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Background: A leading malaria vaccine candidate, RTS,S/AS01, is based on 

immunogenic regions of Plasmodium falciparum circumsporozoite protein (CSP) from 

the 3D7 variant, and has shown modest efficacy against clinical disease in African 

children. It is unclear, however, what aspect(s) of the immune response elicited by this 

vaccine are protective. Better understanding of how diversity in the immunogenic regions 

of CSP (T-cell and B-cell epitopes) may relate to clinical immunity is needed to evaluate 

and improve the efficacy of vaccines based on CSP.  

Objectives: The goals of this study were to measure diversity in immunogenic regions of 

CSP in a natural population of parasites and identify associations between variation in 

amino acid sequences in CSP and the risk of infection and clinical disease caused by P. 

falciparum in African children. 



 

 

Methods: One hundred children were selected from those who had participated in a 

prospective cohort study designed to measure incidence of malaria infection in 

Bandiagara, Mali. DNA was extracted from 769 parasite-positive blood samples 

corresponding to both acute clinical malaria episodes and asymptomatic infections 

detected in monthly surveys and B- and T-cell epitope-encoding portions of the cs gene 

were sequenced. Non-synonymous SNP data were generated via 454, a next generation 

sequencing technology, for the T-cell epitopes and repeat length data was generated for 

the B-cell epitopes of the cs gene. Cox proportional hazards models were used to 

determine the effect of sequence variation in consecutive infections occurring within 

individuals on the time to new infection and new clinical malaria episode.  

Conclusions: Extensive diversity was found in the T-cell epitopes, but no associations 

were found between sequence variation in either the T-cell epitopes or the repeat region, 

and hazard of infection or clinical malaria, suggesting that naturally acquired immunity to 

CSP may not be allele-specific. 
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I. INTRODUCTION AND OBJECTIVES 

A. Introduction 

In the quest for an effective malaria vaccine, substantial resources are being 

invested in clinical trials to evaluate the safety, immunogenicity and efficacy of vaccines 

targeting specific immunogenic antigens of Plasmodium falciparum. To date, vaccine 

development and testing has generally not been informed by molecular epidemiological 

evidence of how genetic diversity in these antigens in parasite populations may affect 

vaccine efficacy. For example, vaccines that confer variant-specific protection may not 

be effective in a parasite population in which the vaccine variant is rare. Furthermore, 

vaccines may create a selective advantage favoring non-vaccine variant types, by 

changing allele distribution, thus compromising vaccine efficacy.
1
 

Vaccines that target the different stages of the parasite’s life cycle are currently in 

development. The most clinically advanced vaccine to date, RTS,S/AS01, targets the 

sporozoite stage of the malaria parasite’s life cycle, which will be discussed further in the 

background section. The antigen that this vaccine is based on is the circumsporozoite 

protein (CSP) of P. falciparum. This vaccine has been tested in Phase 2 efficacy trials, 

yielding modest efficacy in African children, and is the only malaria vaccine to be 

evaluated in a Phase 3 trial. It is still not clear, however, which aspects of the immune 

response elicited by this vaccine are protective, or what factors affect efficacy. One of 

these factors may be variation in the amino acid sequence of the antigen in the parasite 

population.
2, 3

 Understanding how diversity in the immunogenic regions of CSP (both T-

cell and B-cell epitopes) may affect host infection and clinical disease can aid in the 

correct evaluation and improvement of vaccines based on CSP. 
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B. Study goals and Implications 

The main objectives of this study were to describe the diversity present in the two 

immunogenic regions of CSP in a natural parasite population and to determine if 

particular polymorphic sites in these regions may be important in determining naturally 

acquired allele-specific immunity to CSP. The results of this study contribute to a body of 

evidence that aids in interpreting efficacy data from clinical trials of vaccines based on 

CSP.  

C. Research question 

Is variation in immunogenic regions of the circumsporozoite protein (CSP) of the 

malaria parasite, Plasmodium falciparum, associated with the risk of malaria infection 

and clinical disease? 

D. Specific aim 1 and hypotheses 

To understand the dynamics of polymorphism in the Th2R and Th3R epitopes of 

CSP in the parasite population at the study site, and to determine if specific polymorphic 

sites in these epitopes are important in determining allele-specific immunity to CSP. 

1. Sub-aim 1 

To describe the diversity present in the Th2R and Th3R epitopes of CSP in the 

parasite population represented by samples collected in a malaria incidence study in 

Bandiagara, Mali and to determine if the distribution of this diversity differs among 

important study covariates. 



 

3 

 

2. Hypothesis for sub-aim1 

The prevalence of polymorphisms found in the Th2R and Th3R epitopes of CSP will not 

be different between age groups, clinical and non-clinical cases, or change significantly 

over time within the study period. 

3. Sub-aim 2 

To determine if changes in the predominant amino acid at specific polymorphic 

sites in the T-cell epitopes in an individual’s consecutive infections are associated with an 

increased hazard of new infection and clinical disease. 

4. Hypothesis for sub-aim 2 

Changes in the predominant amino acid at specific polymorphic sites in T-cell 

epitopes are significantly associated with and increased hazard of new infection and 

clinical disease. 

E. Specific aim 2 and hypotheses 

To understand the dynamics of polymorphism in the in the B-cell epitopes of the 

CSP protein in the parasite population at the study site and to determine if polymorphism 

in these epitopes are important in determining allele-specific immunity to CSP. 

1. Sub-aim 1 

To describe the diversity present in the B-cell epitopes of CSP in the parasite 

population represented by samples collected in a malaria incidence study in Bandiagara, 

Mali and to determine if the distribution of this diversity differs among important study 

covariates. 
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2. Hypothesis for sub-aim 1 

The prevalence of polymorphisms found in the B-cell epitopes of CSP will not be 

different between age groups, clinical and non-clinical cases, or change significantly over 

time within the study period. 

3. Sub-aim 2 

To determine if changes in the amino acid sequence or repeat length of the B-cell 

epitopes in an individual’s consecutive asymptomatic infections are associated with an 

increased hazard of new infection and clinical disease. 

4. Hypothesis for sub-aim 2 

Changes in the amino acid sequence or repeat length of the B-cell epitopes are 

significantly associated with an increased hazard of new infection and clinical disease. 

 

II. BACKGROUND AND SIGNIFICANCE 

A. The malaria problem 

Malaria is a life-threatening disease that has a significant effect on morbidity and 

mortality world-wide. The World Health Organization estimated 655,000 deaths from 

malaria world-wide in 2010,
4
 but a recent study reports that this number may be a gross 

underestimation. The Institute for Health Metrics and Evaluation at the University of 

Washington recently estimated that the total mortality may be closer to 1.24 million, 

taking into account the deaths of children over the age of 5.
5
 Approximately half of the 

world’s population lives in malaria endemic regions, with sub-Saharan African bearing 

the brunt of the incidence and mortality of the disease.
6
 Efforts to control malaria have 
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largely been directed towards P. falciparum malaria because it is the most common of the 

five species of Plasmodia that affect humans and causes the most severe forms of the 

disease. Reducing the burden of malaria is one of eight Millennium Development Goals, 

set forth by the United Nations to improve the quality of life for people around the 

world.
7
 Even though goals have been set, progress towards curbing the global effects of 

malaria has been slow due to many factors including drug and insecticide resistance of 

the parasite and the vector respectively, as well as lack of an effective vaccine. 

Parasite resistance to chloroquine, once the first line treatment for falciparum 

malaria throughout the world, was first observed in Asia 50 years ago, and now exists 

almost everywhere that P. falciparum does.
8
 The emergence and spread of chloroquine 

resistance prompted a shift in standard therapy to other drugs, including sulfadoxine- 

pyrimethamine (SP)
9
, and now most recently artesunate combination therapies or 

ACTs.
10

 Unfortunately, resistance to SP also arose rapidly in Asia and from there, it has 

been demonstrated that it spread to Africa
1112

, and more recently within the past 5 years 

reports of artesunate resistance have been emerging from Asia.
13, 14

 Treatment failure due 

to parasite resistance to the mostly commonly used antimalarial drugs is a huge public 

health problem and continues to make efforts to control malaria more difficult.  

Vector resistance to insecticides is another serious issue impeding the progress of 

malaria control. In 1955, a massive campaign to eradicate malaria world-wide was 

undertaken and mainly involved indoor residual spraying of the insecticide DDT to kill 

the mosquito vector that transmits malaria as well as use of chloroquine to treat cases. 

Although this resulted in successes in more temperate regions, exhaustion of resources, 

lack of follow up, and widespread DDT and chloroquine resistance prompted a shift in 
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the goal from eradication back to control.
15

 Since then resistance has followed with the 

switch to different insecticides including organophosphates, carbamates and 

pyrethroids.
16

 Reports of pyrethroid resistance in west and south Africa
17-19

 are perhaps 

the most problematic as this is the insecticide of choice used in insecticide treated bed 

nets (ITN’s), one of the most effective interventions in preventing malarial disease.
20

  

Recently, the concept of “vaccine resistant malaria” has been described as an 

incipient problem that could ultimately prove to be as serious an obstacle to 21
st
 century 

efforts to control malaria as drug and insecticide resistance were to antimalarial 

campaigns in the 20
th

 century.
1
 This concept will be discussed in depth in the following 

section. 

B. Malaria life cycle and vaccine development 

With resistance limiting the success of treatment and vector control strategies, an 

effective vaccine could represent a critical tool for reducing the burden of malaria and 

reaching the eventual goal of elimination. However, progress towards a vaccine has been 

slow, in part due to the complicated biology of the malaria parasite and its life cycle. 

Malaria is caused by protozoan parasites of the genus Plasmodium that have both diploid 

and haploid stages in their insect vectors and vertebrate hosts. The P. falciparum genome 

consists of approximately 5,000 genes encoded on 14 chromosomes, and the antigens 

expressed on the surface of the parasite and on the host cells it invades are different in 

each stage of its life. When an infected mosquito bites a susceptible host, the sporozoite 

form of the parasite is inoculated into the host’s blood stream. The sporozoite is coated 

with the circumsporozoite protein (CSP), encoded by the cs gene.
21

 The sporozoite 
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quickly invades hepatocytes and forms liver schizonts which burst to release 10-30,000 

merozoites which then infect red blood cells and cause anemia.  

               

 

Figure II.1 Malaria life cycle stages targeted by interventions 22 

 

Vaccines that target the different stages of the parasite’s life cycle (Figure II.1) 

are currently in development. The most clinically advanced of these are described in 

Figure II.2. Prominent antigens of the blood stage (or erythrocytic stage) that have been 

the focus of vaccine development include apical membrane antigen-1 (AMA1), and 

merozoite surface protein-1, (MSP1).
23

 Vaccines targeting AMA1 and MSP1, aim to 

reduce parasitemia by boosting immunity to merozoites in the bloodstream. These 

vaccines could help ameliorate the burden of clinical disease in populations living in 

malaria endemic regions.
3
 Other vaccines including RTS,S/AS01 and an irradiated 

whole-organism sporozoite vaccine
24

 target the pre-erythrocytic stage of the parasite life 

cycle by inducing immunity to the sporozoite. Of all the malaria vaccines currently in 
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development, RTS,S/AS01, developed in a partnership between GlaxoSmithKline 

Biologicals, the U.S. Army and the PATH Malaria Vaccine Initiative,
25

 is the most 

advanced in clinical development. The goal of this vaccine, as well as of other vaccines 

targeting the pre-erythrocytic stage, is to prevent liver invasion or parasite escape from 

the liver and thereby block infection.
26,27

 Ideally, vaccines such as these, which have the 

potential to induce sterilizing immunity to P. falciparum, would prevent infection. 

 

 
 

Figure II.2 Malaria vaccine target antigens by life cycle stage 28 

C. Challenges facing vaccine efficacy 

No pre-erythrocytic vaccine has yet demonstrated this potential, in terms of being 

able to elicit an immune response that is completely effective in preventing infection in 

study participants when tested in malaria endemic regions. One factor that may contribute 

to this failure to achieve the ideal of complete prevention of infection is the genetic 

diversity of the parasite. All malaria vaccine antigens being targeted to date are 

polymorphic to varying degrees. It has been demonstrated that immunity to certain 
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malaria antigens may be allele-specific, meaning that the immune response elicited is 

only effective against specific genetic variants (which can be thought of as variants or 

serotypes). A study conducted in Gambian children found that naturally acquired 

antibodies against MSP3, a blood stage malaria antigen, protected in an allele-specific 

way.
29

 If a vaccine based on only one genetic variant of this antigen was tested in this 

population, and if this genetic variant was rare, it follows that the vaccine could have 

poor efficacy. This concept is further evidenced by a study conducted in Mali
30 

of 

variation in the MSP1 vaccine antigen, on which the FMP1/AS02 malaria vaccine 

candidate is based. This study found the MSP1 variant corresponding to the vaccine 

variant to be a minority variant in the population. Additionally this study identified 

specific polymorphic sites within MSP1 that appeared to play a role in determining allele 

specific immunity against this protein. A randomized, double blind, Phase IIb trial of this 

vaccine in Kenya showed no efficacy in preventing clinical cases of malaria in children 

aged 12 to 47 months as compared to a rabies vaccine.
31

 It is yet to be determined 

whether the low frequency of the vaccine target allele in the parasite population 

contributed to the lack of observable clinical efficacy. Yet another clinical trial reporting 

evidence of allele specificity focused on the efficacy of the FMP2.1/AS02 vaccine based 

on the AMA1 protein of the 3D7 variant of FMP1.
32

 In this double-blind randomized trial 

400 Malian children were randomized to receive either the FMP2.1/AS02 vaccine or the 

rabies vaccine. In this trial the primary endpoint was clinical malaria, defined as a febrile 

illness with greater than or equal to 2500 parasites on microscopy. The overall efficacy in 

preventing the primary endpoint was only 17.4% and not significant, but efficacy against 
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clinical malaria caused by a parasite identical to the vaccine variant was 64.3%, 

indicating that immunity to AMA1 is, at least in part, allele-specific. 

 It follows that a vaccine based on a variable protein that confers allele-specific 

immunity may select for non-vaccine variants in the population, as occurred in a trial of a 

vaccine based on another erythrocytic vaccine antigen, MSP2, in Papua New Guinean 

children.
2
 This issue of “vaccine resistance” is potentially very important issue because if 

the vaccine only protects against the variant on which it is based, and it is selecting for 

non-vaccine type variants in vaccinated populations, then both initial and long-term 

vaccine efficacy may be compromised. The findings of the studies described above 

highlight the need for molecular epidemiological studies of vaccine antigens that will 

help guide vaccine development and interpret efficacy data from vaccine trials.  

D. Description of the CSP antigen and the RTS,S vaccine 
 

The immunogenic regions of CSP on which the RTS,S/AS02 vaccine is based are 

polymorphic and can have a high degree of variability in natural parasite populations.
33

 

This surface protein contains a central repeat region that is important in antibody 

responses, and two T-cell epitopes that are important in CD8+ and CD 4+ responses.
34, 35

  

The central repeat region can vary in both length and in sequence of tetrameric 

amino acid repeats. Several studies of diversity in this region have been conducted. One 

study that considered diversity in the repeat regions from 75 samples from geographically 

diverse regions found that the most common repeats were NANP and NVDP.
36 

This 

study also found a range of 37 to 49 repeats with an average of 41 repeats per allele. 

Another study explored the diversity in a set of 25 samples, mostly from Asia, found that 

there was considerable conservation of how the repeats were organized along the 
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sequences and found that the NVDP tetramer is always preceded by the NANP 

tetramer.
37

 This region is the target of antibodies produced by B-cells. Numerous studies 

have been done to demonstrate that an antibody response to CSP is important in 

protection against the pre-erythrocytic malaria parasites. 
38, 39

 

The T-cell epitopes are polymorphic in that they contain several single nucleotide 

polymorphisms (SNPs) that code for changes in amino acid sequence. The level of 

diversity in this region increases with increasing malaria transmission, as evidenced by 

studies from regions of varying malaria endemicity. In order of increasing levels of 

malaria transmission, four Th2R–Th3R haplotypes were observed in Peru (n = 139)
40

, 20 

in Vietnam (n = 142) and 24 haplotypes were observed in a smaller set of samples from 

the Gambia (n = 44)
41

. Cell mediated (T-cell) immune responses have also been shown to 

play an important role in protection to pre-erythrocytic parasites.
42

 
43, 44

 If immunity to 

polymorphic regions of CSP is either partly or fully allele-specific, a vaccine based on a 

specific clone may protect against infection with parasites that carry homologous CSP but 

may be less effective against parasites with divergent CSP sequence. 

The RTS,S/AS01 vaccine contains the 3D7 variant of each of these polymorphic 

regions. 3D7 is a common laboratory variant of P. falciparum, the genome of which has 

been sequenced and assembled, and has been incorporated into a searchable database on 

the National Center for Biotechnology and Information (NCBI) website.
45

 A schematic 

representation of the vaccine is shown in Figure II.3. The amino acid sequence of the 

Th2R and Th3R in the 3D7 reference genome are KHIKEYLNKIQNSL and 

NKPKDELDYAND, respectively. The central repeat region coding for the B-cell 

epitopes contain 37 tetramers of the amino acid sequence NANP, and 4 tetramers of 



 

12 

 

NVDP. In initial clinical trials, formulations containing CSP alone were poorly 

immunogenic, so it was fused to the hepatitis B surface antigen. The fusion protein 

greatly improved immunogenicity.
46

 The vaccine is also formulated with the AS01 

adjuvant system which contains the immunostimulants monophosphoryl lipid A and 

saponin.
47

 

 

Figure II.3 Schematic representation of the antigen contained in the RTS,S 

vaccine.48 

E. Clinical trials of RTS,S 

Several clinical trials of this CSP-based vaccine in malaria endemic regions have 

tested its safety, immunogenicity and efficacy. One trial was conducted in semi-immune 

adults in The Gambia, who have acquired partial immunity to clinical disease through 

repeated exposure to the malaria parasite during childhood and young adulthood
49

, 

another was conducted in children between the ages of 1 and 4 years in Mozambique
50

, 

one in infants in Mozambique 
51

, and the most recent in children ages five through 17 

months in Kenya and Tanzania.
52

 In all trials, the vaccine proved to be safe and showed 

measurable but limited efficacy in preventing infection and disease. The trial in The 

Gambia showed that infections occurred significantly earlier in the control group, and 

overall, the vaccine showed an efficacy of 34% in preventing infection during the 15 

week follow-up period. In the trial in children in Mozambique the vaccine had 45% 
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efficacy against infection, 30% efficacy against uncomplicated malaria, and 58% efficacy 

in preventing severe malaria over a 6-month period. The trial in infants showed almost 

65% efficacy against infection; this higher efficacy estimate may be due to a shorter 

follow-up period (3 months) and/or to lower baseline immunity in infants. Finally, the 

trial in Kenya and Tanzania was conducted in order to determine what formulation of the 

RTS,S vaccine should enter large scale, multi-site phase III trial in Africa. Previous 

evidence indicated that a reformulation of the AS0 adjuvant system as a liposomal rather 

than oil in water suspension may make the vaccine more clinically effective.
53-55

 This 

study concluded that the overall efficacy of the vaccine against clinical malaria with the 

liposomal adjuvant, AS01, was higher (49%), than estimates of efficacy with the AS02 

adjuvant from previous trials in this age group. The authors recommended that the RTS, 

S/AS01 be further tested in a Phase III trial, which is currently in progress at 11 African 

sites. 

Preliminary efficacy data in children 5 to 17 months from the Phase III trial is 

similar to that previously reported in Phase II trials, however efficacy in infants was 

lower. Intention to treat efficacy in preventing uncomplicated malaria and severe malaria 

was 50.4% and 45.1% in children aged 5 to 17 months.
56

 Intention to treat efficacy in 

infants 6 to 12 weeks of age was 30.1% against uncomplicated malaria, and 26% against 

severe malaria.
57

 

A follow-up study to determine whether vaccination selected for non-vaccine 

types was conducted for the pediatric trial in Mozambique.
58

 In samples from the trial in 

children, sequence variation was examined in TH2R and TH3R regions of the cs gene 

from infections occurring in both vaccinated and control individuals. No significant 
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differences were found in the distribution of CSP alleles between the groups. It was 

concluded from this information that RTS,S/AS02 does not select for non-vaccine alleles 

in the trial participants. A second follow-up study to a Phase 2 trial in adults in Kenya 

which tested two formulations of RTS,S was also looked at selection of non-vaccine 

variants in vaccinated individuals.
59

 This study reported two polymorphic sites (D371 and 

Q339) at which there was a statistical difference in the proportion of non-vaccine variant 

alleles between vaccinated and control groups. At D371, authors found a lower 

proportion of non-vaccine variant alleles in the vaccinated group, and at Q339 they found 

a higher proportion of non-vaccine variant alleles in one of the RTS,S groups. Since the 

effects were in opposite directions and selection at Q339 was only found in one of the 

vaccine groups the authors concluded that this evidence was not strong enough to suggest 

vaccine selection.   

 
Limitations in the study design and methods, however, may have reduced both 

these studies’ ability to detect evidence of allele-specific efficacy. First, the majority of 

samples used in the follow-up study to the Phase 2 trial in children, were from 

asymptomatic infections. Since RTS,S has the potential to prevent both infection as well 

as disease, it is important to consider whether selection is occurring in asymptomatic as 

well as clinical cases. The total number of clinical infections analyzed in this study was 

45. Considering the large amount of diversity in Th2R and Th3R this sample size may 

have been insufficient to detect differences between study groups.  

In addition, both studies excluded polyclonal infections (those infections 

containing more than one genetic variant of falciparum parasites), which made up one-

third or greater of the total sample size in both cases. This omission may have biased 
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their findings if selection happens more frequently in polyclonal infections, as would be 

expected. Furthermore, neither author specified what criteria they used to determine, 

single allele, majority allele, or polyclonal infections. If criteria were not strict enough, 

misclassification bias could have occurred.  

Finally, the study did not consider the repeat region, which codes for the B-cell 

epitopes and is important in eliciting an antibody response to CSP. Titers of antibodies to 

CSP are used as immunogenicity endpoints in all of the vaccine trials described above. 

Even though the repeat region is thought to be functionally “invariant” because the 

dominant epitope NANPNANP is always present,
60

 it is reasonable to hypothesize that 

length polymorphism and such sequence polymorphism as exists in the repeat region may 

be driven by immune selection pressure, and this region of the cs gene should therefore 

be included in an evaluation of vaccine induced selection. 

Further analysis is required to ascertain whether that RTS,S/AS01 confers 

exclusively allele-specific protection and exerts strong selection for non-vaccine alleles in 

a parasite population with regard to T-cell epitopes. Moreover, studies of allele-specific 

efficacy with this modestly efficacious vaccine do not address the question of how 

diversity in TH2R and TH3R may affect naturally acquired immunity. The within host 

dynamics of polymorphism in the immunogenic regions of CSP in the context of 

naturally acquired protective immunity to malaria infection and disease have not been 

studied. An understanding of these dynamics is key in evaluating efficacy of a vaccine 

based on these regions. Furthermore, studies have not been done to assess how variation 

in the B-cell epitopes of CSP affects immunity. The reason for this may be three-fold. 

First, the role that antibodies play in protection is undefined, and some researchers assert 
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that cell-mediated immunity is more important.
61,58

 Secondly, the repeat region has been 

notoriously difficult to sequence and align and technological limitations may have 

prevented closer investigation of this region.
37

 Finally, the predominant epitope in the B-

cell region does not seem to vary from parasite to parasite from the same or different 

geographic regions. However, results from RTS,S/AS01 efficacy trials have shown a 

positive correlation with anti-circumsporozoite antibodies induced by administration of 

the vaccine and decreased hazard of infection.
49-52

 It has been hypothesized that even if 

these epitopes are not involved directly in protection, they may be involved in structural 

stability of the protein
36

 and the exposure of important antigenic sites to the immune 

system. In addition to this, we now have a variety of technological tools, which are 

elaborated upon in the next section, which may help circumvent the difficulties of 

studying the repeat region 

III. STUDY DESIGN AND METHODS 

A. Parent study design 

The study in which the samples to be analyzed were collected was a prospective 

cohort study designed to measure the age-specific incidence of malaria infection and 

disease in children and young adults in Bandiagara, Mali. 
62

 

1. Study site 

The study was conducted in Bandiagara, a rural town of approximately 13,000 

inhabitants located in Central Eastern Mali. Transmission of falciparum malaria is intense 

with the peak coinciding with the rainy season from July-October. Children aged less 

than 10 years experience a mean of two clinical episodes a year and prevalence of 

parasitemia at the beginning of the study was 17%.
62
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Figure III.1 Field study site 

2. IRB Approval 

Samples were collected under protocols reviewed and approved by Institutional 

Review Boards of the University of Maryland School of Medicine and the University of 

Bamako Faculty of Medicine. Informed consent was obtained from study participants or 

their guardians. Permission to work in the community was obtained from local officials, 

elders, and traditional healers. Individual written informed consent was obtained by 

subjects, parents or guardians. 

3. Subjects 

A complete population census was conducted in Bandiagara prior to the initiation 

of the study and as part of the development of a site for testing vaccines. The dominant 

ethnic group in Bandiagara is Dogon (80%) with 10% being Peuhl, 3% Bambara and 7% 

falling in the other category. Subjects were sampled in proportion of the 8 districts 

comprising the town of Bandiagara. Study subjects were aged  3 months to 20 years. 

Age groups were defined as <2, 2-4, 5-7, 8-10, 11-14, and 15-20 years of age.  
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Recruitment of study subjects took place in randomly selected households until 

the target number of subjects in each age group was achieved. 

4. Parent study methods  

The study was conducted prospectively during the years 1999, 2000, and 2001. 

From July to January of each year, blood samples were collected on 3MM Whatman 

filter paper at least monthly and at every episode of clinical malaria. Clinical malaria 

episodes were detected both by passive surveillance through provision of around-the-

clock free clinical care, as well as by active weekly follow-up of the children in the study 

by study physicians working at the study site. Clinical episodes were defined as a blood 

smears positive for P. falciparum asexual parasites and symptoms consistent with malaria 

including, fever, anemia headache, body aches, cough, diarrhea, and abdominal pain. 

Infections are defined as the microscopic presence of P. falciparum parasites in the 

blood, with or without syptoms.
62

  

B. Present study description 

Samples from 100 children with at least two years of follow up during the malaria 

incidence study were used. These children were randomly selected within three age 

strata. Thirty children aged 5 years, 32 children aged 6 to 10 years, and 38 children aged 

≥11 years were selected. Blood samples (n=2309) corresponding to all monthly surveys 

(n=1801) and clinical episodes (n=508) occurring during the transmission season of the 

three years of the incidence study underwent DNA extraction (QIAamp DNA Mini Kit, 

Qiagen, Valencia, California). Of these samples 769 were determined to be parasite 

positive by microscopy and these were selected as the samples to be analyzed in this 

study.  
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C. Molecular Methods 

In order to substantiate 454, a next generation, high-throughput, technology that 

generates many parallel sequences from a single sample, as viable method for sequencing 

the immunogenic regions of the cs gene, a pilot study was performed. In this study 454 

was compared to Sanger sequencing, a method that has been used to generate sequence 

data in previous studies for both the Th region (containing both Th2R and Th3R) as well 

as the repeat region. A set of 45 randomly selected samples from the incidence study 

described above (but not from the 100 children selected for inclusion in the main study) 

were sequenced by both 454 as well as Sanger sequencing.  

1. PCR amplification for 454 

Two nested PCR assays were designed to amplify a region of the cs gene 

containing both Th2R and Th3R, and the central repeat region. The primary PCR was 

designed to amplify a portion of the gene which contains both regions, and the secondary 

PCRs amplify Th2R and Th3R, as well as the central repeat region individually. The 

primary forward and reverse PCR primers were GTTGAGGCCTTTTCCAGGAATACCAG 

and GTACAACTCAAACTAAGATGTGTTC. Primary PCR conditions are as follows: 30 

cycles of 95 °C for 30s, 52 °C for 30s, 72 °C for 1 min. Secondary PCR conditions for 

the repeat regions and ThRs were 30 cycles of 95 °C for 30s, 55 °C for 30s, 72 °C for 

1min 30s, and 25 cycles of 95 °C for 30s, 58 °C for 30s, and 72 °C for 1min respectively. 

PCR products were amplified using HotStar Taq (Qiagen, Valencia, California).  

Secondary PCR primers for both the Th region as well as the repeat region 

contained specific adapters necessary for the emPCR
63

 step of 454 sequencing, followed 
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by a 12 base pair barcode, and finally the sequence specific primer. Forward and reverse 

adapter sequences were: CCATCTCATCCCTGCGTGTCTCCGACTCAG and 

CCTATCCCCTGTGTGCCTTGGCAGTCTCAG. Forty-five unique barcodes were used 

to tag PCR products from the 45 study samples. Forward and reverse sequence specific 

primers were AAATGCTAATGCCAACAGTGC and GACCTTGTCCATTACCTTG. 

The same barcode was used to amplify the Th region and the repeat region from the same 

sample. The concentration of each PCR product was determined by band intensity 

compared to a standard of similar molecular weight using geneSNAP software, and 100 

ng of each product was then pooled. PCR products for each region were pooled 

separately into two tubes. 

2. 454 Sequencing 

Pooled PCR products were sequenced at the University of Maryland School of 

Medicine Genomic Resource Center on the GS FLX Titanium 454 Platform (Roche 

Diagnostics, Branford, CT). 

Sequences were aligned using gsAmplicon (Roche Diagnostics, Branford, CT) 

software. For samples containing more than one allele at a polymorphic site, 

predominance was determined if the majority allele was present in 71% or more of all 

reads obtained for that sample. If a majority allele could not be determined, that 

polymorphic site was considered mixed. Haplotype information, however, was still 

obtained for samples with mixed polymorphic sites. A sensitivity analysis was performed 

to determine a threshold for inclusion of minor alleles in the total number of SNPs 

discovered in for both 454 and Sanger sequencing. Based on the curves generated (see 

manuscript 1 in Results section), the largest numbers of new SNPs were found between 
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the frequencies of 0.025 and 0.01 for 454, and between 0.2 and .15 for Sanger 

sequencing. As the discovery of rare SNPs was not a goal of the study a conservative 

threshold of 0.1 was selected for 454, and 0.2 was selected for Sanger sequencing. 

3. Repeat region troubleshooting 

After several rounds of troubleshooting, complete sequence data could not be 

generated for the repeat region using 454 in this study. Methods attempted to improve 

read quality and length included sequencing the region from both the forward and reverse 

directions using two different sequencing kits (GS FLX and GS Titanium). It was 

determined that the current technology has limitations that preclude the generation of 

complete reads for this region, as outlined in the discussion section.  

4. PCR amplification for Sanger sequencing 

The primary PCR primers and conditions for Sanger sequencing were identical to 

those used for 454 sequencing. Secondary sequence specific primers as well as PCR 

conditions for the Th regions were also the same as those described for 454 sequencing. 

The repeat region was not subjected to Sanger sequencing in this validation study as there 

were no 454 sequencing results to compare to. PCR products were loaded on a 2% 

agarose gel, stained with ethidium bromide, and run at 100 Volts for 1 hour. Bands were 

detected using geneSNAP (Synoptics LTD, Cambridge, UK) gel imaging software. 

5. Sanger sequencing 

Once amplification was verified by gel electrophoresis, PCR Products were 

purified by vacuum filtration in Excela Pure (Edge Biosystems, Gaithersburg, MD) 96-
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well plates. Purified PCR product was then amplified and sequenced on an ABI3730 xl at 

the University of Maryland School of Medicine Biopolymer Lab. 

Sequences were aligned to the 3D7 reference genome using Sequencher (Gene 

Codes Corp, Ann Arbor, MI) software. For samples containing more than one allele at a 

polymorphic site, a predominant allele was designated if the secondary peak height was 

less than or equal to 40% of the height of the primary peak on the chromatogram for that 

sample. If the secondary peak was greater than 40% of the height of the primary peak the 

polymorphic site and sample were designated as mixed and haplotypes were not 

constructed for these samples. Minor alleles that were not represented by a peak that was 

at least 20% of the primary peak height were not included in the total number of SNPs 

discovered in Sanger sequencing output. 

6. Standardized mixed infections 

A mixture of PCR product containing Th2R and Th3R amplified from laboratory 

variants (3D7, Hb3, and Dd2) for which the sequences are known was created, quantified 

and diluted to concentrations of 100 ng/µl, 50 ng/µl, 25 ng/µl, 12.5 ng/µl, and 6.25 ng/µl. 

3D7 comprised 60% of each mixture, Hb3 comprised 30%, and Dd2 comprised 10%. 

Each of the five mixtures was sequenced by both 454 and Sanger sequencing to test the 

ability of each technology to quantitate the different alleles in a mixture. The observed 

allele frequencies for the 454 sequencing method were determined by calculating the 

percentage of reads that contained each type of allele at a given polymorphic site for each 

concentration. The observed allele frequencies for Sanger sequencing were determined 

by calculating the relative peak heights of the major and minor allele at each polymorphic 

site at each concentration. These frequencies were subtracted from the expected 
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frequency for allele, and the sums of these differences were averaged for each 

concentration. 

D. Molecular methods specific aim 1  

The same nested PCR described in the previous section was used to amplify the 

Th region for specific aim 1. The only difference was that the secondary 454 primers 

contained different adapter sequences that were used to generate both forward and 

reverse sequences for each PCR product.  

1. Multiplexing and pooling samples 

To sequence all 706 samples in a single run, samples were tagged with unique 

barcodes. Since the 454 sequencing plate can be divided into 16 regions which are 

physically separated, 16 groups of samples were created. Each group contained a set of 

barcodes that was used only once within that group. Once sequencing data was obtained 

for a specific region of the plate, each sample could be uniquely identified by the barcode 

used to tag it. A total of 96 primers containing 96 unique barcode sequences were used to 

amplify this region from study samples. Primers were identical with the exception of the 

barcode sequence. Once PCR products were generated for each sample, the concentration 

of each sample was determined using the Qiaxcel capillary gel imaging system (Qiagen, 

Valencia, California). Approximately 100 ng of PCR product was added to its respective 

pool. Pooled products were submitted to the sequencing core at the Institute for Genome 

Sciences (IGS) at the University of Maryland.  
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2. 454 Sequence Analysis 

Sequences were aligned using gsAmplicon (Roche Diagnostics, Branford, CT) 

software. For samples containing more than one allele at a polymorphic site, 

predominance was determined if the majority allele was present in 71% or more of all 

reads obtained for that sample. This cut-off correlates to the predominance cut-off chosen 

for Sanger sequencing (no secondary peak >= 40% or primary peak height in the 

chromatogram). If a majority allele could not be determined, that polymorphic site was 

considered mixed. Haplotype information, however, was still obtained for samples with 

mixed polymorphic sites. Non-synonymous SNPs (those which result in a change in the 

amino acid sequence of the Th regions were determined by translating the DNA sequence 

using web based software such as EBI’s EMBOSS Transeq program.
64

 Sequences that 

represented at least 10% of the total number of reads in polyclonal infections were 

resolved into haplotypes. This cut-off was determined to be an appropriate conservative 

threshold for minority allele inclusion by a sensitivity analysis that was performed in the 

methods validation study. This will be described in depth in manuscript I in the Results 

section. 

E. Statistical methods for specific aim 1 

1. Descriptive analysis 
 

Prevalences of individual polymorphisms as well as haplotypes for TH2R and 

Th3R were calculated from all of the successfully sequenced samples. Fisher’s exact tests 

were used to make comparisons between clinical and non-clinical falciparum cases, the 

three age groups, and seasons. 
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2. Cox proportional hazards models 
 

Cox proportional hazards models were used to model the effect of a change in the 

predominant amino acid present at a specific polymorphic site from one clinical episode 

or asymptomatic infection to the next on the time interval between those consecutive 

episodes while taking into account the significant covariates, age and season. Changes at 

polymorphic sites were coded as binary predictor variables, 0 indicating no change and 1 

indicating a change. Twenty-three polymorphic sites between both Th2R and Th3R were 

identified as predictor variables. Only changes in the nucleotide sequence that resulted in 

a change in the amino acid sequence (non-synonymous SNPs) were modeled. No 

adjustments for multiple comparisons were made. This goal of this analysis is to 

determine which polymorphic sites are associated with increased hazard of infection or 

disease.  

The time of origin for the Cox model of time to new clinical episode and time to 

new infection was the time of previous clinical episode of falciparum malaria. In using 

this time of origin parasites were cleared from the blood soon after treatment with 

chloroquine or sulfadoxine pyramethamine and the next consecutive infection with 

falciparum parasites is a new infection. Consecutive intervals shorter than 2 weeks were 

excluded from the analysis to exclude treatment failures from the analysis. A fixed effects 

partial likelihood method
65

 was used to determine the effect of a change at polymorphic 

sites when having repeated events from the same individual. These methods allowed for 

separate baseline hazard functions for each individual or each event and were evoked in 

SAS by using the STRATA statement in the PHREG procedure.
66

 The significant 

covariates age and season were included in the model. 
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3. Logistic regression 

A secondary analysis using logistic regression to model the log odds of 

individuals having a change at a certain polymorphic site in intervals in which an 

asymptomatic parasitemia was followed by a symptomatic one, versus individuals having 

the same change in intervals in which they are consecutively asymptomatic, was 

performed. Due to the high level of variability at certain polymorphic sites, changes at 

these sites may occur frequently in consecutive infections or clinical episodes, and it is 

necessary to distinguish between baseline variability at a given polymorphic site, and 

variability that is actually associated with the outcome. This analysis was done to help 

clarify whether changes at polymorphic sites are occurring by chance or whether they are 

truly associated with increased risk of clinical disease. Significant covariates of age, and 

time were included in the model. 

F. Molecular methods for specific aim 2 

1. PCR amplification 

Primary PCR primers and conditions were the same as those used for specific aim 

1, and were described in the validation of study methods section. The secondary forward 

and reverse PCR primers for the repeat region were TGGGAAACAGGAAAATTGG and 

GCACTGTTGGCATTAGCATTT. Secondary PCR conditions for the repeat region were 

30 cycles of 95 °C for 30s, 55 °C for 30s, 72 °C for 1min 30s. 

2. Length determination via capillary gel analysis 

To determine the length of the repeat region, PCR products were run on a high 

resolution gel cartridge on a Qiaxcel capillary gel imaging system (Qiagen, Valencia, 
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California) using the OM500 analysis method capable of resolving size within 10 base 

pairs (bp). To validate this method, a 96-well plate containing 15ul of repeat region PCR 

product, for which the exact length of the repeat region is known, amplified from 100 

ng/ul 3D7 genomic DNA per well, was run using the method listed above. Once size data 

were obtained for each well, they were compared to the known length of the 3D7 repeat 

region. A systematic underestimation of 10bp was observed in the experimental data. A 

10bp correction was therefore applied to length values obtained for PCR products from 

study samples. 

3. Sanger sequencing 

Repeat region PCR products for samples that were determined to be ‘single clone’ 

(no secondary allele present in a frequency greater than 20% in 454 reads) with respect to 

Th2R and Th3R, were subjected to Sanger sequencing. The 20% cut-off was determined 

based on a sensitivity analysis performed to determine the cut-off point for real vs. 

erroneous SNPs using Sanger sequencing. Once amplification was verified by capillary 

gel, PCR Products were purified by vacuum filtration in Excela Pure (Edge Biosystems, 

Gaithersburg, MD) 96-well plates. Purified PCR product was then sequenced on an 

ABI3730 xl at the University of Maryland School of Medicine Biopolymer Lab. 

G. Statistical methods for specific aim 2 

1. Descriptive analysis 

Prevalences of B-cell size polymorphisms were calculated and compared across 

seasons, age groups, and between clinical and non-clinical falciparum infections. . 

Fisher’s exact tests were used to make comparisons between clinical and non-clinical 
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falciparum cases, the three age groups, and seasons. Haplotypes were calculated from all 

of the successfully sequenced samples.  

2. Cox proportional hazards models 

The same Cox proportional hazards methods as described for specific aim 1 were used 

for aim 2, except change in the length of the repeat region was used as the predictor 

variable. The significant covariates age and season were included in the model. 

3. Logistic regression 

The same logistic regression model described in statistical methods for aim 1 was used 

for the repeat region. The log odds of individuals having a change in repeat length in 

intervals in which an asymptomatic parasitemia was followed by a symptomatic one, 

versus individuals having the same change in intervals in which they are consecutively 

asymptomatic was modeled. Significant covariates of age, and time were included in the 

model. 
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H. Sample flow 
 

 

 

 

 

 

 

 

 

 

 

Figure III.2 Sample sizes for each step of data generation 
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I. Power and sample size calculation 

To briefly illustrate that this study was able to detect a reasonable range of hazard 

ratios a power analysis was conducted using PS power calculation software.
67

 Based on 

an outcome of time to first infection, a median control group survival time of 3 months, 

one month accrual time and at least 23 more months of additional follow up time for a 

sample size of 100 children, a significance level (alpha) of 0.05, and 80% power, the 

following chart was constructed:  

 

 

 

 

 

 

 

 

 

 

 

Table III.1Power calculation showing that study sample size is adequate to detect a 

reasonable range of hazard ratios. 

 

 

 

 

 

 

 

 

 

 

 

  

Ratio of the number of those 

without polymorphic change 

to the number of those with 

polymorphic change 

Minimum Detectable Hazard 

Ratio 

1 1.25 

   1.5 1.28 

   2.3 1.36 

4 1.51 

9 1.86 
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IV. NEXT GENERATION SEQUENCING TO DETECT VARIATION IN 

THE PLASMODIUM FALCIPARUM CIRCUMSPOROZOITE 

PROTEIN 

 

A. Abstract 
 

The malaria vaccine RTS,S/AS01, based on immunogenic regions of the Plasmodium 

falciparum circumsporozoite protein (CSP), has partial efficacy against clinical malaria 

in African children. Understanding how sequence diversity in CSP T and B-cell epitopes 

relates to naturally acquired and vaccine-induced immunity may be useful in efforts to 

improve the efficacy of CSP-based vaccines. However, limitations in sequencing 

technology have precluded thorough evaluation of diversity in the immunogenic regions 

of this protein. In this study 454, a next-generation sequencing technology, was evaluated 

as a method for assessing diversity in these regions. Portions of the circumsporozoite 

gene (cs) from samples collected in a study in Bandiagara, Mali were sequenced both by 

454 and by direct sequencing. 454 detected more SNPs and haplotypes in the T-cell 

epitopes than direct sequencing and was better able to resolve genetic diversity in 

samples with multiple infections, but failed to generate sequence for the B-cell epitopes 

B. Introduction 
 

Substantial resources are being invested in clinical trials to evaluate the potential 

of vaccines targeting specific immunogenic antigens of Plasmodium falciparum, 

including the circumsporozoite protein (CSP) encoded by the cs gene. However, malaria 

vaccine development and testing has generally not been informed by molecular 

epidemiological evaluations of how genetic diversity in vaccine antigens in parasite 

populations may affect vaccine efficacy. For example, vaccines that confer variant-

Kavita Gandhi, Mahamadou A. Thera, Drissa Coulibaly, Karim Traoré, Ando B. Guindo, Ogobara K. Doumbo, Shannon 

Takala-Harrison, Christopher V. Plowe. Published in the American Journal of Tropical Medicine and Hygiene, May 2012 
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specific protection may not be effective in a parasite population in which the vaccine 

variant is rare. Furthermore, vaccines may create a selective advantage for non-vaccine 

variant types, compromising vaccine efficacy.
1
 

The cs gene is polymorphic, with diversity in regions that code for epitopes 

recognized by the human immune system. The central repeat region of the cs gene 

contains tetrameric repeats that vary in both the sequence and number of tetramers.
36

 This 

region codes for epitopes recognized by anti-CSP antibodies.
38, 39

 The 3’ regions of the cs 

gene, Th2R and Th3R, encode epitopes that are recognized by CD8+ and CD4+ T-cells.
43

 

The diversity in these regions, which occurs in the form of non-synonymous SNPs, 

increases as malaria transmission increases across distinct geographic areas,
40, 41

with the 

highest diversity occurring in Africa. Molecular surveys in Sierra Leone and the Gambia 

found 42 haplotypes in 99 samples and 24 haplotypes in 44 samples for the region 

containing Th2R and Th3R respectively.
68,41

 The current leading malaria vaccine 

candidate, RTS,S/AS01, which is based on the immunogenic regions of CSP, has shown 

modest efficacy in Phase 2 trials
49,50-52

 and is currently being evaluated in a multicenter 

Phase 3 trial in 11 countries in Africa.
69

  

A follow-up study to a Phase 2 trial of the vaccine concluded that there was no 

selection of non-vaccine variants in vaccinated children vs. non-vaccinated children.
58

 

However, this study, which used direct sequencing to detect polymorphism in the regions 

coding for the T-cell epitopes, Th2R and Th3R, excluded samples that could not be 

resolved into predominant alleles from the analysis. Furthermore, diversity in the central 

repeat region of the cs gene which codes for the B-cell epitopes of CSP and which is also 
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included in the vaccine, was not considered, presumably owing to the limitations in direct 

sequencing technology.  

Direct sequencing is limited in its ability to detect multiple parasite types in a 

mixed infection because this method depends on reading major and minor peaks on a 

chromatogram to determine allele presence or absence in a sample. The proportion of 

these peaks may not correlate well with the actual proportion of parasite DNA in a 

sample, as incorporation of dye-labeled dideoxynucleotide can vary within a sample and 

be influenced by flanking sequence.
70

 Moreover, complete haplotypes for each unique 

parasite clone that is in a sample cannot be determined by direct sequencing. It is also 

impossible to resolve diversity with respect to repetitive DNA sequences in mixed 

infections using this sequencing method.  

New, more powerful sequencing technologies may have the potential to address 

some of these limitations. 454, a next-generation sequencing platform, generates 

massively parallel DNA sequences from PCR products, potentially making it possible to 

resolve diversity in complex infections. With longer read lengths than other next-

generation sequencing platforms, 454 might permit sequencing the variable-length central 

repeat region of cs that has defied other sequencing methods on field samples. 

Furthermore, by providing massively parallel sequence of the target region that permits 

quantification of reads with different variants, this technology may help determine which 

alleles are predominant at polymorphic sites more reliably than direct sequencing. 
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C. Materials and Methods 
 

Standardized mixed infections  

 

Mixtures of PCR product containing Th2R and Th3R amplified from laboratory variants 

(3D7, Hb3, and Dd2), for which the sequences are known, were created, quantified and 

diluted to concentrations of 100 ng/µl, 50 ng/µl, 25 ng/µl, 12.5 ng/µl, and 6.25 ng/µl. 

3D7 comprised 60% of each mixture, Hb3 comprised 30%, and Dd2 comprised 10%. The 

PCR products for each variant were generated in triplicate, and three mixtures were made 

and serially diluted in parallel. Each of the mixtures was sequenced by both 454 and 

Sanger sequencing to test the ability of each technology to quantitate the different alleles 

in a mixture. The sequence output for each dilution was combined for both 454 and 

Sanger sequencing. The observed allele frequencies for the 454 sequencing method were 

determined by calculating the percentage of reads that contained each type of allele at 

each of seven polymorphic sites for each concentration from the three parallel dilutions. 

The observed allele frequencies for Sanger sequencing were determined by calculating 

the relative peak heights of the major and minor allele at each polymorphic site at each 

concentration from the three parallel dilutions. These frequencies were subtracted from 

the expected frequency for each allele, and the sums of the absolute value of these 

differences were averaged for each concentration. 

A sensitivity analysis was performed on sequence output generated from the 

standardized mixed infections from each technology to determine a threshold for 

inclusion of minor alleles from the clinical samples. Based on the curves generated 

(Figure IV.1), the largest numbers of erroneous SNPs were found between the 

frequencies of 0.025 and 0.01 for 454, and between 0.2 and .15 for Sanger sequencing. 
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However due to the fact that erroneous SNPs were still present at a frequency of 0.05, a 

conservative threshold of 0.1 was selected for 454. The threshold of 0.2 was selected for 

Sanger sequencing.  

 
Figure IV.1 Determination of minor allele frequency threshold for 454 and Sanger 

sequencing 

Clinical sample selection 

DNA extracted from forty-five parasite positive filter paper blood samples was 

used to compare the ability of 454 and Sanger sequencing to detect CSP diversity in field 

samples. Samples were randomly selected from among participants in an incidence study 

conducted in Bandiagara, Mali from the years 1999 to 2001
62

 and represent both clinical 

and asymptomatic infections detected through passive and active surveillance. 

Sanger sequencing 

Two nested PCR assays were designed to amplify a region of the cs gene 

containing both Th2R and Th3R, and the central repeat region. The primary PCR was 
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designed to amplify the region of the gene which contains both regions, and the 

secondary PCRs amplify Th2R and Th3R, as well as the central repeat region 

individually. The primary forward and reverse PCR primers were 

GTTGAGGCCTTTTCCAGGAATACCAG and GTACAACTCAAACTAAGATGTGTTC. 

Primary PCR conditions are as follows: 30 cycles of 95 °C for 30s, 52 °C for 30s, 72 °C 

for 1 min. Secondary PCR conditions for the repeat regions and ThRs were 30 cycles of 

95 °C for 30s, 55 °C for 30s, 72 °C for 1min 30s, and 25 cycles of 95 °C for 30s, 58 °C 

for 30s, and 72 °C for 1min respectively. Secondary primers were the same as the 

sequence specific primers shown in Figure IV.2. Expected product sizes for the Th region 

and repeat region were 214 and 516 base pairs respectively, based on the 3D7 variant of 

P. falciparum. PCR products were amplified using HotStar Taq (Qiagen, Valencia, 

California). PCR products were loaded on a 2% agarose gel, stained with ethidium 

bromide, and run at 100 Volts for 1 hour. Bands were detected using geneSNAP 

(Synoptics LTD, Cambridge, UK) gel imaging software. 

Once amplification was verified by gel electrophoresis, PCR Products were 

purified by vacuum filtration in Excela Pure (Edge Biosystems, Gaithersburg, MD) 96-

well plates. Purified PCR product was then amplified and sequenced on an ABI3730 xl at 

the University of Maryland School of Medicine Biopolymer Lab. 

Sequences were aligned to the 3D7 reference genome using Sequencher (Gene 

Codes Corp, Ann Arbor, MI) software. For samples containing more than one allele at a 

polymorphic site, a predominant allele was designated if the secondary peak height was 

less than or equal to 40% of the height of the primary peak on the chromatogram for that 

sample. If the secondary peak was greater than 40% of the height of the primary peak the 
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polymorphic site and sample were designated as mixed and haplotypes were not 

constructed for these samples. Minor alleles that were not represented by a peak that was 

at least 20% of the primary peak height were not included in the total number of SNPs 

discovered in Sanger sequencing output. 

 

454 sequencing 

 

The primary PCR used for 454 sequencing was identical to that used for Sanger 

sequencing. Secondary PCR primers contained specific adapters necessary for the 

emPCR
63

 step of 454 sequencing, as well as unique barcodes to identify sequences from 

individual samples (Figure IV.2).

 

Figure IV.2 Primers used for amplification of PCR products for 454 sequencing 

 

The concentration of each PCR product was determined by band intensity 

compared to a standard of similar molecular weight using geneSNAP software, and 100 

ng of each product was then pooled. PCR products for each region were pooled 

separately. Pooled PCR products were sequenced at the University of Maryland School 

of Medicine Genomic Resource Center on the GS FLX Titanium 454 Platform (Roche 

Diagnostics, Branford, CT). Sequences were aligned using gsAmplicon (Roche 

Diagnostics, Branford, CT) software. For samples containing more than one allele at a 

polymorphic site, predominance was determined if the majority allele was present in 60% 
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or more of all reads obtained for that sample. If a majority allele could not be determined, 

that polymorphic site was considered mixed. Haplotype information, however, was still 

obtained for samples with mixed polymorphic sites.  

D. Results 

Detection of allele frequencies in standardized mixed infections 

The average difference between observed and expected allele frequencies for 454 

was less than 0.1 for each concentration. The highest difference was 9% which occurred 

at a concentration of 100 ng/µl, and decreased with decreasing concentration leveling off 

at 12.5 ng/µl. The average difference between observed and expected allele frequencies 

for Sanger sequencing also decreased from high to low concentrations with the highest, 

0.38, occurring at 100 ng/µl, and the lowest 0.14 occurring at 6.25 ng/µl. Overall the 

difference between observed and expected allele frequencies was lower at each 

concentration for 454 than for Sanger sequencing (Figure IV.3). Statistical significance 

was calculated using at student’s t-test to compare the average difference between 

observed and expected allele frequencies for both technologies at each concentration and 

is denoted by an asterisk. The percentage of predominant alleles that were correctly 

identified was 91% and 75% for 454 and Sanger sequencing respectively. 
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Figure IV.3 Accuracy of allele quantification in standardized mixed infections by 

454 and Sanger sequencing. 

 

 

SNP detection 

 

A total of 17 and 9 SNPs were detected by Sanger sequencing (2x coverage, 

forward and reverse) in Th2R and Th3R respectively from the 45 samples selected for 

sequencing. A total of and 24 and 14 SNPs were detected by 454 in Th2R and Th3R 

respectively (Figure IV.4). The average coverage of the Th regions in 454 sequence 

output was ~500x, with a range of ~200x to ~1000x.  

 

 

Haplotype detection 

 

The total number of haplotypes found in Th2R and Th3R respectively was 24 and 

10 in Sanger sequencing output, and 72 and 14 in 454 output (Figure IV.4). Only 
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haplotypes representing at least 10% of all 454 reads obtained for a sample were 

included. Samples which contained polymorphic sites with more than one allele in 

Sanger sequencing output could not be resolved into haplotypes and were therefore 

excluded from haplotype analyses. The proportion of unique haplotypes to the total 

number of haplotypes detected was 0.53 (24/45) for Sanger sequencing and 0.49 (72/147) 

for 454.  

Mixed infections 

 

Most samples (39 out of 45) contained more than one distinct parasite type based 

on 454 data, whereas only 20 samples had more than one haplotype detected by Sanger 

sequencing with respect to Th2R, the Th region with the most diversity (Figure IV.4).  

 
 

Figure IV.4 Number of SNPs, haplotypes, and mixed infections detected in Th2R 

and Th3R by 454 and Sanger sequencing 

Determination of majority alleles 

 

Of the SNPs identified as majority alleles by either 454 or Sanger sequencing, 

approximately 74% were identified as majority alleles by both technologies, 24% were 

identified as a majority allele by one technology and not the other, but were detected by 
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both, and 2% were identified as the majority allele by 454 but not detected by Sanger 

sequencing, with respect to Th2R. In the case of Th3R, approximately 77% were 

identified as majority alleles by both technologies, 18% were identified as a majority 

allele by one technology and not the other, but were detected by both, and 4% were 

identified as the majority allele by 454 but not detected by Sanger sequencing (Figure 

IV.5). There were no samples in which an allele was identified as predominant in Sanger 

sequencing output and not detected by 454. 

 

 

Figure IV.5 Concordance between direct sequencing and 454 in determination of 

majority alleles in the Th2R and Th3R regions of the circumsporozoite (cs) gene. 

 

 

 

 

Haplotype diversity 

 

The number of distinct haplotypes found within each sample with respect to Th2R 

and Th3R was explored in 454 data. An average of 3.5 parasite types were found with 
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respect to Th2R (range 1 to 8) and an average of 2.5 parasite types were found with 

respect to Th3R (range 1 to 4) (Table IV.1) 

 

Table IV.1 Haplotype diversity with respect to Th2R and Th3R as measured by 454 

sequencing 

 

Sequencing the repeat region 

 

Complete sequences for the region of the cs gene coding for B-cell epitopes were 

not obtained, and therefore diversity and haplotype data could not be generated for this 

region.  

E. Discussion 
 

454 was the more sensitive means of assessing diversity in cs, detecting 

approximately 41% more SNPs in Th2R and 64% more SNPs in Th3R than Sanger 

sequencing. 454 was also more accurate in identifying the diversity in a known mixture 

of parasite clones. A previous study has shown that adjustments can be made to peak 

height in chromatograms to diminish inaccuracies caused by dye-effects in Sanger 

sequencing when sequencing genomic DNA.
71

 However, it is unclear how well these 

methods would work for sequencing field samples, particularly filter paper blood 

samples, which tend to have DNA of poorer quality and variable quantity. 

 Th2R Th3R 

Mean 3.5 1.6 

Median 4.5 2.5 

Range 1 to 8 1 to 4 
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A relatively high minor allele frequency was used for defining SNPs (at least 10% 

of all reads) to strengthen confidence that the SNPs included in the analyses were genuine 

and not products of PCR or 454 sequencing error. The 10% limit is very conservative, 

being well above both the lower minor allele frequency thresholds typically used for SNP 

discovery and the error rates reported by the manufacturers: 0.4% error for HotStar Taq 

polymerase, and for GS FLX Titanium a 1% error rate for read lengths of 400bp and 

better for smaller read lengths and it was twice the frequency at which erroneous SNPs 

were discovered in the sensitivity analysis performed on the standardized mixed 

infections. Additionally, one base pair indels were excluded from the analysis, since one 

of the limitations of pyrosequencing is that it has a higher error rate when sequencing 

homopolymers (stretches of a single base such as, AAAA). This exclusion was done to 

help ensure erroneous SNPs were excluded from the analysis however it does raise the 

possibility that some real SNPs were also excluded. 

Since this study was not focused on detecting rare variants the conservative 

threshold for SNP calling would not have affected the conclusions drawn. For 454 

applications where detecting infrequent alleles is important, a lower minor allele 

frequency threshold could likely be identified using more rigorous SNP-calling 

algorithms. The proportion of unique haplotypes to total haplotypes detected was 

reassuringly similar for Sanger sequencing (0.53) and 454 (0.49); however, the data from 

this study showed that using 454 more than tripled the number of evaluable haplotypes 

that were generated from a sample set. In 45 samples 72 haplotypes were found in Th2R 

alone, whereas in earlier studies using Sanger sequencing on samples from other West 

African settings with similar malaria epidemiology, only 24 haplotypes were found in 44 
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Gambian samples
41

, and just 42 haplotypes were found
68

 for Th2R and Th3R combined 

in 99 samples from Sierra Leone.  

The high number of SNPs and unique haplotypes in our study is consistent with 

this region of the cs gene being under diversifying selection pressure.
72

 Although no 

evidence has been reported of selection of non-vaccine variants of CSP following 

immunization with CSP-based vaccines, this evidence of diversifying selection supports 

the notion that genetic variation in CSP may be driven by the human immune system, and 

could be important in naturally acquired and vaccine-induced immunity.  

The results of the sensitivity analysis revealed different rates of error for the 

highest concentration of DNA for both technologies. A possible explanation for this 

finding may be that the high concentration of DNA results in signal interference. In 

output from Sanger sequencing, base ambiguities may result from overlap between peaks. 

In 454 output, light signals that occur when bases are incorporated can bleed into signals 

from surrounding reactions, and this may result in errors. 

There were a few alleles that were determined to be majority alleles by 454 but 

were not detected by Sanger sequencing. Two possible explanations for this finding are 

either 1) the majority alleles were actually not majority alleles and were the result of PCR 

bias or 2) these alleles were on the lower end of the cut-off for a majority allele by 454 

and they were detected as a minority allele in Sanger sequencing but excluded due to the 

minority allele cut-off for this method. Given the variability found in the results from the 

sensitivity analysis performed on lab variants for direct sequencing, the second 

explanation is more likely. 
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Despite several attempts and extensive troubleshooting, complete sequence data 

could not be generated for the repeat region, which appears not to be amenable to 

sequencing in filter paper samples using current 454 technology. Longer read lengths are 

required to get full coverage across this ~450 to 550 base pair region. Although read 

lengths in this range are possible on the GS FLX Titanium 454 Platform, they are at the 

upper limit of what is routinely obtained. In addition, a known limitation of 

pyrosequencing is difficulty in reliably generating data on long repetitive DNA sequences 

due to nucleotide exhaustion resulting in premature termination of read synthesis (Luke 

Tallon, IGS, personal communication, March 10, 2011). It was initially thought that since 

the cs gene repeats with 12 nucleotides are longer than many short tandem repeats, 454 

could still be a viable option for this region. However, despite the longer length of the 

repeat, premature termination still occurred. Because diversity in the cs repeat region may 

be an important driver of allele-specific natural and vaccine-induced immunity, 

technology development efforts that will enable sequencing this region are warranted. 

The results of these initial studies demonstrate that there is more extensive 

polymorphism in the regions of the cs gene coding for T-cell epitopes than has been 

previously described in this geographic region. Further examination of polymorphism in 

CSP in vaccine trials and epidemiologicalal studies may elucidate the contribution of 

CSP immunity to clinical protection against malaria and inform the development of 

improved CSP-based vaccines. As read lengths continue to improve and costs decline, 

454 and other next-generation and third generation sequencing platforms may be better 

suited to handle the long repeats of the cs gene, so that important diversity in this 

important region can be examined. Until the entire cs gene including the repeat regions 



 

46 

 

can be fully sequenced in a high throughput fashion, the role, if any, of allelic diversity in 

limiting the efficacy of RTS,S and other CSP-based vaccines will remain uncertain. 

 



 

47 

 

Acknowledgements 

 

We would like to thank Jacques Ravel of the Institute for Genome Sciences at the 

University of Maryland, Baltimore, for providing barcodes used in this project.  

 

This research was supported by contract N01AI85346 and cooperative agreement 

U19AI065683 from the National Institute of Allergy and Infectious Diseases (NIAID), 

grant D43TW001589 from the Fogarty International Center, National Institutes of Health, 

and contract W81XWH-06-1-0427 from the U.S. Department of Defense and the U.S. 

Agency for International Development. CVP is supported by a Distinguished Clinical 

Scientist Award from the Doris Duke Charitable Foundation and by the Howard Hughes 

Medical Institute. STH is supported by the University of Maryland Multidisciplinary 

Clinical Research Career Development Program (NIH grant K12RR023250).  

 

Authors’ addresses: Kavita Gandhi, Shannon Takala-Harrison, Christopher V. Plowe, 

Center for Vaccine Development, University of Maryland, 685 West Baltimore Street, 

Room 480, Baltimore, USA. Telephone: 001-410-706-2491. Fax: 001-410-706-1204. 

Email: Christopher.plowe@medicine.umaryland.edu. Mahamadou A. Thera, Drissa 

Coulibaly, Karim Traoré, Ando B. Guindo, Ogobara K. Doumbo, Malaria Research and 

Training Center, University of Bamako, Bamako, PO Box 1805, Point G, Bamako, Mali. 

Telephone: Fax: E-mail: okd@mrtcbko.org. 

 

 

mailto:Christopher.plowe@medicine.umaryland.edu
mailto:okd@mrtcbko.org


 

48 

 

 

V. VARIATION IN THE CIRCUMSPOROZOITE PROTEIN OF 

PLASMODIUM FALCIPARUM: IMPLICATIONS FOR VACCINE 

DEVELOPMENT 

 

 

A. Abstract 
 

Background 

A leading malaria vaccine candidate, RTS,S/AS01, is based on immunogenic 

regions of Plasmodium falciparum circumsporozoite protein (CSP) from the 3D7 variant, 

and has shown modest efficacy against clinical disease in African children. It is unclear, 

however, what aspect of the immune response elicited by this vaccine is protective. 

Better understanding of how diversity in the immunogenic regions of CSP (T-cell and B-

cell epitopes) may relate to clinical immunity is needed to evaluate and improve the 

efficacy of vaccines based on CSP. The goal of this study is to measure diversity in these 

immunogenic regions and identify associations between variation in amino acid 

sequences in CSP and the risk of infection and clinical disease caused by P. falciparum.  

Methods 

The present study includes 100 children from a prospective cohort study designed 

to measure incidence of malaria infection in children in Bandiagara, Mali. From these 

100 children 769 parasite-positive blood samples corresponding to both acute clinical 

malaria episodes and asymptomatic infections detected in monthly surveys were 

examined in this study. Non-synonymous SNP data was generated via 454, a next 

generation sequencing technology, for the T-cell epitopes and repeat length data was 

generated for the B-cell epitopes of the cs gene. Cox proportional hazards models were 

Kavita Gandhi, Mahamadou A. Thera, Drissa Coulibaly, Karim Traoré, Ando B. Guindo, Ogobara K. Doumbo, Shannon 

Takala-Harrison, Christopher V. Plowe 
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used to determine the effect of sequence variation in consecutive infections occurring 

within individuals on the time to new infection and new clinical malaria episode. 

Results 

Diversity in Th2R and Th3R remained stable throughout seasons, between age groups 

and between clinical and asymptomatic infections with the exception of a higher 

proportion of 3D7 haplotypes found in the oldest age group. No associations between 

sequence variation and hazard of infection or clinical malaria were detected. 

Interpretation 

The lack of association between sequence variation and hazard of infection or clinical 

malaria suggests that naturally acquired immunity to CSP may not be allele-specific. 

B. Introduction 

As part of the effort to reduce the global malaria burden substantial resources are 

being invested in the development of vaccines targeting specific immunogenic antigens 

of P. falciparum, including the circumsporozoite protein (CSP), encoded by the cs gene. 

To date, malaria vaccine development and testing has generally not been informed by 

molecular epidemiological evaluations of how genetic diversity in vaccine antigens in 

parasite populations may affect vaccine efficacy. For example, vaccines that confer 

allele-specific protection may not be effective in a parasite population in which the 

vaccine allele is rare, and may create a selective advantage favoring non-vaccine alleles, 

compromising vaccine efficacy.
1
 Furthermore, studies of naturally acquired immunity to 

two P. falciparum blood stage antigens found that immune responses to these antigens 

may be allele-specific, and a field trial of a vaccine based on one of these antigens 

reported allele-specific efficacy.
30, 73, 74
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The cs gene is polymorphic, with diversity in regions that code for epitopes 

recognized by the human immune system. The central repeat region of the cs gene 

contains tetrameric repeats that vary in both the sequence and number of tetramers. This 

region codes for epitopes recognized by anti-CSP antibodies.
38, 39

 It has been suggested 

that the length of the repeat region may play a role in the stability of the protein, and may 

therefore affect how B-cell epitopes are displayed to the immune system. 
36 

The 3’ 

regions of the cs gene, Th2R and Th3R, encode epitopes that are recognized by CD8+ 

and CD4+ T-cells.
43

 The diversity in these regions, which occurs in the form of non-

synonymous SNPs, increases as malaria transmission increases across distinct geographic 

areas,
40, 41 

with the highest diversity occurring in Africa. Molecular surveys in Sierra 

Leone and the Gambia found 42 haplotypes in 99 samples and 24 haplotypes in 44 

samples for the region containing Th2R and Th3R respectively.
68,41

 The current leading 

malaria vaccine candidate, RTS,S/AS01, which is based on the immunogenic regions of 

CSP, has shown modest efficacy in Phase 2 trials
49,50-52

 and Phase 3 trials.
56, 57

 

Follow-up studies to Phase 2 trials of the vaccine report conflicting evidence of 

selection of non-vaccine variants in vaccinated vs. non-vaccinated study participants. The 

first study was a follow-up to a Phase 2 trial of RTS,S in children in Mozambique, and 

reported no evidence of selection of non-vaccine variants in vaccinated children.
58

 The 

second study was a follow-up to a Phase 2 trial in adults in Kenya.
59

 This study reported 

two polymorphic sites at which a statistically different proportion of non-vaccine variant 

alleles were found between control and vaccine groups. At one site a lower proportion of 

non-vaccine variant alleles was found in the vaccinated group, and at the other site a 

higher proportion was found in the vaccinated group. Since the effects were in opposite 
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directions the authors concluded that this evidence was not strong enough to suggest 

vaccine selection.   

Both of these studies, however, had two main issues. First, both studies used 

direct sequencing to detect polymorphism in the regions coding for the T-cell epitopes, 

Th2R and Th3R, excluded samples that could not be resolved into predominant alleles 

from the analysis. Second, diversity in the central repeat region of the cs gene which 

codes for the B-cell epitopes of CSP and which is also included in the vaccine, was not 

considered. 

To design more effective malaria vaccines and to help interpret efficacy data from 

vaccine trials, an understanding of the dynamics of polymorphism in a vaccine antigen, 

and the factors that are driving that polymorphism are necessary. With the aid of next 

generation sequencing to help circumvent some of the issues encountered by previous 

studies of genetic diversity in CSP, this study has examined both the population level and 

within-host dynamics of polymorphism in this vaccine antigen. 

C. Materials and Methods 

Parent study description 

The study was conducted in Bandiagara, a rural town of approximately 13,000 

inhabitants located in central eastern Mali. Transmission of falciparum malaria is intense 

with the peak coinciding with the rainy season from July-October. Children aged less 

than 10 years experience, on average, two clinical episodes a year, and the prevalence of 

parasitemia at the beginning of the study before the onset of malaria transmission was 

17%.
62

 



 

52 

 

A complete population census was conducted in Bandiagara before study 

initiation. Study participants were sampled in proportion to the population size in each of 

the eight districts comprising the town of Bandiagara. Study subjects were aged  3 

months to 20 years. Age groups were defined as <2, 2-4, 5-7, 8-10, 11-14, and 15-20 

years of age. Recruitment of study subjects took place in randomly selected households 

until the target number of subjects in each age group was achieved. 

The study was conducted prospectively during the years 1999, 2000, and 2001. 

From July to January of each year, blood samples were collected on 3MM Whatman 

filter paper monthly and at every episode of clinical malaria. Clinical malaria episodes 

were detected both by passive surveillance through provision of around-the-clock free 

clinical care, as well as by active weekly follow-up of the children in the study by 

physicians working at the study site. Clinical episodes were defined as a blood smears 

positive for P. falciparum asexual parasites and symptoms consistent with malaria 

including, fever, anemia headache, body aches, cough, diarrhea, or abdominal pain. 

Infections were defined as the presence of falciparum parasites in the blood, with or 

without syptoms.
62

  

Present study description 

One hundred children with at least two years of follow up during the malaria 

incidence study were chosen.
30

 These children were randomly selected within three age 

strata. Thirty children aged 5 years, 32 children aged 6 to 10 years, and 38 children aged 

≥11 years were selected. Blood samples (n=2309) corresponding to all monthly surveys 

(n=1801) and clinical episodes (n=508) occurring during the transmission season of the 

three years of the incidence study underwent DNA extraction (QIAamp DNA Mini Kit, 
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Qiagen, Valencia, California) as described previously
30, 73

. Of these, 769 parasite positive 

samples were subjected to sequencing analysis. 

 

PCR amplification 

The primary forward and reverse PCR primers were 

GTTGAGGCCTTTTCCAGGAATACCAG and GTACAACTCAAACTAAGATGTGTTC. 

These primers were designed to amplify the region of the cs gene that contained both the 

repeat region and the Th regions. Primary PCR conditions are as follows: 30 cycles of 95 

°C for 30s, 52 °C for 30s, 72 °C for 1 min. The secondary forward and reverse PCR 

primers for the repeat region were TGGGAAACAGGAAAATTGG and 

GCACTGTTGGCATTAGCATTT. Secondary PCR conditions for the repeat regions and 

ThRs were 30 cycles of 95 °C for 30s, 55 °C for 30s, 72 °C for 1min 30s, and 25 cycles 

of 95 °C for 30s, 58 °C for 30s, and 72 °C for 1 min respectively. PCR products were 

amplified using HotStar Taq (Qiagen, Valencia, California). Secondary PCR primers for 

the ThRs contained specific adapters necessary for the emPCR
63

 step of 454 sequencing, 

as well as unique barcodes to identify sequences from individual samples (Figure V.1). A 

total of 96 primers containing 96 unique barcode sequences were used to amplify this 

region from study samples. Primers were identical with the exception of the barcode 

sequence. 
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Figure V.1 454 primers used for amplification of the Th region. 

454 sequencing 

 The concentration of each PCR product containing Th2R and Th3R was 

determined by band intensity measurements taken on the Qiaxcel capillary gel imaging 

system (Qiagen, Valencia, California), and 100 ng of each product was then pooled. 

Identical barcodes were used to tag more than one sample. PCR products were separated 

into sixteen separate pools containing approximately 45 samples each ensuring that no 

pool contained more than one sample with the same barcode. Each pool was physically 

separated within a 454 sequencing run. Pooled PCR products were sequenced at the 

University of Maryland School of Medicine Genomic Resource Center at the Institute of 

Genome Sciences on the GS FLX Titanium 454 Platform (Roche Diagnostics, Branford, 

CT). Sequences were aligned using gsAmplicon (Roche Diagnostics, Branford, CT) 

software. For samples containing more than one allele at a polymorphic site, 

predominance was determined if the majority allele was present in 71% or more of all 

reads obtained for that sample. This cut-off was determined in the methods validation 

study comparing 454 and Sanger sequencing described below. If a majority allele could 

not be determined, that polymorphic site was considered polyclonal. Haplotype 

information, however, was still obtained for samples with polyclonal polymorphic sites, 

because complete sequence reads were available for each variant detected. A methods 
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validation study was performed by the same authors to establish the comparability of 

these methods with direct sequencing as well as comparable majority/minority allele cut-

off values. The results indicated that 454 was more sensitive at detecting minor alleles 

and more accurate in the quantitation of these alleles than direct sequencing.
75

 

Determination of repeat region length 

To determine the length of the repeat region, PCR products were run on a high 

resolution gel cartridge on a Qiaxcel capillary gel imaging system (Qiagen, Valencia, 

California) using the OM500 analysis method capable of resolving size within 10 base 

pairs (bp). To validate this method, a 96-well plate containing 15ul of repeat region PCR 

product amplified from 100 ng/ul 3D7 genomic DNA per well, was run using the method 

listed above. A systematic underestimation of 10bp was observed in the experimental 

data. A 10bp correction was therefore applied to length values obtained for PCR products 

from study samples. 

Repeat region PCR products for samples that were determined to be ‘single clone’ 

(no secondary allele present in a frequency greater than 20% in 454 reads) with respect to 

Th2R and Th3R, were subjected to Sanger sequencing. Once amplification was verified 

by gel electrophoresis, PCR Products were purified by vacuum filtration in Excela Pure 

(Edge Biosystems, Gaithersburg, MD) 96-well plates. Purified PCR product was then 

sequenced on an ABI3730 xl at the University of Maryland School of Medicine 

Biopolymer Lab. 

Sequences were viewed in Sequencher (Gene Codes Corp, Ann Arbor, MI) 

software, and then copied to Transeq web software
76

 to determine the amino acid 
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sequence and length of the repeat region. Size determinations made via the Qiaxcel for 

these ‘single clone’ samples were checked against corresponding Sanger sequencing data. 

Determination of mixed infections 

Mixed infections with respect to the ThRs were defined as samples with no clear 

majority allele at a given polymorphic site. Mixed infections with respect to the repeat 

regions were defined as samples which contained more than one clear band in high-

resolution gel analysis. 

Statistical methods 

Fisher’s exact tests were used to compare haplotype frequencies between seasons, 

age groups, and between clinical and non-clinical episodes. Cox proportional hazards 

models were used to examine the relationship between diversity in Th2R and Th3R and 

the development of naturally acquired immunity in the context of symptomatic (clinical) 

and asymptomatic parasitemia (infection). In the clinical model, the association between 

changes at polymorphic sites in Th2R and Th3R which occurred between consecutive 

clinical episodes and the hazard of clinical disease was examined. In the infection model, 

the association between these changes which occurred between a clinical episode and a 

consecutive asymptomatic infection was examined. Intervals starting with an 

asymptomatic episode were included in the model if there was an intermediate time point 

at which the study participant was parasite negative verified by microscopy. To account 

for the possibility of treatment failure and to allow for time for allele-specific antibodies 

to the first of two paired consecutive infections to be present by the time of the second 

infection, time intervals two weeks or less between consecutive episodes were excluded 

from the analyses. A logistic regression analysis was performed to determine the odds of 
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a change in the predominant amino acid at polymorphic residues in intervals including an 

asymptomatic episode followed by a symptomatic one, to intervals including consecutive 

asymptomatic episodes. Age and time between consecutive intervals were included as 

covariates that in this model.  

D.  Results 
 

Of the 769 parasite-positive samples, 63 were missing or did not have enough 

material for successful PCR amplification. With respect to the Th regions, DNA was 

successfully amplified and sequenced from 684 (97%) of the samples. With respect to 

repeat region PCR products and fragment length data were successfully generated for 504 

(74%) of the samples. Of these 504 samples, 157 were successfully sequenced via Sanger 

sequencing. 

Diversity in the Th regions 

 

A total of 31 and 14 nonsynonymous SNPs were detected by 454 sequencing with 

an average coverage of ~600x (range of 100x-1,300x) in Th2R and Th3R, respectively 

(Table V.1). There were 17 polymorphic amino acid positions in total between the Th 

regions. 

The number of unique haplotypes found in Th2R and Th3R respectively was 87 

and 23 (Table V.1). Of the haplotypes detected in Th2R, 51.7% occurred only once in the 

three year study period. Of those detected in Th3R, 37.5% occurred once in the three year 

study period. Only haplotypes representing at least 10% of all 454 reads obtained for a 

sample were considered for analysis.  

For the purposes of this study, polyclonal infections were defined as samples that 

contained no clear majority allele (no allele that was present in 71% or more of 454 
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reads). With respect to Th2R, 34.9% of samples were mixed, and with respect to Th3R, 

29.8% of samples were mixed.  

 

Table V.1 Haplotypes and polyclonal infections detected in Th2R, Th3R and the 

repeat region. 

 

Haplotype distributions did not vary significantly by age group, study year, or 

presence of clinical symptom for either Th2R or Th3R, with the exception of the Th2R 

3D7 haplotype, which had a significantly greater prevalence in the oldest age group 

compared to the youngest age group (p<0.03, Figure V.2 and V.3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure V.2 Distribution of Th2R haplotypes across seasons, age groups, and clinical 

and non-clinical Plasmodium falciparum. 

 Number of haplotypes Polyclonal infections 

Th2R 87 34.9% 

Th3R 23 29.8% 

Repeat region 20 16.9% 
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Figure V.3 Distribution of Th3R haplotypes across seasons, age groups, and clinical 

and non-clinical Plasmodium falciparum. 

 

Diversity in the repeat region 

 

The prevalence of different repeat region sizes did not vary significantly by age 

group, study year, or presence of clinical symptoms (Figure V.4). The most common 

tetrameric repeat number found in this study was 40 (34.9%), (range of 38 to 43), with 

the two highest numbers of repeats, 42 and 43, appearing least frequently (3.4% and 

0.68%). 
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Figure V.4 Distribution of repeat region size polymorphisms across season, age 

groups and clinical and non-clinical Plasmodium falciparum infections 

 

 

Among the 157 samples for which Sanger sequencing data were available, 20 

unique haplotypes were detected, of which 6 were detected only once in the three year 

study period. The majority of samples (67.5%) had one of three most prevalent 

haplotypes (Figure V.5). When Sanger sequencing results were compared to adjusted size 

data generated on the Qiaxcel, there was 94% agreement between the two methods. 
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Figure V.5 Repeat region haplotype prevalences 

 

Effect of variation on the risk of infection and disease 

 

There was no significant change in hazard of infection or clinical disease when a 

change occurred at any of the 17 polymorphic amino acid positions identified in Th2R 

and Th3R, or when a change occurred in the size of the repeat region (Figures V.6 and 

V.7). The number of changes between consecutive episodes was also not significantly 

associated with hazard of infection or disease. Asterisks denote polymorphic amino acid 

positions that lacked power to detect a hazard ratio below 1.51.  
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Figure V.6 Association between change in the predominant amino at a polymorphic 

site and the hazard of Plasmodium falciparum infection. 
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Figure V.7 Association between change in the predominant amino at a polymorphic 

site and the hazard of Plasmodium falciparum infection. 

 

There was no significant difference in the odds of a change occurring between an 

asymptomatic episode followed by a symptomatic one compared to consecutive 

asymptomatic episodes, taking into account age and length of interval between episodes, 

for either the Th regions or the repeat region (Table V.3). Four of the seventeen 

polymorphic amino acid positions in the Th region had too few observations to model. 
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Figure V.8 Association between change in the predominant amino acid at a 

polymorphic site and clinical disease 

 

E. Discussion 
 

Studies such as this are important in evaluating the potential of polymorphic 

malaria vaccine antigens. In using this unique sample set in which study participants had 

at least two years of continuous follow-up, the diversity in the immunogenic regions of 

the CS protein could be examined in detail over time. No significant associations between 

within-host dynamics of CSP diversity and the risk of clinical disease or infections were 

detected in this study. These findings imply that immunity to this protein may not be 

allele-specific, and have direct implications for the development of vaccines that are 

based on CSP.  
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In using 454, the present study was able to include samples containing more than 

one parasite type, and in doing so circumvented one of the main problems previous 

studies evaluating the allele-specificity of immunity to CSP have faced. Complete 

sequence reads were available for each parasite type detected by 454 so haplotypes could 

be constructed. In 684 samples, 87 haplotypes were found in Th2R, whereas in earlier 

studies using Sanger sequencing on samples from other West African settings with 

similar malaria epidemiology, 24 haplotypes were found in 44 Gambian samples
41

, and 

42 haplotypes were found for Th2R and Th3R combined in 99 samples from Sierra 

Leone.
68

 These numbers likely represent a plateauing of the total amount of diversity 

present in the Th regions of CSP.  

With respect to the repeat region, size determination was very accurate with 94% 

agreement between lengths obtained by direct sequencing and those determined by high-

resolution gel analysis. For all of the remaining 6% of samples length estimates that did 

not agree were within 12bp (the length of one tetrameric repeat) of eachother. Using this 

method made it possible to examine the association between repeat region size and 

increased risk of infection and disease. Although the number of samples that were 

successfully sequenced was limited, results from one-third of parasite positive samples 

showed that 67% of successfully sequenced samples had one of three haplotypes with 

different lengths. This finding suggests that length polymorphism may serve as a 

reasonable surrogate for haplotype in the Cox and logistic regression models. 

This study also had several limitations which may have affected the results. Due 

to a large degree of polymorphism in the ThRs and a limited sample size, smaller changes 

in the hazard ratios between consecutive episodes in which there was a change versus no 
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change for both clinical disease and infection may have been missed. For 7 of the 23 

polymorphic sites that were modeled there may not have been enough observations to 

fully examine associations with infection and disease. Additionally, effects of sequence 

variation on hazard of clinical disease or infection were not examined with respect to the 

repeat region due to the limited number of sequences generated. Finally, determination of 

polyclonal infections for the repeat region was done via capillary gel analysis, which may 

have been less sensitive than sequencing analysis.  

The large number of SNPs and haplotypes in our study is consistent with this 

region of the cs gene being under diversifying selection.
72

 Studies have used population 

genetics to demonstrate positive selection on the T-cell epitope region of the CS protein. 

One study found that a higher rate of non-synonymous SNPs occurred in the T-cell 

epitopes of the CSP of P. falciparum than would be expected by chance, compared to P. 

cynomolgi, a malaria parasite that does not infect vertebrate hosts.
77

 Although no 

definitive evidence has been reported of selection of non-vaccine variants of CSP 

following immunization with CSP-based vaccines, this idea supports the notion that 

genetic variation in CSP may be driven by the human immune system, implying that 

naturally acquired and vaccine-induced immunity may be at least to some degree allele-

specific. However, the present study as well as a follow-up studies to  RTS,S/AS01 

vaccine trials
59, 78 

all suggest that immunity to CSP may not be allele-specific, in sharp 

contrast to other diverse vaccine antigens such as the apical membrane antigen 1.
73

 

If the diversity in these immunogenic regions is not the target of allele-specific 

immune responses, the question of what is driving this diversity remains to be answered. 

In the case of the repeat region, the idea that diversity in this region may be the product 
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of an immune evasion mechanism by the parasite in which the host mounts non-

protective immune response against this region while the parasite escapes into the liver.
79

 

With respect to the variation in Th regions, the theory that these SNPs may be results of 

adaptation to the salivary glands of mosquitoes of different species has been proposed.
33

 

The immunological phenomenon of altered peptide ligand antagonism has also been 

considered as a possible explanation for diversity in the Th regions.
80 

In this process,
 

competing non-protective epitopes in the Th regions may distract Th cells from 

recognizing the protective epitopes. Related studies have noted that recognition of T-cell 

epitopes within CSP can be restricted by an individual’s human leukocyte antigen (HLA) 

type, and individuals with certain HLA types are able to recognize a broader variety of 

the polymorphic epitopes than others.
81, 82

 This means individuals with certain HLA types 

may be better equipped to fight off infection or disease caused by falciparum parasites. 

Combined molecular-immuno-epidemiologicalal studies may be required to test these 

hypotheses. 
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VI. DISCUSSION 

As the global health community rallies behind the goal of malaria eradication, 

the need for more effective treatment and prevention strategies is more pressing than 

ever.
83

 Vaccines have been used in nearly all previous successful campaigns to 

eliminate communicable diseases, and all such unsuccessful campaigns to date were 

attempted without effective vaccines.
84

 

 Previous studies of subunit vaccines based on immunogenic antigens from 

the blood stage of P. falciparum have demonstrated limited overall efficacy against 

clinical malaria. More importantly these studies have highlighted the allele-specific 

nature of immunity to these antigens raising concerns about the potential for subunit 

vaccines to be broadly cross-protective and about the danger of these vaccines 

selecting for non-vaccine variants in a parasite population. 

 As RTS,S continues to move toward clinical approval, it is important to 

understand how immunity to this antigen may be achieved. Studies such as those 

reported here are necessary to understand whether vaccines based on CSP may be 

subject to the pitfalls of previously studied single-variant blood stage vaccines. 

A. Summary of study findings 
 

To address the question of whether or not immunity to CSP may be allele-

specific, an accurate representation of parasite diversity present in naturally occurring P. 

falciparum infections had to be generated. Specifically, a reliable way of determining the 

number and sequence of unique Th2R and Th3R haplotypes in a clinical sample, as well 

as which haplotype was the predominant one in infection were the most important 

considerations when developing a technique to evaluate cs sequences. 
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The methods validation study showed that 454 sequencing was more sensitive in 

assessing diversity in the cs gene vs. Sanger sequencing, which has been regarded as the 

gold standard for de novo sequencing. 454 detected approximately 41% more SNPs in 

Th2R and 64% more SNPs in Th3R than Sanger sequencing. 454 was also more accurate 

in identifying the diversity in a known mixture of parasite clones. The percentage of 

predominant alleles that were correctly identified was 91% and 75% for 454 and Sanger 

sequencing respectively. These results indicate that 454 is a superior method for detecting 

parasite diversity as well as a more sensitive and accurate way of detecting majority 

alleles in a mixed infection with respect to the Th regions. 

Once methods for sequence generation were established, study samples were 

sequenced and analyzed. Prevalences of the most common haplotypes for Th2R, Th3R 

and the repeat region were calculated and Fisher’s exact tests were performed to evaluate 

whether there were any associations between haplotype prevalence and season, age, and 

presence of clinical disease. No significant differences in haplotype distribution were 

noted between any of these covariates. These descriptive analyses were important in 

determining the baseline diversity present in a natural population of parasites and whether 

this diversity varies over time, changes with age, or is different between infections and 

clinical cases of falciparum malaria. All of these factors could affect vaccine efficacy, if 

it were partially or completely allele-specific. Additionally, these data are relevant in 

cataloguing diversity from different geographic regions for the prospect of designing a 

multivalent vaccine that may have broader cross-protectivity and efficacy. Interestingly, 

Th2R and Th3R haplotypes identical to those of the 3D7 variant of P. falciparum, which 

is the variant upon which the RTS,S vaccine is based, were among the most prevalent. 
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This again could have implications for the efficacy of RTS,S in Mali and settings with 

similar prevalences of cs haplotypes. 

Due to limitations of current sequencing technologies, full length sequences for 

the repeat region could not be successfully generated for every sample. Therefore, 

haplotype prevalence data available for these samples are limited. From the data available 

through direct sequencing, only 19 distinct haplotypes were detected from 157 

successfully sequenced samples. In the methods validation study 72 unique haplotypes 

were detected with respect to Th2R and 14 unique haplotypes were detected with respect 

to Th3R from a total of 50 samples. This discrepancy may be due to the power of 454 in 

detecting minor haplotypes that cannot be extrapolated through Sanger sequencing. The 

limitations with regard to data generation for the repeat region will be discussed more 

fully in the Advantages and Limitations section. 

Once the descriptive analyses were done, the main study question of whether 

there is evidence to support the hypothesis that immunity to CSP is allele-specific was 

addressed. Cox proportional hazards models were used to examine associations between 

changes at polymorphic sites and hazard of infection or clinical disease. The goals of 

these models were to capture the effect of host exposure to a parasite variant to which 

they have previously not mounted an immune response, as well as identify which 

polymorphic sites may be more important in allele-specific immunity. Of the 23 

polymorphic sites that were identified in both Th2R and Th3R, none had statistically 

significant results in the Cox proportional hazards models. Logistic regression models 

were also constructed to calculate the log odds of individuals having a change at a certain 

polymorphic site in intervals in which an asymptomatic parasitemia was followed by a 
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symptomatic one, versus individuals having the same change in intervals in which they 

are consecutively asymptomatic. This analysis was done to help clarify whether changes 

at polymorphic sites occur by chance or whether they are truly associated with increased 

risk of clinical disease. No significant associations with changes at polymorphic sites and 

clinical disease were found in this analysis either. These findings imply that immunity to 

CSP may not be allele-specific. The associations between the within-host diversity of the 

immunogenic regions of CSP and clinical and non-clinical Plasmodium falciparum 

infections have never before been examined. 

B. Advantages and limitations of study  
 

This study addressed several important questions that have previously not been 

explored in depth with regard to diversity in CSP. The number of sequences generated for 

the Th regions allowed for evaluation of the polymorphism to a degree that has 

previously not been done. In 684 samples, 87 haplotypes were found in Th2R, whereas in 

earlier studies using Sanger sequencing on samples from other West African settings with 

similar malaria epidemiology, 24 haplotypes were found in 44 Gambian samples
41

, and 

42 haplotypes were found for Th2R and Th3R combined in 99 samples from Sierra 

Leone.
68

 These numbers likely represent a plateauing of the total amount of diversity 

present in the Th regions of CSP.  

The next generation sequencing technology used in this study had significant 

advantages over traditional sequences methods. In using 454 to sequence clinical 

samples, the diversity present in complex infections could be examined. Complete 

sequence reads are available for each parasite type detected by 454 so haplotypes can be 

constructed. A conservative threshold for haplotype inclusion was set in this study to 
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reduce the possibility of including erroneous sequences in the analysis. In doing so, rare 

variants in the population may have been missed and therefore associations between the 

population level and within-host dynamics at these polymorphic sites would not have 

been examined. However, in a study that is focused on evaluating immunity to 

predominant alleles, excluding rare variants should not influence study findings. 

The lack of sequences for the repeat region represented a significant obstacle to 

the accurate evaluation of diversity in this region. In order to address this issue, a high 

resolution gel system was used to determine size polymorphism in this region. This 

method proved to be very accurate with 94% agreement between lengths obtained by 

direct sequencing and those determined by high-resolution gel analysis, and allowed for 

the inclusion of the repeat region in the Cox proportional hazards and logistic regression 

models. It was also determined that 68% of the samples had one of three haplotypes 

which differ in length. This finding indicates that size variation may serve as a reasonable 

surrogate for sequence polymorphism. 

Although significant strides were made in describing diversity in the 

immunogenic regions of CSP as well as addressing the question of whether immunity to 

CSP is allele-specific, several limitations may have affected these results. First, limited 

sample size may have influenced both the descriptive and within-host analyses. There 

were 63 missing or empty sample vials, 85 samples from which no Th region could be 

amplified, and 265 samples from which no repeat region could be amplified. This may 

have been due to the age of these samples and breakdown of the extracted parasite DNA 

over time. As the repeat region is a much larger stretch of DNA, it is more susceptible to 

fragmentation than the Th region. Additionally, only 157 sequences were generated for 
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the repeat region. This number was not larger because only the repeat region from “single 

clone” samples (as determined by 454 analysis of the Th regions) could be sequenced via 

Sanger sequencing. 

This limited sample size as well as large degree of polymorphism in the ThRs, 

means that smaller changes in the hazard ratios between consecutive episodes in which 

there was a change versus no change for both clinical disease and infection may have 

been missed. For 7 of the 23 polymorphic sites that were modeled there may not have 

been enough observations to fully examine associations with infection and disease. 

Additionally, effects of sequence variation on hazard of clinical disease or infection were 

not examined with respect to the repeat region. Although size polymorphism for the 

repeat region was studied, since capillary gel analysis is less sensitive than sequencing 

analysis, the estimate for the number of polyclonal infections with respect to the repeat 

region may be low. 

C. Implications for vaccine design 
 

This study has several important implications for vaccine design. First, the 

descriptive analysis suggests that polymorphism in both Th regions as well as size 

variation in the repeat region appears to be stable over time. This indicates that if 

immunity to CSP were at least in part allele-specific the most common parasite types 

with regard to the immunogenic regions of CSP do not appear to change from season to 

season. Secondly, the large number of SNPs and haplotypes found in this study is 

consistent with this region being under diversifying selection.
19

 One theory of why 

genetic variation in CSP exists is that it may be driven by the human immune system,
85

 

implying that naturally acquired and vaccine-induced immunity may be at least to some 
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degree allele-specific. However, the present study as well as follow-up studies to  

RTS,S/AS01 vaccine trials
59, 78

 all suggest that immunity to CSP may not be allele-

specific, in sharp contrast to other diverse vaccine antigens such as the apical membrane 

antigen 1.
73

If this is the case, then vaccines based on this protein may not need to include 

multiple variants in order to achieve broad protection. However, despite being the largest 

study of cs genetic diversity, it is possible that this study was unable to detect more subtle 

effects on the modeled outcomes due to limited sample size. It is also possible that 

naturally acquired and vaccine induced immunity work in different ways. A large-scale 

molecular epidemiology study such as this performed in the context of a CSP vaccine 

trial is warranted. 

D. Diversity in the circumsporozoite protein 
 

If the diversity in the immunogenic regions of CSP is not the target of allele-

specific immune responses, the question of what is driving this diversity remains to be 

answered. In the case of the repeat region, the idea that diversity in this region may be the 

product of an immune evasion mechanism by the parasite in which the host mounts non-

protective immune responses against this region while the parasite escapes into the 

liver.
79

 In this process, the immunodominant epitopes in the repeat region of CSP 

stimulate the expansion of B-cells that are specific to this region, and inhibit the 

expansion of B-cells, specific to adjacent epitopes, that may confer a protective immune 

response. With respect to the variation in Th regions, a similar theory has been proposed. 

The immunological phenomenon of altered peptide ligand antagonism has also been 

considered as a possible explanation for diversity in the Th regions.
80 

In this process,
 

competing non-protective epitopes in the Th regions may distract Th cells from 
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recognizing the protective epitopes. Related studies have noted that recognition of T-cell 

epitopes within CSP can be restricted by an individual’s human leukocyte antigen (HLA) 

type.
81, 82

 Furthermore, individuals with certain HLA types are able to recognize a 

broader variety of the polymorphic epitopes than others. This means individuals with 

certain HLA types may be better equipped to fight off infection or disease caused by 

falciparum parasites. Another possibility that has been raised is that SNPs in the Th 

regions may be results of adaptation to the salivary glands of mosquitoes of different 

species.
33

  

E. Future directions 
 

Although this study did not find any evidence of allele-specific immunity to CSP 

with respect to the repeat region, the lack of complete sequence data for this region 

prevents firm conclusions from being drawn. As the read length capability of 454 

increases, complete sequencing of the repeat region may soon be possible so this question 

can be addressed more fully.  

In addition to sequencing the repeat region as well as polymorphic regions N-

terminal to the repeat region that we did not examine because they are not included in the 

RTS,S vaccine, combining the molecular data generated from a study such as this with 

actual measurements of antibody titers as well as T-cell responses would provide a 

definitive answer as to whether immunity to CSP is allele-specific. Furthermore, HLA 

typing of infected individuals would help assess, first, whether some HLA types are more 

or less susceptible to infection or disease, and second, which parasite types are 

recognized by which HLA types. 
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Finally, to assess whether selective pressure is being exerted upon the falciparum 

parasite by the mosquito, mosquito susceptibility studies to parasites that vary only with 

respect to the Th regions could help test this theory.  
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