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SUMMARY
The development of effective malaria vaccines may be hindered by extensive genetic diversity in
the surface proteins being employed as vaccine antigens. Understanding of the extent and
dynamics of genetic diversity in vaccine antigens is needed to guide rational vaccine design and to
interpret the results of vaccine efficacy trials conducted in malaria endemic areas. Molecular
epidemiological, population genetic, and structural approaches are being employed to try to
identify immunologically relevant polymorphism in vaccine antigens. The results of these studies
will inform choices of which alleles to include in multivalent or chimeric vaccines; however,
additional molecular and immuno-epidemiological studies in a variety of geographic locations will
be necessary for these approaches to succeed. Alternative means of overcoming antigenic diversity
are also being explored, including boosting responses to critical conserved regions of current
vaccine antigens, identifying new, more conserved and less immunodominant antigens, and
developing whole-organism vaccines. Continued creative application and integration of tools from
multiple disciplines, including epidemiology, immunology, molecular biology, and evolutionary
genetics and genomics, will likely be required to develop broadly protective vaccines against
Plasmodium and other antigenically complex pathogens.

Keywords
Plasmodium falciparum; Malaria vaccines; Genetic diversity; Vaccine escape; Molecular
epidemiology

INTRODUCTION
The complicated biology of Plasmodium falciparum has presented major obstacles to the
development of effective malaria vaccines. As it passes through the stages of its life cycle,
the malaria parasite expresses different, stage-specific antigens, each stimulating a specific
immune response. Adding further complexity, P. falciparum has a long evolutionary history
with its human host and exhibits extensive genetic diversity, particularly in the surface
antigens that have been under prolonged selective pressure by the human immune response
and that have been the main targets of subunit vaccines (1). Moreover, the parasite continues
to evolve through mutation and sexual recombination in response to drugs and other malaria
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interventions, providing a moving target for these interventions. When malaria vaccines are
deployed, “vaccine resistant malaria” can be expected to emerge and threaten vaccine
efficacy just as drug resistance has compromised the efficacy of the drugs used to prevent
and treat malaria.

Genetic variability in protective antigens has posed a challenge for the development of
vaccines against other pathogens including bacteria (e.g. Streptococcus pneumoniae) and
rapidly evolving viruses (e.g. HIV, Hepatitis C virus, and influenza virus). Because of the
large amount of genetic variation in these pathogens, vaccines directed against them can
only feasibly target a subset of the genetic variants circulating in a population, which,
depending on the level of vaccine coverage, could lead to an increased frequency of variants
not targeted by the vaccine. This phenomenon has been observed with pneumococcal
vaccines; higher rates of carriage and invasive disease due to existing non-vaccine serotypes
followed the introduction of the seven-valent conjugate pneumococcal vaccine (PCV7)
(2,3), and new recombinant forms of the bacterium capable of vaccine escape are emerging
(4). Malaria vaccine deployment is likely to result in similar selection of vaccine-resistant
variants.

To date, only a few malaria vaccine trials have been large enough to be able to detect
vaccine-induced selection. Results of a Phase 2 trial of a multi-antigen blood stage vaccine
in Papua New Guinea suggested possible selection for clinical infections with non-vaccine
type parasites in vaccinated individuals (5). In an efficacy trial of a pre-erythrocytic vaccine
(RTS,S/AS02A) in Mozambique, there was no evidence of selection for divergent genotypes
of the T-cell epitope regions of the circumsporozoite gene in symptomatic or asymptomatic
malaria infections, but multiplicity of infection was reduced in asymptomatic infections in
vaccinated individuals compared to control individuals (6). Measures of allele-specific
efficacy from trials of MSP-1 and AMA-1 vaccines that had no overall efficacy will be
available soon and should indicate whether vaccine escape contributed to these failures
(7,8). Factors that might hinder the ability to detect vaccine-induced selection in vaccine
trials include low initial frequency of the vaccine target allele(s) requiring large sample sizes
to detect a reduction in frequency, and the difficulty of detecting selective effects against
backgrounds of both extensive natural diversity in the vaccine antigen and high levels of
naturally acquired immunity in the study population. Vaccine-induced selection may be
more readily apparent in trials conducted in relatively non-immune individuals such as
young infants or in populations with lower rates of malaria transmission and immunity.

To develop strategies to overcome the extensive genetic diversity in P. falciparum and
design broadly protective vaccines, it is helpful first to understand the distribution and
natural dynamics of vaccine antigen polymorphisms in endemic populations where diversity
is driven by naturally acquired immunity. In clinical trials of malaria vaccines, allele-
specific efficacy should be measured as a key study endpoint, and this information used to
inform subsequent vaccine design and testing. In this review, we discuss the extent of
diversity present in some of the leading P. falciparum vaccine candidate antigens,
approaches to identify the diversity most relevant to vaccine escape and cross-protection,
and the importance of conducting molecular epidemiological studies prior to development
and testing of vaccines.

GENETIC DIVERSITY IN THE LEADING VACCINE ANTIGENS
Merozoite surface protein 1

MSP-1 is the major protein on the surface of the blood stage of the parasite. It is synthesized
as a 190kDa precursor, which undergoes proteolytic cleavage into four fragments that
remain on the merozoite surface as a glycosylphosphatidylinositol-anchored complex.
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Before erythrocyte invasion, the entire MSP-1 complex is shed, except for the C-terminal
19kDa (MSP-119), which remains on the surface as the merozoite enters the erythrocyte (9).
MSP-119 contains two epidermal growth factor (EGF)-like domains, which are thought to
have an important function in erythrocyte invasion (10). Naturally acquired antibodies to
MSP-119 can inhibit erythrocyte invasion by preventing the secondary processing that
releases this fragment from the rest of the MSP-1 complex (9,11,12), and are associated with
protection from clinical malaria in field studies (13–18).

The sequence of the msp-1 gene can be organized into 17 blocks based on sequence
variability (19,20). Most of the sequence in MSP-1 groups into two distinct allele families
(20), with the exception of Block 2, which is a repetitive region that consists of four allele
families (19,21). Block 17 contains MSP-119, which has been the focus of malaria vaccine
development because of its highly conserved sequence and hypothesized critical function.
However, even this region contains at least six nonsynonymous single nucleotide
polymorphisms (SNPs). Studies have demonstrated cross-reactive antibody responses
between MSP-119 haplotypes (22,23), but also some differential recognition (22–25),
particularly of polymorphic amino acids within the second EGF-like domain (22,23).

The frequency of MSP-119 haplotypes (based on the six polymorphic sites) was examined
over three years in a cohort of children and young adults studied at a vaccine testing site in
Mali (26). Parasites with MSP-119 amino acid sequences corresponding to the FVO
(QKSNGL) and FUP (EKSNGL) strains of P. falciparum were most prevalent in all three
years of the study (Figure 1) and in all age groups, while parasites with sequences
corresponding to the 3D7 (ETSSRL) strain were less prevalent. Parasites corresponding to
the FUP (EKSNGL) strain also have the highest frequency in Vietnam (27), Kenya (28), and
Thailand (29). If immunity elicited by an MSP-119-based vaccine is allele-specific, a
vaccine derived from either the FVO or FUP strain might have better initial efficacy than a
vaccine derived from the leading vaccine strain 3D7 (30) in settings where these MSP-119
haplotypes predominate and haplotypes corresponding to 3D7 are less frequent (26–29,31).

Apical Membrane Antigen 1
AMA-1 is also being targeted for malaria vaccines against the blood stage of the parasite.
This 83 kDa protein contains three major domains stabilized by eight disulfide bonds (32)
and is synthesized during the late intraerthrocytic phase. The protein is initially present in
the apical complex of the merozoite (33), and then processed to a 66kDa form that moves to
the surface as the merozoite is released from the infected erythrocyte (34). AMA-1 is
thought to play a role in erythrocyte invasion through either reorienting the merozoite after
initial contact with the erythrocyte or through initiating the junctional contact between the
merozoite and host cell (35). Proteomic studies have shown that AMA-1 is also expressed in
the sporozoite stage (36), suggesting that it may play a similar role in hepatocyte invasion
(37).

All of the sequence diversity in the gene encoding AMA-1 is in the form of SNPs; there are
no repeat regions as there are in other vaccine candidate antigens (e.g. MSP-1 and
circumsporozoite protein (CSP)). Most of these SNPs are located in domain I. A recent
analysis of 355 ama-1 sequences from GenBank (including sequences from the following
references: (33,38–45)) showed 32 polymorphic amino acid positions in domain I, 11 in
domain II, and 9 in domain III, excluding polymorphisms observed in only one sequence
(46). These polymorphisms are located predominantly on one face of the AMA-1 molecule,
with most polymorphic residues situated near a hydrophobic trough that is hypothesized to
be a receptor binding site between AMA-1 and associated proteins that form the machinery
for erythrocyte invasion (Figure 2)(47,48). In ongoing work, more than 200 unique AMA-1
haplotypes have been identified among just over 500 samples collected in a single Malian
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town (unpublished data). No single haplotype predominates, with all haplotypes having a
frequency less than 4%, and approximately 3% of haplotypes having an amino acid exactly
matching that of the 3D7 strain of P. falciparum. To date, no AMA-1 haplotypes have been
found that have an amino acid sequence exactly matching that of the FVO strain.

People living in malaria endemic areas produce antibodies to AMA-1 (49–53). These
antibodies are capable of inhibiting erythrocyte invasion in vitro (54) and are associated with
protection in field studies (51). Several studies in animal models have shown significant
allele-specificity in the inhibitory activity of anti-AMA-1 antibodies (54–56), and these
results have been corroborated by subsequent allelic exchange experiments (57,58). The
specificity of one inhibitory monoclonal antibody was shown to depend on the amino acid
present at position 197, the most polymorphic site on the molecule, with six possible amino
acids. In malaria-exposed individuals from Papua New Guinea, antibodies against conserved
regions of AMA-1 were predominant in most individuals; however, most also had a smaller
fraction of allele-specific antibodies (49). For a comprehensive review of AMA-1 as a
vaccine candidate, see (59).

Circumsporozoite Protein
CSP, the predominant protein on the surface of the sporozoite, is the most thoroughly
studied preerythrocytic vaccine candidate, and is the target of the RTS,S/AS02A vaccine,
which has demonstrated efficacy against uncomplicated and severe clinical malaria (60).
This 58 kDa protein is thought to have an important function in sporozoite development and
motility (61).

The gene encoding CSP contains a central repetitive region flanked on each side by a non-
repetitive region (62). The tandem repeats in the central part of the molecule consist of four
amino acids each, most with the amino acid sequence NANP and a minority with NVDP or
NVNP (62–64). The repeats are species-specific and have been shown to elicit antibody
responses (65,66). An average of 41 repeats per allele (range 37–49) was observed in a
sample of 48 complete CSP sequences from various geographic regions (63).

On either side of the repeat region are two conserved regions: region 1 (R1) near the N-
terminus and region 2-plus (R2) near the C-terminus of CSP. R2 serves as the parasite’s
hepatocyte-binding ligand (67), and R1 and R2 are conserved among all malaria parasites
(62,67,68). There is, however, some polymorphism in the 5’ and 3’ ends of the csp gene,
and in particular, in the regions coding for the Th2R and Th3R T-cell epitopes (31,63,64,69–
80). As with most polymorphic loci in P. falciparum, the extent of diversity within these T-
cell regions varies with the level of transmission in different endemic areas. In order of
increasing levels of malaria transmission, four Th2R–Th3R haplotypes were observed in
Peru (n=139) (31), 20 in Vietnam (n=142), and 24 haplotypes were observed in a smaller set
of samples from The Gambia (n=44) (80). Preliminary data from a small sample set in Mali
(n=50) have shown 15 SNPs in Th2R and seven SNPs in Th3R, and 28 Th2R–Th3R
haplotypes (K. Gandhi, unpublished data), comparable to the number of SNPs observed in
The Gambia (18 polymorphisms in the two regions combined) (80). Previous studies of CSP
diversity have indicated that the predominant CSP alleles differ according to geographic
region (31,63,70,72,74,76). If vaccine-induced immunity is allele-specific, such regional
differences in haplotype frequency might translate into regional differences in vaccine
efficacy, with important implications for both vaccine testing and eventual deployment.
Some immunological studies have suggested that the polymorphisms in the T-cell regions of
CSP can affect T-cell recognition and HLA binding (81–84). However, no evidence of
selection of non-vaccine alleles in the CSP T-cell regions was detected in a Phase 2 pediatric
efficacy trial of the RTS,S/AS02A vaccine, which is based on the 3D7 CSP sequence (6).
While this finding supports the idea that genetic diversity in CSP does not compromise the
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efficacy of RTS,S/AS02A, it is possible that modest or transient selective effects could have
been missed. Substantial proportions (44% in Cohort 1 and 26% in Cohort 2) of infections
containing multiple alleles were excluded from the molecular analyses (6). Survival analyses
of time to the first infection (or first clinical episode) with non-vaccine strain CSP might
have detected time-dependent selective effects. Moreover, if RTS,S selection operates via
immune responses directed against the CSP repeat region, this study, which examined only
polymorphism in T cell epitopes, would not have detected it. Lastly, a weak selection signal
might have been obscured by naturally acquired immune responses in these children who
were repeatedly exposed to malaria infection. To determine whether the allelic diversity of
CSP is compromising RTS,S efficacy, further investigation of the specificity of RTS,S-
induced T-cell responses, as well as of the role of antibody responses induced by the
repetitive regions of the vaccine construct, is warranted both in the recently started Phase 3
trial of RTS,S/AS01 and in studies of the vaccine in young infants who lack acquired
immunity. Molecular analyses from this trial may also shed light on the finding of reduced
multiplicity of infection in vaccinated individuals and whether reduced complexity of blood-
stage infections contributes to protective immunity (85).

Other candidate antigens
Much less is known about diversity in other vaccine candidate antigens such as merozoite
surface protein 3 (MSP-3), serine repeat antigen 5 (SERA5), the liver stage antigens (e.g.
LSA-1 and LSA-3), and sexual stage antigens (e.g. Pfs48/45).

MSP-3 and SERA5 are blood-stage vaccine candidates that have recently entered clinical
testing. Alleles of the gene encoding MSP-3 group into two major allelic types (86) and
contain polymorphism both in the form of indels and SNPs (1,87,88). A recent evaluation of
101 MSP-3 sequences showed extensive polymorphism, with 358 polymorphic sites (out of
1063 total nucleotide sites) including 91 SNPs outside indels, 36 SNPs within indels, and
231 other indels. Among 51 Nigerian isolates there were 41 distinct MSP-3 alleles, and 20
alleles among 50 Thai isolates (88). The first efficacy trial of an MSP-3 vaccine, presently
underway in Mali, may show whether this extreme degree of polymorphism results in allele-
restricted efficacy.

The gene encoding SERA5 contains four exons, with most sequence diversity observed in
exon II (89,90). Most of the diversity in exon II is in the form of indels, and amino acid
substitutions were also observed at 17 positions (1.7kb evaluated) (89).

LSA-1 and LSA-3 are pre-erythrocytic candidates being targeted for CTL-inducing subunit
malaria vaccines. The genes encoding these antigens both contain repetitive and non-
repetitive regions, with the majority of T-cell epitopes located within non-repetitive regions.
An alignment of 71 sequences of the N-terminal non-repetitive region of LSA-1 from Brazil,
Papua New Guinea, Kenya, and Malaysia showed 11 non-synonymous substitutions and 1
synonymous substitution (91). Two of these non-synonymous substitutions were also
observed in an alignment of 137 isolates from Peru (31). In the 1204 amino acids
comprising the non-repetitive regions of LSA-3, 7 amino acid substitutions were detected
between the K1 and 3D7 strains (92). No amino acid substitutions were found in the HLA-
B53 restricted la90 CTL epitope of LSA-3 (93). LSA-3 may also be expressed in the blood
stages of the parasite life cycle, potentially allowing LSA-3-based vaccines to target
multiple life stages (94).

Pfs48/45 is a sexual stage antigen synthesized by gametocytes and expressed on the surface
of gametes and zygotes (95). This transmission-blocking vaccine candidate antigen tends to
be less polymorphic than most other erythocytic and pre-erythrocytic antigens, and has
relatively low non-synonymous polymorphism (1,96,97). Among 44 sequences sampled
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from diverse geographic regions, 23 out of 449 amino acid positions were polymorphic, with
Kenyan isolates showing more diversity than comparable isolates from Thailand, India, and
Venezuela (96).

As vaccine candidates based on these polymorphic antigens progress in clinical testing, it
will be important to conduct larger surveys of genetic diversity in endemic areas where
malaria vaccines will be tested and later deployed. It will also be crucial to include allele-
specific efficacy as a key efficacy endpoint and to power trials sufficiently to detect
selection of non-vaccine variants.

Positive natural selection on malaria vaccine antigens
It has long been hypothesized that the extensive polymorphism present in some malaria
antigens may be the result of positive natural selection acting to maintain genetic diversity
and allow the parasite to escape attack by the human immune system. Indeed, evidence for
selection has been reported for all three leading vaccine antigens, MSP-1, AMA-1 and CSP.

In the case of MSP-1, the region of the protein under the strongest selection is the N-
terminal block 2 repetitive region (98); however, there is also evidence for positive selection
acting on MSP-119 (99,100), the C-terminal portion of the molecule that has been included
in MSP-1-based vaccines. A recent comparison of MSP-142 in P. vivax and P. falciparum
provided evidence that the polymorphism in MSP-119 is under positive selection, and unlike
the N-terminal regions of the molecule, which have been proposed to be under balancing
selection, this analysis suggested that MSP-119 is under directional selection (99).
Polymorphism in AMA-1 also appears to be maintained by positive natural selection in the
form of balancing selection, particularly for domain I (38,41,42,45,101) and domain III
(45,101). The evidence for positive natural selection acting on the polymorphic T-cell
regions of CSP is mixed, with some studies providing evidence for selection (1,102) and
others finding no such evidence (80). These conflicting results may be due to differences in
sample size, sampled populations, or the use of different tests to estimate departures from
neutrality.

The rationale for using population genetics analyses to pinpoint the specific parts of malaria
antigens under the greatest positive natural selection is based on the desire to identify the
polymorphisms that are the most immunologically relevant in hopes of gaining information
that can guide vaccine design and provide insight into the evolution of antigen proteins.
Recently, more direct means have been used to hone in on immunologically relevant antigen
polymorphism, namely, novel molecular epidemiological approaches that assess changes in
parasite genotypes as risk factors for malaria infection and disease in semi-immune
populations.

NARROWING THE FOCUS ON IMMUNOLOGICALLY RELEVANT DIVERSITY
Since diversity itself is not necessarily an indication of immune selection, it is important to
understand which polymorphisms are important for immune protection, as this information
will inform choices about which alleles to include in multivalent or chimeric vaccines.
Using samples collected from participants in a prospective cohort study of malaria incidence
conducted over three years at a vaccine-testing site in Mali (103), the within-host dynamics
of MSP-119 polymorphisms were examined (26). Study participants contributed blood
samples every month and at every clinical episode of malaria. On average, each participant
was infected with P. falciparum (detected by PCR) at 14 time points over the course of three
transmission seasons. The six polymorphic nucleotides in MSP-119 were genotyped in
samples corresponding to consecutive infections, and statistical analyses were performed to
estimate the association between change in the predominant amino acid at each polymorphic
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site between consecutive episodes, and clinical outcome, including the development of
clinical symptoms and the time to next clinical infection. The concepts underlying these
analyses are shown in Figure 3, which shows the hypothetical results of follow up of one
individual over the course of the transmission season at two polymorphic sites of a vaccine
antigen. The hypothesis is that because of allele-specific immunity, individuals are more
likely to get sick when they are infected with a parasite that is different from the preceding
one in immunologically important regions of the molecule. Results of this type of analysis of
samples from the Malian cohort suggested that changes in amino acids at MSP-119 positions
1691, 1700, and 1701, but not at the other three polymorphic residues, were associated with
individuals becoming symptomatic, suggesting that these amino acid positions may be
particularly important in determining allele-specificity of anti-MSP-119 immune responses.
These results are consistent with previous studies of anti-MSP-119 immunity that have
indicated some differential recognition of MSP-119 haplotypes based on polymorphic amino
acids in the second EGF-like domain (22,23). However, coordinated assessment of both
parasite genotypes and allele-specific antibody responses will be required to confirm the
importance of these residues in determining the dynamics of MSP-119 diversity, since other
factors, including immune responses to other antigens, could influence the dynamics. If the
amino acids present at these positions do define MSP-119 “serotypes”, then this greatly
reduces the amount of genetic diversity vaccine developers would need to take into account
in developing a polyvalent MSP-1-based vaccine (Figure 4) (26).

Narrowing the focus on the most relevant diversity is even more important for an extremely
polymorphic protein like AMA-1. Solving the crystal structure of AMA-1 has greatly aided
this process (47), and a recent study exploited this development to map clusters of antigenic
escape residues on the AMA-1 structure (57). Chimeric proteins were created and specific
clusters of residues within each of the three domains (and subclusters of domain I) were
switched from FVO type to 3D7 type (e.g. a chimera consisting of the FVO AMA-1 protein
with a 3D7 sequence at domain I). The chimeras were then used to determine the inhibitory
contribution of clusters of polymorphic residues, based on their ability to deplete strain-
specific antibodies and reverse parasite growth inhibition. These allelic exchange
experiments showed that a cluster of residues surrounding the hydrophobic pocket in
domain I had the greatest effect on antigenic escape, with a cluster of polymorphisms in
domain II also demonstrating a significant effect. The authors suggest that this information
can be used to group malaria parasites into inhibitory groups based on whether or not they
share amino acids in immunologically relevant regions of the protein, or that chimeric
proteins themselves could be used as vaccine constructs that elicit an immune response that
covers multiple parasite strains (57). Similar diversity-covering approaches are being
undertaken by others (46).

Another group used a Bayesian clustering algorithm, originally designed to infer population
structure using data from multiple, unlinked, neutral loci, to categorize AMA-1 sequences
into groups of similar haplotypes (39). One hundred seven unique haplotypes were identified
from among full-length AMA-1 sequences from 158 parasite isolates, of which 97 were
from cloned parasites from different regions of the world and 61 were from three time points
in Mali. Using the program STRUCTURE, the 107 haplotypes grouped into six haplotype
groups. These groups were represented in all of the geographic regions sampled and at all
time points. Antibodies isolated from rabbits vaccinated with recombinant AMA-1 based on
the 3D7 sequence inhibited invasion by parasites from the same haplotype group
significantly more than parasites from other haplotype groups, suggesting that this approach
may define immunologically relevant groups (39).

Using a similar approach to that used to assess the within-host dynamics of MSP-119,
ongoing work is assessing how individual polymorphisms, clusters of polymorphisms, and
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haplotype groups in AMA-1 relate to the development of clinical symptoms in individuals
over time. If the results of in vitro growth inhibition assays are borne out by these studies of
natural selection of AMA-1 variants under immune pressure in vivo, this will strengthen the
rationale for considering such evidence of allele-specific immunity in vaccine design.

ROLE OF MOLECULAR EPIDEMIOLOGICAL STUDIES
Vaccine testing

Clinical trials of vaccine efficacy provide valuable opportunities to understand how
polymorphism in vaccine antigens affects the immune response to these antigens and vice
versa, which in turn will inform efforts to optimize vaccine design. However, to accurately
interpret the results of efficacy trials of malaria subunit vaccines and to estimate allele-
specific efficacy, it is important to know the frequency of the target allele(s) in the
population where the vaccine is being tested. Without this knowledge, it is not possible to
distinguish between a vaccine that is simply ineffective and one that may have high allele-
specific efficacy against a target allele that is present at a low frequency. For example, the
FMP1 vaccine antigen is based on the C-terminal 42kDa of MSP-1 from the 3D7 strain of P.
falciparum (30). This vaccine failed to show clinical efficacy in a Phase 2 pediatric trial
conducted in Kenya (8). Previous small studies of MSP-119 diversity in Kenya found the
3D7 allele at frequencies of no more than 10–25% (28,104), which might account for failure
of a 3D7-based vaccine to offer significant protection. Further examination of MSP-119
genotypes and allele-specific immune responses in vaccinated and control individuals from
this trial may demonstrate whether the lack of efficacy was due to allele-specific immunity.

Developing analytical plans to estimate allele-specific efficacy in clinical trials will be
challenging. Careful thought needs to be given to how to assess allele-specific effects in
studies using different types of primary study end points (e.g. parasite density, incidence of
clinical malaria, or time to first infection), and how to address mixed-allele infections. The
frequency of target alleles should be taken into account when calculating sample sizes, since
the number of subjects required to detect allele-specific efficacy is greater than that required
to detect overall efficacy. Methods used to assess allele-specific efficacy of vaccines against
other genetically diverse pathogens (e.g. HIV) might be adapted to analyze data from
malaria vaccine trials (105). Such analyses may prevent prematurely abandoning vaccine
candidates that provide allele-specific protection and that could potentially be improved by
including additional target alleles.

Vaccine design
Molecular epidemiological studies not only allow estimates of vaccine efficacy to be
understood in the context of vaccine antigen allele frequencies, they also provide data to aid
the rational design of malaria vaccines. Having this kind of information from endemic areas
where vaccines will be tested and deployed will permit vaccine developers to choose target
strains based on the frequencies of the parasite alleles circulating in the population, rather
than using such data retrospectively to explain the failure of specific vaccine candidates.

If antigenic escape and selection for non-vaccine genotypes occurs with monovalent vaccine
candidates and/or if these constructs do not provide broad enough coverage, it may be
necessary to develop polyvalent malaria vaccines, as has been done for influenza A and
pneumococcus. This would increase the cost of developing and manufacturing vaccines, and
some have suggested that such polyvalent vaccines may not perform any better than their
monovalent counterparts (106). Alternatively, it may be possible to select or engineer
vaccine antigens that are more cross-protective. For example, 355 AMA-1 sequences from
GenBank were aligned to determine the location and extent of polymorphism in the protein
and identify any linkage between specific residues, and this information was used to design
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three artificial AMA-1 constructs that share conserved amino acids while covering the
greatest possible amount of polymorphism (46). Combined, these constructs incorporate, on
average, 97% of the variability observed in the sampled sequences. Rabbits vaccinated with
a combination of these artificial AMA-1 proteins were shown to induce functional immune
responses against three diverse AMA-1 alleles that were comparable to responses generated
by vaccination with monovalent homologous alleles (46). As described above, data obtained
from molecular epidemiological studies combined with population genetic analyses and/or
analyses of protein structure can be used to identify subsets of residues (26,57) that may be
particularly important to take into consideration in engineering such artificial antigens,
ensuring that the most important residues for protection are represented.

In the case of extremely polymorphic proteins like AMA-1, it may be desirable to avoid
polymorphism altogether and to engineer vaccine constructs that boost the immune response
to protective epitopes in conserved regions of these proteins. At least one invasion-inhibitory
epitope has been identified in the domain II loop on the non-polymorphic face of AMA-1
(107). If subunit vaccines based on conserved epitopes can divert the immune response
away from highly polymorphic regions, they may be able to induce strain-transcending
immunity. Alternatively, genomic and proteomic approaches are being used to identify new
vaccine targets that are not immunodominant and likely to be more conserved than the
current highly immunodominant and polymorphic candidates (108–110). Novel approaches
that integrate proteomics with careful epidemiological studies may be particularly fruitful.
For example, sera from individuals who are resistant and susceptible to malaria can be
screened against arrays of parasite proteins (111) to identify antigens that are most important
to clinical protection.

Continued molecular monitoring after vaccine deployment
As vaccines are introduced, parasite populations should continue to be monitored to detect
subsequent changes that could affect vaccine efficacy. Today it is hard to imagine periodic
re-design of malaria vaccines as is done annually now with influenza vaccines, or
geographically tailored vaccines based on molecular epidemiology. However, as illustrated
by the exponential pace of the genomic revolution, what is feasible and affordable can
change quickly, and technological advances in vaccine design and production might
eventually make these seemingly fantastic strategies possible.

GENETIC DIVERSITY AND WHOLE-ORGANISM VACCINES
Recombinant DNA vaccines seemingly offer the promise of overcoming genetic diversity
because, at least in theory, they are relatively simple to design and modify and have the
potential to elicit protective immune responses against multiple different antigens (and
different variants of antigens) from different life stages of the parasite (112). The possibility
of targeting several parasite antigens simultaneously also served as the impetus for
development of other multi-stage multi-antigen malaria vaccines, including viral-vectored
vaccines (113) and synthetic antigens containing multiple parasite proteins (114). So far
none of these vaccines has progressed very far in the clinical pipeline.

Whole-organism vaccines represent another promising albeit controversial alternative to
subunit vaccines that has the potential to overcome the problem of vaccine resistance (115).
This approach has been proposed for both pre-erythrocytic (116) and blood stages (117) of
the parasite life cycle, and a pre-erythrocytic whole-organism vaccine is presently being
evaluated in a clinical trial at the U.S. Navy Medical Research Center and the University of
Maryland’s Center for Vaccine Development. It is hoped that this approach might mitigate
the problem of parasite genetic diversity by generating immunity to a range of parasite
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antigens (115); however, it is not known whether there will be enough redundancy in the
immune response to overcome diversity in individual antigens.

Whole-organism sporozoite vaccines have been developed and used in East Africa to
prevent bovine fever caused by the apicomplexan tick-borne parasite Theileria parva. While
a three-strain cocktail vaccine has been used in hopes of avoiding vaccine escape, the
success of this strategy is uncertain, and the genetic basis of any allele-specific protection
has not been elucidated (118).

Since the basis of protective immunity elicited by whole-organism vaccines is not known, it
will be crucial to look for evidence of selection, both in known antigens and genome-wide,
in the context of clinical efficacy trials in malaria endemic areas. Prior to such trials,
sequencing of P. falciparum genomes from diverse geographic locations, and particularly
from local vaccine testing sites, will help inform choices about which strain(s) to include in
a whole-organism vaccine, should genetic diversity pose a problem, and will also provide
important information about parasite population genetics, including population structure,
diversity, and linkage disequilibrium, that will inform genome-wide analyses to detect
regions of the genome associated with vaccine escape. The success of these investigations
will require a multi-disciplinary approach incorporating expertise in clinical trials, molecular
epidemiology, bioinformatics, and genomics, and will also depend on the ability to
overcome technical hurdles such as polyclonal malaria infections and large-scale collection
of parasite material suitable for direct application to genome-wide genotyping and current
and next-generation sequencing platforms.

CONCLUSIONS
As the call for malaria eradication is taken up (119,120), protection conferred by a
successful malaria vaccine will be critical to supplement waning natural immunity. The
emergence and spread of “vaccine resistant malaria” could be as fatal to the success of the
incipient global eradication campaign as drug resistant malaria was to the first one. The
malaria parasite has had centuries to evolve mechanisms for evading the human immune
response, including vast amounts of diversity in the immunodominant surface proteins
targeted by most current vaccines. This diversity provides the fuel for selection of parasites
able to escape the effects of vaccines that are based on a limited number of parasite alleles.

Molecular epidemiological studies provide information about the frequency and dynamics of
vaccine antigen polymorphisms that can be used to make informed decisions about which
parasite alleles to include in vaccine formulations, and to evaluate accurately the efficacy of
vaccines tested in malaria endemic areas. Molecular data obtained in well-planned
longitudinal studies and clinical trials can be used to understand how the dynamics of
antigen diversity correlate with clinical outcomes in individuals. This new approach, guided
by knowledge of the structure of the target proteins, the level and specificity of the immune
response, and the evolution of the parasite population, can be used to identify the diversity
most relevant to vaccine escape and cross-protection, and thus reduce the amount of
diversity that needs to be taken into account when designing polyvalent vaccines.
Alternative means to overcome antigenic diversity, including boosting responses to critical
conserved regions of known antigens, identification of more conserved and less
immunodominant antigens, and development of whole-organism vaccines, are also being
explored. Creative approaches that integrate tools from multiple disciplines will continue to
be required to understand the mechanisms behind the interaction between the human
immune system and the malaria parasite and to apply this knowledge to the development of
broadly protective vaccines against P. falciparum and other human malaria species.
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Figure 1. Prevalence of MSP-119 haplotypes over three years in Bandiagara, Mali
Parasites with haplotypes corresponding to the FVO and FUP strains of P. falciparum
predominated while the vaccine strain 3D7 was at low frequency throughout three
consecutive malaria transmission seasons at a malaria vaccine testing site in Mali (26).
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Figure 2. Polymorphic residues in AMA-1
View of the top of the AMA-1 molecule showing the hydrophobic trough (green and blue
residues) and the polymorphic face of the protein. Yellow and blue residues indicate
polymorphic amino acid positions. Many polymorphic residues cluster around the
hydrophobic trough hypothesized to be a receptor binding pocket (47,48). Crystal structure
was kindly provided by Adrian Batchelor.
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Figure 3. Analysis of within-host dynamics of vaccine antigen alleles to identify immunologically
relevant polymorphisms
Circles represent time points when parasites are detected within infected individuals. “A”
represents asymptomatic time points, and “S” represents symptomatic time points when
individuals are treated (“Rx”). Different colored circles indicate different alleles at each
polymorphic site. In this hypothetical example, at site 1, an allele change occurs both when
the individual goes from being asymptomatic to symptomatic and when they have
consecutive asymptomatic infections. However, at site 2, allele changes occur when the
individual goes from being asymptomatic to symptomatic but not when they remain
asymptomatic at consecutive time points. If consecutive infections from multiple individuals
are compared, it can be determined whether there is an association between allele changes at
certain positions and the development of clinical malaria.
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Figure 4. Grouping MSP-119 haplotypes into “serotypes”
In the top half of the figure, circles represent 14 MSP-119 haplotypes (based on six
polymorphic sites), with circle area proportional to the prevalence of the haplotypes among
infections in a Malian cohort. These haplotypes can be grouped into six putative “serotypes”
(lower part of figure) based only on amino acids at positions 1691, 1700, and 1701. Amino
acid changes at these three sites were associated with the development of clinical malaria in
individuals in the cohort. FVO and 3D7 haplotypes and putative serotypes correspond to
these two leading vaccine strains. Parasites with residues KNG, respectively, at these
putatively important sites were observed in nearly 90% of infections, suggesting that MSP-1
corresponding to the FVO vaccine strain would have been the best initial choice for
inclusion in a vaccine (26).
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