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Abstract

Prospects for malaria eradication will be greatly enhanced by an effective vaccine, but parasite 

genetic diversity poses a major impediment to malaria vaccine efficacy. In recent pre-clinical and 

field trials, vaccines based on polymorphic Plasmodium falciparum antigens have shown efficacy 

only against homologous strains, raising the specter of allele-specific immunity such as that which 

plagues vaccines against influenza and HIV. The most advanced malaria vaccine, RTS,S, targets 

relatively conserved epitopes on the P. falciparum circumsporozoite protein. After more than 40 

years of development and testing, RTS,S, has shown significant but modest efficacy against 

clinical malaria in phase 2 and 3 trials. Ongoing phase 2 studies of an irradiated sporozoite vaccine 

will ascertain whether the full protection against homologous experimental malaria challenge 

conferred by high doses of a whole organism vaccine can provide protection against diverse 

strains in the field. Here we review and evaluate approaches being taken to design broadly cross-

protective malaria vaccines.
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1. Introduction

A malaria vaccine that prevents infection would reduce malaria morbidity and mortality and 

accelerate malaria eradication efforts [1]. Leading approaches for achieving this goal include 

subunit vaccines that target sporozoites and blood stage parasites and that block 

transmission of gametocytes to mosquitoes, as well as whole organism vaccines intended to 

block sporozoite invasion of liver cells, entirely preventing blood stage infection and 

gametocytogenesis [1,2].

The most advanced malaria vaccine, RTS,S/AS01, targets Plasmodium falciparum 

circumsporozoite protein (CSP; expressed on pre-erythrocytic stages) and moderately 

reduces the risk of clinical malaria (efficacy 40–70% in different populations) but does not 

entirely prevent infection in field trials [3]. Subunit blood stage vaccines have also had 

limited success in reducing clinical malaria or parasitemia [4–7]. One such blood stage 

vaccine candidate, FMP2.1/AS01, based on the P. falciparum apical membrane antigen 1 

(AMA1), had no overall efficacy against clinical malaria. However, the FMP2.1/AS01 

vaccine had significant allele-specific efficacy against clinical malaria caused by parasites 

identical to the vaccine strain with respect to specific amino acid positions previously 

identified as important determinants of allele-specific natural immunity in vitro [8], in field 

trials [9] and in response to vaccination with a monovalent vaccine [7,10].

Immunization with “Combination B” a vaccine (Table 1) based on merozoite surface protein 

2 (MSP2), MSP1 and ring-infected erythrocyte surface antigen (RESA) had overall efficacy 

in reducing parasitemia, but efficacy was restricted to infections with vaccine-like alleles of 

MSP2 [4]. Thus both blood stage vaccines, FMP2.1/AS01 and Combination B, selectively 

controlled the growth in the blood of parasites with vaccine-type variants of the target 

antigens (Table 1). These efficacy trials demonstrated that strategies are needed to overcome 

extensive [11], sometimes extreme [9], sequence diversity in vaccine antigen encoding 

genes [12].

Surveys of vaccine antigen diversity in natural parasite populations have revealed regions of 

proteins under balancing selection as immune targets and determined the frequency of 

different polymorphisms and haplotypes in different populations worldwide [13]. Meta-

analyses combining all available data [9,14] and studies of laboratory isolates from many 

different countries [15] have been useful in cataloging global diversity and identifying the 

most common haplotypes circulating locally and worldwide. These studies have shown that 

antigen alleles can be sub-grouped on the basis of sequence similarity at codons for 

immunologically relevant amino acids into a manageable number of subgroups [14–16]. 

However, the link between these haplotype groupings and antigenic relatedness has not been 

well established [17,18].

The antigen haplotypes (“strains”) included in all malaria vaccines currently in development 

were chosen based on available laboratory isolates (“freezer epidemiology”), and in many 

cases have not taken into account haplotype prevalences at clinical trial sites or in intended 

target populations. This may explain the failure of some malaria vaccines tested to date [12]. 

Measuring the genetic and antigenic diversity of P. falciparum antigens may facilitate the 
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design of broadly cross-protective multi-strain malaria vaccines that include relevant diverse 

alleles of antigens addressing all life cycle stages [16].

2. Impact of vaccination on genetic diversity of breakthrough infections

2.1. Vaccine-induced selection in other pathogens

Antigenic selection, which is the accumulation of amino acids changes that render an 

antigen less recognizable by the immune system, is seen during influenza virus seasonal 

monitoring. This surveillance has identified novel strains that can successfully infect both 

vaccinated and unvaccinated hosts and that are therefore incorporated into the following 

year's vaccine [19]. In other pathogens, selection may occur more slowly. For example, a 

10-year follow-up of the Hib vaccine [20] and a 4-year genetic surveillance following the 

introduction of the meningococcal C vaccine in the United Kingdom [21] showed non-

significant increases in genetic distance from the vaccine strain. These observations 

illustrate the capacity of microorganisms to adapt to modified host environments.

A sieve analysis consists of measuring the allele-specific immunological barrier to infection 

or disease [22]. Such a sieve analysis of human immunodeficiency virus-1 (HIV-1) 

sequences following immunization with the MRKAd5 vaccine showed a greater distance 

between HIV vaccine recipients sequences compared to those of the control group [23].

Vaccine-induced selection and/or antigenic drift (changes in gene frequencies due to chance) 

following immunization may reduce overall vaccine efficacy in the long term [24] (Fig. 1). 

To mitigate this risk, molecular epidemiology studies are needed to assess the baseline 

genetic diversity of vaccine candidate antigens (Fig. 2) and the diversity and distribution of 

alleles following immunization with polymorphic antigens. Moreover the antigenic variation 

of vaccine candidate antigens should be assessed very early in vaccine development (Fig. 2) 

to select alleles based on antigenic differences, and not just genetic differences, as these may 

not fully overlap [17,18].

2.2. Malaria vaccines

The P. falciparum genome consists of approximately 5400 genes distributed over 14 

chromosomes [25]. Almost 4% of the genes encode proteins that are thought to be involved 

in immune evasion and host parasite interactions [26]. At least 31% of the predicted proteins 

have one or more transmembrane domains or GPI anchored proteins, including several of 

the surface antigens that have been tested in vaccine trials (e.g. AMA1, MSP2, CSP) [26]. 

These antigens are targets of humoral immunity, particularly during malaria infection [4]. In 

endemic areas, an individual acquires only partially protective immune responses following 

repeated infections from multiple strains of the parasite, suggesting that the immune 

response may be allele-specific to some extent. This allele specificity decreases with age, 

reflecting repeated exposure and the broadening of the immune response [27].

2.2.1. Pre-erythrocytic subunit vaccines—Previous data on malaria vaccine-induced 

selection are limited by the small number of malaria vaccines that have reached phase 2 

trials. RTS,S/AS01, directed against highly conserved B-cell epitopes in the repeat region of 

the pre-erythrocytic antigen CSP, is the vaccine candidate that has progressed the furthest in 
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clinical testing [3]. Initial studies of the allele-specific efficacy of RTS,S in phase 2 trials 

measured the difference in the frequency of individual CSP alleles in vaccinees compared to 

controls. Haplotype analyses in these studies were restricted to Th2R and Th3R alleles 

encoding T-cell epitopes, and did not examine the repeat region thought to be the dominant 

target of protective antibodies [28,29], and no selection for parasites with non-vaccine strain 

CSP was detected [30] (Table 1). While small sample sizes could have resulted in missing 

relatively small selective effects in these initial studies, prospective molecular 

epidemiological studies also suggest that CSP is not the target of naturally-acquired allele-

specific immunity directed at either the B-cell or T-cell epitopes [31]. However, strain-

specific efficacy was seen in a much larger phase 3 trial of RTS,S in children at 11 African 

sites. RTS,S was better at protecting against malaria caused by vaccine-type parasites in 

older children, but not in the youngest infants [32]. In older children, but not in the youngest 

infants, various measures of efficacy were approximately 10 to 15 percentage points lower 

when they were evaluated against non–vaccine type parasites. This recent result supports the 

idea that careful selection of vaccine strains and diversity-covering approaches may help to 

improve the modest efficacy of this leading malaria vaccine [33].

2.2.2. Whole organism vaccines—Another approach to overcome allele-specific 

immunity might be to overwhelm the parasite by targeting not just one or a few but 

thousands of antigens with a whole parasite vaccine. In a recent Controlled Human Malaria 

Infection trial, an irradiated sporozoite-based vaccine induced full protection in all 6 

recipients of the highest dose administered [34]. This experimental challenge trial tested the 

PfSPZ Vaccine against homologous challenge with a parasite clone very nearly identical to 

the vaccine strain. The results of ongoing phase 2 studies in Mali and Tanzania will provide 

preliminary measures of the efficacy of this whole organism vaccine against heterologous 

strains.

2.2.3. Blood-stage vaccines—The combination B malaria vaccine significantly reduced 

parasitemia overall, but increased parasitemia with non-vaccine type parasites (based on 

MSP2) in vaccinated individuals in a phase 2b trial in Papua New Guinea [4]. However, 

other vaccines based on MSP1 (YSLFQKEKMVL) and other peptides (SPf66) [35] had no 

effect on the allele frequencies of MSP1 sequences in vaccinees compared to controls (Table 

1). No evidence of selection was observed, although some evidence of decreased 

multiplicity of infection (MOI) was observed in vaccinated participants indicating that the 

vaccine may not have an allele-specific efficacy effect. If antigen selection is taking place 

following immunization with a potential allele-specific vaccine, it may reduce the overall 

efficacy of the vaccine. Indeed, the efficacy of some vaccines against other pathogens that 

are based on polymorphic antigens has been attributed to the inclusion of diverse forms of 

the same antigen in the formulation [36]. Therefore, an understanding of allele-specific 

efficacy is an important step in the development of a multivalent broadly efficacious malaria 

vaccine.

3. Designing cross-protective malaria vaccines

Vaccines for other polymorphic pathogens have been designed to overcome genetic 

diversity by including diverse strains, e.g. inactivated trivalent polio vaccine [37], or 

Ouattara et al. Page 4

Vaccine. Author manuscript; available in PMC 2016 December 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



multiple variants of vaccine antigens, e.g. multivalent pneumococcal vaccines [38]. As a 

first step toward a broadly efficacious malaria vaccine, the antigenic variants known to be 

most prevalent in the target populations, or, as in the case of HPV, the most virulent strains 

should be those selected to include in the vaccine. Malaria vaccines currently under 

development have not been designed in this way. Instead, in part because of a lack of 

molecular epidemiological information on haplotype prevalence, conveniently available 

laboratory isolates have been used to derive recombinant vaccine antigens. Recently, new 

approaches have been taken by researchers to cover the diversity of malaria vaccine 

candidates [39]. These approaches have been made possible by recent progress in the 

understanding of parasite biology, and advances in bioinformatics, genomics and the 

availability of the parasite genome [40,41].

3.1. Diversity covering approaches

3.1.1. Immuno-dampening and bioinformatics approaches—Most decisions about 

which variant(s) of a polymorphic antigen to include in a broadly efficacious malaria 

vaccine have been arbitrary. An unlucky choice may result in a failed vaccine candidate, as 

likely occurred with the FMP1/AS02A MSP1 vaccine, which includes a variant of the 

antigen that turned out to be relatively rare in nature [6,11,42]. To optimize variant selection 

for vaccine design, researchers have used different approaches to reduce the number of 

strains to include in vaccine formulations. Rabbit immunization experiments using a mixture 

of two AMA1 variants (FVO and 3D7) yielded functional antibody responses equal to the 

homologous antigens at half the dose [43]. Responses to strains not covered by either 

component (e.g. M24), however, were not broadened [43]. Immunization with a mixture of 

three AMA1 alleles designed to cover amino acid diversity represented by 355 GenBank 

entries yielded a broad functional antibody responses to a small panel of laboratory strains 

[39]. The mechanism underlying this broadened response was elucidated by comparing the 

epitope range of rabbit polyclonal antibodies against a polyvalent and monovalent AMA1 

vaccine [44]. It was found that in addition to responding to all variable epitopes, antibody 

responses following immunization with a mixture of four natural AMA1 variants were 

refocused toward conserved functional epitopes, a phenomenon termed epitope dilution. 

Stochastic modeling of affinity maturation using a two-epitope model of AMA1 further 

explained a mechanism for epitope dilution [45]. After identifying amino acids that were 

binding residues of inhibitory antibodies [8], seven out of ten residues in AMA1 cluster one 

loop, a highly polymorphic region of the AMA1 region that is the target of antibody-

mediated inhibitory antibodies, were substituted with alanine. Contrary to the initial 

hypothesis, the alanine-mutated protein failed to enhance cross-reactive inhibitory activities 

[46]. A subsequent study used a more conservative approach by mutating only five key 

polymorphic residues in AMA1 [47]. This approach broadened reactivity across 

heterologous alleles, but at a cost of reduced overall invasion-inhibitory activity.

In a follow-up study, a multivalent AMA1 vaccine was designed based on four strains 

(Quadvax) that are broadly representative of most laboratory strains [44]. In in vitro assays, 

Quadvax showed potent inhibition against the four homologous strains in addition to 22 

non-vaccine laboratory and recent field isolates [44]. Most importantly, this study showed 

that mixing only a limited number of diverse strains can dilute the polymorphisms and divert 
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the immunogenicity toward conserved regions of the AMA1 proteins. These findings 

suggest that it is possible to cover antigen diversity by carefully selecting a subset of diverse 

strains. In a similar approach but using sequences generated from field samples and a 

Bayesian clustering algorithm that separated alleles into groups based on genetic distance, it 

was possible to reduce the number of strains relevant for an AMA1-based vaccine to six 

[15]. A recent study suggested that a pentavalent AMA1 vaccine may induce protection 

against a very large number of malaria parasites worldwide [48]. While mixing native allelic 

proteins has been the most successful way to overcome diversity of pathogens, the cost of 

manufacturing such a complex multivalent vaccine against malaria may be prohibitive.

It is worth noting that immuno-dampening, which consists of mutating highly polymorphic 

residues to reduce their immunogenicity [47], may affect the three dimensional structure of 

the protein resulting in reduced immunogenicity [46] while grouping haplotypes based on a 

very finite number of sequences may results in clusters that are not representative of the 

worldwide distribution of variants as observed for AMA1 [9].

3.1.2. Serological approaches—Since sequence differences and similarities may not 

strongly predict antigenic differences, it can be informative to select alleles or constructs for 

vaccines based on antigenic properties. This is an established approach for vaccines against 

viral and bacterial pathogens. For example, antibodies against a panel of reference strains 

are used to serotype infections in a population. For MSP2, it is probably reasonable to group 

different polymorphic variants into two major serogroups or serotypes, which represent the 

two allelic families. However, in the case of AMA1, classifying different variants into 

serogroups is more challenging. Importantly, emerging data suggest that antigenic diversity 

of AMA1 is more restricted than would be expected from sequence analyses [18]. Analyses 

of the specificity and cross-reactivity of functional anti-AMA1 antibodies generated by 

immunization of experimental animals against different isolates suggest that a vaccine 

comprised of three to five different alleles may be sufficient to inhibit all isolates 

[18,39,40,48]. Complementary studies of naturally-acquired antibodies using multi-antigen 

competition ELISAs also suggested that the inclusion of three or four different AMA1 

alleles in a vaccine may be sufficient to cover antigenic diversity, provided the correct 

alleles are selected [17]. This approach may be helpful in selecting alleles for inclusion in a 

multi-allele vaccine. A prominent feature of naturally-acquired antibodies to AMA1 is that 

they target highly polymorphic inhibitory epitopes [49]; therefore developing strategies to 

refocus antibodies toward conserved or less polymorphic epitopes should reduce the 

propensity for immune evasion.

3.1.3. Molecular epidemiology techniques—The use of field data to select variants to 

include in multivalent vaccines was pioneered by researchers working on influenza and 

pneumococcal vaccines. From a septavalent vaccine in 2000, the number of serotypes in the 

pneumococcal conjugate vaccine was increased to 13 in 2010 to cover the most relevant 

serotypes identified in the field [50]. The pneumococcal polysaccharide vaccine covers 23 of 

the 90 capsular serotypes observed worldwide [51]. A similar approach is being used by 

malaria vaccine developers in attempts to circumvent the genetic diversity of vaccine 

antigens and improve the overall efficacy of malaria vaccine candidates [52,53]. These 
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findings in addition to antigenic data were used to infer which haplotypes could be included 

in cross-protective multivalent vaccines and to guide assessment of allele-specific efficacy 

in field trials of two AMA1 vaccines [7,10,54].

Polymorphisms responsible for immune escape may be far apart on the linear sequence but 

cluster in three-dimensional space (i.e. conformational epitopes) and therefore the definition 

of antigenic diversity from genetic data is not straightforward. Mapping polymorphisms to 

three-dimensional protein structures can identify clustered residues that may form 

conformational epitopes [8]. Molecular epidemiological studies that track the dynamics of 

polymorphism in natural populations and during vaccine trials, and cross-sectional surveys 

which use population genetics to define regions under selection and assess the frequency of 

different polymorphisms and haplotypes, have been used to pinpoint the specific 

polymorphic amino acids that mediate immune escape [11,9,12]. Since alleles under 

balancing selection tend to maintain moderate allele frequencies within and between 

populations, strategies including focusing only on polymorphisms present in a substantial 

proportion of isolates or those with similar frequencies between populations have been used 

to predict important polymorphisms [55,56]. Although these approaches have their 

limitations, they can help to narrow the focus on specific regions or polymorphism. 

Combined with serological approaches these methods can help to predict key immune 

escape polymorphisms. If done as part of the development of novel antigens as vaccine 

candidates, this would help to define different serotypes and thus advance the selection of 

appropriate alleles for inclusion in a diversity-covering vaccine [16].

Experimental data suggesting that cross-protection against diverse strains can be achieved 

[57] are encouraging, but in vitro data do not necessarily predict cross-protective immune 

responses in vaccinated humans. Antigen diversity is one reason why in vitro or animal 

results do not readily translate into efficacious vaccines in humans. An MSP1 vaccine that 

gave rise to human antibodies that inhibited growth of three diverse P. falciparum isolates in 

vitro [42] turned out not to protect against clinical malaria caused by diverse parasites in the 

field [6]. New subunit malaria vaccines should therefore be designed based on 

comprehensive information about antigenic diversity in natural parasite populations (Fig. 2). 

While it might be feasible to design efficacious multivalent vaccines that target proteins with 

a manageable number of antigenically distinct forms, the notion of developing a broadly 

efficacious vaccine targeting an extremely polymorphic antigen may be daunting. In 

addition, there may also be vaccine space limits for the total antigen dose in a vaccine 

formulation.

3.1.4. Conserved target approaches—An ideal malaria vaccine might be based on 

conserved antigens that induced broadly efficacious antibodies. Conserved antigens are 

often assumed to be less immunogenic than the highly polymorphic antigens used in first 

generation malaria vaccine candidates, but malaria incidence studies and clinical trials 

suggest that conserved malaria antigens can induce strong and specific immune responses in 

animals [58] and humans [59]. One approach used to reduce the effect of antigen diversity 

on vaccine efficacy consists of expressing fragments of vaccine antigens that are target of 

conserved monoclonal antibodies. The challenge now is to identify the three dimensional 

structure of relevant antigens to design and express fragments that can structurally mimic the 
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conserved mAb epitopes [60,61]. Peptides/proteins that are generated can be tested by 

ELISA and/or flow cytometry using sera collected in endemic regions. Fragments that are 

antigenic and/or cross-reactive can be prioritized as malaria vaccine candidates. This 

strategy was applied to identify a region of the gene encoding RH5 that is the target of 

inhibitory antibodies [62]. Immunization of mice with virus-like particles displaying the 

short sequence induced antibodies that had strong invasion inhibitory activities [44]. It 

remains to be seen how this epitope display approach for Rh5 would compare to the full-

length vaccine. However, vaccines based on epitope display approaches in HIV have thus 

far failed to recapitulate the inhibitory activity of the parent mAb [63]. A recent non-human 

primate trial of a RH5-based vaccine provides evidence that a protein with limited 

polymorphism can induce protection against heterologous parasites [58].

The short fragment approach could be limited by the conformation of fragments that are 

being expressed. Small peptides or proteins fragments are expressed from synthetic genes 

that are mostly linear. Therefore, the disulfide bonds that link amino acids that are not 

contiguous may be missing resulting in proteins that may not retain important structural 

features. Such proteins in a vaccine formulation may not be efficacious due to a lack of 

immunogenicity or the production of antibodies that are not specific to it targeted malaria 

antigen.

4. Whole proteome and parasite methods

4.1. Protein microarrays

A protein microarray technology first used to measure seroreactivity to thousands of 

proteins derived from the P. falciparum reference genome [64] has been adapted to evaluate 

allele-specific humoral immunity by printing dozens to hundreds of variants of antigens of 

interest on the array [27,65]. This diversity array was probed with sera from adult and 

children from malaria transmission areas during consecutive malaria infections and/or 

clinical episodes to assess the dynamics of malaria immune responses. This new tool holds 

potential to help identify variants that are immunogenic, as well as those that are cross 

protective. The variants identified through this process could be used as components of a 

multivalent sub-unit malaria vaccine.

Another new approach is offered by an ultra-dense array comprised of short oligomers with 

near complete amino acid overlap of all antigens printed on the array, with the capacity to 

screen sera against 2.1 million peptides, covering essentially entire microbial proteomes 

[66]. In addition to evaluating antigen immunogenicity, the technique identifies residues that 

are antibody binding sites. A possible limitation of the peptide arrays is that short linear 

peptides may not emulate the native protein structure, resulting in non-specific binding of 

antibodies. Other approaches using more targeted arrays of purified and validated proteins, 

often full length, have identified new lead antigens that could be considered in vaccine 

development [67,68].

4.2. Whole parasite approaches

The successful immunization of birds and monkeys with killed whole malaria parasites in 

the early 20th century [69–72] was followed in the mid-1970s by experimental challenge 
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using mosquitoes to immunize humans with metabolically active, radiation-attenuated 

sporozoites [73,74]. Although sterile protection against challenge was achieved, the concept 

was judged impractical until recently when advances in parasite cultivation methods and 

mosquito breeding have resulted in the development of a whole sporozoite malaria vaccine 

[75]. Recently, in a Controlled Human Malaria Infection (CHMI) study to test the efficacy 

of a whole irradiated sporozoite malaria vaccine, subjects receiving high doses of the 

vaccine were fully protected against subsequent homologous experimental malaria infection 

[32]. This success has raised hopes for a highly efficacious malaria vaccine in the near 

future. Very limited data from human heterologous challenge studies provide some evidence 

for both cross-strain and even cross-species protection [76]. However, the possibility that 

diversity-covering approaches such as a multi-strain vaccine may be required for whole 

organism vaccines is supported by a recent in vitro study of the allele-specific efficacy of 

Plasmodium yoelii yoelii. Under a controlled-infection and treatment procedure, immunity 

to pre-erythrocyte antigens was specific to the strains used during infection [77]. An 

identical study [78] using Plasmodium chabaudi sporozoites likewise found that the 

immunity against the pre-erythrocytic stage of the parasite life cycle was allele-specific.

Ongoing or planned phase 2 trials in endemic settings in Mali, Tanzania and Burkina Faso 

will ascertain whether this whole organism vaccine provides strain-transcending immunity. 

These field trials will also provide an opportunity to perform a genome-wide sieve analysis 

to identify genetic loci under selection by the vaccine, although larger studies may be 

required to achieve the sample size necessary to detect evidence of selection in genome-

wide sieve analyses. Such analyses may provide invaluable information not only about how 

to select strains for a broadly efficacious multi-strain whole organism vaccine, but also 

about what specific polymorphic antigens contribute to allele-specific immunity to P. 

falciparum.

5. Discussion and perspectives

Pathogen populations characterized by polymorphic surface antigens appear to have evolved 

in response to immune selection by the human host by expressing polymorphic surface 

antigens that retain function despite significant cross-strain variation [79]. A leading method 

used by vaccine developers for other microorganisms is to cover antigenic diversity by 

selecting clinically relevant strains that are representative of the distribution of the 

microorganism in their vaccine design. Salk [37] methodically classified circulating polio 

strains prior to the selection of one the three strains that he would use in the inactivated polio 

vaccine. Moreover, the conjugate 13-valent and the 23-valent polysaccharide pneumococcal 

vaccines have been designed to overcome the genetic diversity of 90 serotypes that are 

distributed worldwide. However, malaria parasites are much more complex with scores of 

surface proteins with extensive diversity that is not well understood. Furthermore, 

commonly used reference strains are quite often found infrequently in naturally circulating 

parasite populations. The “freezer epidemiology” approach of selecting available and 

convenient strains for the design of a malaria vaccine has therefore shown it limitations. The 

design of a broadly efficacious malaria vaccine should take into account the baseline genetic 

and antigenic diversity (Fig. 1) of candidate antigens [10,16,12]. This approach (reverse 

vaccinology) [80], which uses a combination of bioinformatics analyses to select antigens 
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and molecular epidemiology to select the most prevalent allele/strain in the field, offers a 

promising approach for designing a broadly efficacious malaria vaccine. In addition to all 

these approaches, the design of chimeric proteins is a strategy that is being used to improve 

malaria vaccine efficacy [81].

6. Concluding remarks

Almost all first generation malaria vaccines were designed without consideration of antigen 

variant prevalences in the field. Molecular epidemiology, genomic epidemiology, 

serological, and conserved peptide approaches in addition to immuno-dampening have each 

been used to guide the selection of relevant variants. These approaches are all limited by 

relying essentially on the linear sequences for analysis. Moreover, while it may be feasible 

to design multivalent vaccines based on few variants, designing vaccines that include more 

than 10 variants will require tremendous technical advances. However, a multivalent malaria 

vaccine may offer redundancies that compensate for failure of individual component 

antigens to induce functional antibodies. Whole-organism malaria vaccines, whether based 

on a single strain or multiple strains, may overcome antigenic diversity by offering even 

greater redundancy.

Acknowledgments

Financial support: AO and CVP are supported by the Howard Hughes Medical Institute and the National Institute 
for Allergy and Infectious Diseases, U.S. National Institutes of Health. AEB and JB acknowledge the support of the 
Victorian State Government Operational Infrastructure Support and Australian Government NHMRC IRIISS.

References

1. Plowe CV, Alonso P, Hoffman SL. The potential role of vaccines in the elimination of falciparum 
malaria and the eventual eradication of malaria. J Infect Dis. 2009 Dec; 200(11):1646–9. [PubMed: 
19877844] 

2. Thera MA, Plowe CV. Vaccines for malaria: how close are we. Annu Rev Med. 2012; 63:345–57. 
[PubMed: 22077719] 

3. Efficacy and safety of RTS,S/AS01 malaria vaccine with or without a booster dose in infants and 
children in Africa: final results of a phase 3, individually randomised, controlled trial. Lancet. 2015 
Jul; 386(9988):31–45. [PubMed: 25913272] 

4. Genton B, Betuela I, Felger I, Al-Yaman F, Anders RF, Saul A, et al. A recombinant blood-stage 
malaria vaccine reduces Plasmodium falciparum density and exerts selective pressure on parasite 
populations in a phase 1-2b trial in Papua New Guinea. J Infect Dis. 2002 Mar; 185(6):820–7. 
[PubMed: 11920300] 

5. Sagara I, Dicko A, Ellis RD, Fay MP, Diawara SI, Assadou MH, et al. A randomized controlled 
phase 2 trial of the blood stage AMA1-C1/Alhydrogel malaria vaccine in children in Mali. Vaccine. 
2009 May; 27(23):3090–8. [PubMed: 19428923] 

6. Ogutu BR, Apollo OJ, McKinney D, Okoth W, Siangla J, Dubovsky F, et al. Blood stage malaria 
vaccine eliciting high antigen-specific antibody concentrations confers no protection to young 
children in Western Kenya. PLoS ONE. 2009; 4(3):e4708. [PubMed: 19262754] 

7. Thera MA, Doumbo OK, Coulibaly D, Laurens MB, Ouattara A, Kone AK, et al. A field trial to 
assess a blood-stage malaria vaccine. N Engl J Med. 2011 Sep; 365(11):1004–13. [PubMed: 
21916638] 

8. Dutta S, Lee SY, Batchelor AH, Lanar DE. Structural basis of antigenic escape of a malaria vaccine 
candidate. Proc Natl Acad Sci U S A. 2007 Jul; 104(30):12488–93. [PubMed: 17636123] 

Ouattara et al. Page 10

Vaccine. Author manuscript; available in PMC 2016 December 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



9. Takala SL, Coulibaly D, Thera MA, Batchelor AH, Cummings MP, Escalante AA, et al. Extreme 
polymorphism in a vaccine antigen and risk of clinical malaria: implications for vaccine 
development. Sci Transl Med. 2009 Oct.1(2):2ra5.

10. Ouattara A, Takala-Harrison S, Thera MA, Coulibaly D, Niangaly A, Saye R, et al. Molecular 
basis of allele-specific efficacy of a blood-stage malaria vaccine: vaccine development 
implications. J Infect Dis. 2013 Feb; 207(3):511–9. [PubMed: 23204168] 

11. Takala SL, Coulibaly D, Thera MA, Dicko A, Smith DL, Guindo AB, et al. Dynamics of 
polymorphism in a malaria vaccine antigen at a vaccine-testing site in Mali. PLoS Med. 2007 Mar.
4(3):e93. [PubMed: 17355170] 

12. Takala SL, Plowe CV. Genetic diversity and malaria vaccine design, testing and efficacy: 
preventing and overcoming ‘vaccine resistant malaria’. Parasite Immunol. 2009 Sep; 31(9):560–
73. [PubMed: 19691559] 

13. Cortes A, Mellombo M, Mueller I, Benet A, Reeder JC, Anders RF. Geographical structure of 
diversity and differences between symptomatic and asymptomatic infections for Plasmodium 
falciparum vaccine candidate AMA1. Infect Immun. 2003 Mar; 71(3):1416–26. [PubMed: 
12595459] 

14. Barry AE, Schultz L, Buckee CO, Reeder JC. Contrasting population structures of the genes 
encoding ten leading vaccine-candidate antigens of the human malaria parasite, Plasmodium 
falciparum. PLoS ONE. 2009; 4(12):e8497. [PubMed: 20041125] 

15. Duan J, Mu J, Thera MA, Joy D, Kosakovsky Pond SL, Diemert D, et al. Population structure of 
the genes encoding the polymorphic Plasmodium falciparum apical membrane antigen 1: 
implications for vaccine design. Proc Natl Acad Sci U S A. 2008 Jun; 105(22):7857–62. [PubMed: 
18515425] 

16. Barry AE, Arnott A. Strategies for designing and monitoring malaria vaccines targeting diverse 
antigens. Front Immunol. 2014; 5:359. [PubMed: 25120545] 

17. Terheggen U, Drew DR, Hodder AN, Cross NJ, Mugyenyi CK, Barry AE, et al. Limited antigenic 
diversity of Plasmodium falciparum apical membrane antigen 1 supports the development of 
effective multi-allele vaccines. BMC Med. 2014 Oct.12(1):183. [PubMed: 25319190] 

18. Drew DR, Hodder AN, Wilson DW, Foley M, Mueller I, Siba PM, et al. Defining the antigenic 
diversity of Plasmodium falciparum apical membrane antigen 1 and the requirements for a multi-
allele vaccine against malaria. PLoS ONE. 2012; 7(12):e51023. [PubMed: 23227229] 

19. Smith DJ, Lapedes AS, de Jong JC, Bestebroer TM, Rimmelzwaan GF, Osterhaus AD, et al. 
Mapping the antigenic and genetic evolution of influenza virus. Science. 2004 Jul; 305(5682):371–
6. [PubMed: 15218094] 

20. Schouls LM, van der Ende A, van de Pol I, Schot C, Spanjaard L, Vauterin P, et al. Increase in 
genetic diversity of Haemophilus influenzae serotype b (Hib) strains after introduction of Hib 
vaccination in The Netherlands. J Clin Microbiol. 2005 Jun; 43(6):2741–9. [PubMed: 15956392] 

21. Diggle MA, Clarke SC. Increased genetic diversity of Neisseria meningitidis isolates after the 
introduction of meningococcal serogroup C polysaccharide conjugate vaccines. J Clin Microbiol. 
2005 Sep; 43(9):4649–53. [PubMed: 16145121] 

22. Gilbert P, Self S, Rao M, Naficy A, Clemens J. Sieve analysis: methods for assessing from vaccine 
trial data how vaccine efficacy varies with genotypic and phenotypic pathogen variation. J Clin 
Epidemiol. 2001 Jan; 54(1):68–85. [PubMed: 11165470] 

23. Rolland M, Tovanabutra S, deCamp AC, Frahm N, Gilbert PB, Sanders-Buell E, et al. Genetic 
impact of vaccination on breakthrough HIV-1 sequences from the STEP trial. Nat Med. 2011 Mar; 
1(3):366–71. [PubMed: 21358627] 

24. Russell CA, Jones TC, Barr IG, Cox NJ, Garten RJ, Gregory V, et al. Influenza vaccine strain 
selection and recent studies on the global migration of seasonal influenza viruses. Vaccine. 2008 
Sep; 26(Suppl. 4):D31–4. [PubMed: 19230156] 

25. Doolittle RF. The grand assault. Nature. 2002 Oct; 419(6906):493–4. [PubMed: 12368861] 

26. Gardner MJ, Shallom SJ, Carlton JM, Salzberg SL, Nene V, Shoaibi A, et al. Sequence of 
Plasmodium falciparum chromosomes 2, 10, 11 and 14. Nature. 2002 Oct; 419(6906):531–4. 
[PubMed: 12368868] 

Ouattara et al. Page 11

Vaccine. Author manuscript; available in PMC 2016 December 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



27. Barry AE, Trieu A, Fowkes FJ, Pablo J, Kalantari-Dehaghi M, Jasinskas A, et al. The stability and 
complexity of antibody responses to the major surface antigen of Plasmodium falciparum are 
associated with age in a malaria endemic area. Mol Cell Proteomics. 2011 Nov.10(11):M111. 
[PubMed: 21825279] 

28. Alloueche A, Milligan P, Conway DJ, Pinder M, Bojang K, Doherty T, et al. Protective efficacy of 
the RTS,S/AS02 Plasmodium falciparum malaria vaccine is not strain specific. Am J Trop Med 
Hyg. 2003 Jan; 68(1):97–101. [PubMed: 12556156] 

29. Enosse S, Dobano C, Quelhas D, Aponte JJ, Lievens M, Leach A, et al. RTS,S/AS02A malaria 
vaccine does not induce parasite CSP T cell epitope selection and reduces multiplicity of infection. 
PLoS Clin Trials. 2006 May.1(1):e5. [PubMed: 16871327] 

30. Waitumbi JN, Anyona SB, Hunja CW, Kifude CM, Polhemus ME, Walsh DS, et al. Impact of 
RTS,S/AS02(A) and RTS,S/AS01(B) on genotypes of P. falciparum in adults participating in a 
malaria vaccine clinical trial. PLoS ONE. 2009; 4(11):e7849. [PubMed: 19924281] 

31. Gandhi K, Thera MA, Coulibaly D, Traore K, Guindo AB, Ouattara A, et al. Variation in the 
circumsporozoite protein of Plasmodium falciparum: vaccine development implications. PLoS 
ONE. 2014; 9(7):e101783. [PubMed: 24992338] 

32. Neafsey DE, Juraska M, Bedford T, Benkeser D, Valim C, Griggs A, et al. Genetic diversity and 
protective efficacy of the RTS,S/AS01 malaria vaccine. N Engl J Med. 2015

33. Plowe CV. Vaccine resistant malaria. N Engl J Med. 2015

34. Seder RA, Chang LJ, Enama ME, Zephir KL, Sarwar UN, Gordon IJ, et al. Protection against 
malaria by intravenous immunization with a nonreplicating sporozoite vaccine. Science. 2013 Sep; 
341(6152):1359–65. [PubMed: 23929949] 

35. Haywood M, Conway DJ, Weiss H, Metzger W, D'Alessandro U, Snounou G, et al. Reduction in 
the mean number of Plasmodium falciparum genotypes in Gambian children immunized with the 
malaria vaccine SPf66. Trans R Soc Trop Med Hyg. 1999 Feb; 93(Suppl. 1):65–8. [PubMed: 
10450429] 

36. Park M, Kim HS, Shin KS, Kim HS, Park JY, Song W, et al. Changes in the incidence of 
Streptococcus pneumoniae bacteremia and its serotypes over 10 years in one hospital in South 
Korea. Vaccine. 2014 Nov; 32(48):6403–7. [PubMed: 25305566] 

37. Salk JE. Studies in human subjects on active immunization against poliomyelitis I A preliminary 
report of experiments in progress. J Am Med Assoc. 1953 Mar; 151(13):1081–98. [PubMed: 
13034436] 

38. Black S, Shinefield H, Fireman B, Lewis E, Ray P, Hansen JR, et al. Efficacy, safety and 
immunogenicity of heptavalent pneumococcal conjugate vaccine in children. Northern California 
Kaiser Permanente Vaccine Study Center Group. Pediatr Infect Dis J. 2000 Mar; 19(3):187–95. 
[PubMed: 10749457] 

39. Remarque EJ, Faber BW, Kocken CH, Thomas AW. A diversity-covering approach to 
immunization with Plasmodium falciparum apical membrane antigen 1 induces broader allelic 
recognition and growth inhibition responses in rabbits. Infect Immun. 2008 Jun; 76(6):2660–70. 
[PubMed: 18378635] 

40. Rappuoli R, Covacci A. Reverse vaccinology and genomics. Science. 2003 Oct.302(5645):602. 
[PubMed: 14576423] 

41. Bernstein A, Pulendran B, Rappuoli R. Systems vaccinomics: the road ahead for vaccinology. 
OMICS. 2011 Sep; 15(9):529–31. [PubMed: 21827321] 

42. Thera MA, Doumbo OK, Coulibaly D, Diallo DA, Sagara I, Dicko A, et al. Safety and allele-
specific immunogenicity of a malaria vaccine in Malian adults: results of a phase I randomized 
trial. PLoS Clin Trials. 2006; 1(7):e34. [PubMed: 17124530] 

43. Kennedy MC, Wang J, Zhang Y, Miles AP, Chitsaz F, Saul A, et al. In vitro studies with 
recombinant Plasmodium falciparum apical membrane antigen 1 (AMA1): production and activity 
of an AMA1 vaccine and generation of a multiallelic response. Infect Immun. 2002 Dec; 70(12):
6948–60. [PubMed: 12438374] 

44. Dutta S, Dlugosz LS, Drew DR, Ge X, Ababacar D, Rovira YI, et al. Overcoming antigenic 
diversity by enhancing the immunogenicity of conserved epitopes on the malaria vaccine 
candidate apical membrane antigen-1. PLoS Pathog. 2013; 9(12):e1003840. [PubMed: 24385910] 

Ouattara et al. Page 12

Vaccine. Author manuscript; available in PMC 2016 December 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



45. Chaudhury S, Reifman J, Wallqvist A. Simulation of B cell affinity maturation explains enhanced 
antibody cross-reactivity induced by the polyvalent malaria vaccine AMA1. J Immunol. 2014 Sep; 
193(5):2073–86. [PubMed: 25080483] 

46. Dutta S, Dlugosz LS, Clayton JW, Pool CD, Haynes JD, Gasser RA, et al. Alanine mutagenesis of 
the primary antigenic escape residue cluster, c1, of apical membrane antigen 1. Infect Immun. 
2010 Feb; 78(2):661–71. [PubMed: 19948834] 

47. Harris KS, Adda CG, Khore M, Drew DR, Valentini-Gatt A, Fowkes FJ, et al. Use of 
immunodampening to overcome diversity in the malarial vaccine candidate apical membrane 
antigen 1. Infect Immun. 2014 Nov; 82(11):4707–17. [PubMed: 25156737] 

48. Miura K, Herrera R, Diouf A, Zhou H, Mu J, Hu Z, MacDonald NJ, et al. Overcoming allelic 
specificity by immunization with five allelic forms of Plasmodium falciparum apical membrane 
antigen 1. Infect Immun. 2013 May; 81(5):1491–501. [PubMed: 23429537] 

49. Mugyenyi CK, Elliott SR, McCallum FJ, Anders RF, Marsh K, Beeson JG. Antibodies to 
polymorphic invasion-inhibitory and non-Inhibitory epitopes of Plasmodium falciparum apical 
membrane antigen 1 in human malaria. PLOS ONE. 2013; 8(7):e68304. [PubMed: 23861883] 

50. Dagan R, Juergens C, Trammel J, Patterson S, Greenberg D, Givon-Lavi N, et al. Efficacy of 13-
valent pneumococcal conjugate vaccine (PCV13) versus that of 7-valent PCV (PCV7) against 
nasopharyngeal colonization of antibiotic-nonsusceptible Streptococcus pneumoniae. J Infect Dis. 
2014 Apr; 211(7):1144–53. [PubMed: 25355940] 

51. Obaro SK. Confronting the pneumococcus: a target shift or bullet change? Vaccine. 2000 Dec; 
19(9–10):1211–7. [PubMed: 11137259] 

52. Boes A, Spiegel H, Voepel N, Edgue G, Beiss V, Kapelski S, et al. Analysis of a multi-component 
multi-stage malaria vaccine candidate-tackling the cocktail challenge. PLOS ONE. 2015; 
10(7):e0131456. [PubMed: 26147206] 

53. Kusi KA, Faber BW, Thomas AW, Remarque EJ. Humoral immune response to mixed PfAMA1 
alleles; multivalent PfAMA1 vaccines induce broad specificity. PLoS ONE. 2009; 4(12):e8110. 
[PubMed: 19956619] 

54. Ouattara A, Mu J, Takala-Harrison S, Saye R, Sagara I, Dicko A, et al. Lack of allele-specific 
efficacy of a bivalent AMA1 malaria vaccine. Malar J. 2010; 9:175. [PubMed: 20565971] 

55. Arnott A, Mueller I, Ramsland PA, Siba PM, Reeder JC, Barry AE. Global population structure of 
the genes encoding the malaria vaccine candidate, Plasmodium vivax apical membrane antigen 1 
(PvAMA1). PLoS Negl Trop Dis. 2013; 7(10):e2506. [PubMed: 24205419] 

56. Conway DJ, Cavanagh DR, Tanabe K, Roper C, Mikes ZS, Sakihama N, et al. A principal target of 
human immunity to malaria identified by molecular population genetic and immunological 
analyses. Nat Med. 2000 Jun; 6(6):689–92. [PubMed: 10835687] 

57. Douglas AD, Williams AR, Illingworth JJ, Kamuyu G, Biswas S, Goodman AL, et al. The blood-
stage malaria antigen PfRH5 is susceptible to vaccine-inducible cross-strain neutralizing antibody. 
Nat Commun. 2011; 2:601. [PubMed: 22186897] 

58. Douglas AD, Baldeviano GC, Lucas CM, Lugo-Roman LA, Crosnier C, Bartholdson SJ, et al. A 
PfRH5-based vaccine is efficacious against heterologous strain blood-stage Plasmodium 
falciparum infection in aotus monkeys. Cell Host Microbe. 2015 Jan; 17(1):130–9. [PubMed: 
25590760] 

59. Dodoo D, Aikins A, Kusi KA, Lamptey H, Remarque E, Milligan P, et al. Cohort study of the 
association of antibody levels to AMA1, MSP119, MSP3 and GLURP with protection from 
clinical malaria in Ghanaian children. Malar J. 2008; 7:142. [PubMed: 18664257] 

60. Olugbile S, Villard V, Bertholet S, Jafarshad A, Kulangara C, Roussilhon C, et al. Malaria vaccine 
candidate: design of a multivalent subunit alpha-helical coiled coil poly-epitope. Vaccine. 2011 
Sep; 29(40):7090–9. [PubMed: 21803099] 

61. Garcia J, Curtidor H, Vanegas M, Arevalo-Pinzon G, Patarroyo MA, Patarroyo ME. Conserved 
regions of the Plasmodium falciparum rhoptry-associated protein 3 mediate specific host-pathogen 
interactions during invasion of red blood cells. Peptides. 2010 Dec; 31(12):2165–72. [PubMed: 
20833215] 

Ouattara et al. Page 13

Vaccine. Author manuscript; available in PMC 2016 December 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



62. Ord RL, Caldeira JC, Rodriguez M, Noe A, Chackerian B, Peabody DS, et al. A malaria vaccine 
candidate based on an epitope of the Plasmodium falciparum RH5 protein. Malar J. 2014; 13:326. 
[PubMed: 25135070] 

63. Burton DR, Poignard P, Stanfield RL, Wilson IA. Broadly neutralizing antibodies present new 
prospects to counter highly antigenically diverse viruses. Science. 2012 Jul; 337(6091):183–6. 
[PubMed: 22798606] 

64. Crompton PD, Kayala MA, Traore B, Kayentao K, Ongoiba A, Weiss GE, et al. A prospective 
analysis of the Ab response to Plasmodium falciparum before and after a malaria season by 
protein microarray. Proc Natl Acad Sci U S A. 2010 Apr; 107(15):6958–63. [PubMed: 20351286] 

65. Bailey JA, Pablo J, Niangaly A, Travassos MA, Ouattara A, Coulibaly D, et al. Seroreactivity to a 
large panel of field-derived Plasmodium falciparum apical membrane antigen 1 and merozoite 
surface protein 1 variants reflects seasonal and lifetime acquired responses to malaria. Am J Trop 
Med Hyg. 2015 Jan; 92(1):9–12. [PubMed: 25294612] 

66. Forsstrom B, Axnas BB, Stengele KP, Buhler J, Albert TJ, Richmond TA, et al. Proteome-wide 
epitope mapping of antibodies using ultra-dense peptide arrays. Mol Cell Proteomics. 2014 Jun; 
13(6):1585–97. [PubMed: 24705123] 

67. Richards JS, Arumugam TU, Reiling L, Healer J, Hodder AN, Fowkes FJ, et al. Identification and 
prioritization of merozoite antigens as targets of protective human immunity to Plasmodium 
falciparum malaria for vaccine and biomarker development. J Immunol. 2013 Jul; 191(2):795–
809. [PubMed: 23776179] 

68. Osier FH, Mackinnon MJ, Crosnier C, Fegan G, Kamuyu G, Wanaguru M, et al. New antigens for 
a multicomponent blood-stage malaria vaccine. Sci Transl Med. 2014 Jul.6(247):247ra102.

69. Freund J, Thomson KJ, Sommer HE, Walter AW, Schenkein EL. Immunization of Rhesus 
monkeys against malarial infection (P. knowlesi) with killed parasites and adjuvants. Science. 
1945 Aug; 102(2643):202–4. [PubMed: 17787140] 

70. Freund J, Sommer HE, Walter AW. Immunization against malaria: vaccination of ducks with 
killed parasites incorporated with adjuvants. Science. 1945 Aug; 102(2643):200–2. [PubMed: 
17787139] 

71. Russell PF, Mohan BN. The immunization of fowls against mosquito-borne Plasmodium 
gallinaceum by injections of serum and of inactivated homologous sporozoites. J Exp Med. 1942 
Nov; 76(5):477–95. [PubMed: 19871251] 

72. Freund J, Thomson KJ. Immunization of monkeys against malaria by means of killed parasites 
with adjuvants. Am J Trop Med Hyg. 1948 Jan; 28(1):1–22. [PubMed: 18898694] 

73. Clyde DF, Most H, McCarthy VC, Vanderberg JP. Immunization of man against sporozite-induced 
falciparum malaria. Am J Med Sci. 1973 Sep; 266(3):169–77. [PubMed: 4583408] 

74. Clyde DF. Immunization of man against falciparum and vivax malaria by use of attenuated 
sporozoites. Am J Trop Med Hyg. 1975 May; 24(3):397–401. [PubMed: 808142] 

75. Hoffman SL, Goh LM, Luke TC, Schneider I, Le TP, Doolan DL, et al. Protection of humans 
against malaria by immunization with radiation-attenuated Plasmodium falciparum sporozoites. J 
Infect Dis. 2002 Apr; 185(8):1155–64. [PubMed: 11930326] 

76. Luke TC, Hoffman SL. Rationale and plans for developing a non-replicating, metabolically active, 
radiation-attenuated Plasmodium falciparum sporozoite vaccine. J Exp Biol. 2003 Nov; 206(Pt 
21):3803–8. [PubMed: 14506215] 

77. Inoue M, Tang J, Miyakoda M, Kaneko O, Yui K, Culleton R. The species specificity of immunity 
generated by live whole organism immunisation with erythrocytic and pre-erythrocytic stages of 
rodent malaria parasites and implications for vaccine development. Int J Parasitol. 2012 Aug; 
42(9):859–70. [PubMed: 22846785] 

78. Culleton RL, Inoue M, Reece SE, Cheesman S, Carter R. Strain-specific immunity induced by 
immunization with pre-erythrocytic stages of Plasmodium chabaudi. Parasite Immunol. 2011 Jan; 
33(1):73–8. [PubMed: 21189655] 

79. Wright GJ, Rayner JC. Plasmodium falciparum erythrocyte invasion: combining function with 
immune evasion. PLoS Pathog. 2014 Mar.10(3):e1003943. [PubMed: 24651270] 

80. Rappuoli R. Reverse vaccinology. Curr Opin Microbiol. 2000 Oct; 3(5):445–50. [PubMed: 
11050440] 

Ouattara et al. Page 14

Vaccine. Author manuscript; available in PMC 2016 December 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



81. Shi Q, Lynch MM, Romero M, Burns JM Jr. Enhanced protection against malaria by a chimeric 
merozoite surface protein vaccine. Infect Immun. 2007 Mar; 75(3):1349–58. [PubMed: 17158895] 

Ouattara et al. Page 15

Vaccine. Author manuscript; available in PMC 2016 December 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
Effect of allele-specific efficacy on breakthrough infections. The malaria vaccine contains 

two variants (red and cyan) of a polymorphic antigen (A). When an individual is infected by 

five different parasites with five variants (cyan, red, dark blue, yellow and green) of the 

same proteins (B), malaria clinical episodes with homologous (red and cyan) and closely 

related variants (dark blue) are prevented (C). Heterologous variants (yellow and green) may 

increase within the individual and the whole population (D, E).
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Fig. 2. 
Screening procedure for the design of a broadly efficacious subunit malaria vaccine. The 

first step of the selection process consists of using field samples to assess the baseline 

genetic diversity of vaccine candidate antigens. Selected antigen candidates are then 

expressed and used to produce polyclonal antibodies. Following this step, in vitro functional 

assays are conducted followed by a clinical trial in non-human primate for successful 

candidates.
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Table 1

Malaria vaccines and allele-specific efficacy.

Vaccine Antigen Stage Allele-specific efficacy Reference

RTS,S Circumsporozoite protein (CSP) Pre-erythrocytic No [30]

AMA1-C1 Apical membrane antigen 1 (AMA1) Erythrocytic No [52]

FMP2.1/AS01 Apical membrane antigen 1 (AMA1) Erythrocytic Yes [7]

Combination B Merozoite surface protein 2 (MSP2), MSP1 Ring-infected 
erythrocyte surface antigen (RESA)

Erythrocytic Yes [4]

SPf66 Merozoite surface protein 2 (MSP1) Erythrocytic Yes [33]
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