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Although Plasmodium falciparum apical membrane antigen 1 (AMAL1) is a leading malaria vaccine candidate,
extensive allelic diversity may compromise its vaccine potential. We have previously shown that naturally
acquired antibodies to AMA1 were associated with protection from clinical malaria in this Kenyan population.
To assess the impact of allelic diversity on naturally acquired immunity, we first sequenced the ectodomain-
encoding region of P. falciparum amal from subjects with asymptomatic, mild, and severe malaria and
measured allele frequency distributions. We then measured antibodies to three allelic AMA1 proteins
(AMA1_3D7, AMA1_FVO, and AMA1_HB3) and used competition enzyme-linked immunosorbent assays
(ELISAs) to analyze allele-specific antibodies. Seventy-eight unique haplotypes were identified from 129 alleles
sampled. No clustering of allelic haplotypes with disease severity or year of sampling was observed. Differences
in nucleotide frequencies in clinical (severe plus mild malaria) versus asymptomatic infections were observed
at 16 polymorphic positions. Allele frequency distributions were indicative of balancing selection, with the
strongest signature being identified in domain III (Tajima’s D = 2.51; P < 0.05). Antibody reactivities to each
of the three allelic AMA1 proteins were highly correlated (P < 0.001 for all pairwise comparisons). Although
antibodies to conserved epitopes were abundant, 48% of selected children with anti-AMA1 IgG (n = 106) had
detectable reactivity to allele-specific epitopes as determined by a competition ELISA. Antibodies to both

conserved and allele-specific epitopes in AMA1 may contribute to clinical protection.

Many candidate antigens for subunit malaria vaccines are
polymorphic in natural populations, posing challenges for vac-
cine development. It is important to know how many alleles of
a particular candidate will need to be included in a vaccine to
induce antibodies with specificity broad enough to recognize
the existing antigenic diversity. Populations of Plasmodium
falciparum in areas where the disease is highly endemic have
high recombination rates (13, 37, 41) and can generate addi-
tional haplotypic diversity with every meiotic recombination
(54). This is exemplified by apical membrane antigen 1
(AMAL1), for which numerous distinct haplotypes are ob-
served, particularly in areas with relatively high malaria trans-
mission intensities (15, 20, 44, 45, 51). These haplotypes are
comprised of single-nucleotide polymorphisms, which are dis-
tributed throughout the single-locus amal gene, but are espe-

* Corresponding author. Mailing address: KEMRI Centre for Geo-
graphic Medicine Research, Coast, P.O. Box 230-80108, Kilifi, Kenya.
Phone: 254 41 7522535. Fax: 254 41 7522390. E-mail: fosier@Xkilifi
kemri-wellcome.org.

+ Supplemental material for this article may be found at http://iai
.asm.org/.

1 Present address: School of Biological Sciences, University of Liv-
erpool, Crown Street, Liverpool L69 7ZB, United Kingdom.

¥ Published ahead of print on 23 August 2010.

§ The authors have paid a fee to allow immediate free access to this
article.

4625

cially numerous in the portion encoding its surface-accessible
ectodomain. Independent studies provide strong evidence that
balancing selection is acting to maintain these polymorphisms
in the population (15, 20, 44, 45), reflecting the importance of
AMAL as a target of protective immunity. These polymor-
phisms may need to be incorporated into a vaccine based on
AMAL. In animal models, immunization confers better pro-
tection against challenge with parasites bearing homologous
rather than heterologous alleles of AMAL1 (16, 29). Likewise,
invasion inhibition is more efficient against parasites bearing
homologous alleles (21, 27). Recent studies suggested that the
allelic diversity in amal could be covered by vaccination with a
combination of allelic types (27, 30). However, only a few
allelic variants can realistically be included in a vaccine formu-
lation, and it remains to be determined how effective this
would be in populations where malaria is endemic, where in-
dividuals are repeatedly challenged with parasites bearing di-
verse amal alleles. For example, over 200 unique haplotypes of
AMA1 were recently reported for a single geographical loca-
tion in Mali (51).

We have previously shown that naturally acquired antibodies
to AMAL1 were associated with protection from clinical malaria
in a population in coastal Kenya (42). Here we explore the
impact of the allelic diversity of amal on naturally acquired
antibodies in this population. We compare the allelic diversi-
ties observed among parasite isolates obtained from children
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FIG. 1. Amino acid differences in the surface-exposed ectodomain of AMA1 between the three alleles AMA1_HB3 (EMBL accession number
U33277), AMA1_3D7 (accession number U33274), and AMA1_FVO (accession number AJ277646). AMA1_HB3 differs from AMA1_3D7 at 23
amino acid residues and differs from AMA1_FVO at 18 residues, while AMA1_3D7 differs from AMA1_FVO at 23 residues. Codon positions are
numbered according to the numbering reported previously by Hodder et al. (23).

with asymptomatic infections and mild and severe clinical ma-
laria. We test for signatures of balancing selection acting on
the amal gene in this population, as reported previously for
other populations, and describe antibody responses to proteins
representing three allelic versions of AMA1 before, during,
and after clinical infections.

MATERIALS AND METHODS

Chonyi community cohort. The Chonyi community cohort, from a rural village
in the Kilifi district on the Kenyan coast, was described in detail previously (39).
The study community typically experiences two seasonal peaks in malaria trans-
mission (June to August and November to December) and had an average
annual entomological inoculation rate (EIR) of approximately 20 to 100 infective
bites/person/year around the time of the community sampling for this study (34).
The cohort was recruited at the start of a malaria transmission season in October
2000, and details on recruitment, sampling, follow-up, clinical disease definition,
and treatment were reported previously (42, 43, 46, 47). The current study
focused on children aged 1 to 10 years (n = 289), with approximately 20% of all
children falling within each of the following 2-year age group categories: 1 to 2
years, 3 to 4 years, 5 to 6 years, 7 to 8 years, and 9 to 10 years.

Case-control study. Some details of the case-control study were reported
previously (42). Briefly, a cross-sectional survey was conducted at the start of a
malaria transmission season in May 1995, in an area of Kilifi with an EIR of
approximately 1.5 to 8 bites/person/year (35). Capillary blood samples were
collected from 4,783 children under the age of 5 years. Over the following 8
months, children from this survey who presented to Kilifi District Hospital were
identified (passive case detection [n = 165]). Eighty-nine had malaria that was
severe enough to require admission to the hospital (severe malaria), while the
remainder were attended to in the outpatient department (mild malaria [n =
76]). Controls were selected from children who took part in the cross-sectional
survey but did not present to the hospital with malaria. For statistical efficiency,
each case of either severe or mild malaria was randomly matched to an average
of three controls, using a frequency-based matching method that took into
account bed net status and location (i.e., the same controls were shared for
severe and mild malaria). To ensure that we ended up with adequate numbers of
controls when the samples were retrieved, we assumed that 100 children had
severe malaria and 100 had mild malaria and selected 300 controls. Serum
samples were insufficient for 2 of the 300 controls (thus, 298 controls in total).
Antibody assays were performed on pretransmission season sera for all children
in the case-control study (n = 463). Ninety-four children (20%) were aged
between 1 and 2 years, 124 (27%) were between 2 and 3 years of age, 118 (25%)
were between 3 and 4 years of age, and 127 (27%) were 4 to 5 years old.
Additional antibody assays were performed with samples collected at the time of
presentation to the hospital with an acute clinical episode of malaria (acute
sample [n = 165]) and 3 weeks after this episode (convalescence sample [n =
145]). Parasite isolates during the acute clinical episode were frozen at the ring
stages as previously described (7) and used to sequence the ectodomain of
AMAL1 as described below. Ethical approval was granted by the Kenya National
Research Ethics Committee.

Parasite DNA extraction, PCR amplification, and DNA sequencing of amal.
For the Chonyi cohort, parasite DNA was extracted directly from venous blood
samples using QIAamp DNA minikits (Qiagen, United Kingdom). For the case-

control study, frozen parasite isolates were thawed and cultured for up to 48 h
using standard techniques to allow development from the ring to the late-
trophozoite or early-schizont stages to bulk up parasite DNA for extraction as
described above. The surface-accessible ectodomain of P. falciparum AMA1
comprising a 1,308-bp segment of the gene was amplified by using a nested PCR
approach, and sequencing was performed by using three overlapping pairs of
primers as previously described (44, 45). Sequencing employed BigDye version
3.1 dye terminator technology with an ABI Prism 3730 capillary DNA sequencer
(Applied Biosystems, Warrington, United Kingdom). Forward and reverse se-
quence traces from each fragment were aligned and assembled into contiguous
sequences by using SeqMan II (DNASTAR, Madison, WI). Individual alleles
were then aligned by using the CLUSTAL V method within the MEGALIGN
program (DNASTAR, Madison, WI). Only samples that contained a single clear
allele of the amal gene were included in the analysis.

Population genetic analyses. To detect whether polymorphisms within P. fal-
ciparum amal were under natural selection, molecular population genetic anal-
yses were performed on 129 full-ectodomain sequences from the Kilifi district by
using the DnaSP v4.50 program (48). Analyses were performed on the total
sample of alleles and also for the subsets sampled from children with severe,
mild, and asymptomatic malaria. Separate analyses were also performed for
amal alleles sampled in 1995 (case-control study) and those sampled in 2000
(Chonyi cohort). These analyses included (i) a description of the sequence
diversity; (ii) analyses of recombination considering the minimum number of
recombination events (Ry) (26) and recombination parameter C (25); (iii) anal-
yses of linkage disequilibrium (LD) using the indices D' and R? (22, 33); and (iv)
tests of neutrality, including Tajima’s D (50) and Fu and Li’s F (19) using the
Plasmodium reichenowi amal sequence as an outgroup (28). To account for the
recombination observed for the amal alleles, critical values at the 5% signifi-
cance level for the tests of neutrality were determined by using coalescent
simulations with 1,000 replicates.

Recombinant antigens and ELISAs. Three AMALI antigens were expressed in
Pichia pastoris and His tagged, as described previously for the FVO allele (29).
These antigens were based on the amal allelic sequences of the 3D7, FVO, and
HB3 cultured lines. The amino acid differences in the surface-exposed ectodo-
main of AMAIl among the three alleles AMA1_HB3, AMA1 3D7, and
AMA1_FVO are shown in Fig. 1. AMA1_HB3 differs from AMAI1_3D7 at 23
amino acid residues and from AMA1_FVO at 18 residues, while AMA1_3D7
differs from AMA1_FVO at 23 residues. These alleles were selected since they
were representative of the wide genetic diversity observed using the available
published P. falciparum amal sequences (27).

Indirect enzyme-linked immunosorbent assays (ELISAs) were performed by
using a previously described protocol (42), and some of the data on the protec-
tive efficacy of antibodies to AMAL1 (and a larger panel of merozoite antigens)
against admission to the hospital with malaria were reported previously (42).
Briefly, individual wells of Dynex Immunolon 4HBX ELISA plates (Dynex
Technologies Inc.) were coated with 50 ng of antigen per 100 ul of carbonate
coating buffer (15 mM Na,CO;, 35 mM NaHCO; [pH 9.3]). Plates were incu-
bated overnight at 4°C, after which wells were washed four times in PBS-Tween
(phosphate-buffered saline-0.05% Tween 20) and blocked for 5 h at room tem-
perature with 1% skimmed milk in PBS-Tween (blocking buffer). Wells were
washed again and incubated overnight at 4°C with 100 pl of test sera (1/1,000
dilution in blocking buffer). Plates were then washed four times and incubated
for 3 h at room temperature with 100 ul of horseradish peroxidase (HRP)-
conjugated rabbit anti-human IgG (Dako Ltd.) at a 1/5,000 dilution in blocking
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TABLE 1. Summary of statistics for amal and tests for departure from neutrality”

Region No. of No. of Avg pairwise Tajima’s D (expected Fu and Li’s F (expected
polymorphic sites haplotypes diversity (n) upper 95% CI)® upper 95% CI)®
Total 72 78 0.016 1.45 (0.72)** 1.34 (1.00)*
Domain I 42 64 0.027 1.41 (0.95)** 1.65 (1.35)**
Domain II 11 23 0.009 1.06 (1.34) 0.80 (1.53)
Domain III 9 15 0.016 2.51 (1.37)** 1.46 (1.57)

“ The total sequenced region included codons 147 to 582, domain I codons 149 to 302, domain II codons 320 to 418, and domain III codons 443 to 509 (23). Ten
polymorphic sites were located within the sequenced region but were outside domain I, II, or IIL.

® The expected upper limit of the 95% confidence interval (CI) when Tajima’s D and Fu & Li’s F were calculated, accounting for recombination (C = 151). Results
from coalescent simulations using 1,000 replicates are shown. Asterisks indicate observed values higher than the expected upper limit under neutrality. *, P < 0.05 (95%

CI) (as described above); #x, P < 0.01 (99% CI) (data not shown).

buffer before final washing and detection with H,O, and O-phenylenediamine
(Sigma). The reaction was stopped with 25 ul of 2 M H,SO, per well, and the
absorbance was read at 492 nm. Here, data are presented on samples from all
case-control study sera collected (i) at the start of the malaria transmission
season (preseason sample [n = 463]), (ii) at the time of presentation to the
hospital with either severe or mild malaria (acute sample [n = 165]), and (iii) 3
weeks after the acute clinical episode (convalescence sample [n = 145]).

To determine the specificity of antibodies to allele-specific epitopes within
AMAL, competition ELISAs were performed on selected samples (limited by the
available amounts of recombinant antigens and volumes of sera) according to an
approach previously described (47). All six possible combinations of pairwise
competition ELISAs were carried out among the three AMALI antigens. Briefly,
diluted sera were preincubated with an excess (1,000 ng) of competing heterol-
ogous antigen for 5 h before their addition to each ELISA plate well coated with
50 ng of homologous antigen and subsequent performance of the indirect ELISA
as described above. This ensured that only antibodies to allele-specific epitopes
of the homologous antigen were detected, as those to conserved epitopes would
have been absorbed in the preincubation step. As a control, an aliquot of the
same serum sample was also preincubated with an excess (1,000 ng) of homol-
ogous antigen before addition to ELISA plates containing 50 ng of the same
antigen. A difference of >0.3 ELISA optical density (OD) units between heter-
ologous and homologous competition assays was counted as significant allele-
specific reactivity (43).

Nucleotide sequence accession numbers. Nucleotide sequences analyzed in
this report have been submitted to the EMBL database under accession numbers
FN869569 to FN869697.

RESULTS

Sequence diversity. DNA samples from blood containing P.
falciparum infections were available from 83 children who were
asymptomatically parasitized at the time of sampling in the
Chonyi cohort. Of these samples, 34 contained mixed amal
allele sequences and were excluded from subsequent analyses.
In the case-control study, 140 samples were available, of which
60 were excluded (53 due to mixed-allele sequences and 7 with
poor-quality sequence traces or DNA that did not amplify).
Thus, 129 amal alleles were included in the analyses described
below. A total of 78 distinct haplotypes (H) were identified,
with some of these being shared among children with severe,
mild, or asymptomatic malaria. The proportions of distinct
haplotypes in samples from each disease category were similar,
32/38 (84%) for severe malaria, 30/42 (71%) for mild malaria,
and 36/49 (73%) for asymptomatic parasitemia (haplotype di-
versities, 0.99, 0.98, and 0.98, respectively). The average pair-
wise nucleotide diversity per site () for the total sample of 129
alleles was 0.016 and was similar across the disease categories.
There were 72 polymorphic sites across the entire sequenced
region, attributable to a total of 81 mutations (nine of the sites
contained 3-nucleotide alleles), and the majority of polymor-
phic sites were observed in domain I (Table 1). Of the poly-

morphic sites, 7 were singletons (a minor allele present in only
one isolate), whereas 65 had minor alleles that were present in
two or more isolates. A dendrogram constructed using the
entire sequenced region to visualize the distribution of distinct
haplotypes between children with severe, mild, or asymptom-
atic malaria revealed no clustering among disease categories
(Fig. 2a).

Linkage disequilibrium and recombination. Linkage dis-
equilibrium was calculated for all nonsingleton polymorphic
sites and decreased rapidly with increasing nucleotide distance,
indicating a high meiotic recombination rate (Fig. 2b). A min-
imum of 27 recombination events were predicted to have oc-
curred to give rise to the 78 haplotypes that were observed in
the sample of 129 amal alleles. The recombination parameter
(C) had high values of 0.115 between adjacent nucleotide sites
and 151 for the whole sequence.

Tests of neutrality. Tajima’s D and Fu and Li’s F were
estimated for the entire sequence and separately for individual
domains (Table 1). Positive values for these indices are likely
to be due to balancing selection acting to maintain alleles at
intermediate frequencies in the population. A sliding-window
plot of the observed Tajima’s D values across the entire se-
quenced region is shown for all 129 amal alleles in Fig. 3. The
most striking result is the strong positive values detected for
domain III. A strong signal of selection was also seen in do-
main I, with positive values of Tajima’s D and Fu and Li’s F.
These tests of neutrality are conservative in the presence of
high recombination rates, so coalescent simulations allowing
for recombination were used to generate expected estimates of
these indices under neutrality, to compare them with observed
values. Using the level of recombination estimated above (C =
151), the observed Tajima’s D value of 1.452 for the whole
sequence was far higher than the upper critical value expected
under neutrality (99% confidence limits, —0.94 to 1.04).

Polymorphic amino acids. The 72 polymorphic nucleotide
sites contained in the sequenced region existed within 62 dif-
ferent codons, 2 of which contained synonymous amino acid
replacements. Ten of the remaining 60 codons mapped to sites
outside domains I, II, and III. Thus, a total of 50 codon posi-
tions (32 in domain I, 10 in domain II, and 8 in domain IIT)
determined the amino acid polymorphisms in domains I, II,
and III. The majority encoded two allelic amino acids, while a
minority encoded 3 (n = 9), 4 (n = 2), or 6 amino acid residues
(codon position 197). The amino acid frequencies at each of
these codons are shown in Fig. 4. Particular amino acid resi-
dues were observed more commonly for children with asymp-
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FIG. 2. (a) Cluster dendrogram used to visualize 129 AMAL1 alleles. There was no evidence of clustering of particular alleles in children
presenting with severe malaria (squares), mild malaria (circles), or asymptomatic malaria (triangles). (b) Linkage disequilibrium (LD) calculated
by using the R? index. Black squares indicate significant values, while gray squares indicate nonsignificant values. The LD decreased rapidly with
increasing nucleotide distance, indicating a high meiotic recombination rate leading to the generation of many new alleles, as shown in a.

tomatic infections than for those with clinical malaria (severe
and mild malaria), or vice versa, at 16 codon positions (P value
of <0.10 by Fisher’s exact test) (Table 2). Ten of these codon
positions were located in domain I, five were located in domain
II, and one was located just outside domain III. After correc-
tion for multiple testing by the Bonferroni method (6) (60
comparisons), these differences remained significant only for
amino acid residues at codon position 230 (P < 0.001).
Serological data: high correlation between antibodies to
three AMAL alleles. Serum IgG antibodies to all three recom-
binant antigens representing allelic forms of AMA1 tested

3 Domain |

Domain Il

were highly correlated (Table 3). In general, correlations be-
tween AMA1_HB3 and AMA1_FVO tended to be marginally
higher than those between the other two combinations, con-
sistent with their greater sequence identity (Fig. 1). The cor-
relation coefficients (R?) were notably lower at the acute and
convalescence time points than at the preseason time point but
were significant at all times (P < 0.001 for each) (Table 3).
Antibody levels for each AMA1 antigen increased significantly
with age at all time points (P < 0.001 for antibodies to each
antigen by a Kruskal-Wallis rank test). In the population of
clinical cases as a whole, antibody levels were significantly
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FIG. 3. Sliding-window plot of Tajima’s D using a window size of 100 nucleotides and including all 129 amal alleles. Positive values generally
indicate that balancing selection is acting to maintain alleles at intermediate frequencies.
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FIG. 4. Amino acid frequencies at each polymorphic site are shown for the entire sequenced region. Blue indicates a common allele, red
indicates the second most common allele, and other colors indicate additional rarer alleles at some sites. Asterisks indicate the positions at which
the polymorphisms were observed more commonly for children with clinical malaria than for those with asymptomatic infections, or vice versa, at
a P value of <0.10 level. After correction for multiple testing by the Bonferroni method (6), this remained significant only for amino acid residues

at position 230 (P < 0.001).

higher at the time of acute malaria presentation than at pre-
season time points (P < 0.001 by a Wilcoxon signed-rank test
for pairwise comparisons for each antigen). In contrast, anti-
body levels at convalescence were not significantly different
from those sampled at the acute presentation (P > 0.20 by a
Wilcoxon signed-rank test for pairwise comparisons for each
antigen). The presence of asymptomatic parasitemia was asso-
ciated with significantly higher levels of antibody to all three
allelic versions of AMAL in the preseason samples (P < 0.001
by a Mann-Whitney test for comparisons for each antigen).

Deducing the presence of antibodies to allele-specific
epitopes by indirect ELISAs with each antigen separately. Sev-
eral definitions were considered for deducing the presence of
antibodies to allele-specific epitopes. Counting seropositivity
to one allele and seronegativity to the other allele was consid-
ered unsuitable because reactivities are commonly close to
either side of a cutoff value for positivity. We also considered
that small differences in ELISA absorbance readings (<0.3
OD units) cannot be very reliably judged to reflect true differ-
ences due to the possibility of assay variability. To be stringent,
we therefore chose an arbitrary difference of =0.5 ELISA OD
units between two allelic versions of AMAL1 to define the
presence of antibodies to allele-specific epitopes. This defini-
tion inevitably excluded samples with low-level ELISA OD
readings (<0.5 ELISA OD units) from being counted in this
analysis.

Using this definition, among the preseason samples, 47/463
(10%) samples were predicted to contain antibodies to allele-
specific epitopes. Of these, 21 had allele-specific antibodies
discriminating one pair of AMAL allelic antigens, 25 discrim-
inated two pairs, and one individual had antibodies discrimi-

nating each of the three pairwise combinations of AMAL1 al-
lelic types tested (details are provided in Table S1 in the
supplemental material). The prevalence of antibodies to allele-
specific epitopes did not differ with age (P = 0.53 by Pearson’s
chi-squared test) or with likelihood of subsequent presentation
with clinical malaria (P = 0.69 by Pearson’s chi-squared test)
but was associated with the presence of asymptomatic para-
sitemia at the time of sampling (14.2% of 176 children with
parasitemia had antibodies to allele-specific epitopes, com-
pared to 7.8% of 287 children who were aparasitemic [P = 0.02
by Pearson’s chi-squared test]).

In the acute-phase samples, allele-specific reactivities were
detected in 65 (39.3%) of 165 children. Of these 65 children, 25
had antibodies that discriminated one pair of AMAL alleles, 36
discriminated two pairs, and 4 had antibodies discriminating
each of the three pairwise combinations (see Table S1 in the
supplemental material). In the convalescence samples, allele-
specific reactivities were detected in 47 (32.4%) of 145 children
tested. Of these 47 children, 18 had antibodies that discrimi-
nated one pair of AMAL alleles, 28 discriminated two pairs,
and 1 had antibodies discriminating each of the three pairwise
combinations (Table S1). In the acute and convalescence sam-
ples, children with antibodies to allele-specific epitopes tended
to be slightly older than those without such antibodies (for
acute samples, median of 36.9 versus 32.5 months [P = 0.02];
for convalescence samples, median of 37.2 versus 33.1 months
[P = 0.06]).

Antibodies to allele-specific epitopes determined by compe-
tition ELISA. To further investigate antibodies to allele-spe-
cific epitopes within AMAI1, pairwise competition ELISAs
were performed for all six two-way combinations using the
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TABLE 2. Amino acid frequencies at particular sites differ in
asymptomatic infections compared with clinical episodes
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TABLE 3. Correlation coefficients (R?) between antibody
reactivities to AMAL allelic antigens

No. of isolates R
Codon Amino P value® S d
position acid Asymptomatic Clinical value erum and category HB3 vs HB3 vs 3D7 vs
(n = 49) (n = 80) FVO 3D7 FVO
190 1 24 27 0.098 Pretransmission
M 25 53 All (n = 463) 0.96 0.95 0.92
Severe malaria (n = 89) 0.93 0.86 0.83
196 D 26 62 0.006 Mild malaria (n = 76) 0.95 0.94 0.91
N 23 18
Acute
197 D 10 23 0.096 All cases (n = 165) 0.85 0.74 0.67
E 4 7 Severe malaria (n = 89) 0.79 0.63 0.51
G 23 18 Mild malaria (n = 76) 0.88 0.83 0.8
H 1 3
Q 9 26 Convalescent
R 2 3 All cases (n = 165) 0.87 0.76 0.73
Severe malaria (n = 89) 0.85 0.62 0.56
199 K 6 2 0.053 Mild malaria (n = 76) 0.88 0.87 0.85
R 43 78
“The P value was <0.001 for all comparisons.
200 D 35 38 0.045
H 11 31
L 1 7 . .. . .
R 2 4 sented with clinical episodes of malaria (n = 31; one sample
was depleted and thus could not be analyzed) and a randomly
206 E 42 56 0.056 selected set of children who did not (n = 76) and compared the
K 7 24 prevalences of allele-specific antibodies between these two
25 I 10 0 0.032 groups of children.
N 39 48 Overall, 51/106 (48%) of the selected children had detect-
able antibodies to allele-specific epitopes within AMAI1 using
228 K 10 4 0.009 the three available allelic antigen types in pairwise competition
N ¥ 76 ELISAs. Twelve children (11%) had antibodies to allele-spe-
230 E 24 12 <0.001* cific epitopes in one of the six two-way combinations of AMA1
K 24 57 antigens, 24 children (23%) had allele-specific antibodies to
Q 1 11 two combinations, and 15 children (15%) had allele-specific
282 E | ) 0,084 antibodies to three or more of the six two-way combinations. In
I 3 2% ’ this subgroup of children, the prevalences of antibodies to
K 40 53 allele-specific epitopes were similar among those who subse-
quently presented with clinical malaria and those who did not,
328 E 43 72 0.050 in all but one pairwise competition ELISA (Table 4).
v 1 0
DISCUSSION
330 P 5 21 0.040
S 44 59 Although we found a large number of P. falciparum amal
330 I 6 3 0.032 alleles in this population from coastal Kenya (78 distinct allelic
N 43 57 haplotypes out of 129 alleles sampled), an even greater diver-
sity was observed for Nigeria, where 45 haplotypes were iden-
405 E 15 40 0.043 tified from 51 alleles sequenced (45). In contrast, a study in
K 34 40 Papua New Guinea (PNG) found only 27 haplotypes within
407 H 12 9 0.054 domain I in 168 AMAL alleles sampled (15), considerably
Q 37 71 fewer than the 64/129 haplotypes observed within domain I in
our Kenyan population sample or the 35/51 observed within
544 E ié ?g 0.049 domain I in the Nigerian population sample (45). In the largest

¢ P values determined by Fisher’s exact test. *, P < 0.001 after correction for
multiple testing by the Bonferroni method (60 tests).

three allelic types on a selection of preseason samples. We
identified the samples from children who had high antibody
levels to all three allelic types of AMAT1 tested (n = 141). From
these children, we included all children who subsequently pre-

population sample from a single geographical location to date,
214 unique haplotypes of the ectodomain were found in 506
samples from Mali (51). These differences in haplotype diver-
sity are likely to reflect differences in malaria transmission, as
has been observed at other polymorphic loci where higher
transmission is generally associated with increased diversity (4,
24, 49). This is generally due to the combined effects of a
higher effective population size and a higher effective recom-
bination rate (i.e., outcrossing) as well as a possible additional
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TABLE 4. Proportions of children with allele-specific antibodies determined by competition ELISA in preseason samples”

No. (%) of children with antibody

Antigen pair® Clinical episode during No clinical episode during P value
Total (n = 106) follow-up (n = 30) follow-up (n = 76)
FvO_3D7 21 (20) 14 (18) 7 (23) 0.57
FVO_HB3 7(7) 5(7) 2(7) 0.99
3D7_FVO 23 (22) 17 (22) 6 (20) 0.79
3D7_HB3 19 (18) 13 (17) 6 (20) 0.73
HB3_FVO 21 (20) 12 (16) 9 (30) 0.10
HB3 3D7 29 (27) 16 (21) 13 (43) 0.02*

“The antigen pair consists of coating antigen_competing antigen, which indicates allele-specific antibodies to the coating antigen with respect to the competing

antigen. *, P < 0.05 by Pearson’s chi-squared test.

effect of stronger balancing selection in the case of loci encod-
ing antigens such as AMAI.

We found no evidence that any allelic haplotypes were as-
sociated with disease severity. However, polymorphisms at 16
codon positions were observed more commonly for children
with asymptomatic infections than for those with clinical ma-
laria or vice versa. These differences were significant only at a
P value of <0.10, before adjusting for multiple comparisons.
Nevertheless, 10 of the 16 codons are located within domain I,
and 8 of these 10 codons are located within the binding region
of a well-characterized anti-AMA1 monoclonal antibody
(MADb) (MADb IF9) that inhibits invasion (9). Mutations at
residues 197, 200, 201, 204, 206, 225, and 228 were previously
shown to abrogate or reduce the binding of MADb IF9 to AMA1
(10, 11). We found significant differences at a P value of <0.10
between asymptomatic and clinical infections at five of these
seven sites. We also found significant differences between
asymptomatic and clinical infections at sites that have been
shown to make some of the largest molecular interactions with
MADb IF9 (principal contact residues 197 and 200), that con-
tribute a smaller surface area to this interaction (residues 190
and 225), or that lie at the periphery of the interface between
MAD IF9 and AMAL (residues 196 and 230) (10). Some of
these residues overlap with the antigenic escape residues
(AERs) that have been shown to directly mediate antigenic
escape from invasion inhibition (18). For example, we found
significant differences at a P value of <0.10 at four of five
residues that lie within the C1-L loop of domain I (residues
196, 197, 200, and 206) and two of four residues in domain II
(residues 330 and 332). Clusters of polymorphisms at both of
these sites were shown to mediate antigenic escape (18).

Studies of Toxoplasma gondii revealed that T. gondii AMA1
(TeAMAL) interacts with a rhoptry neck protein (RON4) and
two other rhoptry neck proteins (RON2 and RONS) at the
tight junction of tachyzoites during invasion (2). Homologues
of these rhoptry neck proteins have been identified in P. fal-
ciparum (1, 8, 12, 36). Current data suggest that the RON4
complex in P. falciparum binds to the hydrophobic trough
within domain I (12). Although the residues in this hydropho-
bic trough are all conserved, it is surrounded by highly poly-
morphic residues contained within domains I and II (5, 11). It
has been suggested that these surrounding polymorphic resi-
dues may serve to “distract” the immune response from a
functionally important region of the molecule (5, 12). If the
RON4 complex binds to the conserved hydrophobic trough,
then the diversity observed in AMAI would not be of direct

consequence but rather would indirectly “protect” this impor-
tant binding pocket by diverting the immune response to sur-
rounding polymorphic residues. Alternatively, antibodies to
nonpolymorphic residues adjacent to the hydrophobic trough
could sterically hinder its binding to the rhoptry protein com-
plex, thereby inhibiting invasion. This seems to be the likely
mechanism for the potent invasion-inhibitory MAb 4G2, which
targets conserved residues within domain II that lie adjacent to
the hydrophobic trough (12). In contrast, MADb IF9 has been
shown to bind directly to residues within the hydrophobic
trough as well as residues from surrounding loops (10). Human
antibodies from people exposed to malaria can compete with
both MAbs 4G2 and 1F9 for binding to AMAL1 (10). Taken
together, these data support the view that the hydrophobic
trough of AMAL is a functionally important part of the mol-
ecule and that polymorphic residues surrounding this region
are selected by protective antibodies.

Our study confirms previous reports from population studies
of diversifying selection acting on the amal gene (15, 44, 45).
In particular, a strong signature of selection was observed for
domain III. Previous studies suggested that domain III con-
tains important B-cell epitopes. Mice immunized with a long
synthetic peptide from loop I of domain IIT produced antibod-
ies that were capable of inhibiting parasite growth (38). Hu-
man antibodies affinity purified on refolded recombinant do-
main III inhibited invasion in an allele-specific manner (40).
However, these antibodies were isolated from a single donor
whose serum was found to have a high titer of antibodies to
AMA1 domain III, and this might not be representative of
many exposed individuals (40). Previously reported immuno-
epidemiological studies with different recombinant antigen
fragments of AMAL1 suggested that antibodies to domain III
are relatively rare compared to antibodies to the full ectodo-
main (14, 47). Experimental studies also indicated that an
optimal inhibition of invasion is achieved with antibodies
raised against the entire ectodomain, compared to individual
subdomains (32). Notably, protective antibodies to AMALI
have been shown to be conformation dependent (3, 16), and
many important antibody epitopes may require the contribu-
tion of all three domains. Moreover, several T-cell epitopes
have been identified in AMAL1 (31, 53), raising the possibility
that the strong signature of selection observed for domain III
could be the result of effective T-cell responses to allele-spe-
cific epitopes. We also observed a strong signal of selection in
the boundary region between domains II and III. Similar find-
ings were observed for a population sample from Thailand
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(44), and it is possible that this region is surface exposed in the
three-dimensional structure of AMAI.

We found that levels of antibodies to the three allelic
recombinant proteins of the AMA1 ectodomain were highly
correlated in this cohort of children. This is in keeping with
previous studies of naturally acquired (14, 47) and vaccine-
induced (17) antibodies to AMAL. Of note, during acute in-
fections and at convalescence, the correlation coefficients be-
tween antibodies to the three proteins had declined compared
to those at the preseason time point, suggesting that antibodies
to allele-specific epitopes had been induced by infection. When
we considered differences of >0.5 ELISA OD units to individ-
ual AMAL1 proteins as indicating fairly high levels of antibodies
to allele-specific epitopes, we found the prevalence of such
antibodies to be only 10% in the preseason sera, rising to
nearly 40% in the acute-phase sera. This compares with data
for PNG, where only 7% of sera collected in a cross-sectional
survey exhibited different antibody titers against alternative
forms of AMA1 (14). While this suggests that antibodies to
allele-specific epitopes are not particularly common in the ab-
sence of a current infection, it does not exclude the possibility
that individuals with similar ELISA OD reactivities to different
AMAL proteins had antibodies to allele-specific as well as
shared epitopes. We therefore performed competition ELISAs
on a selection of sera that had high antibody titers to all three
AMAL1 proteins. We found that almost half of these sera con-
tained antibodies to allele-specific epitopes in one or more of
the six two-way competition ELISAs.

Overall, our data indicate that naturally acquired antibodies
to allele-specific epitopes within AMA1 are frequently detect-
able but less abundant than those to conserved epitopes. How-
ever, our study could not ascertain the relative contributions of
antibodies to allele-specific versus conserved epitopes in me-
diating protection against clinical malaria. In experimental
studies, rabbits immunized with a combination of three allelic
proteins of AMA1 generated antibodies that were targeted
predominantly to conserved or cross-reactive epitopes, and
these cross-reactive antibodies were as effective as total anti-
AMAL antibodies (cross-reactive plus allele specific) in growth
inhibition assays (30). Conversely, in a recent clinical trial of an
AMAL1 vaccine in Mali, the only significant protective effect
was in reducing the rate of infection by parasites with homol-
ogous (rather than heterologous) allelic types, indicating al-
lele-specific immunity and the possible need for a multiallelic
formulation (52). These differences notwithstanding, the cu-
mulative body of evidence is in favor of AMAL1 as a leading
malaria vaccine candidate, and antibodies to both conserved
and allele-specific epitopes may contribute to clinical protec-
tion.
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