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Immunity to clinical malaria disease is acquired after years of exposure to malaria
pathogens, but sterile immunity is not achieved. Malaria parasite surface antigens have
used antigenic diversity in an arms race to subvert the host immune system. Nearly all
vaccines targeting individual malaria antigens have proven ineffective at preventing
infection or disease. Plasmodium falciparum apical membrane antigen 1 is a parasite
surface antigen that is crucial for erythrocyte invasion, and a leading vaccine target.
Antibodies against AMA1 have been shown in vitro, as well as in murine, non-human
primate, and human models to prevent homologous parasite infection after challenge.
AMA1 is an antigenically diverse molecule, with a seemingly limitless number of unique
variants surveyed in the field. We populated a protein microarray with 263 unique wholeectodomain variants of AMA1 proteins isolated from parasite genomic DNA from
malaria-infected blood samples collected during a phase 2 malaria vaccine trial
conducted in Bandiagara, Mali. We screened Malian children and adults at seasonal time
points to measure the diversity of their immune response. Age, parasitemia, and

seasonality were significant predictors of the seroreactivity to PfAMA1 variants.
Children and adults vaccinated with monovalent, AMA1 subunit vaccine FMP2.1/AS02A
saw a dramatic increase in seroreactivity to all AMA1 variants on the array, regardless of
genetic similarity to the vaccine strain 3D7 compared to rabies vaccinated control
cohorts. Seroreactivity to PfAMA1 variants is extremely collinear, and genetic variation
of the strain isolated at the time of a single acute infection did not correlate with antibody
seroreactivity. In a post-hoc analysis, we saw a positive correlation with preseason
seroreactivity to AMA1 and odds of symptomatic versus asymptomatic infection using
multivariable logistic regression. The research demonstrates the need to have an
understanding of both parasite antigenic diversity in the field and a functional epitope
map prior to the development of a vaccine based on AMA1.
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Chapter 1: Introduction and Literature Review
1.1 Introduction
Apical membrane antigen I (AMA1) is an 83 kilo Dalton type I integral
membrane surface protein located in the micronemes of the all Plasmodium species.
Homologues to AMA1 are found in virtually all apicomplexan parasites. This protein, in
conjunction with parasite secretory proteins, forms a complex that is involved in host red
blood cell invasion. It has been the target for over a dozen malaria subunit vaccines, and
has been a focus of research for over 40 years due to its high immunogenicity and
parasite growth inhibition in vitro by anti-AMA1 antibodies [1, 2]. AMA1 consists of a 55
amino acid cytoplasmic segment and a 550 amino acid extracellular region divided by
eight disulfide bonds into three domains. After primary cleavage, the 66 kDa product is
stored in the micronemes, secretory organelles located in the apical end of the parasite in
its invasive merozoite form. The molecule then undergoes another cleavage to a 44 kDa
or 48 kDa molecule. This process occurs with the relocation of the protein to the
merozoite surface upon erythrocyte invasion [3]. AMA1 is believed to be vital for
erythrocyte invasion; it is expressed in the late schizont stage and binds to erythrocyte
invasion machinery [4].
Anti-AMA1 antibodies have repeatedly demonstrated protective value against
erythrocyte invasion in both animal models and humans [5, 6]. Immunization with
AMA1 protected mice from blood stage malaria, compared to unimmunized mice and
AMA1-immunized but B-cell deficient (SCID) mice, implicating the humoral immune
response as a key component of protection [7]. At least five vaccines based on AMA1 are
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currently in various stages of development [8]. The latest, tested in a Phase II clinical trial
conducted by our group and collaborators in Mali, West Africa, was a monovalent
AMA1 vaccine based on ama1 sequence of the 3D7 reference strain. The vaccine
provided a non-significant 17.4% protection against all clinical malaria compared to a
control group immunized with rabies vaccine, but 64.3% efficacy (p<0.03) against
clinical malaria caused by strains with vaccine-type ama1 sequence at pre-identified,
immunologically important amino acid positions [9]. Observational studies conducted in
our laboratory have uncovered almost limitless polymorphic diversity within ama1 [4],
but what remains to be studied is whether that genetic diversity translates to the diversity
and more importantly, specificity of the antibody response.
The dissertation research described in this document utilizes a novel approach to
assess the diversity of the humoral immune response to a highly diverse parasite antigen.
The aim is to develop and validate a tool to correlate antibody diversity of naturally
acquired antibodies to hundreds of field isolated AMA1 variants with risk of clinical
malaria infection. Alternatively, it can be used to assess the coverage of a monovalent
AMA1-based subunit vaccine in individuals who live in a malaria endemic region. We
then measure the association of the assay results to clinical outcomes in the hope of
identifying a correlate for protection from clinical manifestations of malarial disease. The
results from the study suggest the presence of an AMA1-based correlate for protection
from symptomatic malaria. It also highlights the need of a priori knowledge of allelic
diversity as it relates to the dynamics of protective antibody acquisition to aid in the
development of next generation, epitope-targeted, diversity-covering vaccines.
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1.1.1

Malaria parasitology

Plasmodium species are members of the genus Apicomplexa, and most of each share
common morphologies, life cycles and stages, and molecular and metabolic pathways.
Apicomplexa include such pathogens as Babesia, Cryptosporidium parvum, Cyclospora
cayetanensis, and Toxoplasma gondii. Each of the phylum of Apicomplexa have a unique
organelle known as an apicoplast, and also an apical complex structure that has been
linked in many models to host invasion machinery [10]. Each species of Plasmodium has
been associated with the adaptation to propagate in different host tissues.
While there are hundreds of Plasmodium species, each has adapted to invade and
parasitize a specific host, and five have adapted to infect humans. Plasmodium
falciparum is by far the most deadly of the human malaria species of the parasite, and is
found in the tropics and subtropics, coexisting with roughly a third of the world’s
population. P. falciparum malaria replicates the fastest of all malaria species, and has the
ability to sequester in small blood vessels with unique sets of adhesion molecules on the
parasite’s surface [11]. P. vivax is found primarily in Latin America, India, Southeast
Asia, and South Pacific, has the ability to lay dormant in the host for months as
hypnozoites in the liver and then relapse into a clinical infection months or even years
later. It cannot infect individuals with a Duffy negative blood type, which exists in
greater than 95% of West Africans, making it almost non-existent in that part of the
world. P. vivax infections rarely result in death. P. malariae is a widespread, yet mostly
unstudied form of malaria, due to its very low relative prevalence and milder clinical
illness than P. vivax or P. falciparum. It can perpetuate in small populations of people
with very low transmission rates as an infection can last a lifetime, and without treatment
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it can still be transmissible to mosquitos. P. knowlesi was long known to infect macaque
monkeys and later discovered to be able to infect humans. It is primarily found in parts of
Southeast Asia, and transmitted to individuals who work either in the forest or at the
forest borders. Cases of P. knowlesi are rarely fatal. Plasmodium ovale has been
segregated into two species; P. ovale curtisi and P. ovale wallikeri by modern genomic
analysis. P. ovale is mainly found in Sub-Saharan Africa, and recently reports have
confirmed its spread to the western Pacific and Asia. Parasitemia is relatively low
compared to P. falciparum and P. vivax, but this species can relapse at a later date from
latent parasites in the liver; however, that event is rare.
1.1.2

Plasmodium falciparum life cycle

Plasmodium falciparum has two distinct life cycles; one in the human host and one in
the anopheles mosquito vector (Figure 1). During a blood meal, an infected mosquito
releases sporozoites into the bloodstream. Here, around 70% die from the innate immune
response, or otherwise do not make it to a blood vessel. Within 30 minutes, parasites that
do go into circulation infect hepatocytes. The parasite loses its apical complex and forms
into a trophozoite or “ring stage” within a parasitophorous vacuole. Hepatic trophozoites
undergo asexual segmentation, (exo-erythrocytic schizogony), and develop into a
multinucleated cluster of parasites called schizonts. After at least five days of internal
replication, each schizont ruptures and releases 8 to 32 merozoites, the blood stage form
of the malaria parasite, into the blood stream. The parasites inject an exogenous adhesion
molecule that relocates to the erythrocyte surface allowing the parasite to bind, reorient,
and invade. Asexual reproduction of malaria parasites in the blood is cyclic. Merozoites
invade and multiply within red blood cells much in the same manner as the hepatocyte,
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then rupture; releasing the mature merozoites to infect new cells. A small percentage of
merozoites will differentiate into male and female sexual forms of the parasite
(gametocytes) and are taken in by a female mosquito during a blood meal to begin sexual
reproduction within the mosquito vector. Chromosomal recombination occurs during the
brief diploid phase in the midgut of the mosquito.

Figure 1. Malaria parasite life cycle.
1.1.3

Malaria disease epidemiology

Uncomplicated malaria is a disease characterized by flu-like symptoms, including

fever, headache, chills, body aches, malaise, fatigue and nausea. These symptoms are
cyclic, tending to occur during acute spikes in parasitemia, when a new generation of
parasites is released in the bloodstream. Severe or complicated malaria is differentiated
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from uncomplicated malaria by the presence of seizures, coma, or other symptoms
indicating brain involvement, liver and kidney failure, jaundice, acidosis, respiratory
distress, severe anemia and hypoglycemia. Death occurs in 15-20% of untreated patients
with severe P. falciparum malaria [12].
Malaria is endemic to 109 countries worldwide and 40% of the world’s
population is at risk (Figure 2). Spanning the tropics and sub-tropics, there are 154 to 289
million cases of malaria per year, resulting in an estimated 660,000-971,000 deaths [12].
Recent analyses have concluded that the World Health Organization (WHO)
underestimates the global burden of malaria by as much as 50% [13]. Malaria is generally
considered a ‘rainy-season’ disease, coinciding with the anopheline mosquito vector
population dynamics.
Malaria eradication will likely require an effective vaccine [14-16]. Molecular
epidemiologists are at the forefront of malaria research; answering questions of how
parasite diversity affects resistance to drugs and vaccines, while taking into account
interactions between host and parasite. Through cohort and case-control studies,
molecular epidemiological studies, genome-wide studies, and bioinformatics analyses of
parasite genomes, researchers have used statistics and epidemiological methods to
identify possible vaccine candidates [17]. Genome-wide studies have taken advantage of
a growing database of malaria parasite whole-genome sequences by examining loci under
selective pressure to identify vaccine candidates and novel targets for therapeutics [18].
Candidate genes identified through experimentation and observational analyses are then
developed into vaccines and advance to randomized controlled vaccine trials. Despite the
dozens of vaccines previously and currently in clinical trials, none to date has achieved
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efficacy levels sufficient to completely protect individuals from clinical episodes of
malaria, despite generating robust antibody responses [6, 19-21]. This in part, is likely
due to the particular antigen variants used for most vaccines, which have been chosen
with no knowledge of the prevalence of diverse variants in the populations in which
vaccines will be tested and ultimately used.

Figure 2. World malaria map. Malaria death rates per 100,000 people in 2011.
WHO World Malaria Report 2012
1.1.4

Malaria genome

Plasmodium falciparum has 14 haploid chromosomes totaling 23 million
nucleotides with greater than 80% AT content. Open reading frame analysis has predicted
around 5,500 genes, with the majority (~60%), being hypothetical proteins with little or
no homology to functional proteins in other organisms [18]. The lack of homology poses
a major problem when trying to identify targets for vaccines and therapeutics, and is
thought to reflect how the parasite has evolved with its obligate host and vector. Genes
implicated in antigenic variation are located primarily in subtelometric regions of the
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chromosomes. A large number of its genes are involved in immune-evasion and hostparasite interactions compared to other eukaryotic microbes [22]. Recombination occurs
during sexual reproduction within the mosquito vector as it briefly undergoes a diploid
oocyst phase inside the mosquito’s midgut.
1.1.5

Malaria vaccine strategies

Malaria vaccines can be categorized by the parasite life cycle stages that they
target (Figure 3). First, pre-erythrocytic or infection-preventing vaccines target sporozoite
and liver stage surface antigens such as the circumsporozoite protein (CSP), and liver
stage antigen 1 (LSA1) proteins. These vaccines arrest development of the parasite before
they are released into the blood stream, preventing replication and systemic infection.
Second, transmission-blocking vaccines target the sexual stage of the parasite’s life cycle,
preventing sexual reproduction within the mosquito. Third, vaccines targeting erythrocyte
or blood-stage antigens such as AMA1 act to limit disease symptoms by inhibiting the
parasites’ ability to replicate asexually in the host’s blood stream, thereby reducing
parasitemia and transmission.
It is thought that subunit vaccines acting on a single parasite antigen, if
implemented alone, will likely drive natural selection against vaccine strains resulting in
decreases in vaccine efficacy, as parasites that escape the vaccine will undergo positive
selection. A vaccine efficacious at different stages of parasite development provides
multiple defense mechanisms; as a parasite escapes one, it is more likely to be killed by
another. In order for malaria subunit vaccines to be effective, they must be designed to
reflect parasite diversity. Allele-specific efficacy undermines the usefulness of any
single-valent vaccine; but at the same time designing a vaccine including every variant of
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the antigen observed in nature is oftentimes unrealistic. An ideal malaria vaccine would
be multistage, multivalent, and must strike a balance between diversity coverage and
feasibility of mass production [23].

Figure 3. Malaria vaccine strategies by lifecycle stages. Taken from Breman JG et
al. “Breaking the cycle with vaccines” (modified from Program for Appropriate
Technology in Health-Malaria Vaccine Initiative) [24].
1.1.6

AMA1 function

AMA1 is a parasite protein thought to hold promise for vaccine development due
to its high immunogenicity and parasite growth inhibition in vitro by anti-AMA1
antibodies [1, 2]. AMA1 is conserved in virtually all Apicomplexan parasites. It is an 83
kDa type I integral membrane protein with a 55 amino acid cytoplasmic segment and a
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550 amino acid extracellular region divided by eight disulfide bonds into three domains.
After primary cleavage, the 66 kDa product is stored in the micronemes, organelles
located in the apical end of the parasite in its invasive merozoite form. The 66 kDa form
is cleaved again to a 44 kDa or a 48 kDa molecule This process occurs with the
relocation of the protein to the merozoite surface upon erythrocyte invasion [3].AMA1 is
believed to be important for erythrocyte invasion; it is expressed in the late schizont stage
and binds to erythrocyte invasion machinery [4].
The initiation of erythrocyte invasion has been characterized by the formation of
the moving junction complex linking the parasite and the red blood cell. First, the parasite
rhoptry organelle secretes rhoptry neck protein (RON2) into the red blood cell. AMA1
undergoes the second cleavage and translocates to the parasite surface, binding to the
secreted exogenous RON2 located on the surface of the erythrocyte forming the moving
junction (Figure 4). The AMA1-RON2 interaction is localized to a hydrophobic cleft on
the AMA1 protein. Recently it has been shown that AMA1-depleted parasites can still
form the moving junction and invade red blood cells, but perturbation of the AMA1RON2 interaction by antibodies or small molecules has been shown in to inhibit invasion
[25-27]. Red blood cell invasion is finalized by the complete shedding of AMA1 surface
proteins by a subtilisin-like serine protease (PfSUB2), a process in which is thought to be
a potential parasite host immune system evasion strategy by depleting unbound free
floating serum anti-AMA1 antibodies [28].
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Figure 4. Erythrocyte invasion by P. falciparum. AMA1-RON2 moving junction.
AMA1-RON2 complex, joining within the hydrophobic cleft of AMA1. Taken from
Baum, et al. “Revealing a Parasite's Invasive Trick” [29].
1.1.7

ama1 genetic diversity

AMA1 is a genetically diverse surface protein as the result of selective pressure
from the host immune response. This diversity is thought to contribute in part to the
inefficient acquisition of protective malaria antibodies [4, 30]. One hundred percent of
the variation in ama1 is due to single nucleotide polymorphisms (SNPs). In areas of high,
seasonal malaria transmission, high recombination rates and high mutation rates of genes
under selective pressure promote parasite diversity, and that diversity is maintained
through balancing selection [31]. A prospective study conducted by our group found 214
unique AMA1 haplotypes at 62 polymorphic codons in 506 infections, with over half of
the haplotypes being observed only once [4]. Ama1 contains 46 dimorphic, 13 trimorphic,
and 3 loci that encode four to six different amino acids. Of the three domains separated
by six disulfide bonds, most of the polymorphisms were located within Domain 1 of the
protein with 23% of 154 residues being polymorphic. While developing a 214-valent
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vaccine to protect against all of the AMA1 variants in a small town of 13,000 in West
Africa is not feasible, novel molecular epidemiology approaches have been used to
reduce the number of variants that might be required for a broadly cross-protective
vaccine. These studies have shown that variation in specific regions is more important for
immune evasion, substantially limiting the number of variants potentially needed to
protect against 80% of variants from more than 200 to as few as ten [4].
1.1.8

PfAMA1 antigen escape residues

Several observational studies have pinpointed key antigen escape residues (AERs)
that are linked with either susceptibility or protection from clinical versus asymptomatic
malaria [32, 33]. Other studies have suggested that parasite polymorphisms at non-critical
loci are used to distract the host’s immune system from homing in on vital, highly
conserved antigen structures [34-36]. A study identified 16 residues in AMA1 that
distinguished asymptomatic versus symptomatic malaria, but when corrected for multiple
measurements, only one (aa230), remained statistically significant [37]. Nonsynonymous mutations at residues 197, 200, 201, 204, 206, 225, and 228 demonstrated
the ability to mitigate the binding affinity of anti-AMA1 monoclonal antibody mAb IF9
to AMA1 in vitro [38] This site is a surface alpha helix at the apex of AMA1, called the
cluster 1 loop (c1-loop) [39, 40] A second study pinpointed 13 polymorphic loci located
in domain 1 that had the highest inhibitory ability of a 3D7 AMA1 based vaccine [39]. In
previous work, our group investigated the association of parasite AMA1 genotype and
clinical outcomes that identified residues 196, 197, 199, 200, 201, 204, 206, 207 as
critical loci for parasite immune escape (Figure 5) [4].
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Figure 5. Crystal structure, antigen escape residues. Dutta et. al. The cluster 1 loop
(red) has been implicated as a area of both high variability and also a site for allelespecific protection in an AMA1 vaccine FMP2.1/AS02A. Taken from Dutta et al.
“Structural basis of antigenic escape of a malaria vaccine candidate” [41].
1.1.9

PfAMA1 immunogenicity

Anti-AMA1 antibodies have repeatedly demonstrated protective value against
erythrocyte invasion in both animal models and humans [5, 6]. Immunization with
AMA1 protected mice from blood stage malaria, compared to unimmunized mice and
AMA1-immunized but B-cell deficient mice, implicating the humoral immune response
as a key component of protection [7]. At least five vaccines based on AMA1 are in
various stages of development [8].
Antibody responses to several parasite antigens are associated with protection of
individuals to clinical malaria [30, 42, 43]. Naturally acquired antibodies to AMA1 have
13

been shown to impart protection from clinical disease only after certain thresholds are
met in both breadth and level of antibody response [44]. Researchers assayed sera from
220 Malians using a malaria proteome microarray consisting of 1291 different P.
falciparum proteins based on the reference genome 3D7, aiming to determine which, if
any, antigens were associated with protective humoral immunity. Contrasting pre- and
post-malaria season in both pediatric and adult populations, they concluded that the
breadth and intensity of antibody reactivity to 491 immunogenic proteins increased with
continued exposure, be it by age or season [30]. A limited set of antigens were identified
that were better recognized by sera from children who had no episodes of clinical malaria
during a transmission season compared to those who had one or more episode. The
differentially recognized antigens associated with protection were considered to be
possible vaccine candidate antigens.
A protein array consisting of 18 recombinant variants of 4 immunogenic P.
falciparum surface proteins currently in various stages of vaccine development- AMA1,
MSP1, MSP2, and MSP3 - were tested in a sample of 189 Gambian children with
differing levels of clinical immunity. No association was found between seroreactivity to
individual antigen variants and clinical immune status (susceptible versus immune).
When the antibody responses to individual antigen variants were grouped using k-means
clustering and phylogenetic networking algorithms, researchers developed a statistically
significant predictive model for clinical immune status. They concluded that measuring
antibodies to multiple antigens and variants dramatically improves the clinical sensitivity
and specificity of diagnostic assays [42].
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Drew et al. sought to define the extent of antigenic diversity by assaying the
inhibitory ability of monoclonal antibodies raised from 3D7, HB3, W2Mef, and FVO
against eighteen recombinant AMA1 variants expressed in E.coli representative of the
global population of AMA1 haplotypes [36]. The highest inhibition was observed by
homologous (100% sequence identity) monoclonal antibodies (mAbs) for 3D7 and
W2Mef, yet not for HB3 and FVO, and all isolates were inhibited at least 25% by at least
one of the four antibodies tested. The observations indicate a measurable amount of both
cross-reactivity and sequence based antibody escape of heterologous antibodies. Some
antibodies did not inhibit parasite growth at all. When a mixture of the four mAbs was
tested, it increased the median inhibitory ability across all eighteen variants, supporting
the multivalent vaccine design approach to overcoming sequence diversity.

1.2 Research questions, hypotheses and Specific Aims
1.2.1

Overarching research question

Can we demonstrate the transition from a malaria naïve immune environment to a
diverse and strong antibody repertoire associated with age-dependent immunity to
clinical malaria with a diversity reflecting AMA1 protein microarray? What is the extent
of cross-reactivity of antibodies stimulated by monovalent FMP2.1/AS02A vaccination?
Can we construct a statistical model capable of predicting the susceptibility to clinical
malaria using variable-reduction clustering and multivariable regression modeling?
1.2.2

Overarching hypothesis

Based on research done by Crompton and colleagues on the dynamics of antibody
acquisition as a result of age and seasonality, it is our hypothesis that malaria-experienced
adults over the age of eighteen will have higher antibody seroreactivity and a broader
15

seropositivity to AMA1 variants than children aged one to six. AMA1 vaccinated
individuals will have higher AMA1 seroreactivity ninety days post AMA1 vaccination
compared to rabies vaccinated controls over the same time period, mimicking results
obtained by ELISA in the parent clinical vaccine trial [9]. In addition, AMA1 vaccinated
individuals will have higher seroreactivity to vaccine strain (3D7) and similar variants by
Grantham variation score; and haplotypes defined by cluster 1 loop genotype, than more
distantly related haplotypes. Individuals who are susceptible to clinical malaria illness are
more likely to be infected by a heterologous parasite, than a parasite that the individual is
seropositive for at the beginning of the malaria season by protein microarray.

1.3 Specific Aim 1
1A) Sequence a diverse and representative library of unique whole-ectodomain
AMA1 variants collected during a Phase II AMA1 vaccine trial in Bandiagara, Mali; a
region of high seasonal malaria transmission.
1B) Optimize protocols and fabricate a pilot diversity-reflecting AMA1 protein
microarray. Probe sera from malaria naïve North Americans, Malian children, and Malian
adults to assess feasibility, sensitivity, and reproducibility.
1.3.1

Rationale

It would be impractical to measure antibody titers to hundreds of different antigen
variants one at a time in a large number of samples due to shortcomings in using lowthroughput highly variable protocols. Enzyme linked, immunosorbent assay (ELISA) is
the gold standard for measuring antibody concentration in solutions, but is useful only to
evaluate responses to a small number of protein variants. In addition, ELISA is time-,
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reagent-, and sample-consuming, and can be difficult to replicate and interpret results. To
combat these limitations yet still assay the same antigen-antibody interaction, we chose to
develop a protein microarray that has the capacity to screen a large library of antigens
that can be processed simultaneously using minimal amounts of irreplaceable specimens.
Protein microarrays have the ability to conduct hundreds of antibody
seroreactivity reactions in parallel. The experiment is highly reproducible through onchip controls that account for non-experimental variability in results. We designed a
proof of concept protein microarray with a selection of AMA1, and other antigen
variants.
1.3.2

Hypothesis

Antibody seroreactivity to AMA1 proteins printed on the diversity reflecting
protein microarray can distinguish malaria-experienced from malaria-naïve individuals
with high reproducibility.

1.4 Specific Aim 2
2A) Measure associations between seroreactivity to AMA1 variants and age,
seasonality, and AMA1 vs rabies-based vaccination in Malian children and adults using
the diversity-reflecting protein microarray.
2B) Use hierarchical clustering and multivariable regression modeling to measure
the association of anti-AMA1 seroreactivity and subsequent risk of symptomatic versus
asymptomatic malaria episodes in children age 1-6 in Bandiagara, Mali, controlling for
covariates.
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1.4.1

Rationale

Protection from malaria-induced disease is seen only after many years of
exposure to malaria parasites. It is thought to be in part, the result of the accumulation of
a broad and strong antibody repertoire to diverse malaria antigens. Children of ages 1-6
years are at a higher risk of clinical malaria than older children ages 8-10; differences
also reflected in a weaker antibody seroreactivity as observed in whole malaria proteome
protein microarray analysis [45]. Malian adults enjoy clinical immunity to malaria
infection. This protection is imperfect however; adults often have high levels of malaria
parasitemia yet only very rarely does it manifest in clinical disease.
A malaria vaccine based on the blood-stage P. falciparum antigen AMA1 was
evaluated in a Phase II clinical trial in Mali, West Africa [46]. Despite eliciting strong
and sustained anti-AMA1 antibody titers, the vaccine did not show significant efficacy
against the primary endpoint for the study (time to first clinical episode of malaria).
However, the vaccine did demonstrate significant efficacy against clinical episodes of
malaria with parasites matching the vaccine strain at immunologically important amino
acid positions. To date, no malaria vaccine has been developed with any strategy to
accommodate antigenic variation, which may help to explain the lack of overall efficacy
of the first generation of subunit blood-stage vaccines [9].
By developing a diversity-reflecting protein array that represents the majority of
the AMA1 variants in Bandigara, we will have insight into the dynamics of serum
antibody acquisition in the context of a highly diverse, immune-evasive blood stage
vaccine candidate antigen and a tool for estimating the protective value of variegated
antibody seroprofiles. It is theorized that only after an accumulation of a broad, diverse
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repertoire of antibody populations to key malaria antigens do individuals living in
endemic regions enjoy protection from clinical disease.
1.4.2

Hypothesis

Malian children age one to six will have less seroreactivity to AMA1 variants, and
less breadth of seroreactivity than Malian adults age eighteen to fifty-five. Children will
experience a significant increase in the magnitude of seroreactivity after a season of
malaria parasite exposure. Malian adults will not have a significant increase in antiAMA1 seroreactivity after a season of malaria exposure. Both Malian age cohorts
vaccinated with the FMP2.1/AS02A, AMA1-based vaccine will have significantly
increased seroreactivity ninety days post vaccination in concordance to the ELISA results
observed in the parent vaccine trial.
Children with higher or broader seroreactivity to AMA1 variants at the beginning
of the malaria season will have decreased odds of a clinical malaria episode versus an
asymptomatic malaria infection by multivariable logistic regression. Children with higher
preseason seroreactivity to AMA1 will have a longer time until first clinical malaria
infection defined by greater than 2500 parasites per ul whole blood, and fever above
37.5oC.
Furthermore, the odds of experiencing clinical malaria are greater when infected
with a heterologous parasite unrecognized by serum antibodies at time of infection
compared to infection with a recognized variant. We hypothesize that individuals
suffering from acute clinical malaria have a greater odds of infection with a parasite
unrecognized by antibodies in their sera (heterologous) than with a parasite expressing an
AMA1 variant recognized by antibodies in their sera (homologous) at baseline.
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1.5 Conceptual model for specific aims

Figure 6. Conceptual model of the scope of work of the dissertation research.
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Chapter 2: Research Design and Methods
2.1 Study Site
Bandiagara, Mali is a small rural town with a population of ~13,000 located in an
area of high seasonal malaria transmission. The mean annual rainfall is 600 mm. P.
falciparum malaria has a highly seasonal transmission pattern, coinciding with the rainy
season occurring between July and October. Entomological inoculation rates (EIR) are
from 40 to 60 infected bites per person per month peaking in September. Total annual
EIR is from 50 to 150 infected bites per person per season [4]. The vast majority (97%)
of malaria infections are due to P. falciparum, with rare occurrences of P. malariae, and
P. ovale. Children aged less than six years have on average two clinical episodes of
malaria per year [47]. The Malaria Group of the University of Maryland School of
Medicine’s Center for Vaccine Development has a long-standing collaboration with the
University of Bamako, in Mali, West Africa, which oversees the Bandiagara Malaria
Project (BMP). The BMP clinic is a well-established field research and training site
dedicated to doing the highest quality research, and has been the site for multiple high
impact malaria vaccine trials and epidemiological studies. Results from these studies
have been documented in top peer-reviewed journals [4, 9, 20, 48]. The site has facilities
for screening and treating patients, and also fully equipped sample preservation and
clinical laboratories. Sera for this aim are from completed trials of the AMA1-based
vaccine trials conducted at this site by the University of Maryland and University of
Bamako research teams.
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2.2 Parent Study Design
The dissertation research was conducted using samples derived from three
randomized, double blind, controlled Phase I, and II vaccine trials conducted with our
collaborators from the Bandiagara Malaria Project (BMP) at the University of Bamako,
Mali. These studies were carried out at the field site in Bandiagara, a town of 13,000
people in rural Mali marked by high seasonal malaria transmission coinciding with the
rainy season from 2004 until 2009.
2.2.1

Phase 1 FMP2.1/AS02A pediatric vaccine trial

The pediatric cohort screened in the pilot study was derived from the rabies
vaccinated arm of an AMA1-based Phase I vaccine trial conducted at the same field site
in Bandiagara, Mali, during the 2006 to 2007 transmission seasons. One hundred healthy
children age 1-6 years were randomized to one of three cohorts to receive either one of
three dose formulations of the FMP2.1 vaccine, or a control rabies vaccine (Figure 7).
Children were vaccinated at day 0, day 30 and day 60, and followed using passive and
active surveillance at the study clinic for one year to assess safety and immunogenicity.
Children experienced a hundred-fold increase in anti-AMA1 seroreactivity from baseline
with FMP2.1 vaccination at all dose levels by ELISA, and levels were maintained during
the full year of follow up. A serum specimen was collected before and after the malaria
season. We selected this cohort for use in validation of the prototype protein microarray.
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Figure 7. Schematic for FMP2.1/AS02A Phase I vaccine trial. Participants in the
rabies vaccinated cohort were used in the dissertation research specific aim 1B [20].
2.2.2

Phase 1 FMP2.1/AS02A adult vaccine trial

The malaria-experienced adults surveyed in both Specific Aim 1B and 2A were
selected from a Phase I randomized controlled vaccine trial, testing the safety and
reactogenicity of an AMA1-based FMP2.1/AS02A malaria vaccine. The trial was
conducted within the 2004-2005 malaria transmission season in Bandiagara, Mali. Sixty
healthy Malian adults age 18-55 years were randomized to receive either one of two
formulations of FMP2.1 vaccine, or a rabies control vaccine at day 0, day 30 and day 60
(Figure 8). Participants were followed for one year through active and passive
surveillance. Sera samples were collected at all vaccination timepoints, two weeks after
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final vaccination (day 74), at the day of peak anti-AMA1 antibody titer (day 90) and at
the patients’ quarterly active surveillance clinic visits. Quarterly visits included preseason
(day 180, May/June) and post-malaria season (day 360, December/January) time points,
and were selected as immunogenically relevant sampling times. All participants who
received either the full dose (50μg) FMP2.1 or RabAvert rabies vaccine were screened in
both Specific Aim 1B and 2A.

Figure 8. Flow chart of sample selection of the adult cohort screened in the
dissertation research. Participant sera were selected from the Phase 1
FMP2.1/AS02A vaccine trial [49].
2.2.3

Phase 2 FMP2.1/AS02A vaccine trial

We used sera collected during a pediatric Phase II vaccine trial conducted from
2007 to 2009 at the Bandiagara field site to screen sera on our comprehensive diversityreflecting protein microarray (Specific Aim 2A). The study sample consisted of 400
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children age 1-6 years, randomized to receive either the FMP2.1/AS02A AMA1-based
vaccine or a rabies vaccine (Figure 9). Children were immunized at day 0, day 30, and
day 60, and followed for two years using active and passive surveillance at our field
clinic in Bandiagara. Children experienced significant increases in anti-AMA1 antibody
titer, peaking by day 90. Sera were collected at all active surveillance time points
(quarterly surveys), during every unscheduled clinical visit (treatment seeking episode),
and at the beginning and end of each malaria season. We designated (by random number
generator SAS 9.2) 40 participants from each vaccine arm to include in the sample set.
We chose sera from the same immunologically informative time points described above,
relating to vaccination times and pre- and post-malaria season. Sera were screened for the
intensity and breadth of antibody responses to AMA1 variants on the AMA1 diversity
protein microarray. The pre-season time points were defined by the end of the dry season
marked by little to no malaria transmission, and thus no new malaria exposures (although
some individuals harbor chronic, asymptomatic infections during the dry season). The
post-season time points corresponded to the end of the rainy season, when malaria
parasite exposure and consequently anti-malaria antibody titers are expected to be highest
in the control groups.
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Figure 9. Phase 2 FMP2.1/AS02A vaccine trial pediatric patient flow chart for sera
screened in the dissertation research. Samples were screened using the
comprehensive diversity-reflecting microarray described in specific aim 2A [50].

A. Prototype protein microarray development.
In close collaboration with the original developer of the protein microarray
platform (Dr. Philip Felgner), we developed and optimized a novel method for surveying
antibody diversity in field studies. Previously such platforms were constructed by
printing the proteins derived from lab cultured organisms. We demonstrated that we
could use field-isolated amplicons as a source of genetic material to generate sequenceverified, distinctive allelic clonal ama1 variants of proteins that were printed onto a
microarray platform. These arrayed malaria-derived proteins were used to measure the
dynamics of antibody acquisition in field-derived serum samples.
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2.3 Nested PCR amplification of ama1 from field-derived genomic
DNA
Previously, our lab had identified hundreds of unique ama1 genes from field
isolated malaria infections at our field site in Bandiagara, Mali [51]. Using previously
extracted genomic DNA (gDNA) samples from malaria positive blood filter papers
(Whatman) during the FMP2.1/AS02A Phase 2 vaccine trial described above, we
amplified the unique ama1 sequences identified in previous work done in our lab. The
unique sequences were identified by capillary sequencing, as single, or predominant
clone infections, with the threshold of any minor allele peak set at 60% of the
predominant peak on the chromatogram for haplotype determination. Amplification for
sequencing was broken down into five overlapping nested polymerase chain reactions
(PCR).
Primary PCR was conducted according to an optimized protocol developed
previously

in

the

lab

[51].

Primer

“F2”

(tcaaattaatgtacttgtta)

and

“R8”

(ttttagcataaaagagaagc) were used to amplify the entire ectodomain coding sequences
(1861bp) in 2 µL of genomic parasite DNA using the conditions described below (Table
1). Products from the first PCR were used as a template for a second round of
amplification using the nested primers “n1” (ACGACAAGCATATGCTCGAG
atgagaaaattatactgcgt), and “n2” (TCCGGAACATCGTATGGGTAtgattatatcagacgttgaa)
employing identical cycling conditions, but reducing the cycle count to 30 from 38. Each
secondary primer set had an adapter sequence (capitalized) for cloning the resulting
amplicon into the pXI plasmid during the IVTT protocol. The primary and secondary
PCR reactions used Platinum Super Mix (Invitrogen, Carlsbad, CA. cat# 11306-016).
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Temperatures in ˚C

Times PCR1

Times PCR2

Step1

94

2min

2min

Step2

94

20sec

20sec

Step3

52

10sec

10sec

Step4

48

10sec

10sec

Step5

60

3mn

3mn

Step6

From 2 to 5

38x

30x

Step7

60

5min

5min

Step8

4

∞

∞

Step9

End

Table 1: Nested PCR thermocycler program for ama1 gene amplification.

2.4 AMA1 cloning and expression using E. coli in vitro cell-free
transcription, and translation
Secondary PCR Primers included specially designed 20-mer adapter sequences on each
end, corresponding to the linearized “sticky-ended” pXI vector. Amplicons were
incubated with linearized pXI vector for 1 hour at 37oC. Resulting mixtures were run next
to an empty linear vector control on a 1.5% polyacrylamide gel to determine the
efficiency of the cloning. Incomplete cloning resulted in two bands, complete cloning had
a strong band of greater molecular weight than the linear control band. Failures ran equal
with the control linearized vector (Figure 10). Samples that were positive for ama1 gene
insertion into the plasmid were then marked for post-processing. Failures were repeated
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up to three times to maximize sequence coverage in our sample set. For the pilot array,
we did not sequence verify the strains identified previously by Ouattara et al. but labeled
the plasmids by their field-derived isolate nomenclature and sequence [51].

Figure 10. pXI vector run on 1.5% gel with 1kb ladder and three samples. Sample 1
and 3 are incomplete incorporation of the amplicon into the vector, and sample 2
failed.
For the proof of concept array we ranked ama1 haplotypes, selecting 60 of the
most prevalent strains detected at our field site during the Phase 2 pediatric vaccine trial
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[50]. Sequences identified previously by capillary sequencing showed the most prevalent
strain (3D7) at just under 3% of all infections successfully sequenced. We transformed
the plasmid into DH5α cells (E. coli) by heat shock; incubating cells with circular
plasmids for two hours at 37.5oC. DH5α cells were grown overnight in LB broth with 1%
kanamycin. The pXI vector contains a kanamycin resistance gene that expresses only if
the plasmid is transformed into the cell line. One mL of cells was removed the following
day and DNA was extracted using Qiagen Mini-prep extraction kits. Resulting DNA was
run on a gel against an empty pXi circular vector and 1kb ladder to determine the
efficiency of the heat shock transformation into the DH5α cells. Samples were scored in
the same manner as with the linear vector (Figure 11). Incorporation of the ampliconcontaining plasmid occurred in 81% of the 60 amplified ama1 genes cloned on the first
attempt. A second round of cloning resulted in 58 of 60 ama1 amplicons successfully
transformed DH5α cell lines. The transformed cells were stored with 50% glycerol at 20oC.
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Figure 11. 1.5% gel testing the efficiency of heat shock transformation of
pXI+amplicon plasmid into competent DH5α cells. Empty lanes (1,2) indicate no
growth due to failed incorporation of the pXI plasmid into the cell line and death by
kanamycin. Lanes 3,4,8,9, and 10 indicate successful insertion of the amplicon.
Lanes 5 through 7 run current with the empty pXI circular vector indicate
incorporation of an empty vector, and must be repeated.

We used a cell-free in vitro transcription and translation RTS kit (Roche cat#
3186148) (IVTT) to generate proteins to print on the protein microarray. Stocks of
plasmid positive DH5a cells were thawed and grown overnight to replicate high levels of
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the plasmid. Plasmid preparations were added to the RTS plates purchased from Roche,
and incubated overnight at 37.5oC. The structure of the patented RTS platform is detailed
below and previously described in the literature (Watzele et al. Biochemica 2001) (Figure
12).

Figure 12. Mechanism for cell-free in vitro transcription/translation assay for
protein synthesis (Roche).

2.5 Protocol optimization and single colony preparation
Using a protein microarray to assess the effect of sequence diversity of a handful
of antigens is a novel approach. We also used genomic nucleic acid from field-derived
parasite isolates to generate our amplicons. When we isolated ama1 genes, we used
single, and predominant clone infections for haplotype determination. In highly malaria
endemic areas, multiplicity of infection is common, especially at the level of parasitemia
seen in clinical malaria episodes. During the PCR and cloning steps, it is possible to
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amplify and clone the minority or even undetected haplotypes in a multiple clone
infection. Due to the importance of knowing precisely the sequences of clones at each
spot printed on the array, we amended the standard protocol with a step to ensure only
clonal colonies were represented in cell stocks. After cells were heat shock transformed
with amplicon positive plasmid, they were grown overnight at 42oC. The following day,
cells were streaked across a plate of Terrific Broth with 1% kanamycin and left to grow
overnight. Single colonies were isolated with sterile disposable p10 pipette tips and
stabbed into 1 mL TB with 1% kanamycin to grow overnight. Multiple single colonies
were selected from each plated “mixed-colony” preparation, in case a colony selected
contained an empty plasmid vector, or had a different sequence than was anticipated due
to amplification of a minor allele.

2.6 Disulfide bond synthesis comparison
AMA1 consists of 3 domains separated by six disulfide bonds. While we have
demonstrated that antibodies directed at AMA1 can bind to the reduced form of the
protein, we hypothesized that using a translation kit capable of replicating disulfide bonds
would have higher signal to noise ratios than without disulfide bonds. We conducted
another pilot experiment to optimize our protocols to ensure we were maximizing our
sensitivity to antibodies directed towards AMA1.
A previous study that used an in vitro transcription and translation protocol to
produce AMA1 for antibody detection employed IVTT reactions from preparations that
included both amplicon positive and negative clones, and reduced (no disulfide bonds)
[45]. While this approach is valid in comparing longitudinal differences in antibody
seroreactivity, we could not be sure that differences in seroreactivity measured between
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different AMA1 proteins assayed concurrently were due to antibody specificity or
efficiency of plasmid transformation and subsequent translation. In addition, previous
research on AMA1 antibodies measured by ELISA used the reduced form of the protein
that contained no disulfide bonds [52]. To detect nuanced differences between antigens
that differ only by a few non synonymous SNPs, a better conformational representation
of these recombinant proteins may be necessary. To test for the optimal conditions to
produce AMA1 protein, we compared four different IVTT protocols to determine which
we would use on the subsequent comprehensive protein microarray. In a pilot experiment
we screened sera from Malian adults and children to eleven antigens processed four ways
and printed on a single pilot protein microarray simultaneously (Table 2). We determined
that single colony preparation, using the disulfide bond kit had the greatest sensitivity of
all four protocols (Figure 13).

Protocol

Disulfidebond
Translation kit

Reduced
Translation kit

Mixed Colony
Preparation

11 AMA1
variants

11 AMA1
variants

Single Colony
Preparation

11 AMA1
variants

11 AMA1
variants
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Table 2. Protocol optimization experiment structure. To measure differences
between methodological groups, we included 4 groups of the same 11 AMA1
variants prepared in the same manner. We also printed no-DNA controls prepared
in the same manner as the experimental groups for more accurate per-methodology
background correction. After probing participants’ sera detailed below, we
compared mean fluorescent intensity of these 11 AMA1 variants in a separate
analysis to test hypotheses.

Figure 13. Results of colony preparation comparison. A) The number of AMA1
proteins detected above background in Malian children before and after the malaria
season by protocol. B) The number of AMA1 proteins detected above background in
Malian adults before and after the malaria season by protocol.

2.7 Capillary sequencing and unique haplotype identification
We extracted DNA from all successfully grown clonal isolates, and sequenced the
ama1 gene-containing plasmid using capillary sequencing. Due to the extensive
polymorphism in ama1 we required at least 2x coverage of any single nucleotide
polymorphism in haplotype determination. Using five sets of forward and reverse
sequencing primers (Table 3), we sequenced all plasmid positive, single colony DNA
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preparations. We used Sequencher DNA Sequence Analysis Software from Genecodes
for contig building and mapping to the 3D7 reference ama1 gene. Unique wholeectodomain haplotypes were identified using PERL multisequence-alignment tool. From
Ouatarra et al.’s original 335 unique ama1 sequences, we successfully cloned and
sequenced 263 unique AMA1 proteins for an overall efficiency of 71%. We also
observed 9 additional cluster 1 loop haplotypes not previously captured in previous
efforts to sequence these particular samples, using our single colony preparation;
indicating that multiplicity of infection adds a layer of complexity to understanding the
true genetic diversity of ama1 in the field.
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Table 3. Capillary sequencing primers and relative positions for ama1. (Adaptation:
Ouattara, dissertation 2011).
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2.8 Protein microarray printing, probing and scanning
The final array was printed on eight nitrocellulose pads atop a glass slide using an
Omnigrid 150 array printer developed by Genemachines. The array consisted of 263
AMA1 variants, 20 MSP119 variants, 15 rhoptry neck protein 5 (RH5) variants printed in
duplicate, a set of erythrocyte membrane antigen 1 (PfEMP1) constitutive domain
features, and features to optimize an autotransporter based expression system, as well as
positive and negative controls.
Two microliters of participant sera was diluted 1:200 with E.coli lysate solution to
bind any serum anti-E.coli antibodies that would bind to the machinery used to translate
the proteins, and incubated for one hour at room temperature. The arrays were prewashed with binding buffer (ADI) with motion for an hour. Binding buffer was removed,
and replaced with 200 µL of the diluted, pre-cleared participant sera and incubated
overnight at 4oC with gentle motion. The serum sample was removed after 17 hours using
a vacuum pipette, and washed several times with binding buffer and with 10% E.coli
lysis solution. After the final wash, 200 µL of biotin conjugated anti-human secondary
antibody was added to the array, and incubated for 2 hours at room temperature with a
gentle rocking motion. Next, after a serial tris-buffered saline (TBS) washing step, arrays
were stained with SureLight P3 conjugated streptavidin (ex 614, em 662), and incubated
for one hour at room temperature, covered from natural and fluorescent light. Probing
ended with a final wash step with TBS, and then another wash step with TTBS and spun
down to remove any excess solution. Slides were stored in a microscope slide case for at
least 3 hours before scanning.
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Slides were scanned using a Genepix microarray scanner (Molecular Devices,
Sunnyvale CA) with optimized identical laser power settings used for all scans for all
batches to minimize batch effects. Feature finding, and data extraction was performed
using the Genepix softward suite, and pixel intensities were converted to median
fluorescent intensities (MFI) for each feature on the array, individually assessed for
accuracy. Data were compiled in comma separated variable files, concatenated into a
Microsoft Excel workbook, using a series of macros. Each sample dataset was
individually inspected to make sure no errors occurred during importation into Excel.
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Chapter 3: Short report: Seroreactivity to a large panel of fieldderived Plasmodium Falciparum ama1 and msp1 antigen
variants reflects seasonal and lifetime acquired antibody
responses to malaria

Abstract
Parasite antigen diversity poses an obstacle to developing an effective malaria
vaccine. A protein microarray containing Plasmodium falciparum apical membrane
antigen 1 (AMA1, n=57) and merozoite surface protein 1 19KD (MSP119, n=10) variants
prevalent at a malaria vaccine testing site in Bandiagara, Mali, was used to assess
changes in seroreactivity due to seasonal and lifetime exposure to malaria. Malian adults
had significantly higher magnitude and breadth of seroreactivity to variants of both
antigens than did Malian children. Seroreactivity increased over the course of the malaria
season in both children and adults, but the difference was more dramatic in children.
These results help to validate diversity-covering protein microarrays as a promising tool
for measuring the breadth of antibody responses to highly variant proteins, and
demonstrate the potential of this new tool to help guide the development of malaria
vaccines with strain-transcending efficacy.

Plasmodium falciparum uses antigenic variation to evade host immunity,
including vaccine-induced immunity [40, 53]. The protective immunity against
falciparum malaria disease that is acquired after years of exposure is thought to reflect, in

Jason Bailey et al. As submitted to the American Journal of Tropical Medicine and
Hygiene. October 2015
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part, the gradual acquisition of allele-specific immune responses against a repertoire of
parasite antigens, and, importantly, against diverse variants of these antigens [54]. Apical
membrane antigen 1 (AMA1) and merozoite surface protein 1 (MSP1) are immunogenic
parasite surface antigens considered vital for red blood cell attachment and invasion.
Antibodies against these proteins are associated with protection against malaria, and
several subunit AMA1 and MSP1 vaccines have been developed and tested [9, 40, 49,
55]. Both AMA1 and MSP119, (the C-terminus portion of the MSP1 protein used in
subunit vaccines), are highly variable, with sequence diversity encoded by single
nucleotide polymorphisms [4, 48]. There have been 440 AMA1 haplotpes observed from
sequencing the ama1 gene among more than 1400 field infections diagnosed during
prospective incidence studies and vaccine trials. The highest prevalence of any one of the
440 AMA1 haplotypes observed was less than 4% [4, 40, 56]. While less extreme,
MSP119 also has substantial diversity, with 17 haplotypes detected among more than 1300
infections [57]. Because vaccines that include dozens or hundreds of antigen variants are
not feasible, malaria vaccine development would be aided by the identification of a
manageable number of serodominant, cross-protective haplotypes among AMA1 and
MSP119 variants. Developing such strain-transcending vaccines is hindered by the limited
availability of diverse parasite antigens and the low throughput of standard assays such as
ELISA for measuring antibody responses.
Protein microarrays offer the possibility of overcoming these obstacles to allow
high throughput evaluations of seroreactivity to large numbers of antigen variants. P.
falciparum proteins expressed in a cell-free E. coli translation system and spotted onto
microarrays are recognized by serum antibodies of malaria-experienced individuals [30,
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58, 59]. To date, this platform has been used to measure seroreactivity to large numbers
of proteins derived from the genome of the P. falciparum reference strain 3D7 [30, 58,
60, 61]. To examine antibody responses to diverse variants of highly polymorphic P.
falciparum antigens, we amplified, expressed and printed dozens of field-derived variants
of AMA1 and MSP119 on a protein microarray.
The genes encoding P. falciparum ama1 and msp1 were PCR-amplified from
DNA extracted from dried blood spots collected in a cohort study and an AMA1 vaccine
trial in Mali, West Africa. The resulting amplicons were analyzed using BigDye®
Terminator v3.1 Cycle Direct Sequencing Kit (Applied Biosciences) [4, 9, 32]. Sequence
contigs were compiled using Sequencher software (Genecodes) [56, 62]. Sixty of the
most prevalent AMA1 ectodomain haplotypes and 10 MSP119 haplotypes were selected
for inclusion on a prototype protein microarray. Microarray construction has been
described previously [63].
Sera were selected from 18 adults aged 18-55 years enrolled in the control arm of
a Phase 1 trial of an AMA1-based vaccine conducted from 2004-2005 in Bandiagara,
Mali [21]. Similarly, sera were randomly selected from 24 children aged 1-6 years
enrolled in the control arm of a Phase 1 trial of an AMA1-based malaria vaccine from
2006-2007 at the same site [20, 49]. Bandiagara, Mali has high seasonal malaria
transmission coinciding with the June-November rainy season, with entomological
inoculation rates of 50-150 infected bites/person/season [4]. For each participant, paired
sera from two time points corresponding to pre- (May/June) and post-malaria season
(December/January) were probed in random order to eliminate batch and slide effects.
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Two microliters of sera from individual participant samples was diluted 1:200
with 10% E. coli lysate in blocking buffer and hybridized onto separate protein arrays
overnight. Arrays were stained, washed and scanned using a Perkin-Elmer ScanArray
Express HT microarray scanner. Probing protocols have been described [30, 58, 63].
Fluorescence was quantified using ScanArray Express Suite (Perkin Elmer). Median
fluorescent intensities (MFI), were calculated using an adaptive capture feature to
account for varying spot size, and the per-spot local background was subtracted.
Raw MFIs were asinh-transformed to convert the MFI values to a Gaussian
(normal) distribution, and biological variance contributed by seroreactivity to the E. coli
components included in the translation protocol was subtracted by taking the average of
eight empty vector, translated, negative controls (i.e. the “no DNA” controls). Residual
non-biological variance between slides, batches, and individual arrays was corrected
using robust linear modeling with respect to the negative and positive controls (RLM)
[64]. Asinh-transformed, RLM-scaled data were reverted to fluorescent intensities by
sinh reverse-transformation and plotted on a heat map to show global trends (Figure 14).
Parametric statistical hypotheses were tested on asinh-transformed, RLM-scaled data
using BioconductR, Microsoft Excel®, and SAS/STAT® software. The magnitude of
seroreactivity was measured by mean MFI using matched pair Student’s t tests. Breadth
of seroreactivity was calculated by counting the number of variants recognized by each
individual at each study time point that were two standard deviations above the average
of 31 North American malaria-naïve controls for each antigen variant, and compared
using Poisson generalized linear regression analysis. One putatively malaria-naïve control
was excluded from the analysis as an extreme outlier. Four different protocols were
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compared to maximize signal to noise ratios. Six AMA1 variants that did not show any
seroreactivity above background in any cohort were excluded from statistical analyses.
Seroreactivity profiles to AMA1 and MSP119 variants were compared for Malian
adults, Malian children, and malaria-naïve North American adults. At the beginning of
the transmission season, Malian adult sera had significantly higher magnitude and
breadth of seroreactivity to AMA1 and MSP119 variants than both Malian pediatric sera
and North American malaria-naïve control sera (p<0.001, for all comparisons). Postseason sera had a higher magnitude and breadth of AMA1 reactivity than pre-season sera
in Malian children (p<0.01 for both comparisons). The magnitude and breadth of
antibody seroreactivity to MSP119 variants was significantly higher in Malian children at
the post-season time point compared to pre-season (p<0.001). No seasonal difference was
observed in seroreactivity to MSP119 variants for adults in either magnitude or breadth of
antibody response. Assessments of significance were calculated using matched Student’s
t test for differences in magnitude data and Poisson regression analysis for the
comparison of antibody breadth.
Multiplicity of infection is a concern when working with field samples from an
area where 64-87% of malaria infections in adults are multiple clone infections with
respect to ama1 haplotype [65]. Among 600 malaria infections, 21% were polyclonal
with respect to ama1, making haplotype determination impossible [32]. We used singlecolony isolation to sequence clonal AMA1 and MSP119 plasmid-containing E. coli and
evaluated a kit to translate proteins with disulfide bonds, RTSS (5 Prime). Single-colonyextracted proteins with disulfide bonds had significantly higher signal-to-noise ratios than
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any other preparation protocol, despite the increased background seroreactivity of
negative controls.
Despite using antigen variants and sera from the same site, six variants on the
array were unrecognized above background at any time point. This lack of seroreactivity
could represent allele-specificity, or alternatively incorrect folding of reactive epitopes in
these particular variants during translation. We also detected eight AMA1 variants that
were recognized by the majority of adult sera.
A previous study in southern Mali found no differences in seroreactivity to
AMA1 and MSP1 in children who experienced no versus one or more clinical malaria
episodes, but this analysis used a protein microarray with the P. falciparum reference
proteome 3D7 [30]. The lack of association could be because the parasites causing illness
had AMA1 and MSP1 variants distinct from those in the reference genome. In contrast,
our diversity-covering protein array makes it possible for the first time to study the strainspecificity of antibody responses in a high throughput fashion.
In the 3D7 protein microarray study, sera from malaria-experienced individuals
had higher reactivity against a full-length MSP1 protein than AMA1, whereas the
seroreactivity to MSP119 in this study was significantly less than to AMA1 [30]. This
may be explained by the relative sizes of the protein fragments. In this study, we
translated the entire AMA1 ectodomain, but used only the 19kDa post-cleavage fragment
of MSP1 that serves as a vaccine antigen. We will compare seroreactivity to differentsized fragments of MSP1 and AMA1 in subsequent studies.
Protein microarrays have limitations. They cannot measure antibody function, and
seroreactivity to any one of the large number of antigenic variants on an array does not
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provide the level of confidence obtained from results of an ELISA measuring antibody
responses to a protein that has been shown to be correctly folded. Nevertheless this
prototype array represents an enabling technology that will make it possible to evaluate
antibody responses to large numbers of antigenic variants among large numbers of
individual sera to assess immunological responses in relation to important phenotypes
such as clinical immunity or vaccine-induced protection at a population level. This study
was not powered to correlate antibody reactivity to clinical outcomes. The next iteration
of the array will include many more variants of AMA1 and other antigens, and will be
used to explore the role of allele-specific antibody responses in naturally acquired and
vaccine-induced immune protection. Next-generation P. falciparum protein arrays will be
used to study allele-specific naturally acquired and vaccine-induced immunity and to
inform the design of broadly efficacious strain-transcending malaria vaccines.
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Mean MFI (95% CI)
Antigen

Serorecognition (%, 95% CI)

Cohort

Pre-season

Post-season

Pre-season

Post-season

Children

296 (226 , 365)

434 (348 , 522)

13.1 (5.8 , 20.4)

18.6 (11.1 ,
26.1)

AMA1

Adults

1506 (1324 ,

1428 (1271 ,

49.3 (37.0 , 61.6)

53.2 (42.7, 63.7)

1687)

1585)

Negative Controls

8.78 (5.22 , 12.4)

--

Children

20.9 (4.40 , 37.5)

191 (110 , 273)

2.5 (-0.9 , 5.9)

9.4 (3.5 , 15.4)

Adults

627 (345 , 909)

940 (474 , 1406)

21.1 (11.4 ,

18.9 (6.3 , 31.4)

--

MSP119
30.9)
Controls

21.4 (16.8 , 26.05)

--

--

MFI, median fluorescence intensity. CI, confidence interval. AMA1, apical membrane antigen 1. MSP119, merozoite
surface protein 1 C-terminal 19 kD.

Table 4. Seroreactivity to recombinant Plasmodium falciparum apical membrane
antigen 1 and merozoite surface protein 1 C-terminal 19 kDa variants by protein
microarray. Malian children and adult sera were considered positive for a given
antigen variant if the mean MFI is two standard deviations above the average of 30
malaria-naïve North American controls. Serorecognition is given as the average
percent of AMA1, MSP119 variants recognized by each cohort at each timepoint.
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Figure 24. Heat map of seroreactivity to Plasmodium falciparum apical membrane
antigen 1 (AMA1) and merozoite surface protein 1-19 (MSP119) variants. Each
column represents serum from an individual Malian child or adult, or a malarianaïve North American adult, and each row represents an antigen variant. Gray,
black and red color indicates low, moderate and high seroreactivity to probed
antigens. Four serial dilutions of IgG peptide were printed and probed as positive
probing controls and used as a standardization parameter for robust linear model
scaling as a measurement of total IgG.
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Chapter 4: Antibodies generated in response to Plasmodium
falciparum AMA1-based subunit vaccine FMP2.1/AS02A recognize
a diverse panel of AMA1 field isolates in a clinical vaccine trial
cohort in Bandiagara, Mali
ABSTRACT
Plasmodium falciparum apical membrane antigen 1 (AMA1) is a highly diverse
blood stage malaria antigen that is the basis for several blood stage vaccines. Failures of
monovalent and bivalent AMA1 subunit vaccines have been attributed to the sequence
diversity of the antigen. To assess the extent of anti-AMA1 antibody specificity, we
developed a protein microarray populated with 263 unique AMA1 ectodomain variants
isolated and sequenced from field infections, and cloned, and expressed in a cell free in
vitro transcription/translation system. We evaluated naturally acquired and vaccineinduced AMA1 variant-specific seroreactivity in randomly selected subsets of 40 children
(aged 1-6 years) and 20 adults (aged 18-55 years) enrolled in the vaccine arm of two
AMA1 vaccine trials conducted in Bandiagara, Mali. Malian adults had higher and
broader antibody responses to AMA1 variants than children. Children and adults
immunized with the AMA1 vaccine had broad and strong seroreactivity to diverse AMA1
variants compared to rabies vaccinated controls 90 days after the first immunization. Due
to the collinearity of seroreactivity; possibly the result of cross-reactivity and/or
polyclonality of antibodies generated in response to AMA1 vaccination, we were unable
to pinpoint specific AMA1 variants or polymorphic epitopes associated with protection
from homologous malaria parasite infection observed in the parent study. Further analysis
using multivariable logistic regression, Euclidean distance hierarchical clustering, and
Jason Bailey et al. In preparation for submission to The Journal of Immunology
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principle components analysis, suggest that antibodies stimulated by the FMP2.1/AS02A
vaccine may be biased; binding preferentially to immunodominant, yet unprotective
AMA1 epitopes. These results suggest that a priori knowledge of a functional epitope
map could inform the selection of malaria subunit vaccine antigens that would generate
protective, targeted antibodies.
Keywords: AMA1, humoral immunity, protein microarray, malaria, diversity, vaccine
Significance Statement
This is the first report comparing vaccine-induced and naturally acquired antibody
seroreactivity to hundreds of variants of a diverse vaccine target antigen, apical
membrane antigen 1. We show the ability of protein microarrays to assess vaccine
coverage of diverse field-derived parasite antigens. The novel approach demonstrates
why it is imperative to have knowledge of antigen diversity prior to vaccine development.
We also show differences in immune response between individuals given an identical
vaccine.
Introduction
Plasmodium falciparum apical membrane antigen 1 (AMA1) is a malaria parasite
protein selected for vaccine development due to its high immunogenicity, and the ability
of anti-AMA1 antibodies to inhibit parasite growth both in vitro, and in non-human
primate models [1, 2, 66]. AMA1 is an 83 kDa type I integral membrane protein which
after processing matures to a 66 kDa protein before further processing and relocation
from internal parasite organelles to the surface membrane, where the processed form
associates with the rhoptry neck protein (PfRON2) to enable erythrocyte invasion [3, 4].
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It has been shown that binding to the RON complex on the surface of the erythrocyte has
been mitigated by small molecules directed at hydrophobic residues on domain 1 of the
AMA1 protein [26]. The variable residues in close proximity to this hydrophobic pocket
have been the focus of several research studies and have been implicated in immune
escape.
Anti-AMA1 monoclonal antibodies have repeatedly demonstrated protective
value against erythrocyte invasion in both animal models and humans [5, 6].
Immunization with AMA1 protected mice from blood stage malaria, compared to
unimmunized mice and to AMA1-immunized but B-cell deficient mice, implicating the
humoral immune response as a key component of protection [7]. The latest AMA1
vaccine tested in a Phase II clinical trial in Mali, West Africa, was a monovalent AMA1
vaccine based on ama1 sequence of the 3D7 reference strain. The vaccine provided a
statistically insignificant 17.4% protection against all clinical malaria compared to a
control group immunized with rabies vaccine, but 64.3% efficacy (p<0.03) against
clinical malaria caused by strains with vaccine-type AMA1 sequence at immunologically
important amino acid positions [9].
Studies have shown that variation in specific regions is more important for
immune escape [4, 34, 67]. The cluster 1 loop (c1-loop) is a highly variable structural
feature of AMA1 that is thought to provide a mechanism to divert antibodies from
binding to a hydrophobic cleft in the AMA1 molecule and implicated in the strain
specific efficacy of AMA1 based subunit vaccines [41, 68]. It contains 8 polymorphic
amino acids where perturbation by alanine mutagenesis disrupts binding of inhibitory
monoclonal antibody 1F9 [67]. Peptides synthesized to bind to the hydrophobic cleft
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have been shown to prevent interaction with RON complex, and prevent red blood cell
invasion [69]. Molecular epidemiological studies have shown that individuals who
experience a clinical infection are less likely to have a subsequent symptomatic infection
of homologous c1-loop haplotype versus an asymptomatic infection [32].
In the current study, a protein microarray populated with 263 unique AMA1
whole-ectodomain variants isolated, cloned, and expressed from malaria infections
collected during a Phase 2 vaccine trial was fabricated to examine the effects of malaria
parasite exposure and AMA1 vaccination on the breadth and magnitude of anti-AMA1
antibodies. Additionally, 20 merozoite surface protein 1 (MSP119) variants, 15 rhoptery
neck protein 5 (Rh5), and 138 erythrocyte membrane protein 1 (PfEMP1) proteins were
printed on the diversity-reflecting protein microarray. Sera were screened from Malian
children age 1-6, and Malian adults age 18-55, before and after a season of malaria at our
field site in Bandiagara, Mali. Similarly-aged pediatric and adult cohorts vaccinated with
a monovalent AMA1-based subunit vaccine were screened to assess the effect of the
vaccine on the diversity of the anti-AMA1 antibody response. Seroreactivity is measured
in median fluorescent intensity (MFI) corresponding to the abundance of antibodies
bound to each antigen feature. Protein microarray design, construction, and analysis have
been previously described [45, 70, 71].
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Materials and Methods
Study Site.
Bandiagara, Mali is a small rural town with a population of ~13,000 located in an
area of high seasonal malaria transmission. The mean annual rainfall is 600 mm. P.
falciparum malaria has a highly seasonal transmission pattern, coinciding with the rainy
season occurring between July and October. Entomological inoculation rates (EIR) are
from 40 to 60 bites per person per month peaking in September. Total annual EIR is from
50 to 150 infected bites per person per season [4]. The vast majority (97%) of malaria
infections are due to P. falciparum, with rare occurrences of P. malariae, and P. ovale.
Children aged less than six years have on average two clinical episodes of malaria per
year [47]. Sera for this study are from completed trials of the AMA1-based vaccine trials
conducted at this site by the University of Maryland and University of Bamako research
teams.
Sample Selection and Previous Vaccine Trial Protocols
Adult sera assayed in this experiment were selected from individuals participating
in a Phase I AMA1 vaccine trial conducted in Bandiagara, Mali from 2004 to 2005.to
test the safety and immunogenicity of a vaccine based on AMA1 in an adult population
(>18y). The AMA1 vaccine, FMP2.1/AS02A, consists of the 478 amino acid AMA1
ectodomain of P. falciparum strain 3D7, designed and manufactured at the Walter Reed
Army Institute of Research, and formulated with the proprietary AS02A adjuvant system
developed by GlaxoSmithKline Biologicals. Participant screening, selection, and group
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assignment has been described previously [49]. The 60 participants were block
randomized 2:1 to three vaccine arms; two AMA1 vaccine dosage arms, half and full
dose, and one rabies control vaccine arm. Vaccines were administered starting in
December 2004 on days 0, 30, and 60, with peak anti-AMA1 titer observed at day 90 in
the AMA1 vaccine arm groups measured by IgG ELISA. Inclusion and exclusion criteria
for these studies have been described elsewhere. Data on all covariates were compared
between vaccine arms, and no differences were reported between groups.
For the current study we selected the full 20 samples from both vaccination arms
at four time points: day of vaccination (day 0), date of peak AMA1 antibody titer in the
AMA-1 vaccine groups (day 90), To do the seasonal antibody acquisition analysis, we
included two timepoints corresponding to the beginning of the malaria season (day 180),
and the end of the malaria season (day 360) in the rabies control arm. Individuals
randomized to the half dose of the AMA1 vaccine were not be included in this study
because they received a different dose of vaccine than the comparison pediatric sample.
One individual did not receive the third dose of AMA1 vaccine and was excluded from
the study.
Pediatric sera were selected from a Phase II AMA1 vaccine trial Bandiagara, Mali
2007-2009 [46]. Four hundred healthy, parasite negative children aged 1-6 years were
screened, then randomized 1:1 within age strata to receive either the AMA1 vaccine or
rabies control vaccine. Study participants showed no significant difference in baseline
characteristics at enrollment [50]. The AMA1 vaccine FMP2.1/AS02A or rabies vaccine
was administered on days 0, 30, and 60, with peak antibody titers observed at day 90, as
measured by IgG-ELISA. Children were followed by both active and quarterly passive
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surveillance for two malaria transmission seasons, with blood collected at each episode of
clinical malaria, as well as regular quarterly time points.
We randomly selected (by random number generator) 40 participants from each
vaccine arm. We chose sera from the same immunologically informative time points
described in the adult cohort, relating to vaccination times and pre- and post-malaria
season. Pre-season time point (day 0) was defined by the end of the dry season marked by
little to no malaria transmission, and thus no new malaria exposures (although some
individuals harbor chronic, asymptomatic infections during the dry season). Day 0 was
also the baseline timepoint of the vaccine study. Peak, or post vaccination timepoint was
collected in September, 90 days after vaccination. The final time point, day 240,
corresponded to the end of the rainy season, when malaria parasite exposure and
consequently anti-malaria antibody titers were expected to be highest in the control
groups. Post season timepoints were only assayed in the rabies control arm sera chosen in
the study.
Microarray fabrication and sera probing.
Field samples collected during two AMA1 based vaccine trials were amplified for
ama1 by polymerase chain reaction (protocol described previously). Single and
predominant infections were identified by capillary sequencing using Sequencher
software (Genecodes), and unique ama1 haplotypes were then amplified using a specific
primer-linker sequence that facilitates cloning into a pXI plasmid vector. Cloning,
transformation, and amplification protocols have been described previously [70]. To
ensure single clone ama1 haplotype translation, we implemented the single colony
amplification protocol described in a pilot study published elsewhere (Bailey et al.). We
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sequenced all single colony preparations by capillary sequencing and identified unique
ama1 haplotypes to be printed on the final microarray. We identified 263 unique ama1
ectodomain variant sequences among 410 sequences analyzed. Protein microarray
printing and quality control protocols have been previously described [58].
Arrays were probed with 2 µL participant sera after a one-hour incubation with
E.coli lysate to bind non-malaria specific antibodies in each sample. Probing protocols
have been detailed elsewhere [58]. After overnight antibody hybridization at 4oC, arrays
were washed, stained and dried before scanning on with a microarray scanner Scanning
protocols have been described [58].
Post-processing, Normalization and Statistical Analysis.
Background-scaled median fluorescent intensity.
Antibody seroreactivity was calculated by scaling the raw median fluorescent
intensity (MFI) of all probes on the protein array to adjust for differences in background
seroreactivity to 15 empty vector in-vitro transcription/translation (IVTT) negative
controls. It has been demonstrated experimentally that the relationship between
background seroreactivity to E.coli, the cell-free system used to generate the proteins,
was linear, and can be adjusted by scaling all values to the median (data unpublished).
Percent serorecognition of AMA1 variants was determined by counting the number of
AMA1 variant signal MFIs that were at least 2.5 standard deviations greater than the
average MFI of 10 malaria-naïve North American controls. Increasing or decreasing the
threshold for positive serorecognition did not affect the observations described in a
significant manner.
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Regression analysis.
Simple linear regression was used to compare trends between antigen
seroreactivity and predictor variables. Logistic regression modeling was used when
comparing seroreactivity to dichotomous outcomes. Data were operationalized based on
biologically relevant cut points.
Results
Malian children and adults differentially recognize a diverse collection of 263 fieldisolated PfAMA1 variants in an age-dependent manner.
Seroreactivity profiles were compared before and after a season of high malaria
transmission in Bandiagara, Mali in both pediatric (1-6y) and adult (18-55y) AMA1
vaccine trial control participants given a rabies vaccine. Preseason sera for the pediatric
cohort were collected from May through June 2007, and post season sera were collected
from December to January 2008, reflecting exposure to roughly eight months of high
malaria transmission [9]. The adult cohort pre- and post-season sera were collected from
May through June 2005, and December to January 2006 respectively [49]. Sera collected
during September represent the height of malaria transmission season.
Adults had on average 81% higher anti-AMA1 seroreactivity than children at the
end of the dry season in May/June (p<0.0001) by Wilcoxon rank-sum test with continuity
correction (Figure 15a). Mean seroreactivity of AMA1 variants increased between age
cohorts, 1-2, verses the 3-4, and 5-6 year cohorts at the preseason time point by KruskalWallis one-way analysis of variance (Figure 15b) (p<0.05). Age was not correlated with
seroreactivity in the adult cohort (data not shown), suggesting maintenance of high levels
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of anti-malarial antibodies once individuals reach a certain immunological maturity.
Overall, age was significantly associated with preseason seroreactivity by linear
regression in children (p<0.02). Controlling for area of residence (quartier) and ethnicity
(Dogon vs all ethnic groups) in a multivariable model did not produce significant
differences when added to the regression analysis.
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Figure 15a)

15b)
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Figure 15a,b. Box and whisker plots of baseline seroreactivity to AMA1 variants by
age. A) Pediatric, adult and North American control seroreactivity to AMA1 at
baseline. B) Seroreactivity to AMA1 variants by pediatric age cohort.

Rabies-vaccinated children and adults did not differ significantly in mean AMA1
seroreactivity at seasonal time points from baseline, by pairwise Wilcoxon’s rank sum
test, or mixed-effects analysis of variance (Figure 16a,b)(p>0.5 for all tests). Natural
infection by malaria parasites resulted in a statistically insignificant increase in
seroreactivity to all AMA1 variants in children who experienced a clinical infection in
the first ninety days of follow up by Wilcoxon rank-sum test (p<0.1) (data not shown).
Cumulative 240-day parasitemia was not correlated with average increase in
seroreactivity to all AMA1 variants in a multivariable linear regression model,
controlling for age, and area of residence; unadjusted (p=0.6) (data not shown).
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Figure 16a)

16b)
Percent Serorecognition of 263 AMA1 variants at pre and post malaria
season in a rabies vaccinated adult cohort in Bandiagara, Mali
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Figure 16a,b. Average seroreactivity to 263 AMA1 variants in rabies vaccinated
pediatric and adult cohorts in Bandiagara, Mali at seasonal time points. 2a) Pre,
peak, and post malaria season anti-AMA1 seroreactivity among rabies vaccinated
Malian children separated by seasonal timepoints. 2b) Pre and post seasonal
average anti-AMA1 seroreactivity among rabies vaccinated adults in Bandiagara,
Mali.

Monovalent AMA1 subunit vaccine (FMP2.1/AS02A) elicited a strong, widely cross
reactive, yet unprotective anti-AMA1 B cell response in children and adults.
Average anti-AMA1 seroreactivity increased 330% on average among AMA1
vaccinated children from baseline (p<0.0001), compared to an 11% increase in the rabies
control cohort 90 days after vaccination (p>0.5) by Wilcoxon rank-sum test (Figure 17a).
Adults experienced a 31% increase in AMA1 variant seroreactivity (p<0.05), compared
to a statistically insignificant decrease in the corresponding rabies control group during
the same 90 day time period (Figure 17a,c). The 90 days after vaccination corresponded
to the rainy season in the pediatric cohort, and during the dry season in the adult cohort,
explaining the trends observed in the two age cohorts. Ninety days after FMP2.1
vaccination, children had higher average AMA1 seroreactivity than FMP2.1 vaccinated
adults (p<0.056) (Figure 17a).
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Figure 17a)

17b)
Ninety-day mean difference in AMA1 seroreactivity among Malian
children vaccinated with FMP2.1/AS02A or Rabies vaccine
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Rabies vaccinated children

17c)
Ninety-day mean difference in AMA1 seroreactivity among Malian
adults vaccinated with FMP2.1/AS02A or Rabies vaccine
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Figure 17a,b,c. AMA1 vaccine-induced seroreactivity AMA1 variants as a result of
vaccination with Pf3D7 AMA1-based FMP2.1 with ASO2A oil in water emulsion
adjuvant. 3a) Mean AMA1 seroreactivity among vaccinated Malian adult and
pediatric cohorts, pre and post vaccination. 3b,c) Mean difference of anti-AMA1
seroreactivity before and 90 days after FMP2.1/AS02A and rabies vaccination to
263 AMA1 variants in Malian a) children and b) adults.

Descriptive analysis of naturally-acquired and vaccine-induced using a Euclidean
distance neighbor-joining algorithm.
Using Euclidean distance neighbor-joining clustering algorithms, we sorted
experimental data for the pediatric cohort at the preseason time point, and malaria-naïve
North American controls to observe patterns in seroreactivity to all antigens represented
on the array (Figure 18a). AMA1 variants grouped together in two major clusters,
representing 40% and 57% of AMA1 variants respectively. The remaining variants were
spread throughout other clusters. AMA1 variants did not group by any conformational
epitopes, such as cluster 1 loop. North American, malaria-naïve controls clustered
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together with very little seroreactivity as expected. Pre-vaccinated Malian children did
not cluster by age, ethnicity, quartier of residence or malaria season clinical outcomes
240 days after vaccination.
We then clustered the day 90 post AMA1 seroreactivity to all antigens on the
array to identify clusters of enriched antibody populations induced by the vaccine. We
chose the pediatric cohort to limit the effect of previous naturally acquired antibodies.
After clustering, three groups emerged with varying levels of antibody seroreactivity to
AMA1 variants. These children did not cluster however, by any known demographic
information such as age, or area of residence, or ethnicity as surrogates for cumulative or
acute exposure, and host genetic factors. AMA1 proteins clustered tightly together,
among highly seroreactive MSP119 proteins, aside from 6 AMA1 proteins that had
moderate to low seroreactivity. These six AMA1 protein variants were not enriched for
any particular sequence similarities, and is most likely an artifact from irregular
microarray printing.
Using a chi square test for homogeneity, we separated the large AMA1 cluster
into 5 major clades. We took the majority c1-loop haplotype within each group, and
dichotomized it to majority versus other and tested observed versus expected frequencies
by clade. AMA1 variants did not cluster based on the cluster 1 loop haplotype, or the
amino acid at position 197, as was hypothesized by chi square test for homogeneity
(Figure 18b). Protein microarray assay data was highly reproducible. We ran the day 90
FMP2.1/AS02A vaccinated pediatric cohort in triplicate, resulting in a Pearson’s r
correlation coefficient of 0.87 on average (Figure 18c).
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In secondary analysis of primary endpoints of the parent vaccine trial study, it was
determined that the increase in anti-AMA1 antibody titer measured by ELISA was
associated with a longer time until first clinical malaria infection [50]. Using Euclidean
distance neighbor-joining algorithms, we plotted the seroreactivity profiles at day 90 after
AMA1 vaccination. We observed three distinct clusters of children who reacted
significantly differently 90 days after vaccination (Figure 18b). There were six children
who did not respond to the FMP2.1 vaccine. We classified the clusters as low,
intermediate, and high responders according to the relative seroreactivity to AMA1
variants. The day 90 seroreactivity profile was repeatable, with individual variant r2
values reaching up to 0.99, and per- repetition r2 values of 0.95 (Figure 18c). High
responders to the AMA1 vaccine had no differences in risk in clinical malaria outcomes
90 days to 240 days post vaccination when compared to low or moderate responders, but
this particular study was not powered to detect association with clinical outcomes. We
used simple linear regression to measure the association of the mean difference in
seroreactivity to AMA1 variants during the malaria season and the number of treatment
seeking episodes controlling for age, and found there was no correlation (p=0.4).
Seroreactivity to AMA1-193.1 (malaria parasite strain 3D7) on the protein array was also
not correlated with growth inhibition activity (GIA) to homologous parasites in vitro
(p>0.72).
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Figure 18a)
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Replicate 1 vs Replicate 2

Axis Title

15
y = 0.83x + 1.4233
R² = 0.7278

10

Series1
5
Linear
(Series1)

0
0

5

10

15

Axis Title

Replicate 2 vs Replicate 3

Axis Title

15

y = 0.9506x + 0.1714
R² = 0.9904

10
Series1
5
Linear
(Series1)

0
0

5

10

15

Axis Title

Replicate 1 vs Replicate 3

Axis Title

15

y = 0.7961x + 1.4861
R² = 0.7338

10
Series1
5
Linear
(Series1)

0
0

5

10

15

Axis Title

68

Figure 18 a,b,c. Euclidean distance clustered heatmaps of diversity-reflecting
microarray seroprofiles of 263 AMA1 variants, 155 PfEMP1 domains, 30 RH5
variants, and 20 MSP1 variants, with 4 Whole-human IgG positive control features.
Gray, black and red colors indicate low, moderate, and high seroreactivity of an
individual (column) to a variant (row). a) Clustered heatmap of preseason pediatric
and malaria naïve North American controls. b) Clustered heatmap of prevaccine,
and 90 days post FMP2.1 vaccination in Malian children, and North American
malaria naïve controls. c) Pearson’s correlation coefficient comparisons of three
replicates of 90-days post FMP2.1 vaccination in Malian children. Results were
replicable with a Pearson’s r correlation coefficient of 0.87.

Discussion
Naturally acquired anti-AMA1 antibody acquisition.
Bandiagara, Mali is a region marked by 10 to >100 infectious bites per person per
year between the months of June and December, with 85% of its population at high risk
for malaria infection [12, 72]. The broad yet modest increase in AMA1 seroreactivity
after only one clinical infection suggests that exposure to malaria parasites results in the
development of polyclonal antibodies. These antibodies presumably target both
conserved regions of the protein and a population of antibodies that bind to strain specific
epitopes, thereby increasing the ‘repertoire’ of AMA1 haplotypes experienced by the
individual. The immunity to clinical malaria disease typically found in people over age
14 may depend on building a diversity-covering repertoire of antibodies correlating to the
significant variability in key immunogenic antigens. While the extreme genetic diversity
of ama1 has been well described, it remains unstudied whether this diversity translates to
the same degree of B cell diversity [4]. We observed significant differences in the
magnitude of AMA1 seroreactivity between 1-2, 3-4, and 5-6 year olds. This trend is
thought to continue until it plateaus by age 14 [73].
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Antibody seroreactivity to AMA1 whole ectodomain variants of AMA1 is
extremely collinear. Average increase in seroreactivity to all 263 from seasonal and
vaccination time points was correlated with measuring the increase in seroreactivity any
individual variant in every association model we evaluated. With an average Pearson’s
correlation coefficient of 0.98, we could not attribute individual gains in seroreactivity to
single homologous AMA1 proteins after infection.
The lack of association of cumulative exposure measured by 240 day parasitemia
and increase in anti-AMA1 seroreactivity may be due to the relative half-life of antiAMA1 antibodies. It has been observed that naturally acquired IgG anti-AMA1
antibodies generated after malaria exposure do not result in memory B-cells in children
still developing clinical immunity to malaria [74]. It would follow that antibody
responses as a result of an infection even at the peak of the rainy season in September
would wane by December, which could explain a lack of differences seen in seasonal
time points. Furthermore, per the protocol for the Phase 2 vaccine trial, each child who
went to the clinic for treatment with symptoms current with malaria was treated with
long-acting antimalarial drugs that eliminate any exposure for about two to three weeks
after drug treatment.
We did, however see a difference in preseason average seroreactivity to AMA1
variants between age groups, indicating the existence a population of long-lasting
antibodies that are able to survive the six-month dry season with little to no malaria
exposure. It is possible that the build-up of the long-lasting antibodies is responsible for
the age-dependent decreasing risk of clinical malaria disease. In future experiments,
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higher resolution of antibody response is needed to observe the time-dependent dynamics
of naturally acquired antibody response to malaria exposure.
Differential response to AMA1 based subunit vaccine FMP2.1 with oil in water
emulsion adjuvant AS02A 90 days post-vaccination.
The FMP2.1/AS02A vaccine underwent Phase 1 clinical trials in 2005 and Phase 2
in 2007, but was ineffective at inducing cross protective immunity to clinical malaria
[46]. It was thought that this failure was attributed to the diversity of the AMA1 protein
in the field. We hypothesized that we would see a very strong antibody response to
AMA1 proteins that closely resembled the vaccine strain 3D7 in those children
vaccinated with the FMP2.1 vaccine versus rabies vaccine. We expected to see a high
quantity of anti-AMA1 IgG antibodies at day 90 due to the consistency of the ELISA
data previously reported. It was unexpected that the vaccine would induce such a broad
and strong response to all variants of AMA1, with no significant difference between
seroreactivity to the 3D7-like variant and the rest of the variants. Seroreactivity to
individual variants on the array in response to FMP2.1 vaccination was not correlated
with Grantham variation score quantifying the proteomic divergence from 3D7 according
to both polymorphisms along the entire ectodomain, and functional epitopes such as the
cluster 1 loop by chi square, linear regression, and Pearson’s correlation (p>0.7 for all
tests).
It was our hypothesis that infection with a specific AMA1 serotype would
stimulate antibodies capable of binding to a closely-related cluster of AMA1 variants.
Instead, we repeatedly observed differences in the magnitude of seroreactivity as an ‘all
or nothing’ response. We noticed this phenomenon by clustering the mean difference pre
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and post-symptomatic infections, and comparing distance matrices to phylogenic distance
matrices. Sequence similarity did not correlate with increased seroreactivity in response
to infection. We conclude that the vaccine stimulated the production of a population of
antibodies that bind freely to non-inhibitory, conserved epitopes of the AMA1 molecule
and do not prevent malaria infections or clinical disease. We were unable to pinpoint a
cluster of ‘diversity covering’ AMA1 variants whose variance in seroreactivity predicted
outcomes.
This study is the first to demonstrate the breadth of cross reactivity to hundreds of
‘strains’ or serotypes of a highly variable vaccine antigen despite its lack of overall
efficacy. These data do not exclude the possibility of strain-specificity of antibodies to
AMA1, but demonstrate the presence of a population of antibodies that have high binding
affinity, yet do not prevent or inhibit invasion of the parasite into the red blood cell target.
We plan to probe monoclonal antibodies that bind to known target epitopes on AMA1, to
demonstrate the ability of the array to distinguish between variants on the array. Due to
the polyclonal nature of the antibody response to exposure to AMA1 it was impossible to
prove the presence or absence of strain specificity due to FMP2.1 vaccination.
Parasite immune escape.
An immune evasion tactic that was originally described in influenza and later in
dengue virus, the “original antigenic sin” has been a theory that was introduced recently
in malaria literature as well [75]. Exposure to an antigen can alter the immune response to
subsequent infection. This change can bias the humoral immune response to a later
infection in generating antibodies directed towards epitopes shared between the original
exposure and the current infection. This phenomenon has been seen in malaria mosquito72

prime and mosquito-challenge and also vaccine then mosquito-challenge models. This
has a very important implication in vaccine design; the response to a vaccine or natural
exposure is predicated on previous exposure, resulting in differential bias between
individuals who are at different immunogenic starting points prior to vaccination. A
vaccine must be effective in malaria-naïve as well as malaria-experienced individuals
[76]. This may explain why the vaccine was not significantly effective at preventing
malaria disease in the Phase 2 trial, yet the change in anti-AMA1 antibody seroreactivity
measured by ELISA was associated with delayed time until first clinical malaria episode
[50]. In future experiments we will investigate this immune modulation; comparing
malaria-experienced adults and children, to North American malaria naïve controls and
their response to FMP2.1 vaccination.
Implications for vaccine development.
Naturally acquired immunity, and theoretically vaccine-induced immunity,
involve both humoral and cell-mediated immunity. Early studies in a murine model
demonstrated that T and B-cell deficient mice were not protected by an immunization
protocol that protected all immune-competent mice [77]. Immunization with a whole
malaria parasite antigen may not induce T cell responses to the degree that vaccinating
mice with epitopes that are targeted by CD8 T cells [78]. Such may also be the case with
the protective antibody-mediated immune response. Only after years of repeated
exposure to malaria do the populations of protective epitope specific immunologically
‘masked’ antibodies mature and become high enough in number to impart protection.
Modern vaccines must do more than just provoke a high immune response, they
must to generate the correct immune response, as demonstrated in this comprehensive
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analysis of both parasite and human variability. While no AMA1-based vaccine to date
has shown sufficient levels of protection from both homologous and heterologous
challenge, vaccine developers must steer the largely stochastic probability of generating a
population of B cells that target functional epitopes. It is also likely that the parasite
maintains highly immunodominant and conserved epitopes to distract or bias the immune
response into mounting a significant, yet unprotective response to a non-functional
epitope. Even strain-specific efficacy of a monovalent vaccine would be severely limited
in its usefulness due to multiple clone infections, which occurs in anywhere from 30% to
80% of the Malian population, and also depending on transmission setting and the age of
the individual [79-81]. It is vital to focus efforts on a strain-transcending, multi-stage,
epitope-targeted vaccine to eliminate malaria disease.
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Chapter 5: Additional analyses
5.1 PfAMA1 seroprofiles and clinical malaria outcomes
It was our aim to use seroreactivity to AMA1 to predict susceptibility to malaria
disease in children. We originally proposed to use the protein microarray to screen
individuals during a longitudinal malaria incidence study being conducted in Bandiagara,
Mali, but due to the political and civil unrest we were unable to obtain the samples
needed for the study.
Using the samples we collected and screened for the validation experiment, we
developed a data analysis pipeline to correlate AMA1 seroreactivity and clinical
outcomes. From the pediatric Phase 2 vaccine trial, we randomly selected 80 individuals
that received either the FMP2.1 AMA1 based malaria vaccine, or a rabies vaccine, and
screened sera at baseline time points. Receipt of the FMP2.1 or rabies vaccine was not
correlated with pre-vaccine seroreactivity or clinical outcomes, so we could use both
study arms in a prospective analysis without bias or confounding to increase our sample
size. We used logistic regression to calculate the odds of clinical malaria with a
homologous c1-loop parasite versus subclinical or asymptomatic malaria and increasing
thresholds for baseline seroreactivity. Individuals can be entered into the model multiple
times for multiple symptomatic and asymptomatic infections.
In total, within the 80 children surveyed, there were 85 clinical infections
resulting in treatment for malaria, and 33 asymptomatic infections detected at quarterly
blood draws over the course of one malaria season. Of these, we successfully sequenced
61 and 26 respectively. We grouped the 263 AMA1 variants by cluster 1 loop haplotype
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and averaged the seroreactivity if there was more than one. Average preseason AMA1
seroreactivity to homologous c1-loop parasites and PfEMP1 domains tended to be higher
in the 26 asymptomatic infections than the 61 symptomatic infections observed by
Wilcoxon rank-sum test (p<0.064, p<0.056 respectively) (Figure 19a,b). Due to the
extensive collinearity of AMA1 antibody seroreactivity on the microarray, we entered the
overall average AMA1 baseline seroreactivity into the same model, and saw similar
results when looking at average preseason seroreactivity (p<0.062).
Operationalizing outcome as symptomatic versus asymptomatic infection in a
multivariable logistic regression model, we examined the association of baseline median
homologous c1-loop seroreactivity and outcome, controlling for participant age at the
beginning of the malaria season, time until malaria infection, and vaccine status.
Homologous c1-loop seroreactivity at baseline was associated with decreased odds of a
symptomatic infection (p<0.02) (Table 5a). We substituted PfEMP1 seroreactivity for
homologous c1-loop seroreactivity in the multivariable model based on the Wilcoxon
rank-sum results, and it was borderline statistically significant (p<0.06, data not shown).
We wanted to determine if the association was AMA1 specific, or if it was a
function of having more antibodies to all antigens. The complete model included
preseason homologous AMA1 seroreactivity, age, time until infection, vaccine status, and
preseason average RH5, PfEMP1, and MSP1 seroreactivity, and homologous AMA1
seroreactivity and PfEMP1 seroreactivity failed to reach statistical significance (p<0.14,
p<0.4 respectively)(Table 5b).
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Figure 19a)

19b)
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19c)

19d)
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Figure 19a,b,c,d. Boxplots comparing preseason seroreactivity to A) mean homologous
AMA1 c1-loop variants B) mean PfEMP1 paired constitutive domains C) mean MSP1
field isolated variants and D) 15 RH5 proteins printed in duplicate and malaria infection
status.
Table 5a)

5b)
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Table 5a,b. A) Multivariable logistic regression model measuring the association of
odds of symptomatic versus asymptomatic infection and preseason homologous
AMA1 c1-loop controlling for age, vaccine status, and time until malaria infection.
B) Multivariable logistic regression measuring the association of preseason
homologous AMA1 c1-loop controlling for age, vaccine status, and time until
malaria infection, and average preseason seroreactivity to PfEMP1, RH5, and
MSP1.

5.2 Antibody seroreactivity to Plasmodium falciparum erythrocyte
membrane protein-1 domains and clinical presentation of
malaria in Malian children
A strong immune correlate for protection that can predict risk of clinically
relevant malaria infection by Plasmodium falciparum has been largely elusive, although
humoral recognition of parasite antigens are thought to be important. Plasmodium
falciparum erythrocyte membrane protein-1 (PfEMP1) is a parasite surface adhesion
protein implicated in malaria pathogenesis, particularly for placental and cerebral
malaria.
We used the diversity-reflecting protein microarray with pre-rainy season sera
collected from 75 children one to six years of age enrolled in a Phase 2 malaria vaccine
trial in Bandiagara, Mali. The array was populated with protein fragments representing
coupled domains of all PfEMP1 proteins in the laboratory reference strain 3D7, as well as
263, 20, and 15 variants of vaccine candidate antigens AMA1, MSP119 and Rh5
respectively, isolated from clinical infections during the same vaccine trial.
Clinical malaria outcome was defined as parasitemia (>2500 parasites per µl) and
presence of fever (>37.5oC) during unscheduled clinic visits during 240 days of follow
up. Using a Kaplan-Meier survival analysis, children with above-mean PfEMP1
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seroreactivity at baseline had a delayed time until first clinical malaria episode versus
those with below-mean PfEMP1 seroreactivity. Preseason seroreactivity to PfEMP1
domains was positively associated with the increased odds of having at least one clinical
malaria episode, controlling for age, vaccine, and number of treatment seeking episodes
in a logistic regression model (p<0.05).
Preseason PfEMP1 seroreactivity was significantly associated with time to
clinical malaria episode in a multivariable Cox proportional hazards model controlling
for age, vaccine status, number of treatment seeking episodes and seroreactivity to
AMA1, MSP1, and Rh5; suggesting that antibodies directed at PfEMP1 may have an
association with protection distinct from other malaria antigens (p<0.05). In addition,
preseason seroreactivity to CD36 binding PfEMP1 domains correlated with increased
time until clinical malaria episode compared to non-CD36 binding domains (p=0.057,
p=0.24 respectively). These results suggest the importance of PfEMP1 antibodies in the
prevention or delay in the progression of more severe instances of symptomatic malaria,
particularly when compared to antibodies directed at other malaria candidate vaccine
antigens. Multivariable regression models are particularly powerful in using protein
microarray results to identify antigens associated with natural protection against malaria.
A tool that would allow clinicians and researchers to predict the risk of malaria
infection would be invaluable in the field. In an effort to further pinpoint a correlate for
protection from clinical malaria, we performed a receiver operating characteristic
analysis on all antigens probed on the diversity-reflecting protein microarray. Using the
dichotomous outcome of presentation of clinical malaria among treatment seeking
episodes as in the Cox proportional hazards model, we ranked each antigen’s ability to
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determine if a child would go to the clinic with clinical or sub-clinical malaria disease
(Figure 20). Of the 515 antigens in the analysis the top 60 proteins were PfEMP1
constitutive paired domains. AUC-ROC analysis reports the sensitivity and specificity of
using seroreactivity as a diagnostic. The top three best antigens for use as a diagnostic are
listed in figure 20, with an average predictive value of 0.88 (ranked p-value<0.01)(Figure
22a). This is drastically different in comparison to the sensitivity and specificity of the
top five AMA1 antigen’s predictive value (Figure 22b) We grouped the top five
predictive antigens in order to increase the specificity and sensitivity, but it did not
increase predictive value of the model (Figure 22c).
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Figure 20a,b,c,d. Boxplots representing mean seroreactivity to a) 138 extracellular
PfEMP1 (strain 3D7) domains b) 263 AMA1 whole ectodomain variants c) 15 RH5
variants and d) 20 MSP1-19kDa fragment variants represented on the diversity
reflecting protein microarray before a season of high malaria transmission. Pairwise
comparison bars indicate p<0.05 by Wilcoxon rank-sum test.
Figure 21a)

21b)
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21c)

21d)

Figure 21a,b,c,d. Kaplan-Meier survival analysis associating above (red) or below
(blue) baseline mean a) PfEMP1 b) AMA1, c) RH5, and d) MSP1-19 seroreactivity
and time to first infection defined as above 2,500 malaria parasites/ul by light
microscopy, and greater than 37.5C axillary temperature among Malian children
enrolled in the FMP2.1 AMA1-based vaccine study who sought treatment during
240 days of follow up.
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Table 6a)

6b)
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6c)
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6d)
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6e)

Table 6a,b,c,d,e. A) Multivariable logistic regression analysis of the association of
preseason seroreactivity to PfEMP1 and increased odds of clinical malaria episode,
controlling for age, vaccine, and number of treatment seeking episodes. B)
Multivariable logistic regression analysis of the association of preseason
seroreactivity to PfEMP1 with covariates and dichotomized average seroreactivity
to other antigens. C) Logistic regression modeling seroreactivity to PfEMP1 stealth
and non stealth binding domains and clinical presentation controlling for covariates
and other antigen seroreactivity. D) Cox proportional hazards model measuring the
association of preseason PfEMP1 seroreactivity and time to first clinical malaria
episode controlling for covariates. E) Cox proportional hazards model measuring
the association of preseason stealth versus non stealth PfEMP1 seroreactivity and
time until first clinical malaria episode controlling for covariates and seroreactivity
to other vaccine candidate antigens
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Figure 22a)

22b)
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22c)

Figure 22a,b,c. Area under the curve, receiver operating characteristic
measurements of the sensitivity and specificity of seroreactivity to A) top PfEMP1
domains, and B) top AMA1 whole-ectodomain variants. C) ROC analysis of 1 to 5
PfEMP1 antigens in predicting the probability of sub-clinical or clinical malaria at
unscheduled clinic visits as defined by >2500 parasites per microliter of blood, and
fever above 37.5oC.
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Chapter 6: Discussion, limitations and future directions
6.1 Extrapolation of results
Malaria is a major cause of mortality in children under 5 years of age in Sub
Saharan Africa, causing about 15% of deaths in this age group. There is no licensed
vaccine for the prevention or control of malaria, and the parasite continues to evolve to
mitigate the effectiveness of antimalarial drugs in the field. The spread of antimalarial
drug resistance evolves independently, and spreads rapidly with the migration of infected
individuals, resulting in resistant alleles being identified around the world at alarming
rates. While malaria drug resistance is beyond the scope of the dissertation research
detailed above, it puts the necessity of a vaccine in the proper context; if we are to
eliminate and eventually eradicate malaria from the face of the planet, it will only be
successful with a concerted, worldwide implementation of an effective vaccine capable of
invoking sterile, long lasting immunity. Research to this end has been largely frustrating.
The latest, most successful preliminary Phase 3 trials resulted in a modest 40% efficacy
against the severe form of malaria in older children in the first year, and less efficacy in
younger children [82]. While this vaccine will be deployed around the world, it is
important to note that the vaccination approach must be improved with new formulations,
adjuvants, vaccination schedules, mechanisms of administration, and most likely the
addition of multiple antigens and encoded by multiple parasite strains. Finally, an
effective vaccine must not mimic the naturally acquired response to malaria; this type of
non-sterile immunity would allow for the adaptation of the parasite, and eventual vaccine
escape alleles would inevitably propagate.
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The dissertation research is a novel approach to assessing the effects of naturally
acquired and vaccine-induced immune responses to a highly variable vaccine candidate
antigen in the field. At the date of this publication, it is by far the largest collection of
AMA1 proteins screened for antibodies in a malaria endemic population. Protein
microarrays are powerful tools at examining antibodies to hundreds of antigens
simultaneously screening for immunogenic vaccine and drug therapy targets. The
analysis of seroprofiles is complicated, however, and the tools used in nucleic acid
microarray analysis may not be suited for protein microarray output. New, robust data
analysis protocols must be described to set a standard in measuring seroreactivity to
antigens, eliminating systemic bias and spurious findings. Various methods of
normalization have been described, and each may result in dissimilar conclusions with
identical datasets.
Contrasting the results obtained with the prototype microarray, we did not detect
differences in seasonality, nor was the increase in AMA1 seroreactivity associated with
parasitemia over the course of the malaria season with the comprehensive array. It has
been observed that individuals exposed to AMA1 antigens develop a strong initial
immune response within one week that wanes 6 weeks after exposure with an average
half-life of 9.8 days [83-85]. Measuring average seroreactivity over 8 months of follow
up among 40 children who were treated for malaria at every symptomatic episode with
long-lasting anti-malaria drugs, temporarily removing them from the exposure pool; it is
unsurprising that we did not detect any differences. With infection of a particular AMA1
variant, children saw an increase in all AMA1 variants populated on the array, with no
correlation to infecting parasite haplotype. This suggests an immunogenic epitope that is
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conserved across AMA1 strains. Adults reach a point of malarial immune maturation,
where they maintain a high level of diverse antibodies to all malaria antigens including
AMA1; capable of protecting them from acute malarial illness. With this screening tool,
we can detect individuals who have achieved immune maturation, and predict their
susceptibility to malaria disease. Results suggest the existence of a population of AMA1
antibodies detected at the preseason time point after roughly 6 months of little to no
malaria exposure that persist, despite the short-lived nature of AMA1 antibodies
described previously [85]. These long-lived antibody populations also increase with age
which may contribute to the age-dependent clinical immunity observed in older children
and adults [86]. While we demonstrated an association of homologous c1-loop antibody
response and protection from symptomatic homologous c1-loop strain parasites, we also
saw the same relationship with overall average AMA1 seroreactivity. This finding
suggests that higher levels of AMA1, antibodies may play an important role in the odds
of clinical vs asymptomatic malaria, but individual antibody populations responsible for
protection remain elusive.
While the results were unclear as to pinpointing the underlying AMA1 seroprofile
associated with protection from clinical malaria by hierarchical clustering and principle
component analysis, the demonstration of the existence of a cross reactive epitope on the
whole ectodomain is a novel finding, with important implications for malaria vaccine
design. The FMP2.1 with oil and water emulsion adjuvant AS02A stimulated a broad,
strain-transcending, yet unprotective immune response that reacted differently in different
children. Clinical outcomes did not however, differ between seroprofile clusters based on
reactogenicity of the vaccine. The antibody response to malaria antigens is polyclonal;
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while using the entire AMA1 ectodomain to examine antibody response may describe a
more detailed landscape of antibody seroreactivity than total IgG ELISA, it does not have
fine enough resolution to isolate protective antibody populations from non-functional
ones. While we did not demonstrate the strain-specificity that previous studies have
described, we cannot exclude existence with the current data set. With the polyclonal
nature of the anti-AMA1 immune response, we had no way to distinguish between
antibody populations that bind to an immunodominant epitope and ones that bind to
protective, perhaps strain specific epitopes that correlate with clinical outcomes. Next
generation malaria vaccines should be constructed with knowledge of a particular epitope
or epitopes, maximizing the vaccine’s ability to stimulate a specific antibody population.

6.2 Limitations and future directions
The research described in this document was an effort to methodically describe
the antibody response to a highly variable malaria surface antigen in the context of
naturally and vaccine induced exposure to malaria antigens. We examined antibody
responses to whole-ectodomain variants of AMA1 to investigate the relationship of
genetic diversity and antibody diversity. We down-selected malaria infections to those
that had single or predominant clone infections with respect to AMA1, which may have
limited the potential diversity found at the field site. We were able to amplify and clone
more AMA1 variants than previously reported by several orders of magnitude. It is
highly unlikely that AMA1 variants not printed on the array had completely novel
epitopes that were not recognized by the polyclonal response of anti-AMA1 antibodies by
malaria-experienced Malian children and adults. It was also demonstrated in other
research conducted by our lab, that antibodies from sera collected from individuals from
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South East Asia were able to recognize Malian-derived AMA1 variants, albeit at a lower
magnitude; in agreement with their lower Plasmodium falciparum malaria endemicity.
We were unable to obtain prospectively collected samples from our field site in
Bandiagara, Mali due to political and civil unrest in the region. For the prospective
analysis, we were relegated to a post-hoc analysis of the association of AMA1
seroreactivity and clinical outcomes. While this study was not powered to detect any
associations between antibody responses and clinical outcomes, we were able to describe
trends that antibodies directed toward AMA1 that may be important to clinical
presentation of malaria, and asymptomatic malaria using multivariable logistic
regression, Kaplan-Meier survival analysis, and Cox proportional hazards models. The
clinical presentation phenotype described as sub clinical versus clinical infection is not
ideal, as every child with a clinical syndrome consistant with malaria was treated for
malaria; it is unknown whether or not the children would eventually develop symptoms
that meet the clinical definition. This misclassification of the outcome would bias any
association we identify towards the null, so the statistical inference obtained is
conservative. The association of preseason AMA1 seroreactivity and the odds of
symptomatic versus asymptomatic is appealing, but individuals were entered into the
model on multiple occasions, which violates the assumption of independent
measurements. We were severely underpowered to examine the differences between the
‘true asymptomatics’, or those who had only asymptomatic malaria infections and no
treatment seeking clinic visits, and those children who sought treatment for malaria who
met the clinical definition of malaria (>2500 parasites/µL of blood and fever above
37.5oC). Also the strain-specific positive result in the association of homologous c1-loop
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preseason seroreactivity and risk of symptomatic versus asymptomatic malaria was
undermined by a similar result with overall AMA1 seroreactivity. These results were
promising if not definitive, however; and future research will incorporate lessons learned,
and will be appropriately powered to detect associations with well-defined clinical
outcomes.
While we understand that a mature, polyclonal antibody response elicits
protection, as evidence by protection from clinical malaria observed in malariaexperienced adults, the specific target epitopes of protective antibodies remain unclear.
We plan to increase the resolution of our peptide array approach by developing and
validating a small overlapping-peptide epitope map of 73 vaccine candidate antigens
(including AMA1) identified by our lab, also taking into account the genetic diversity of
each antigen in the field. We will identify both protective and unprotective immunogenic
epitopes by associating seroreactivity to specific epitopes and clinical outcomes during an
ongoing malaria incidence study at our field site in Bandagara, Mali. While this approach
has its limitations, it has been demonstrated that antibodies can bind to linear epitopes,
and antibodies reared against these novel peptides can impart protection in vitro. We will
probe sera from children pre- and post-acute symptomatic and asymptomatic malaria
infection with a single clonal parasite with respect to twelve microsatellites to examine
the odds of baseline seroreactivity to homologous c1-loop and odds of symptoms. We
will be able to detect strain-specific antibody-epitope development prospectively, and
perhaps describe the differences between strain-specific antibody responses and crossreactive responses to conserved epitopes. With this next-generation diversity-reflecting
epitope mapping array, we will also try to visualize the hypothesized conserved
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innumodominant epitope that binds cross-reactive antibodies stimulated by the
FMP2.1/AS02A vaccine.
The polyclonality of the immune response may have obfuscated individual strainspecific associations of genetic diversity and antibody diversity. We have extended our
collaboration with the Walter Reed Army Institute of Research to screen 9 anti-AMA1
monoclonal antibodies (mAbs) that have varying levels of parasite growth inhibition in
vitro. Screening monoclonal antibodies on our large panel of AMA1 variants will have
multiple implications. It will confirm that the proteins on the array take on a recognizable
and predictable conformation upon successful mAb binding. In addition, we will also be
able to pinpoint antigen escape residues of variants that are unable to bind mAbs to their
particular epitopes. We will characterize our AMA1 protein library by their ability to
bind the collection of monoclonal antibodies, and measure the level of cross-reactivity as
an indicator of parasite vaccine escape in a theoretical vaccine developed using their
antigens.
The diversity-reflecting protein microarray may prove to be a valuable tool to
examine the efficacy of potential vaccines in the field. This platform, coupled with
extensive whole-genome sequencing of field-derived parasites could provide a cost
effective way to assess the potential efficacy of subunit and whole-parasite next
generation vaccines. Researchers and vaccine developers must take into account the
diversity of vaccine candidate antigens in the field, especially in regions of high
transmission and recombination rates, to create vaccines that transcend strain specificity.
We also must change the paradigm of mimicking naturally acquired immunity with
malaria vaccines. While preventing disease and death in children is an important goal, if
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the goal is malaria eradication, this strategy is ineffective. Our strategies for vaccine
candidate antigen selection and development of vaccines using lab-strain Pf parasites
must change if we are to progress the field of malaria vaccine research.
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