes over time. By leveraging 

complementary signals from Tajima’s D, FST, and haplotype structure, the approach 

enables the identification of both known and novel antigenic targets that may be overlooked 

by static, cross-sectional analyses. In conclusion, this study demonstrates the utility of 

temporally informed population genetic analyses for uncovering signatures of antigenic 

escape. The combined use of diversity metrics, differentiation measures, and machine 

learning-based haplotype classification provides a powerful toolset to prioritize vaccine 

candidates and deepen understanding of host-pathogen evolutionary dynamics. 
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Chapter 5 

5 Conclusion and Discussion 

5.1 Aim 1  

Identify humoral immune responses directed against P. falciparum antigens that are 

associated with protection following malaria challenge in individuals immunized with a 

whole organism, irradiated sporozoite vaccine. 

5.1.1 Main Findings in this Study 

This investigation analyzed sera from malaria-naïve adults participating in three 

independent Phase I clinical trials of the PfSPZ Vaccine, comprising 29 individuals who 

were protected and 13 who were unprotected following CHMI. Using a high-density 

peptide microarray covering 3,918,353 unique overlapping 16-mer peptides across the 

entire P. falciparum NF54 proteome represents an agnostic and systematic assessment of 

vaccine-induced humoral responses against malaria parasites. 

Broad but Non-Protective Serological Responses. The PfSPZ Vaccine elicited extensive 

IgG reactivity across the proteome, with 76,695 peptides from 4,292 proteins (18.2% of 

reactive peptides) showing significantly increased antibody responses after vaccination. 

This pattern of broad reactivity was identified across both protected and unprotected 

vaccinees. However, despite this extensive immunological engagement across a large 

portion of the parasite proteome, majority of these antibody responses showed no 

association with protection against subsequent malaria challenge. The results suggest that 

protection may depend on additional characteristics of the immune response including the 

quality, specificity, or functional characteristics of responses rather than their quantity. 
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Pre-existing and Post-vaccination Inverse Association Patterns with Protection. An 

unexpected finding was a consistent inverse relationship between antibody responses and 

protection, detectable even before vaccination and persisting throughout the study. At 

baseline, only 3 peptides showed higher reactivity in individuals who would later be 

protected compared to 71 peptides in those who would remain unprotected, representing a 

24-fold difference. Since all participants were malaria-naïve, these pre-vaccination 

differences are unlikely to be attributed to prior P. falciparum exposure. The 71 peptides, 

derived from 61 proteins, were significantly enriched for nuclear-localized biological 

processes such as DNA repair and various histone modifications.  

This inverse association pattern became even more pronounced following 

vaccination. Post-vaccination analysis revealed that merely 6 peptides were elevated in 

protected individuals versus 222 in unprotected participants, representing a 37-fold 

difference. The change in response (post- minus pre-vaccination) showed the most extreme 

imbalance, with only 2 peptides demonstrating greater increases in protected individuals 

compared to 23 in unprotected participants. The consistency of this inverse pattern across 

all timepoints was particularly surprising and suggests that higher antibody responses to 

many parasite antigens may represent individual-specific immunological signatures that 

include cross-reactive responses not derived from P. falciparum exposure but that 

recognize P. falciparum epitopes.  

Failure of Predictive Modeling. Machine learning approaches failed to identify 

serological signatures predictive of protection. Random forest models were unable to 

achieve accuracies substantially better than the majority-class baseline for pre-vaccination, 

post-vaccination, and change. Elastic net logistic regression performed even worse, with 
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AUC-ROC values of 44.3%, 47.3%, and 58.7% for the respective data sets. Even a 

combined approach using random forest for feature selection followed by elastic net 

classification failed, yielding AUC-ROC accuracies consistent with chance. Agreement 

across multiple algorithms may suggest that, in this data set, linear peptide-specific IgG 

responses alone are insufficient to predict protection, and that protective immunity requires 

immunological components not captured by this analysis. 

Circumsporozoite Protein as Primary Vaccine Target. PfCSP emerged as the most 

immunogenic protein, with 77 of its 386 tiled peptides (19.9%) showing significant 

increases after vaccination, the highest proportion among all proteins. Hierarchical 

clustering revealed immunological heterogeneity: 12 individuals formed a low-reactivity 

cluster for the central-repeat region (5 protected, 7 unprotected) while 30 showed high 

reactivity (24 protected, 6 unprotected). However, despite this incongruence and PfCSP 

being the target of current WHO-approved vaccines, no PfCSP peptides remained 

significantly associated with protection after multiple comparison correction.  

Gene Ontology Insights into Protection Mechanisms. Functional enrichment analysis 

revealed biologically meaningful distinctions between protective and non-protective 

responses. Protection-associated proteins were significantly enriched in accessible cellular 

locations, including the cell surface, extracellular space, and membrane components, with 

molecular functions such as host cell surface binding (Rhoptry Neck Protein 3) and 

biological processes like microtubule cytoskeleton organization. In stark contrast, proteins 

inversely associated with protection showed extensive enrichment for typically 

inaccessible nuclear and intracellular functions including DNA replication, histone 

methylation, chromatin-associated structures, and nuclear complexes. This pattern 
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suggests that protective antibodies may target parasite antigens that are accessible for 

neutralization, while non-protective responses recognize conserved intracellular epitopes. 

In the context of pre-vaccination responses to intracellular epitopes among the unprotected, 

this might suggest cross reactivity with preexposure to other similar pathogens. In contrast, 

in the context of post-vaccination responses the enrichment for intracellular peptide 

recognition may suggests preexposure cross reactivity or possibly exposure to lysed 

parasites from the vaccine, or both.  

5.1.2 Strengths and Implications 

Methodological Strengths. The use of a comprehensive peptide microarray covering 

3,918,353 unique overlapping 16-mer peptides across the entire P. falciparum proteome 

enables an extensive, unbiased assessment of vaccine-induced humoral responses. This 

proteome-wide approach eliminated the selection bias inherent in targeted immunological 

assays, enabling the systematic evaluation of both known and previously uncharacterized 

antigens. The overlapping peptide design, with a 15-amino acid overlap, provided high-

resolution mapping of antigenic regions while maintaining comprehensive coverage. 

The use samples from CHMI trials provided a clearly defined protective phenotype 

that eliminated confounding variables present in field-based efficacy studies. The 

homologous challenge design ensured that protection assessment was standardized across 

all participants and, importantly, was not confounded by antigenic diversity. The inclusion 

of malaria-naïve volunteers was intended to mitigate the complexity of pre-existing 

immunity, which complicates interpretation in endemic populations. The integration of 

multiple analytical approaches, including multiple machine learning algorithms and 

bivariate statistical testing, provided findings across different methodological frameworks. 
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Implications for Understanding Protective Immunity. The finding that most differential 

antibody responses were inversely associated with protection, i.e., unprotected individuals 

had statistically significantly higher responses among these peptides than protected 

individuals, suggests that protective immunity may depend on other qualities of immune 

responses rather than solely on magnitude [129, 316]. The peptide microarray approach, 

while comprehensive in representing the entire parasite proteome, possesses inherent 

limitations that constrain the interpretation of results. The array design exclusively captures 

antibody responses to linear epitopes, completely excluding conformational and 

discontinuous epitopes that may be important for protective immunity. The failure of 

machine learning models to predict protection from linear peptide responses alone suggests 

that protective immunity likely involves complex interactions between multiple immune 

components, including conformational epitopes, antibody functionality, cellular immune 

responses, and innate mechanisms that are not captured by linear peptide arrays. The 

implications for vaccine development suggest that functional evaluation of immune 

responses should integrate multiple qualitative and quantitative measurements to capture 

the full spectrum of immunological mechanisms. 

Implications for Vaccine Development Strategy. The predominant immunogenicity of 

circumsporozoite protein, coupled with its lack of association with protection after multiple 

comparison correction, suggests that the protection conveyed by the PfSPZ vaccine 

involves additional immune effectors beyond antibodies against linear epitopes or that 

multiple antigens might combine to result in a protective response or both. While PfCSP is 

an immunodominant antigen capable of eliciting strong antibody responses, these findings 

suggest that other antigens or immunological mechanisms may be involved in protective 
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immunity. Implications for next-generation vaccine design might be that that strategies 

should diversify beyond PfCSP to include additional antigens or alternative approaches 

that engage alternate protective immune pathways. 

Broader Implications for Infectious Disease Vaccines. The methodological approaches 

and findings from this research extend beyond malaria to other infectious diseases where 

correlates of protection remain elusive. The demonstration that comprehensive, unbiased 

immunological profiling can reveal unexpected patterns of immune association provides a 

framework for investigating vaccine responses against other complex pathogens. The 

finding that cross-reactive antibodies from prior exposures can influence vaccine outcomes 

suggests that immune history should be considered more systematically in vaccine 

development for all infectious diseases. This principle may be particularly relevant for 

pathogens that share structural or sequence homology with common environmental 

antigens or other infectious agents. 

5.1.3 Limitations 

Methodological Limitations of Peptide Array Technology. The peptide microarray 

approach, while comprehensive in representing the entire parasite proteome, possesses 

inherent technical limitations that constrain the interpretation of results. The array design 

exclusively captures antibody responses to linear epitopes, completely excluding 

conformational and discontinuous epitopes that may be important for protective immunity. 

Many of the most potent neutralizing antibodies against pathogens recognize complex 

three-dimensional structures that linear peptides cannot represent. [173, 175, 317]. This 

limitation is particularly relevant for malaria, where several protective monoclonal 

antibodies, including the recently identified CIS43 and L9 antibodies derived from 
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protected PfSPZ Vaccine recipients, recognize conformational epitopes at the junction 

between the N-terminus and central repeat regions of circumsporozoite protein [100, 318]. 

The analysis was restricted to total IgG responses without differentiation of antibody 

subclasses, avidity, or functional characteristics. Different IgG subclasses exhibit distinct 

effector functions [127, 131] and subclasses may have contrasting roles. For example, 

higher ratios of IgG2 to IgG4 antibodies were associated with reduced risk of infection 

[135]. The measurement of antibody avidity, which reflects the strength of antigen-

antibody binding and often correlates with protective capacity [319], was not assessed. 

Furthermore, functional antibody activities such as neutralization [320, 321], antibody-

dependent cellular cytotoxicity [322], opsonization [323], or complement activation [319, 

324] were not evaluated, despite their potential importance in protective immunity. 

The focus on humoral immunity excluded components of the immune response that 

are likely essential for protection against malaria. Cellular immune responses, including 

CD8+ T cell responses that may be crucial for liver-stage immunity, and CD4+ T cell 

responses that provide help for antibody production and direct effector functions, were not 

assessed. Innate immune responses, including natural killer cell activity [118] and cytokine 

production [117], which may contribute to early parasite control and shape adaptive 

immunity , were similarly omitted from analysis. 

Study Design and Sample Limitations. The study was limited by a relatively small 

sample size of 42 participants, which limited statistical power for detecting associations 

and training robust machine learning models. The class imbalance between protected and 

unprotected individuals, with only 13 unprotected participants compared to 29 protected, 
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created additional analytical challenges and may have contributed to the poor performance 

of predictive models.  

Analytical and Statistical Limitations. The analysis faced substantial multiple 

comparison challenges inherent in high-dimensional omics data, with nearly 4 million 

peptides tested simultaneously. Despite the application of false discovery rate correction, 

the massive number of comparisons may have obscured genuine but modest associations 

with protection. Conversely, the stringent correction may have eliminated potentially 

meaningful signals that could have provided insights into protective mechanisms. 

The application of machine learning techniques to high-dimensional data with a 

small sample size presented inherent challenges that may have contributed to poor 

predictive performance. The curse of dimensionality, where the number of features vastly 

exceeds the number of observations, can lead to overfitting and poor generalization even 

with regularization techniques. The complex correlation structure among overlapping 

peptides from the same proteins may have violated assumptions of independence that 

underlie many statistical approaches and could have confounded the identification of truly 

informative features. 

The analytical approach was primarily focused on bivariate associations and rank-

based relationships, potentially missing complex interactions between immune responses 

that might be critical for protection. Covariate relationships between responses to different 

antigens, which could be important for protective immunity, were not systematically 

evaluated by the bivariate analysis, but were incorporated into the machine learning 

analyses.  
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5.1.4 Future Directions 

Generalizability and External Validity Limitations. The findings are derived 

exclusively from the PfSPZ vaccine platform, which may elicit immune responses that 

differ substantially from those elicited by other vaccine approaches or natural infection. 

The whole sporozoite vaccine presents proteins expressed during the sporozoite, liver, and 

possibly blood stages of the parasite’s life cycle, whereas subunit vaccines focus on 

selected antigens, and the immunological correlates identified may not apply to different 

vaccine strategies. The results may therefore have limited relevance for evaluating other 

malaria vaccine candidates or platforms. 

Additional Functional Immune Profiling Technologies. Functional antibody 

assessments represent a critical advancement opportunity. Assays for antibody-dependent 

cellular cytotoxicity [325], complement activation [127], and opsonization [125] could 

provide mechanistic insights into protective responses. Comprehensive antibody 

characterization including subclass profiling [129, 132, 326] and avidity measurements 

[326, 327] could reveal qualities, in addition to magnitude, that delineate protective from 

unprotective responses. 

Expanded Study Populations and Designs. Future studies would benefit from larger 

sample sizes providing adequate statistical power and more balanced groups of protected 

and unprotected individuals. Extension to malaria-endemic populations represents a step 

towards translating findings into deployment settings. Studies in previously exposed 

individuals could reveal how existing immunity influences vaccine responsiveness and 

whether correlates differ between naive and pre-exposed populations. 
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5.2 Aim 2 

Identify signatures of antigenic escape in P. falciparum genes over time in southern 

Malawi. 

5.2.1 Main Findings in this Study 

Genomic Data Set and Identification of Selection Signatures. I successfully analyzed 

whole-genome sequence data from 114 P. falciparum clinical isolates collected across three 

time points spanning 15 years (2007-2022) in southern Malawi, yielding 63,665 high-

confidence single nucleotide polymorphisms (SNPs) for population genetic analysis. The 

genome-wide Tajima's D distribution was consistently negative across all 14 chromosomes 

and time points (ranging from −0.39 to −1.80), indicating an overall excess of rare alleles 

consistent with historical population expansion. Using chromosome-specific empirical 

thresholds (top 1% of Tajima's D values) was more sensitive than absolute thresholds 

(Tajima's D > 2) for detecting signatures of balancing selection. The empirical approach 

identified candidate regions on all chromosomes, while the absolute threshold only 

detected signals on 7 of 14 chromosomes.  

Using the absolute threshold approach, 21 genes were identified as exhibiting 

consistently high Tajima's D across all three time points, suggesting persistent balancing 

selection. Of these, 19 genes (90%) also showed significant temporal genetic 

differentiation (FST), indicating allele frequency shifts over time consistent with frequency-

dependent immune selection. Notably, 67% of these genes have no known function and 

another 24% are annotated as “Plasmodium exported proteins,” underscoring that the 

systematic, genome-wide approach revealed previously uncharacterized antigenic targets.  
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An in-depth analysis of PF3D7_0710200, a conserved protein of unknown 

function, served as proof of concept for this integrated approach. This gene contained 69 

variable nonsynonymous SNPs (nsSNPs) and consistently exceeded both statistical 

thresholds across all time points. Machine learning approaches identified 9 high-

importance nsSNPs that clustered in two genomic regions and exhibited intermediate allele 

frequencies characteristic of balancing selection. These nsSNPs defined four major 

haplotype clusters that remained stable over the 15-year study period, with the three most 

common clusters accounting for over 90% of all parasite isolates. This temporally 

informed, genome-wide framework successfully identified multiple genes that exhibition 

signals of immune-mediated balancing selection and highlights both known and novel 

antigens for future serotype-aware vaccine design. 

5.2.2 Strengths and Implications 

Methodological Innovation and Robustness. This study represents a methodological 

advance by integrating temporal genomic surveillance with population genetic- and 

machine learning-based analysis to detect immune-driven selection. To capture selection 

signals at varying scales, multiple overlapping window/step combinations were employed 

both to refine the localization of candidate regions and confirm the robustness of signals 

across scales. Rather than relying solely on absolute cutoffs (e.g., D > 2), this study applied 

a dual-threshold approach using chromosome-specific empirical cutoffs (top 1% of D-

values per chromosome), ensuring that regions with elevated intermediate-frequency 

alleles were detected across all chromosomes regardless of baseline diversity levels. The 

15-year temporal framework provided unique resolution that cross-sectional studies lack, 

enabling detection of allele frequency shifts indicative of frequency-dependent selection 
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that would be missed in static analyses. Another advantage of applying this analysis over a 

long timeframe is the improved ability to distinguish alleles with persistently intermediate 

frequencies from those that only temporarily exhibit intermediate frequencies due to 

random fluctuations. While population genetic metrics and machine learning approaches 

have been applied in malaria genomics, this particular integration of temporal FST analysis 

with Tajima's D prioritization and both unsupervised and supervised learning for systematic 

antigen characterization represents a relatively unexplored analytical approach that 

addresses a major challenge in malaria population genetics where historical population 

demographic effects can confound neutrality tests. 

Implications for Vaccine Development. The identification of PF3D7_0710200 and other 

novel candidates has immediate implications for rational vaccine design. The finding that 

only four major haplotype clusters accounted for over 90% of parasites across 15 years 

suggests that a limited number of antigenic variants may be sufficient to achieve broad 

coverage against natural parasite diversity. This contrasts with highly polymorphic antigens 

where dozens of variants may be required, making PF3D7_0710200 and similar targets 

more tractable for vaccine development.  

Broader Scientific and Public Health Impact. This framework offers a generalizable 

approach for antigen discovery that can be applied to other pathogens exhibiting patterns 

of immune-driven selection. The discovery that many uncharacterized genes exhibit 

signatures of immune selection also opens new avenues for functional studies to understand 

parasite biology and host-pathogen interactions. 
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5.2.3 Limitations 

Temporal Resolution and Sampling Constraints. While the 15-year timeframe provided 

valuable temporal depth, the multi-year intervals between sampling points may have been 

insufficient to detect allele frequency oscillations that occur on shorter timescales. Previous 

studies of AMA1 have demonstrated that allele-specific immunity can be transient, with 

effects detectable only within weeks following infection, suggesting that immune selection 

dynamics operating on monthly or seasonal cycles could have been missed entirely. The 

unequal sample sizes across time points (22, 34, and 58 samples for time points 1, 2, and 

3, respectively) may have introduced bias in population genetic parameter estimates, 

particularly for the earliest time point where statistical power was most limited.  

Confounding by Population Demographic Effects. The consistently negative Tajima's D 

values across all chromosomes indicate strong demographic effects that complicate the 

interpretation of selection signatures. To address this challenge, I employed several 

mitigation strategies: the empirical threshold approach was designed to increase sensitivity 

for detecting elevated Tajima's D signals against a background of genome-wide population 

expansion, while the requirement for consistent signals across multiple time points helped 

distinguish persistent balancing selection from transient random fluctuations. Additionally, 

the integration of temporal FST analysis provided an independent line of evidence for allele 

frequency shifts that could support frequency-dependent immune selection. However, 

despite these complementary approaches, the possibility remains that some candidate 

genes reflect demographic rather than selective processes. The study was also 

geographically constrained to southern Malawi, potentially limiting the generalizability of 

findings to other transmission settings with different population structures, transmission 
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intensities, or demographic histories. While the loci detected by this approach may not 

differ greatly, the specific alleles and clusters of SNPs may differ between sites with various 

epidemiological differences.  

Methodological and Technical Limitations. Several sampling and study design factors 

could have introduced systematic biases from the outset. Although all studies were 

conducted in southern Malawi, they were carried out in different districts (Blantyre, 

Chikwawa, and Balaka/Machinga), which have distinct demographic characteristics, 

including differences in elevation and urbanization, as well as potentially divergent parasite 

population structures that could confound temporal comparisons. However, the 

geographical distances spanning these districts are relatively small with the most distant 

health centres, Mfera and Ntaja, separated by approximately 95 miles. The exclusive focus 

on clinical malaria cases may have introduced selection bias toward more virulent parasite 

strains or individuals with less protective immunity, potentially skewing the representation 

of circulating genetic diversity compared to the broader parasite population that includes 

asymptomatic infections. 

Technical limitations in sequencing and genome processing may have further 

affected data quality. Coverage biases favoring certain genomic regions and the use of the 

3D7 reference genome may have systematically underrepresented variants that are highly 

divergent from the laboratory strain, potentially biasing against detection of the most 

evolutionarily distant and potentially immunologically relevant alleles. Genotyping errors 

arising from sequencing artifacts, misalignment in repetitive regions, and variant calling 

inaccuracies may have introduced noise that would generally bias results toward the null 

hypothesis, making genuine selection signals harder to detect. To mitigate these limitations, 
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minimal read depths were employed, reducing the likelihood of sequencing artifacts. 

Additionally, short tandem repeats and highly variable genes and loci were excluded from 

the analysis. Low sequencing coverage is likely to disproportionately remove rare alleles 

compared to intermediate frequency alleles, creating a systematic bias toward detecting 

more common variants and potentially inflating Tajima's D values by reducing the number 

of segregating sites while having less impact on nucleotide diversity. The exclusion of 

multiallelic SNPs, although necessary due to current imputation limitations, removed some 

of the most polymorphic and potentially immunologically relevant sites from analysis. 

However, through linkage, adjacent SNPs may be sufficient to detect immunological 

relevant loci, and further fine mapping with targeted sequencing could elucidate relevant 

multiallelic SNPs. Filtering of short tandem repeats, subtelomeric regions, and highly 

variable antigenic genes families, which were excluded due to sequencing and alignment 

challenges, potentially missing important targets of immune selection. Employing 

imputation to fill missing genotype calls, which, while standard practice, could have 

introduced systematic errors particularly in highly diverse genomic regions or where 

population structure differs from the reference panel, potentially creating spurious 

associations or masking genuine selection signatures.  

Downstream analytical limitations included the use of machine learning-based 

haplotype classification which, while innovative, relied on unsupervised clustering that 

may not reflect biologically meaningful antigenic groupings, and the functional 

significance of the identified discriminative SNPs remains unvalidated through 

experimental approaches.  
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Interpretive and Validation Constraints. The identification of genes under putative 

immune selection does not directly demonstrate their antigenicity or protective relevance, 

as elevated Tajima's D and temporal FST could result from other evolutionary pressures or 

technical artifacts. The study lacked experimental validation through immunological 

assays, functional studies, or structural analysis to confirm that the identified candidates 

are targets of immune recognition. The immunological characterization of these results is 

an important next step to further validate this approach. The heavy representation of genes 

with unknown function among the candidates, while highlighting potential novel targets, 

also reflects the current limitations in P. falciparum functional genomics and complicates 

the biological interpretation of findings. Additionally, the framework's ability to distinguish 

true balancing selection from complex demographic scenarios requires further validation 

in diverse epidemiological settings with known population histories and transmission 

dynamics. 

  



105 

 

5.2.4 Future Directions 

The temporal population genomic framework developed in this study opens 

multiple avenues for advancing malaria antigen discovery and our understanding of 

parasite evolution under immune pressure. Building upon the methodological foundation 

established here, future research could benefit from focusing on four interconnected areas: 

expanding the temporal and spatial scope of genomic surveillance to capture immune 

selection dynamics across diverse epidemiological contexts; refining population genetics 

approaches using machine learning; validating evolutionary predictions through 

comprehensive experimental characterization of identified candidates; and translating 

findings into practical applications for vaccine development and malaria control strategies. 

Enhanced Temporal and Geographic Sampling Strategies. Future studies could 

implement higher-resolution temporal sampling with monthly or quarterly collection 

intervals to capture short-term allele frequency oscillations that may reflect seasonal 

immune selection dynamics. Longitudinal cohort designs tracking the same individuals 

over multiple malaria episodes would provide valuable insights into within-host parasite 

dynamics and the relationship between immune memory and antigenic diversity. 

Expanding geographic coverage to include multiple transmission settings across sub-

Saharan Africa, Southeast Asia, and South America could enable assessment of the 

generalizability of identified selection signatures and reveal region-specific patterns of 

immune selection. Balanced sampling designs with equal sample sizes across time points 

and the inclusion of both symptomatic and asymptomatic infections might also provide 

more representative estimates of population genetic parameters and capture the full 

spectrum of circulating parasite diversity. 
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Novel Machine Learning Approaches to Detect Balancing Selection. Developing 

machine learning-based approaches specifically designed to identify signatures of 

balancing selection could offer advantages over traditional population genetic statistics by 

distinguishing selection signals from complex demographic scenarios without requiring 

explicit demographic or other restrictive assumptions [328, 329]. Integration with 

epidemiological models that link transmission intensity, intervention history, and 

population structure may further refine the interpretation of temporal genetic patterns. 

Methodological Advances and Technical Innovation. Advancing sequencing and 

bioinformatics approaches to substantially increase read depth and genome coverage, 

especially for asymptomatic infections, and complementary bioinformatics improvements 

to enable the resolution of polyclonal haplotypes and the inclusion of multiallelic SNPs, 

short tandem repeats, and subtelomeric regions would be valuable for capturing the full 

spectrum of antigenic diversity.  

Experimental Validation and Functional Characterization. The most critical next step 

would involve experimental validation of identified candidates through comprehensive 

immunological assays. Protein microarrays [307, 308, 310], peptide arrays [255, 311], and 

ELISA-based [326] approaches using sera from malaria-exposed individuals could be 

employed to confirm that genes showing population genetic signatures of immune selection 

are indeed antigenic. Functional assays, including growth inhibition and inhibition of liver-

stage development assays, which assess the functional impact of humoral immune 

responses against these targets, would provide evidence that the identified antigens have 

potential as vaccine candidates.  
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Translation to Vaccine Development and Public Health Applications. Long-term goals 

could include incorporating validated targets into next-generation malaria vaccine designs, 

potentially as components of multivalent vaccines that address antigenic diversity through 

inclusion of multiple protein variants. Field trials in diverse transmission settings might 

assess the real-world performance of vaccines targeting these evolutionarily validated 

antigens. The analytical framework could potentially be adapted for real-time genomic 

surveillance systems that monitor parasite evolution in response to vaccine deployment, 

enabling early detection of potential escape variants. Finally, extending this approach to 

other pathogens experiencing similar immune selection pressures might demonstrate the 

broader utility of temporal population genomics for infectious disease control and vaccine 

development. 

5.3 Summary 

Malaria vaccine development faces significant challenges due to the complex 

immune responses required for protection and the extensive genetic diversity that enables 

parasites to evade host immunity. The limited efficacy of current vaccines and the difficulty 

in identifying reliable correlates of protection highlight the need for new approaches that 

integrate immunological and evolutionary perspectives. This study was dedicated to 

addressing fundamental questions about which immune responses correlate with protection 

and how parasite evolution under immune pressure can inform rational vaccine design. 

Using proteome-wide peptide arrays, I characterized vaccine-induced immune responses 

in PfSPZ Vaccine recipients and discovered distinct immunological signatures between 

protected and unprotected individuals, revealing that protective immunity involves 

complex mechanisms that likely extend beyond linear peptide-binding antibody 
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measurements. Through temporal population genomics analysis of 15 years of parasite 

surveillance data, I developed a framework that successfully identified genes under 

immune selection pressure, identifying 21 candidates exhibiting persistent balancing 

selection with the majority representing previously uncharacterized antigenic targets. The 

integration of these approaches demonstrated that effective vaccine development requires 

understanding both the immunological requirements for protection and the evolutionary 

constraints that maintain antigenic diversity over time. By establishing methodological 

frameworks for unbiased immune profiling and evolutionary validation of vaccine targets, 

I anticipate that these tools will enhance rational vaccine design efforts and accelerate the 

identification of next-generation malaria vaccine candidates, while also providing broadly 

applicable strategies for other complex pathogens where traditional vaccine development 

approaches have proven insufficient. 
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