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I.

INTRODUCTION

The Plasmodium falciparum (Pf) circumsporozoite protein (CSP) is a secreted protein of
the sporozoite stage of the malaria parasite. The genetic structure of CSP (figure 1) has an
immunodominant core repeat region flanked by conserved motifs at the N- and C-termini,
which are thought to be involved in protein processing as the parasite travels from the
mosquito’s midgut to the mammalian carrier (1,2). Dame and colleagues identified CSP in
P. gallinaceum in 1984 (3). CSP is the sporozoite’s primary surface protein. The protein is
multifunctional as it is necessary for sporozoite growth and mediates numerous aspects of
its journey from the mosquito’s saliva to the liver of the mammalian host (2). CSP has two
structural states: an adhesive conformation with the C-terminal cell-adhesive domain
exposed, and a non-adhesive conformation with the N terminus masking this domain (2).
The cell-adhesive domain plays a role in sporozoite formation and hepatocyte invasion,
such as facilitating the interaction of CSP with heparin sulfate proteoglycans (HSPGs)
during the primary attachment of sporozoites to hepatocytes. (4)

Figure 1: Diagram of the genetic structure of plasmodium falciparum
circumsporozoite protein (Adapted from Gandhi et al, 2014 (5)).
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CSP is the active component of the only licensed malaria vaccine RTS,S (5) and a relatively
new formulation (R21/Matrix-M) that has shown a 77.0% efficacy against clinical episodes
in a phase 2 trial (7).

The circumsporozoite (CS) gene is diverse, thus CSP is polymorphic as well, with up to
454 haplotypes that can be found in its sequence (8). When compared to the envelope
protein found on the Dengue Fever virus, CSP is more variable. The Dengue virus envelope
protein, like CSP, is an important target for neutralizing antibodies and vaccine
development since it mediates host cell receptor interactions. Similar to CSP, it is believed
that amino acid changes in the envelope protein affect antibody recognition and binding,
as well, (9,10). In a study performed in in Zhejiang in 2019, researchers discovered that
among the 10 sites of E protein amino acid substitutions observed in Dengue Virus Type1
(DENV-1) strains compared to the D1 Hawaii reference strain, six sites of amino acid
substitutions were observed in strains isolated from two cities, while two sites of amino
acid substitutions were observed in strains isolated from two other cities (10). Due to the
high number of haplotypes (454) identified in the CSP sequence, CSP is a far more diverse
protein than the E protein, which presents only a few mutation sites.

Determining the genetic variation of malaria vaccine antigens is an important element in
understanding and ascertaining vaccine escape, a phenomenon where some strains of the
parasite are not affected by vaccine-induced immunity, therefore making the vaccine
ineffective in preventing the disease, especially in endemic areas where malaria vaccines
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would be deployed. Due to different malaria transmission patterns and variations in human
immune response to malaria, parasite selection patterns vary accordingly (6). Thus,
determining the genetic diversity of vaccine antigens and/or epitopes can be advantageous
for the design of an efficacious malaria vaccine. For vaccines with rare alleles, allelespecific efficacy of vaccines based on major strain may select for these uncommon
variants, affecting the overall efficacy (8).

An assessment of CSP sequence variation will provide knowledge and insight, as well as a
comprehensive examination of the impact of local and eventually broader diversity on the
use of CSP-based vaccines. Vaccine antigen' repeats and epitopes are important because
they are the regions recognized by the human immune system to fight infections. That is
why, when assessing genetic diversity, these antigenic regions must be considered.

Study Objective
Failure to consider the genetic variation, specifically in the key amino acid residues which
can lead to malaria vaccine-generated immune responses, can result in a lack of efficacy in
field trials. Therefore, an assessment of the genetic diversity of potential vaccine candidate
antigens is an essential step for designing and deploying a candidate malaria vaccine in the
field. For the purpose of this study, we aimed to:
•

Assess the genetic variation in the CSP sequences from samples collected in
Kalifabougou, Mali. Thus, we sought to:
o Measure the distribution of amino acid mutations in the N and C terminal
regions
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o Evaluate the number of repeats across the samples
o Evaluate the diversity of T cell epitopes
o Evaluate the diversity of B cell epitopes

•

Compare the variations in CSP sequences from Kalifabougou, Mali, to those
observed in Pf laboratory strains 3D7 and 7G8.
o Assess variations of the major haplotype from Kalifabougou compared to
3D7 and 7G8.

With these measures we hypothesize the following:
•

CSP sequences from Kalifabougou samples will be polymorphic, particularly in
the C terminal region

•

CSP sequences from Kalifabougou samples will have similar amino acid
sequences to those found in the immunodominant regions of the 3D7 PfCSP

•

CSP sequences from Kalifabougou will differ from CSP sequences from othe
regions such as Navrongo and Cape Coast, in Ghana

II.

BACKGROUND AND SIGNIFICANCE

Malaria is an infectious disease transmitted by infective female Anopheles mosquitoes.
According to the World Health Organization, in 2020 alone, an estimated 241 million
clinical cases of malaria occurred, and 627,000 people died of malaria (11).
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Though four species of human Plasmodia exist, Plasmodium falciparum is the malaria
species that most often causes severe and life-threatening malaria (11,12). Humans and
female Anopheles mosquitoes are infected cyclically in the natural history of malaria.

A. Parasite Life Cycle

Two hosts participate in the malaria parasite’s life cycle. A malaria-infected female
Anopheles mosquito injects sporozoites into the human host during a bloodmeal.
Sporozoites released by these mosquitoes will infect liver cells, grow into schizonts then
burst, releasing merozoites. Dormant stage, hypnozoites, in P. vivax and P. ovale can
persist in the liver if it is untreated and trigger relapses by infecting the bloodstream weeks
or even years later. The parasites undertake an asexual multiplication in the erythrocytes
after initial replication in the liver. Merozoites are asexual stage parasites that are released
by infected liver or blood cells and which go on to infect other red blood cells. Infected red
blood cells parasites develop into trophozoite or ring stages, then can develop into
schizonts, which rupture and release individual merozoites. Some infected red blood cells
parasites develop into gametocytes, which are sexual erythrocytic stages. In humans,
clinical signs of disease are observed during the blood stage of parasite development. To
get infected, an Anopheles mosquito will ingest male (microgametocytes) and female
(macrogametocytes) gametocytes during a blood meal. During the sporogony cycle, the
microgametes penetrate the macrogametes in the mosquito’s stomach, resulting in zygotes.
The zygotes then become motile and elongated (ookinetes), invading the mosquito’s
midgut wall, and developing into oocysts. The oocysts mature, burst, and release
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sporozoites, which enter the salivary glands of the mosquito (Figure 2). The malaria life
cycle is perpetuated by injecting sporozoites into a new human host. Thus, the infected
mosquito acts as a vector for the disease, while infected humans transmit the parasite to the
mosquito. Unlike the human host, the mosquito vector is immune to the parasite, meaning
that the mosquito is the parasite carrier without being affected by it (12,13).

Figure 2: CDC Malaria transmission diagram. (Adapted from CDC Malaria ( 11))
Preventive methods have been developed to eradicate malaria. However, the parasites
developed resistance to artemisinin-based combination therapies (ACTs) (14) and this,
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along with mosquito resistance to insecticides, may be linked to increases in clinical
malaria rates (15).

In addition, the disease incidence has stalled since 2015. Although this could be related to
the various social and financial issues that endemic areas are facing, it could also be due to
limited access to quality medical care, and to the inability of countries to fund their malaria
control programs. These challenges, together with the increase in drug and insecticide
resistance, support the idea that we will need an efficacious malaria vaccine to effectively
achieve malaria elimination, as this disease not only affects the health of the impacted
nation but also hinders them financially.

B. Vaccine against malaria

Previous malaria vaccine clinical trials showed that after immunization, vaccine-induced
selection, and antigenic drift (the change in gene frequencies due to chance,) can impair
overall vaccine efficacy in the long run (Figure 3) (5, 16). This is one of the main challenges
for the current and developing vaccines.
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Figure 3: Effect of allele-specific efficacy on breakthrough infections. The malaria
vaccine contains two variants (red and cyan) of a polymorphic antigen (A). When
an individual is infected by five different parasites with five variants (cyan, red,
dark blue, yellow and green) of the same proteins (B), malaria clinical episodes
with homologous (red and cyan) and closely related variants (dark blue) are
prevented (C). Heterologous variants (yellow and green) may increase within the
individual and the whole population (D, E).(Adapted from Ouattara et al, 2015. (5))

Malaria vaccines candidates are being developed to improve the efficacy of RTS,S, and/or
to help eradicate the disease. RTS is the only vaccine that has been authorized for use,
while research is ongoing to improve its effectiveness.

1. Pre-erythrocytic vaccines

Pre-erythrocytic vaccines, also known as anti-infective vaccines, are designed to
specifically target the parasite during the liver stage (figure 4). These vaccines may target
proteins on the surface of sporozoite before the invasion of the hepatocyte (motility and
8

transversal blockade) or by preventing the development of the parasite within the
hepatocyte (destruction of infected hepatocytes). This could be done through specific
antibodies that kill infected liver cells or interfere with the malaria parasite during liver cell
proliferation, preventing the release of infectious merozoites and providing anti-infection
protection. Proteins that are the target of pre-erythrocytic malaria vaccines include the
Plasmodium falciparum circumsporozoite protein (PfCSP) (17), the thrombospondinrelated adhesion protein (TRAP), and the liver stage antigen (LSA) (17).

Figure 4: Vaccines target the life cycle of Plasmodium falciparum. (a) Preerythrocytic malaria vaccine: vaccine produces antibodies that kill infected liver cells
or interfere with the malaria parasite during liver cell proliferation; (b) asexual bloodstage vaccine: vaccine aims primarily at reducing parasite load or eliminating
circulating parasites; (c) vaccine aims at controlling the transmission of malaria

9

parasites from human hosts to the mosquito vectors. (Adapted from Zheng et. al,
2019. (17))

Plasmodium falciparum circumsporozoite protein (PfCSP), a 40–60 kDa pre-erythroid
antigen found on the surface of mature sporozoites, plays an important role in sporozoite
invasion of liver cells (17). RTS,S/AS01, the only licensed malaria vaccine, targets
immunogenic epitopes of the protein, which is encoded by the circumsporozoite (CS) gene.
The CS gene has polymorphisms in areas that encode epitopes recognized by the human
immune system (8). The RTS,S/AS01 vaccine comprises a segment of the core NANPNVDP repeat, polymorphic B-cell epitope areas and a highly polymorphic C-terminal nonrepeat epitope region that induces cell-mediated immunity. Th2R and Th3R, the 3′ sections
of the CS gene, encode epitopes that CD8+ and CD4+ T-cells recognize. In natural parasite
populations, several studies have found increased polymorphism in T-cell epitopes within
the C-terminal region of CSP (6,8).

In field studies, CSP has been shown to be remarkably diverse. In an incidence study
conducted in a Navrongo and Cape Coast, two sites in Ghana where RTS,S is being tested
in a phase 4 trial, Th2R and Th3R epitopes showed differences in amino acid composition,
with 1 to 6 amino acid variations in the Th2R and Th3R epitope regions, compared to the
vaccine strain (6). Moreover, the study shown that only 5.9% and 45.7% of the Navrongo
and Cape Coast sequences, respectively, had the CSP vaccine strain C-terminal epitope.
Similarly, in a study conducted in Bandiagara, Mali, T-cell epitope-encoding regions Th2R
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and Th3R were found to be polymorphic though the distribution were stable across seasons,
age groups, and clinical and asymptomatic illnesses (8).

In contrast to the RTS vaccine, PfSPZ Vaccine is a live, radiation-attenuated, whole
organism pre-erythrocytic malaria vaccine. For this whole sporozoite vaccine, attenuated
sporozoites are injected into the blood stream. These sporozoites will grow in hepatocytes
and trigger an immune response that targets subsequent sporozoites. Compared to subunit
vaccines, vaccination with attenuated sporozoites provides a greater range of immunogens
spanning at least two parasite life cycle stages. There are three whole sporozoite vaccines
in development including radiation attenuated sporozoites (RAS), genetically attenuated
parasites (GAP) and wild type Pf sporozoites administered under chemoprophylaxis
(PfSPZ-CVac) (17,18). Malaria vaccine studies conducted with controlled human malaria
infection have demonstrated higher protection against homologous versus heterologous
parasite strains, which implies that there is a strain-specific vaccine-induced protection.
This strain-specific effect a potential reason why PfSPZ Vaccine had an inadequate overall
efficacy in clinical trials (19).

2. Erythrocytic vaccines

T cells and B cells have been demonstrated to provide protection against malaria infection
at the blood stage. For instance, T-cell-depleted animals that were infected with parasites,
had lower levels of IFN- and IgG2a than in control mice (20). Limiting blood stage
infection can limit transmission of the disease as it will inhibit erythrocyte invasion and
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therefore reduce the blood-stage parasitemia. As a result, blood-stage malaria vaccines
have become a focus area for vaccine development (17).

The P. falciparum merozoite surface protein (MSP) can persist in the red blood cell
membranes after entering the human red blood cells from the liver, where they are exposed
the host's circulating immune responses (Figure 4) (17). MSP1 and MSP2 are two major
P. falciparum blood-stage malaria vaccine targets that are diverse in the nature. The
proteins participate in erythrocyte invasion and are the target of the immune responses.
MSP1 is a 180 to 210 KDa surface protein that is encoded by the msp1 gene on
chromosome nine and consists of 17 blocks of sequence flanked by conserved regions (21,
22). On the other hand, MSP2 is a glycoprotein encoded by the msp2 gene on chromosome
two that is made up of five blocks, the central block being the most polymorphic. The
MSP2 alleles are divided into two groups, the FC27 and 3D7/IC1 families (21). In malariaendemic nations, both MSP1 and MSP2 have been demonstrated to be highly polymorphic.
In P. falciparum isolates from symptomatic malaria patients in Bobo-Dioulasso, a
substantial genetic diversity has been observed that has limited efficacy of MSP-based
candidate malaria Vaccines to date (21).

The apical membrane antigen 1 (AMA1) is perhaps the most tested blood stage malaria
vaccine candidate (5,20,21,23,40). AMA1 is expressed in the sporozoite, hepatic, and
erythrocytic stages where it plays an essential role in parasite survival (17). In a study
conducted in Mali in 2009, 214 distinct AMA1 haplotypes were identified in 506 human
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infections, and amino acid variations around a putative invasion machinery binding
location were highly linked to the development of clinical symptoms (24).

3. Transmission-blocking vaccines

Transmission-blocking vaccines (TBVs) are used to prevent malaria parasites from
spreading from mosquito vectors to human hosts by targeting the sexual and sporogony
stages of the parasite (Figure 4). TBVs do not provide direct protection against infection.
In contrary, they seek to prevent an infected human from transmitting malaria parasites to
a feeding mosquito, i.e., preventing parasites from successfully infecting the mosquito (25).

TBV antigens are split into two groups: pre-fertilization antigens and post-fertilization
antigens. Pfs48/45, Pfs47, and Pfs230 are pre-fertilization antigens found on the surface of
malaria parasite gametocytes and gametes. These proteins are members of a family with
six cysteine domains. Pfs230 and Pfs48/45 are gamete surface antigens that elicit antibody
responses in naturally exposed people and are linked to transmission-reducing immunity.
Pfs25 is a post-fertilization antigen that is expressed on the surface of the zygote and
ookinete, and it has a high immunogenicity and a low antigenic polymorphism. The
appropriate folding of cysteine-rich proteins and the precise production of disulfide bridges
are required by antibodies that only target conformational epitopes of these proteins (25).
These sexual stage antigens elicit antibodies in the human host, which inhibit parasite
development (25). Thus, transmission inhibition occurs within the mosquito vector and is
mediated by antibodies (17,25).
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Pfs25 is regarded as one of the most important transmission blocking vaccine candidate
antigens (25). Experiments in gene knockout mice indicate that this protein is required for
the parasite to survive inside the mosquito midgut (25). Furthermore, a double-knockout
study on P. berghei reveals that removing the P25 antigen reduces ookinete invasion into
midgut epithelial cells (25). The advantages of post-fertilization antigens such as Pfs25 are
their ability to induce a durable immune response and low antigenic variation (25).

4. Pregnancy Associated Malaria Vaccines

Malaria is a fatal disease that affects pregnant women and newborns. In malaria-endemic
areas of the world, pregnant women who get the disease suffer significant health problems
as well as pregnancy difficulties (26). Furthermore, Plasmodium falciparum parasiteinfected blood cells tend to aggregate in the placenta, negating the childhood immunity that
people build in malaria-endemic areas, which would normally lessen the disease's effects.
Though there are many vaccines being developed, no malaria vaccine has ever been tested
in pregnant women (26).

In a study published in 2020, researchers evaluated the safety and immunogenicity of
PRIMVAC adjuvanted with Alhydrogel or glucopyranosyl lipid adjuvant in emulsion
GLA-SE (emulsion) in non-pregnant French and Burkinabe women who were enrolled in
the trial between 2016, and 2017, (27). PRIMVAC is a placental malaria vaccine candidate
generated from the VAR2CSA gene that aims to avoid clinical consequences from
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Plasmodium falciparum infection during pregnancy. According to the findings, PRIMVAC
exhibited a favorable safety profile, was immunogenic, and produced functional antibodies
interacting with the homologous VAR2CSA variant expressed by NF54-CSA infected
erythrocytes. (26,27)

C. CSP

CSP is a protein secreted by the malaria parasite's sporozoite stage. CSP is embedded in
the plasma membrane via a Glycosylphosphatidylinositol (GPI) anchor at its C-terminus,
allowing it to reach the extracellular space (4). The protein is made up of an
immunodominant core repeat region flanked by conserved motifs of an N-terminal
domain, a tandem repeat region, and a C-terminal domain, all of which are thought to be
involved in protein processing as the parasite moves from the mosquito to the
mammalian carrier. CSP is required for the formation of sporozoites in the mosquito
midgut, the release of sporozoites from the oocyst, the invasion of salivary glands, the
attachment of sporozoites to hepatocytes in the liver, and the invasion of hepatocytes by
sporozoites (4).

In its structural state (figure 5), the CSP C-terminal cell-adhesive domain is exposed and
adhesive, whereas the non-adhesive conformation of the N terminus masks the C-terminal
domain while sporozoites are in the mosquito salivary glands. The cell-adhesive domain's
N-terminal masking keeps the sporozoite migratory during sporozoite formation and
hepatocyte invasion. The flip to an adhesive conformation in the mammalian host is
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controlled by proteolytic cleavage of CSP, and the highly conserved region I is important
in this process (2). Primary contacts between the N-terminus of CSP and heparin sulfate
proteoglycans (HSPGs) arrest sporozoites on the hepatocyte surface in the mammalian
liver. The TSR domain is revealed by subsequent cleavage of CSP in region I. The TSR
domain has cell adhesive properties and is thought to mediate the secondary attachment of
sporozoites to hepatocytes, resulting in sporozoite invasion of hepatocytes (2, 4).
Different regions of CSP have been revealed to be highly polymorphic (6,8,28). The
tetrameric central repeats, which can vary in sequence and number of repeats, are found in
these polymorphic locations. It is hypothesized that the length of the repeat affects the
protein's stability, which in turn affects the B-cell epitopes. The Th2R and Th3R regions
encode epitopes that are recognized by CD8+ and CD4+ and can be expressed as nonsynonymous single nucleotide polymorphism, SNPs. The variation in these regions grows
as malaria transmission spreads across different geographic areas with Africa having the
most diversity (8).

Figure 5: Graphical depiction of circumsporozoite (CSP) and RTS,S structures.
(Adapted from Kaslow et al, 2015. (41))
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CSP can be found in all Plasmodium species. Though its amino acid sequence varies
between species, the overall domain structure is well conserved (2) which may explain its
choice as a malaria vaccine candidate.

D. PacBio SMRT

The key technology for long-read sequencing platforms is Single Molecule, Real-Time
(SMRT) sequencing. This groundbreaking approach is today’s technology utilized across
the board in the biological sciences.

PacBio sequencing captures sequence information while the target DNA molecule is
replicating. SMRTbell is a closed, single-stranded circular DNA template formed by
ligating hairpin adaptors to both ends of a target double-stranded DNA (dsDNA) molecule.
When an SMRTbell sample is loaded into a SMRT cell, it diffuses into a sequencing unit
known as a zero-mode waveguide (ZMW), which has the smallest available volume for
light detection. At the bottom of each ZMW, a single polymerase is immobilized, which
can bind to either hairpin adaptor of the SMRTbell and initiate replication. The SMRT cell
receives four fluorescent-labeled nucleotides with distinct emission spectra. As the
polymerase holds a base, a light pulse is produced that identifies the base. A "movie" of
light pulses records the replication processes in all ZMWs of a SMRT cell, and the pulses
corresponding to each ZMW can be interpreted as a sequence of bases (called a continuous
long read, CLR) (29).
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Due to its ability to generate lengthy reads, PacBio SMRT has the potential to create full
sequences. PacBio sequencing is especially appealing because samples may be
multiplexed, allowing for high throughput. Furthermore, the assembly does not necessitate
the use of a reference sequence, making it ideal for a highly polymorphic gene including
CSP. Complex loci in humans and P. falciparum have been sequenced using targeted
PacBio sequencing (30).

III.

RESEARCH DESIGN AND METHODS

A. Overall study design

Sequences used in this study were generated from samples collected during a malaria
transmission season conducted in Kalifabougou, Mali. To generate long read covering the
repeats region in addition to the N- and C-terminal the PacBio SMRT platform was used.
Sequences were separated by barcodes, assembled by de novo assembly, and aligned
against the 3D7 reference strain.

B. Study site & Sample origin (30)

Samples utilized in this study are comprised of 59 sequences generated from samples
collected during a single malaria transmission season conducted in Kalifabougou, a rural
community located 45 kilometers northwest of Bamako, Mali. Samples were collected at
18

the beginning of malaria transmission in May 2011 from healthy children and adults,
ranging in age from 3 months to 25 years. The samples were collected from May 2011 to
January 2012.

C. DNA extraction and PCR (6, 30)

Malaria parasite DNA were extracted using a Qiagen kit according to the manufacturer
protocol. Whole-blood gDNA was extracted from blood samples and DBSs using the
QIAamp 96 DNA kit (Qiagen, Valencia, CA). To genotype polymorphisms in Pf CSP, a
PCR was used to amplify the major exon in all the samples. Primary and secondary primers
were designed to cover the whole encoding gene of CSP. The Secondary PCR (BioRad)
products were run on a E-gel to assess the presence of malaria parasite DNA.

Primers CSP-F1 (5′ GTAGAAACCACGTATATTATAAATT 3′) and CSP-R1 (5′
ATATTGTACAACTCAAACTAAGATG 3′) were used in the primary PCR reaction.
Conditions for this amplification were 94°C for 2 minutes, followed by 35 cycles of
denaturation at 94°C for 20seconds, primer annealing at 48°C for 20second, and
extension at 60°C for 90 seconds with a final extension at 60°C for 5 minutes. All PCR
products from the first amplification underwent a new secondary PCR with the secondary
PCR primer to which sample specific barcodes were attached. The primers were CSP-F2
(5′ ATGATGAGAAAATTTAGCTATTTTAT 3′) and CSP-R2 (5′
CTAATTAAGGAACAAGAAGGATAAT 3′). Amplification conditions were the same
as in the primary amplification with only 34 cycles instead of 35. PCR reactions were
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carried out in a total volume of 25 μL with 23.75μL of Platinum Super Mix in 96-well
plates (Invitrogen, Carlsbad, CA), 1 μL of each primer (1 μM final concentration) and 1
μL of malaria parasite DNA. Secondary PCR also had 23.75 μL of Platinum Mix, 1 μL of
each (1 μM final concentration) primer and 1 μL of primary PCR product. Secondary
PCR products were electrophoresed on a high-throughput precast gel system (Invitrogen),
then visualized and photographed under ultraviolet light with ethidium bromide as the
stain.

After running a E-gel to confirm samples positivity, parasite DNA were purified using a
Millipore filter plate. DNA were quantified using PicoGreen following the manufacturing
protocol. An equimolar multiplex DNA solution comprised of the 48 individual sample
was made and send to Institution for Genome Sciences (IGS) for sequencing using PacBio
SMRT.

D. PacBio SMRT (31)

PacBio was utilized to sequence the CSP data used in this study. The amplicons were
sequenced using PacBio sequencing after PCR primers were designed to target a 5 kb
sequences covering the whole CSP protein.

The SMRT-analysis consensus tools package was used to put together sequence readings.
Purified, pooled amplicons were sequenced on a PacBio RS II sequencer (Menlo Park,
Pacific Biosciences, California, USA) at the Genomics Resource Center of the Institute for
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Genome Sciences, University of Maryland School of Medicine, USA. SMRTbells™
adapters were ligated to the barcoded-pooled amplicon template to create libraries. P4-C2
chemistry (P4 polymerase with C2 sequencing chemistry) was used in one SMRTTM cell.
The readings were generated using a 180-minute video on the PacBio RS II.

The secondary analysis was carried out with the PacBio SMRT Analysis v2.3.0 package,
utilizing the long amplicon analysis (LAA) algorithm and the following parameters:
minLength 3250—minSnr 4. The barcode de-multiplexed the pooled amplicon data. To
filter high-quality consensus sequences for downstream analysis, a projected accuracy of
95% was employed, which is defined as the threshold below which a haplotype (consensus
sequence) is considered noise.

E. Human subject protection

The Intuitional Review Board (IRB) of the University of Maryland at Baltimore, as well
as the University of Sciences Techniques and Technology of Bamako Mali, and the
National Institute of Allergy and Infectious Diseases all evaluated and approved the study
protocols. Participants in the study gave their consent and/or assent to take part in the
investigation. The data utilized in this investigation was already de-identified.

IV.

RESULTS
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A. Overall summary of results

Overall, all 48 samples were sequenced by PacBio SMRT platform resulting into 59
individual sequences. Samples had on average a 295X coverage and a 95% accuracy.
Haplotype diversity at the whole gene level was one. PfCSP for both 3D7 and 7G8
sequences were used as a reference in the analysis.

B. Haplotype polymorphism

Haplotype definitions were based on previously conducted studies. T cell epitope
haplotypes were determined based on a study conducted in Bandiagara, Mali (8), whereas
the B cell epitope haplotypes were determined based on a study conducted in 1993 (32,33).

Briefly haplotypes were defined based the N terminus (21aa), the C Terminus (93aa (34)),
the Th2R (17aa) and Th3R (24aa) sections of the gene, and the NANP/NDVP tetrameric
Repeat (168aa) of the PfCSP sequence, to access the overall samples genetic diversity. The
study samples displayed great variability in the C Terminal, with a total of 43 haplotypes,
of which 10 were the most prevalent, figure 7. For other PfCSP regions, N Terminal, Th2R,
ThR3, and Repeats, 3 haplotypes, 8 prevalent haplotypes (total of 35 haplotypes), 7
prevalent haplotypes (total of 22 haplotypes), and 6 haplotypes respectively were
identified.
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C. N Terminal and C Terminal
Using the 3D7 PfCSP strain as a reference, we observed 5 to 52 amino acid variations in
the C terminal region, figure 6. Most of the CSP sequences in our sample had 13 mutations
in their C Terminal region, followed with 8 and 10 mutations. The sites with the most
mutations were in the Th2R and Th3R regions.
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Figure 6: The frequency of mutation at the C Terminus. Amino acid mutations at
each sequence site have been calculated using the 3D7 PfCSP strain sequence as
reference.
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In the C-terminal region, 10 major haplotypes were identified. Haplotype A, B, C and D
were the most prevalent with frequencies of 8.3%, 6.7%, and 5.0%, respectively. The
3D7 PfCSP haplotype was not among the most prevalent haplotypes and had a frequency
of 1.7%, figure 7.
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Figure 7: Frequency of the C-terminal haplotypes.

Using the 3D7 strain as a reference sequence, we found that the N-terminal region of
Kalifabougou sequences, were mostly similar to that of the 3D7 PfCSP sequences, figure
8. The CSP sequences that differed from the reference sequence had a mutation at
position 98 where an adenine mutated to glycine.
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Figure 8: The frequency of mutation at the N-Terminal region of CSP encoding
gene. Amino acid mutations at each sequence site have been calculated using the
3D7 PfCSP strain sequence as reference.

In the N-terminal region, three major haplotypes were identified. Polymorphisms were
primarily in the last few amino acids of the N-terminal region. Figure 9 shows that
haplotype A, which is also the haplotype found in 3D7 PfCSP, had a frequency of 75.0%,
while haplotype B had a frequency of 23.3%. Finally, the frequency of haplotype C was
1.7%, figure 9.
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Figure 9: N-Terminal haplotypes frequency

D. T cell Epitopes Diversity

With 35 and 22 haplotypes, respectively, the Th2R and Th3R sites were the most
polymorphic regions of the PfCSP analyzed.

Eight Th2R predominant haplotypes out of a total of 35 were identified in the
Kalifabougou dataset. Within the eight haplotypes, three of the haplotypes were most
prevalent within the sequences at the Th2R site. The most common haplotypes were
found in 13.3% (Haplotype A) , 11.7% (Haplotype B), and 10.0% (Haplotype C) of our
samples, figure 10.
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Figure 10: Distribution of Kalifabougou Th2R haplotypes (17aa).

In the Th3R region, seven major haplotypes were determined. Of which, the most
common haplotypes were present at the frequencies of 31.7% (A), 15% (B), and 13.3%
(C), which is the 3D7 PfCSP-Type TH3R haplotype, figure 11.
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Figure 11: Distribution of Th3R haplotypes in Kalifabougou, Mali.

In addition, we investigated the diversity in amino acids at the TH2R and TH3R regions
between our samples and the 3D7 reference strain and found three instances of a perfect
match at the analyzed sites. Besides, most amino acids are conserved in 80.0% of the
cases between our samples and reference strain, while most variations were found in the
amino acids lysine, asparagine, and glutamic acid, figure 12.
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Figure 12: Frequency of Amino acid polymorphisms within Kalifabougou TH2R
and TH3R sequences.

E. B-cell epitopes diversity

To access the diversity of B cell epitopes, we evaluated the frequency of DV10
haplotypes (positions 296-303aa), which has been shown to be the both T- and B-cell
epitopes (28,29). There were four major haplotypes (total of 11 haplotypes)
identified, with NANANNAV (A) accounting for 53.3% of the haplotypes, 15.0% for
NAKANNAV (B) haplotype, 13.3% for NANANSAV (C) haplotype which is the
haplotype found in 3D7 PfCSP, and 3.3% for NNNNEEPS (D) haplotype, Figure 13.
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Figure 13: B cell Epitope haplotype frequency in Kalifabougou, Mali. Haplotypes
(8aa) were determined using amino acids in the DV10 region (position 296-303).

F. Polymorphism in the Repeat Region

The frequency NANP/NVDP tetrameric repeats, as well as the number of NANP or
NVDP repeats were accessed to determine the diversity within PfCSP repeat region.

Six haplotypes were determined based on the length of the tetrameric repeats. Two of the
haplotypes were the most common, with frequencies of 30.0% and 28.3% for
NANP/NVDP repeat lengths of 40 and 39 tetrameric repeats, respectively. 3D7 PfCSP
sequences had the longest tetrameric repeats (43), figure 14.
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Figure 14: Total number of NANP/NVDP Tetrameric Repeat region (168aa) and
their frequencies in Kalifabougou, Mali.

By assessing the length of the NANP or NVDP separately, we found that the number of
NANP repeats were variable across samples. However, except for four samples with
three NVDP sequences and one with no NVDP in the repeat region, most repeats had
four NVDP sequences, figure 15 and 16.
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Figure 15: NANP tetrameric repeats frequency in Kalifabougou, Mali.
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Figure 16: NVDP tetrameric repeats frequency in Kalifabougou, Mali.

32

G. Assess the variation of the major Haplotype from Kalifabougou compared to
7G8

Finally, with the CSP sequences in our dataset being different from the Pf3D7 CSP in
terms of haplotypes, we decided to compare our sequences to the P. falciparum 7G8
strain (Pf7G8) as a reference strain from the Americas, to access whether there was a
difference in diversity compared to Pf3D7 CSP.
After Data analysis, the findings suggest similarities between the CSP sequences of our
study samples and the 7G8 PfCSP was withing the haplotypes of B cell epitopes, the N
Terminus and the number of tetrameric repeats. The C Terminus haplotypes derived from
our dataset were different from those of the reference 7G8 PfCSP.

We then determined the frequency of the CSP haplotypes based on the length of the
NANP/NVDP tetrameric repeats of each sequence of our samples compared to 7G8
PfCSP. For the length of the repeat region, four haplotypes were identified, with two of
the haplotypes being the most common, with frequencies of 30.0% and 28.3% for lengths
of 40 and 39 tetrameric repeats, respectively. There were 41 tetrameric repeats in the 7G8
PfCSP sequence which was identical to nine other CSP sequences in our dataset (15.0%
frequency), figure 17.
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Figure 17: Total number of Pf7G8 NANP/NVDP Tetrameric Repeat region
(168aa) and their frequencies in Kalifapougou, Mali.

In addition, the three haplotypes identified in the N Terminal include KQPADGNPD
which had a frequency of 73.3%, KQPGDGNPD which was the also the haplotype found
in 7G8 PfCSP sequence had a frequency of (25.0% frequency), and KQPGMVILI with
the lowest frequency of 1.7%. Here the haplotype analysis found that the 7G8 PfCSP had
a lower frequency 25.0% in the N Terminal region than the 3D7 PfCSP haplotype which
had a frequency of 75.0%, figure 18.
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Figure 18: Pf7G8 N-terminal haplotype frequency

Finally, the B cell epitope region yielded 4 haplotypes, with NANANNAV (7G8
haplotype) being the most common (55.0%), while NAKANNAV, NANANSAV and
NNNNEEPS had frequencies of 15.0% and 11.7 % respectively, figure 19.
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Figure 19: Pf7G8 B Cell Epitope haplotypes’ frequency
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V.

DISCUSSION AND CONCLUSION

Determining genetic variation of malaria vaccine antigens can be an important element in
ascertaining allele-specific efficacy and vaccine escape, particularly in endemic areas
where vaccinations would be used. Thus, conducting molecular epidemiology research to
determine the genetic variety of vaccine antigens and/or epitopes can aid in the
development of an effective malaria vaccine.
In this study, we assessed the genetic variation in CSP sequences from Kalifabougou, Mali,
by evaluating the diversity of haplotypes in the N- and C- Terminal region, the repeat
regions, and the T- and B-Cell epitopes.

The central repeat and C-terminal Th2R/Th3R epitope regions were highly polymorphic in
this study, whereas the N-terminal non-repeat region was less variable. There were eight
common Th2R haplotypes and seven haplotypes for the Th3R region. Despite the small
size of our sample, the distribution of haplotypes was diverse for both allelic variants,
which is consistent with previous findings conducted in Africa (35,37). The diversity
observed has been attributed to the immune pressure exerted on these two
immunodominant T-cell epitopes (6, 36, 37).
In this dataset, the 3D7 PfCSP-type haplotype comprised 5.0% and 13.3% of the Th2R and
Th3R epitopes, respectively. These findings are consistent with results from studies that
observed 5.0% of Th2R and Th3R allelic variants 3D7 type in Africa and Asia (38).
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An analysis of the C terminal regions indicated that it had 43 haplotypes, with 10 variants
with high frequencies. A comparison of the N terminal region haplotypes in our dataset
with the 3D7 PfCSP reference sequence indicated that the amino acid composition was
identical, with the exception of a point mutation at position 98 in 14 of the samples.
However, haplotypes in the C-terminal region were more diverse indicating that the
polymorphisms in this region should be taken into account when developing vaccines
based on CSP to avoid vaccine escape.

B-Cell epitope were very polymorphic, with 12 haplotypes identified. Five haplotypes were
the most common, although the 3D7 PfCSP-type haplotype was the second most common,
with a frequency of 13.3%, while the most common haplotype had a frequency of 53.3%.
These findings suggest that as the most frequent strain has a different B-cell epitope
sequence, a vaccine based on the 3D7 PfCSP may not be very effective in the Kalifabougou
region.

The repeat region was comprised of 6 haplotypes, with the most common CSP sequences
having 40 and 39 NANP/NVDP repeats. Moreover, none of the CSP sequences in the
dataset had the same repeat length as that of 3D7 PfCSP, which had 43 repeats. This is
significant because the length of the tetrameric repeat is thought to influence the protein's
stability, which in turn influences how B-cell epitopes are presented to the immune system
(39). Thus, it could affect the effectiveness of a 3D7 PfCSP-based vaccine in the
Kalifabougou region.
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We decided to compare our dataset to the 7G8 PfCSP sequence, a strain from the
Americas. 7G8 PfCSP is now being employed in a whole sporozoite malaria vaccine (19).
These results indicated that the dataset CSP sequence differed significantly from the 7G8
PfCSP sequence. Only the repeat region, the B-cell epitope, and the N-terminal regions
from our similar were similar to the 7G8 haplotypes. Even though the 7G8 PfCSP-type T
Cell epitope and C terminal region haplotypes did not match those of our samples, this
findings suggests that the 7G8 PfCSP B-cell epitope was the most abundant in our samples
with a frequency of 55.0%. When compared to our dataset, the 7G8 PfCSP-tetrameric
repeat lengths was the third most common, with a frequency of 15.0% which is greater than
the frequency (1.7%) of 3D7 PfCSP-repeat region. These findings highlight CSP
polymorphism and suggest that the repeat and B-cell epitope of our samples is similar to
those of 7G8 PfCSP, whereas the C-terminal is similar to that of the 3D7 PfCSP strain. The
N-terminal, on the other hand, is consistent across all strains. This should be taken in
consideration when developing a vaccine that will be effective in our study region.

A study conducted in 2020 in two distinct ecological zones of Ghana (Navrongo, Cape
Coast)(6) indicated that the frequency of the C-terminal epitope of the PfCSP was 5.9% in
Navrongo compared to 1.7% in Kalifabougou . In Cape Cost, however, the frequency was
45.7%. Furthermore, 35 haplotypes were identified in the Th2R sites of Navrongo and
Cape Coast, which is the same number of haplotypes discovered in the Kalifabougou site.
Only 12 haplotypes were identified in the Th3R region at the Navrongo and Cape Coast
sites, whereas 22 haplotypes were discovered at Kalifabougou. In addition, 1 to 6 amino
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acid variations were observed in the CSP's Th2R and Th3R epitope regions, whereas 5 to
52 amino acid variations were observed in the Kalifabougou sites.

Finally, 3D7 PfCSP-type Th2R epitope haplotypes were found in 7.4% of Navrongo
samples and 56.5% of Cape coast samples, while 3D7 PfCSP -type Th2R haplotypes were
found in 5.0% of Kalifabougou samples. The Th3R epitope haplotype was found in 18.4%
and 79.9% of the Navrongo and Cape Coast sequences, respectively, while 3D7 PfCSP Type Th3R epitope was found in 13.3% of the Kalifabougou sequences.

These findings indicates that the CSP sequences from the Kalifabougou site are more
similar to those from Navrongo than to those from Cape Coast, which rejects our
hypothesis.

Navrongo is located in northern Ghana, bordering Burkina Faso, which then borders Mali
in the North. Malaria is a perennial threat in Navrongo, with peak transmission from June
to October. Kalifabougou, on the other hand, is located in Mali's southwest. Malaria
transmission is seasonal, peaking during the rainy season of July to October.
The similarity of transmission seasons and climate could explain the parallel in diversity
observed in CSP sequences from the two regions.

Our study has limitations in terms of sample size, making it difficult to determine the effect
of environment on CSP diversity. In fact, researchers from Ghana were able to discriminate
between CSPs of Navrongo and Cape Coast, two regions with different transmission
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patterns. As a result, future research should be conducted to determine whether CSP
diversity is affected by environmental factors including climate (such as temperature and
humidity) and regional vegetation. The study may comprise of CSP sequences form
different regions of Africa to compare the genetic diversity frequencies.

These findings suggest that CSP sequences from Kalifabougou varied primarily in the C
terminal region, which is what we hypothesize and is consistent with previous findings.
Most of the sequences differed from the 3D7 PfCSP strain, which is different from our
hypothesis. Though, the B cell epitope, and repeat region were similar to the 7G8 PfCSP
strain.

When developing a CSP-based vaccine, multiple epitopes of CSP should be used to
increase vaccine efficacy. Finally, environmental factors may play a role in CSP diversity
and strain distribution in endemic areas.
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