INFECTION AND IMMUNITY, Jan. 2005, p. 422-430
0019-9567/05/$08.00+0  doi:10.1128/TAI.73.1.422-430.2005

Vol. 73, No. 1

Copyright © 2005, American Society for Microbiology. All Rights Reserved.

Allele Specificity of Naturally Acquired Antibody Responses against
Plasmodium falciparum Apical Membrane Antigen 1

Alfred Cortés,'* Mata Mellombo,' Rosella Masciantonio,” Vince J. Murphy,” John C. Reeder,’
and Robin F. Anders?

Papua New Guinea Institute of Medical Research, Madang,' and Papua New Guinea Institute of Medical Research,

Goroka,® Papua New Guinea, and The Cooperative Research Centre for Vaccine Technology, Department of
Biochemistry, La Trobe University, Melbourne, Victoria, Australia®

Received 12 July 2004/Returned for modification 20 August 2004/Accepted 12 September 2004

Antibody responses against proteins located on the surface or in the apical organelles of merozoites are
presumed to be important components of naturally acquired protective immune responses against the malaria
parasite Plasmodium falciparum. However, many merozoite antigens are highly polymorphic, and antibodies
induced against one particular allelic form might not be effective in controlling growth of parasites expressing
alternative forms. The apical membrane antigen 1 (AMAL1) is a polymorphic merozoite protein that is a target
of naturally acquired invasion-inhibitory antibodies and is a leading asexual-stage vaccine candidate. We
characterized the antibody responses against AMAL1 in 262 individuals from Papua New Guinea exposed to
malaria by using different allelic forms of the full AMA1 ectodomain and some individual subdomains. The
majority of individuals had very high levels of antibodies against AMA1. The prevalence and titer of these
antibodies increased with age. Although antibodies against conserved regions of the molecule were predomi-
nant in the majority of individuals, most plasma samples also contained antibodies directed against polymor-
phic regions of the antigen. In a few individuals, predominantly from younger age groups, the majority of
antibodies against AMA1 were directed against polymorphic epitopes. The D10 allelic form of AMA1 appar-
ently contains most if not all of the epitopes present in the other allelic forms tested, which might argue for its
inclusion in future AMA1l-based vaccines to be tested. Some important epitopes in AMA1 involved residues

located in domain II or III but depended on more than one domain.

Asexual blood stages of the malaria parasite Plasmodium
falciparum are responsible for all the pathology associated with
the disease and consequently are a major target for disease
control strategies including the development of an effective
vaccine (22). The merozoite is a particularly attractive target of
vaccine interventions because it is the only extracellular stage
of the asexual cycle, which makes it accessible to humoral
immune responses. Furthermore, the merozoite must invade a
new host red blood cell in a short period of time, and blocking
this central step in the biology of the parasite would lead to
control of a malaria infection. Passive transfer experiments
showed many years ago that antibodies are effective in con-
trolling parasite growth in vivo in humans (4, 30), and in vitro
they can efficiently block invasion of red blood cells by mero-
zoites (3). It is generally accepted that antibodies are a major
component of naturally acquired protective immune responses
which, after multiple exposures to the parasite, confer nonster-
ile immunity to individuals living in areas where malaria is
endemic. Thus, induction of appropriate antibody responses
should be a main component of any vaccine strategy that aims
to mimic and accelerate the development of natural protective
immunity.

Some of the antigens located on the surface or in the apical
organelles of the merozoite are highly polymorphic. For some
of these antigens, it has been established that diversity is the
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consequence of natural selection, which indicates that immune
responses against these antigens are effective in controlling
parasite growth (6). However, antigenic diversity can also be a
major obstacle for the development of effective vaccines based
on these antigens. The immune responses induced might be
effective in controlling growth of parasites expressing the same
form of the antigen used for the immunization but would affect
the growth of parasites expressing alternative forms to a much
lesser extent (9, 13, 29).

The apical membrane antigen 1 (AMA1) (27) is one of the
best-studied merozoite antigens and one of the most promising
malaria vaccine candidates (11, 19, 33). The 83-kDa type I
integral membrane protein AMAL has an N-terminal prose-
quence followed by three subdomains defined by their disulfide
bonds (14). Expressed late in the asexual cycle, at about the
time of merozoite release and erythrocyte invasion, AMA1 is
processed to a 66-kDa form by cleavage of the prosequence
(16, 26). This cleaved form relocates from the membrane of
micronemes (2) to the surface of the merozoite (26), and
further processing results in the shedding of fragments of 44
and 48 kDa (15, 16). Despite many years of extensive investi-
gation, the precise function of AMAI is not known, but its
location and time of expression suggest a role in the process of
merozoite invasion of red blood cells. Furthermore, antibodies
against AMAL efficiently inhibit the process of invasion (13, 18,
19). Recent results suggest that AMA1 might be essential for
reorientation of merozoites and formation of the tight junc-
tion, which are essential steps for invasion (23). Whatever the
precise role of AMAI, the conservation of this protein in all
Plasmodium species examined and in other apicomplexan par-
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asites together with the inability to disrupt the P. falciparum
amal gene (35) indicate that it might be an essential protein
for invasion of host red blood cells. More recently, it has been
shown that AMAL is also expressed in sporozoites and has a
role in the process of invasion of hepatocytes (32).

Individuals living in areas where malaria is endemic have
antibodies against AMAL1 (17, 34), and these antibodies inhibit
merozoite invasion in vitro (13). Immunization with correctly
folded AMA1 conferred high levels of protection in murine
and simian models (1, 5, 9, 10, 25, 33). This protection was at
least in part mediated by antibodies, as indicated by passive
immunization studies conducted with mice (1, 9) and by the
correlation between antibody titers and protection (1, 33). A
recent trial conducted with Aotus vociferans monkeys chal-
lenged with a highly virulent strain of P. falciparum showed
that AMAT1 is the most efficacious vaccine ever tested in this
rigorous system (33). The correct folding of the molecule is
immunologically crucial for efficacy, since immunization with
reduced and alkylated AMA1 did not induce protection and
the antibodies elicited did not inhibit invasion (1, 9, 13). The
epitopes for the majority of antibodies against AMALI, espe-
cially for those that inhibit invasion, seem to involve more than
one subdomain (20).

Although AMAL lacks the low-complexity regions that are
common in other merozoite proteins and does not show any
polymorphism in size, a relatively large number of point mu-
tations occur in AMAL. Population genetics analyses provided
strong evidence that these polymorphisms are under balancing
selection, especially for domains I and III (8, 28), suggesting
that polymorphic regions of AMA1 are targets of protective
immune responses. Furthermore, polymorphisms in AMAL1
are immunologically significant, as immunization with AMA1
induced protection against homologous but not heterologous
challenge in murine models (9). Also, antibodies against
AMAL1 exhibited a marked strain specificity in their ability to
inhibit invasion (12, 13, 18, 19), demonstrating that polymor-
phisms in AMAL result in evasion of invasion-inhibitory im-
mune responses. However, recent results suggest that immu-
nization with a combination of several forms of AMAI1 can
induce protection against a broader spectrum of challenging
parasites (18), thus overcoming the presumed limitation that
strain specificity poses to the efficacy of AMA1 as a component
of a vaccine against malaria.

Although previous data indicate that some of the human
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antibodies against AMAL are directed against polymorphic
epitopes (13), little is known about the relative abundance of
antibodies against conserved and polymorphic regions of
AMAL1 in naturally acquired immune responses. Here, we used
different forms of the full AMAL ectodomain as well as indi-
vidual domains to characterize the immune responses against
this protein in naturally exposed individuals of different ages.
We found that in most individuals, antibodies were predomi-
nantly directed against conserved regions of the antigen, but a
fraction of the antibodies were directed against polymorphic
regions. In a small proportion of individuals, the majority of
antibodies were directed against polymorphic epitopes.

MATERIALS AND METHODS

AMAL constructs. All proteins were expressed in Escherichia coli with an
N-terminal His tag. Antigens were solubilized from inclusion bodies in guani-
dine-HCI and then affinity purified by using a Ni-nitrilotriacetic acid resin and
refolded as previously described (13).

The expressed domain II comprised amino acids 309 to 436, domain IIT
comprised amino acids 436 to 545, and the full ectodomain comprised amino
acids 25 to 545, following the previously described subdomain structure of
AMAL1 (14). The sequences of 3D7, D10, and HB3 AMA1 were described
previously (21), but the sequence of 3D7 contained two differences from the
published sequence, one in the prodomain and one in domain III (13).

Plasma. The 262 plasma samples used in this study were collected in cross-
sectional surveys conducted in the Wosera region of Papua New Guinea in
November 2000 (196 plasma samples) or from patients attending a health center
in the same area with a high-density P. falciparum infection (66 plasma samples).
The blood samples used for this study have been described before (7, 8).

ELISA. Enzyme-linked immunosorbent assay (ELISA) experiments were per-
formed essentially as previously described (13) in polyvinyl chloride microtiter
plates (Dynatech) coated overnight at 4°C with antigens at 2 ug/ml in phosphate-
buffered saline. Plates were blocked with BLOTTO (5% skimmed milk in phos-
phate-buftered saline [pH 7.3]), washed, and incubated with the relevant plasma
sample diluted in BLOTTO for 2 h at room temperature. After washing, the
plates were incubated with a horseradish peroxidase-conjugated anti-human
immunoglobulin G antibody (Silenus) diluted 1:1,000 in BLOTTO. Bound per-
oxidase was detected with a citric acid-ABTS [2,2’-azinobis(3-ethylbenzthiazo-
linesulfonic acid)]-hydrogen peroxide substrate, and the level of antibody binding
was determined colorimetrically (405 nm) with a Molecular Dynamics microplate
reader.

All plasma samples were tested in duplicate at two different dilutions (1:500
and 1:1,500 for domain II and domain IIT and 1:1,000 and 1:9,000 for the full
ectodomain). Plasma samples were tested in parallel in nine plates coated with
the different antigens. Each plate included a standard curve prepared by using a
serum of known titer (the titer was defined as the dilution that gave an optical
density at 405 nm [OD,s] of 0.1). For each plasma sample, the average result
from the dilution that gave the OD 5 that fell more within the linear part of the
standard curve was used for determining the titer by interpolating the standard
curve. Each plate also included a blank, a negative control, and a positive control

TABLE 1. Titers of antibodies against different AMAI1 constructs in Wosera individuals

% Positive serum samples (median antibody titer)”

Age group (yr) or

total no. of Domain 11 Domain III Full ectodomain
individuals D7
3D7 D10 HB3 3D7 D10 HB3
Total (n = 262) 32 (3,696) 31 (1,735) 31 (1,676) 30 (2,034) 84 (46,738) 85 (57,551)° 84 (51,807)
Age group
0-2 (n = 31) 10 (1,752) 6(2,032) 3(3,901) 0 (0) 52 (11,221) 52 (13,807) 55 (11,564)
3-9 (n = 109) 24 (3,746) 11 (1,624) 13 (1,405) 13 (1,643) 77 (23,520) 78 (24,706) 77 (23,916)
10-19 (n = 66) 39 (5,087) 38 (1,281) 38 (1,482) 36 (2,087) 98 (78,326) 98 (83,953)“ 97 (71,955)
>20 (n = 56) 50 (3,466) 75 (1,798) 71 (1,793) 71 (2,047) 100 (103,860) 100 (108,664) 100 (110,703)

“ Titer significantly higher (P < 0.05) than the titer against an alternative form of the same construct (using Wilcoxon signed-rank test).

? Median antibody titer in positive samples only.
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FIG. 1. Age dependence of antibody responses to AMA1 constructs. Values are the number of plasma samples (N. of sera) with negative (Neg),
low (L), medium (M), high (H), or very high (VH) antibody titers in the age groups indicated. The categories were defined as follows: low, 1 to
15,000 (full ectodomain), 1 to 2,000 (domain II), or 1 to 1,000 (domain III); medium, 15,000 to 50,000 (full ectodomain), 2,000 to 5,000 (domain
II), or 1,000 to 2,000 (domain III); high, 50,000 to 150,000 (full ectodomain), 5,000 to 10,000 (domain II), or 2,000 to 3,000 (domain III); very high,
more than 150,000 (full ectodomain), more than 10,000 (domain II), or more than 3,000 (domain III).

of known titer. If any of these gave aberrant values, the results of the full plate
and of other plates containing different allelic forms of the same antigen were
discarded and the experiment was repeated.

Data analysis. A plasma sample was considered positive against a particular
construct if the OD,ys was higher than the average OD,ys plus two standard
deviations of 27 sera from Australian donors that had not been exposed to
malaria. The threshold for positivity was an OD 45 of 0.160 for domain II, 0.128
for domain III, and 0.083 for the full ectodomain.

A plasma sample was considered to exhibit marked allele specificity if it
fulfilled one of two criteria: (i) the titer for one particular allelic forms was more
than double the titer for another form and (ii) the plasma sample was negative
for one allelic form but positive for an alternative form and the positive titer was
higher than 1,500 (domain IIT) or 3,000 (full ectodomain). All plasma samples
that exhibited marked allele specificity were retested to confirm the observation,
which permitted assessment of the statistical significance of the different recog-
nition of alternative forms by the paired ¢ test.

Inhibition ELISAs. For selected plasma samples, the dilution necessary to
obtain an OD,ys of approximately 2.5 in the absence of any inhibitor was
determined by endpoint titration. These plasma samples were tested in inhibition
ELISA experiments in nine plates in parallel, three of them coated with each
alternative form. After the plates were blocked, homologous or heterologous
antigen was added at 40 pg/ml in BLOTTO in duplicate wells and titrated by a
serial twofold dilution to a concentration of 0.039 wg/ml. The last wells were left
without inhibitor. Subsequently, plasma samples were added at the appropriate
dilutions with the rest of the ELISA procedure as described above.

RESULTS

Age dependence of the prevalence and titer of antibodies
against AMAL. The majority of individuals from the Wosera
region of Papua New Guinea, where malaria is endemic, had
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TABLE 2. Correlation of antibody titers against different AMAL1 constructs
Correlation coefficient
Domain Dom. II Dom. IIT Full ectodomain

3D7 3D7 D10 HB3 3D7 D10 HB3
Dom. II, 3D7 1.000
Dom. III, 3D7 0.047 1.000
Dom. III, D10 0.244 0.905 1.000
Dom. III, HB3 0.212 0.929 0.988 1.000
Full ect., 3D7 0.682 0.236 0.390 0.380 1.000
Full ect., D10 0.568 0.253 0.358 0.347 0.954 1.000
Full ect., HB3 0.564 0.209 0.316 0.303 0.917 0.938 1.000

“ Dom., domain; ect., ectodomain.

antibodies against the AMAL1 full ectodomain (Table 1). In
contrast, only about 30% of individuals had antibodies against
domain II or domain III of this protein (Table 1). The median
antibody titer against full-length ectodomain constructs was
more than 1 order of magnitude higher than the median for
domain IT or domain III constructs (Table 1). On the other
hand, the titer and prevalence of antibodies against different
allelic forms of the full ectodomain were very similar, and the
same was true for different allelic forms of domain III. Al-
though similar, titers against the D10 full-length ectodomain
were significantly higher than titers against other forms of the
same construct (P < 0.05 using Wilcoxon signed-rank test). No
differences in the prevalence or titer of antibodies between
samples collected from asymptomatic patients and samples
from clinical malaria patients with high-density P. falciparum
infection were observed. Thus, the results for the two sets of
samples are presented together. In asymptomatic patients less
than 10 years old, the prevalence of antibodies against full-
length ectodomain constructs was significantly higher (P <
0.05 using Fisher’s exact test) among individuals with a positive
P. falciparum slide (data not shown). No significant differences
in hemoglobin levels were observed in any age group between
individuals with or without antibodies to the different con-
structs.

As expected in an area where malaria is endemic, prevalence
and titer of antibodies against AMAI1 exhibited strong age
dependence, which paralleled the development of protective
immunity. Approximately half of the individuals less than 3
years of age had antibodies against all three AMA1 full-length
ectodomain constructs, whereas essentially all individuals older
than 10 years had antibodies against each antigen (Table 1).
The majority of positive plasma samples from the youngest age
group (less than 3 years old) had antibody titers below 15,000
(Fig. 1), whereas titers above 15,000 were common in children
3 to 9 years old, and much higher titers were also frequently
observed. Among older age groups, low antibody titers were
relatively rare, and most individuals had high titers (Fig. 1).
The difference in the antibody titers between age groups was
significant (P < 0.05 using the Mann-Whitney U test) between
the first and second and between the second and third age
groups but not between the third and fourth age groups.

A similar tendency was observed for domain II and domain
II1, although for these domains, the increase in prevalence with
age was more marked than the increase in antibody titers
(Table 1 and Fig. 1). For domain II, the difference in antibody

titers was significant only between the second and third age
groups, whereas for domain III constructs, the difference was
significant between the second and third and between the third
an fourth age groups.

Only a small proportion of individuals had very different
antibody titers against alternative forms of AMA1. Most indi-
viduals had similar antibody titers against the 3D7, D10, or
HB3 allelic form of the full AMA1 ectodomain, with all three
correlation coefficients above 0.9 (Table 2). Similarly, the cor-
relation between antibody titers against alternative forms of
domain IIT was high (Table 2). In contrast, the correlation
between antibody titers against different AMAI1 constructs
(domain II, domain III, or full ectodomain) was very low (Ta-
ble 2), indicating that recognition of one of the individual
domains was unrelated to recognition of the other domain or
the full ectodomain.

Marked differences in the binding to different allelic forms
of the same construct were observed in a small number of
samples (Table 3). Using a stringent criterion for the classifi-
cation of plasma as showing strong allele specificity, we found
that 19 of the plasma samples fell within this category for the
full-length ectodomain. These plasma samples were 17.6% of
the positive plasma samples from individuals less than 3 years
of age, 14% of the samples from individuals 3 to 9 years of age,
4.6% of the samples from individuals 10 to 19 years old, and
1.8% of the samples from individuals more than 20 years old,
indicating that the frequency of differential recognition of al-
ternative forms of the AMAI ectodomain decreased signifi-
cantly with age (P < 0.02 using Fisher’s test). A similar situa-
tion occurred with domain III constructs, which were
recognized differently by 50, 20, 17.2, and 13.6% of the positive
plasma samples in the respective age groups, but in this case,
the frequency of differential recognition between different age
groups was not significant (P > 0.1).

The majority of plasma samples that exhibited strongly dif-
ferent recognition of full-length ectodomain allelic forms had a
lower titer of antibodies against either the 3D7 or the HB3
form compared to binding to the two alternative allelic forms
(Table 3). Only one plasma sample which had a markedly
lower antibody titer against D10 AMAL1 was detected, but the
difference was not very large (although still significant when
tested by paired ¢ test [P < 0.05]), and it was a sample with a
low antibody titer. It was noteworthy that some of the plasma
samples exhibited very different recognition of 3D7 and D10
AMAL full-length ectodomains (highly significant when tested
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TABLE 3. Antibody titers of individual sera exhibiting different
recognition of AMALI alternative forms

INFECT. IMMUN.

TABLE 4. Inhibition of antibody binding to AMAL1 constructs with
homologous and heterologous allelic forms®

Antibody titer

Plasma sample

3D7 D10 HB3
Full ectodomain
VGS6 111,444 101,752 9,824
VGS23 1,110,593 1,867,922 915,224¢
VGS24 22,298 21,905 10,460¢
VGS35 4,054 1,975¢ 2,235
VGS54 168,984 199,283 65,851¢
VGS64 720,964 762,467 279,296
VGS80 27,950¢ 83,953 87,930
VGS88 10,800° 49,045 40,111
VGS116 4,203 20,826 23,895
VGS128 4,278 2,586 2,000¢
VGS156 12,9044 41,164 38,648
VGS214 1,356 5,719 6,567
VGS217 221,779° 394,171 484,749
VGS240 13,014 23,633 4,361¢
VGS244 315,015 416,850 191,186
RVL19144 1,476 5,401 6,444
RVL19161 18,238 24,706 11,533
RVL19340 5381 10,941 10,705
RVL19342 96,186 192,398 168,993
Domain IIT
VGS9 3,030 0“ 0“
VGS38 705¢ 2,788 2,665
VGS47 7364 1,783 1,818
VGS54 0 0° 2,283
VGS56 3,258 3,901 0“
VGS65 900 842¢ 2,053
VGS72 9,008¢ 47,391 41,304
VGS91 1,209¢ 2,559 3,043
VGS92 0° 1,796 2,012
VGS107 5,355 1,357¢ 1,458¢
VGS164 0° 1,968 5,969
VGS189 3,025¢ 11,083 10,865
VGS253 1,864 04 780
RVL19302 7,098 4,205 3,078
RVL19564 1,236 1,122¢ 2,581

“ Titers that are less than half the titer for an alternative form.

by paired 7 test), which are identical in domain I. For example,
plasma sample VGS88 bound D10 AMAL1 almost fivefold bet-
ter than 3D7 AMALI (Table 3).

Most plasma samples contain a fraction of antibodies di-
rected against allele-specific epitopes. Inhibition ELISA ex-
periments revealed that plasma samples that exhibited similar
recognition of the three different forms of the AMAL1 full
ectodomain contained a fraction of antibodies directed against
allelic form-specific epitopes. The binding of antibodies to the
immobilized 3D7 AMAL full ectodomain was inhibited by sol-
uble HB3 AMAL1 to an average of only 84% of the extent of
inhibition for soluble 3D7 AMAL1 (Table 4). Similarly, the
binding to HB3 AMA1 was inhibited by 3D7 AMAI1 to an
average of only 88% of the extent of inhibition for HB3 (Table
4). These results indicate that a fraction of the antibodies that
recognize 3D7 AMAL bind to epitopes that are not present in
HB3 AMALI, and vice versa. On the other hand, D10 AMA1
inhibited binding to the two other allelic forms almost as effi-
ciently as the homologous antigen, but only an average of 91%
(3D7) or 83% (HB3) of the binding to D10 AMAI1 was com-
peted by the other alternative forms (Table 4). These results

Maximum
AMAL construct inhibition Conen fOIcSO%
(%)b OD405
Full ectodomain
Coating 3D7
3D7 100 0.204
D10 98.1 £ 1.6 0.135
HB3 83.8 = 3.8 0.312
Coating D10
3D7 90.7 =3.2 0.338
D10 100 0.207
HB3 832+ 4.0 0.492
Coating HB3
3D7 87.8 = 4.7 0.530
D10 98.1 £2.6 0.230
HB3 100 0.381
Domain 11
Coating 3D7
3D7 100 0.255
D10 100.5 = 2.0 0.223
HB3 100.2 = 2.1 0.238
Coating D10
3D7 98.8 £ 1.5 0.288
D10 100 0.287
HB3 97.8 = 2.1 0.254
Coating HB3
3D7 98.7 = 4.1 0.436
D10 101.5 = 2.1 0.284
HB3 100 0.325

“ Values correspond to inhibition ELISA experiments performed with 13 (full
ectodomain) or 5 (domain IIT) different sera, all of which exhibited similar
recognition of the different allelic forms in direct ELISA experiments.

® Percent inhibition (interpolated from the inhibition curve) obtained with 40
g of inhibitor/ml relative to inhibition with the same concentration of the
homologous form (the allelic form used for the coating). Values are the averages
with 95% confidence intervals.

¢ Concentration of inhibitor to reduce the OD,s in the absence of inhibitor by
50%. Values are the geometric means.

indicate that the vast majority of the epitopes present in 3D7
and HB3 AMAL1 are present in D10 AMAL1 but that some of
the epitopes in D10 AMAT1 are not present in the other two
allelic forms. Also, D10 AMA1 was a more efficient inhibitor of
the binding to any of the three antigens, as demonstrated by
the lower concentration of this antigen necessary to reduce the
OD,s obtained in the absence of inhibitor by 50% (Table 4).

Figure 2 A is a representative example of some of the inhibition
curves obtained in experiments performed with plasma samples
having similar antibody titers against the different ectodomain
forms. However, for some other plasma samples, the allelic
form specificity was less marked or the patterns of allelic form
specificity were slightly different (see the full set of inhibition
curves with full-length ectodomain constructs in the supple-
mental material [http://www.nimr.mrc.ac.uk/supplementary
/cortes]). The degree of allelic form specificity as determined
by inhibition ELISA experiments did not appear to depend on
age.

Inhibition ELISA experiments performed with plasma sam-
ples that had a very different antibody titer against different
allelic forms of the AMAT1 full-length ectodomain confirmed
the results obtained with direct ELISA experiments. The HB3
ectodomain failed almost completely to inhibit binding to the
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FIG. 2. Inhibition of antibody binding to AMA1 constructs with homologous and heterologous allelic forms. Binding to AMA1 antigens coated
onto the ELISA plates (3D7, D10, or HB3 sequence as indicated) was inhibited with soluble antigen 3D7 AMA1 (squares), D10 AMA1 (triangles),
or HB3 AMAL1 (circles). The AMA1 constructs (coated and inhibitor) were the full ectodomain or domain III as indicated. A) Plasma sample
VGS30, full ectodomain; B) plasma sample VGS54, full ectodomain; C) plasma sample VGSS88, full ectodomain; D) plasma sample VGS34,

domain III.

3D7 or to the D10 ectodomain by plasma sample VGS54 (Fig.
2B), which had a much lower titer against the HB3 ectodomain
than against the other allelic forms (Table 3). Similarly, the
3D7 ectodomain failed to inhibit binding of VGS88 to the
other ectodomain forms (Fig. 2C). This plasma sample had a
fivefold-lower titer against 3D7 than against the other forms

(Table 3). A parallel situation was observed in inhibition ex-
periments performed with plasma samples VGS6, VGS64,
VGS80, and VGS217 (see the supplemental material [http:
/www.nimr.mrc.ac.uk/supplementary/cortes]).

In contrast to the results with full-length ectodomain con-
structs, inhibition ELISA experiments performed with domain
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III constructs provided no evidence for the presence of allelic
form-specific antibodies in plasma samples with similar anti-
body titers against the three different domain III forms (Table
4). Figure 2D is representative of experiments performed with
five different plasma samples of this type (see the supplemental
material for the full set of inhibition curves with domain III
constructs [http://www.nimr.mrc.ac.uk/supplementary/cortes]).
However, allelic form-specific recognition occurs in domain
III, as revealed by inhibition experiments with samples that
had very different titers against the different domain III allelic
forms. Inhibition experiments with two such plasma samples,
VGS72 and VGS189 (Table 3), clearly showed that the domain
IIT allelic form with lower titer failed to compete binding to the
other allelic forms (see the supplemental material [http:/www
.nimr.mrc.ac.uk/supplementary/cortes]).

As expected from the much lower titers for domain II and
domain III compared to the titers for the full ectodomain,
these two individual domains failed almost completely to in-
hibit the binding to the full ectodomain (data not shown).

DISCUSSION

Naturally acquired or vaccine-induced antibodies against
AMAL efficiently inhibit invasion of host red blood cells ex-
pressing homologous forms of the antigen but affect parasites
expressing alternative forms to a much lesser extent (12, 13, 18,
19). Furthermore, active and passive immunization experi-
ments conducted in murine models showed that antibodies
induced upon immunization with AMA1 confer protection
against parasites expressing homologous, but not heterologous,
forms of the antigen (9). These observations indicate that some
of the antibodies against AMALI target regions of the protein
that differ between alternative forms. With the aim of studying
the development of antibody responses against different do-
mains of AMAL in a naturally exposed population with age and
to determine whether they are predominantly directed against
conserved or allele-specific parts of the protein, we performed
serological studies with plasma samples from an age-stratified
sample of individuals living in the Wosera region of Papua
New Guinea, where malaria is endemic.

The clear age dependence that we observed in the preva-
lence and levels of antibodies against AMAI, which parallels
the development of protective immune responses, is in contrast
with the results of previous studies that detected a small age-
related change in antibody levels of individuals from Guinea-
Bisau and Cameroon and no age dependence in the levels of
antibodies in individuals from Senegal (17, 34). Although we
cannot rule out the possibility that these results reflect real
differences in the antibody responses to AMAL1 between these
African and Papua New Guinea populations, we consider it
more likely that the different results are attributable to the
different methodologies in these studies, because the antibody
levels detected in these African settings where malaria is highly
endemic were much lower than the levels detected in the
Papua New Guinea population. It might be of importance that
the baculovirus-expressed AMAL1 used in the previous studies
was highly glycosylated, unlike authentic AMA1 (34). Also,
one of those studies (34) used a capture ELISA method in-
stead of the direct ELISA method used here and in the study
with samples from Cameroon (17).
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Antibodies against the AMA1 ectodomain were highly prev-
alent among individuals exposed to malaria and occurred at
very high titers, which may be important for inhibiting mero-
zoite invasion if the on-rate of antibody binding in the short
time the merozoite surface is accessible is important (31). In
contrast, the prevalence of antibodies against domain II alone
or domain III alone was lower. The titers were also lower and
did not correlate with titers against the full ectodomain. Struc-
tural analyses of domain II (R. F. Anders, personal communi-
cation) and domain III (24) indicate that the disulfide bonds in
these individually expressed and refolded domains are correct.
Thus, the low prevalence and low titers of antibodies against
these domains may suggest that the majority of the naturally
acquired antibodies against AMA1 are directed against the
highly polymorphic domain I. This hypothesis has not been
tested because we could not express and correctly refold do-
main I alone, but a recent report showed that domain I alone,
as well as other individual subdomains, is poorly recognized by
antibodies against the full-length ectodomain (20). An alter-
native explanation is that some dominant epitopes in AMAL1
depend on more than one domain. Our observation that some
plasma samples had dramatically different levels of antibodies
against 3D7 or D10, which are identical in domain I, but low
levels of antibodies against domain II and domain III favors
this latter explanation. The well-documented conformation de-
pendence of anti-AMAL1 antibodies (1, 9, 13) is also consistent
with the view that some principal epitopes in AMA1 depend
on more than one domain. This argues against vaccine devel-
opment strategies that include only one of the domains of
AMAL if the aim is to mimic the development of naturally
acquired protective immune responses. In support of this view,
a construct comprising domains I and II induced growth-inhib-
itory antibodies and competed a significant fraction of the
growth inhibition by antibodies against the full ectodomain,
but it did not occur with single AMA1 subdomains or other
combinations of two subdomains (20).

For experiments with the full ectodomain or domain III, we
used three different forms of the antigen corresponding to the
sequences of P. falciparum lines 3D7, D10, and HB3. D10
AMAL1 differs from 3D7 AMAL1 in three positions in the pro-
sequence, one position in domain II, and four positions in
domain III, whereas 3D7 AMA1 and HB3 AMA1 differ in 25
positions located in all of the domains (13). The D10 and HB3
sequences differed in 27 positions also distributed among all of
the domains. Additionally, the recombinant 3D7 AMA1 used
in this study differs from the other two forms in one position
located between the prosequence and the beginning of the
disulfide-linked core of domain I and one position at the end of
domain IIT (13). For the majority of the plasma samples, we
observed very similar antibody titers against the alternative
forms. This observation could be explained by essentially all of
the antibodies being directed against conserved epitopes. Al-
ternatively, some of the antibodies could be directed against
allelic form-specific epitopes, but if this is the case, allele-
specific antibodies against the different allelic forms must oc-
cur at similar levels. To distinguish between these two possi-
bilities, we performed inhibition ELISA experiments. These
experiments revealed that in most individuals, some anti-
AMAL1 antibodies are directed against epitopes present in
some but not other allelic forms of the protein. This fraction of
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allele-specific antibodies comprised less than 25% of the total
anti-AMA1 antibodies in the majority of plasma samples, but
this proportion might be underestimated in some cases be-
cause we used only three different allelic forms of the ectodo-
main. Some of the alternative forms used represent rather
extreme forms that differ in a large number of polymorphic
positions but have the same residue in several other polymor-
phic sites, and more antigenically distant forms have been
reported (12, 18).

Our data suggest that antibodies against conserved epitopes
are quantitatively more important than antibodies against
polymorphic epitopes but that allele-specific antibodies occur
in most, if not all, individuals. The functional role of both types
of antibodies is not established, but the observation that poly-
morphisms in AMALI are under natural selection indicates that
polymorphic sites are targets of protective immunity (8, 28).
This observation suggests that antibodies against polymorphic
epitopes might constitute the major protective fraction of anti-
AMAL antibodies. Vaccine trials in mice using homologous
and heterologous challenge also support this view (9). This is a
testable hypothesis that clearly deserves further investigation.

A small subset of plasma samples showed dramatic differ-
ences in the recognition of different forms of the complete
AMAL1 ectodomain, indicating that these samples predomi-
nantly contain antibodies against polymorphic epitopes that
are present in some of the alternative forms but not others.
Different recognition of the different forms of domain III was
also detected in a few plasma samples and confirmed by inhi-
bition ELISA experiments. We do not have a satisfactory ex-
planation for why some individuals have very different anti-
body titers against different allelic forms of AMA1 whereas the
majority have very similar titers. It might be the consequence
of random repeated exposure to parasites with similar forms of
some polymorphic epitopes or, alternatively, it might reflect
genetic characteristics of the human host that determine the
capacity to mount an antibody response against particular
epitopes. The predominance of allele-specific antibodies was
significantly more common among younger individuals, sug-
gesting that development of immunity against AMA1 might
include an initial phase in which antibodies are mainly directed
against polymorphic epitopes followed by a later phase in
which antibodies against conserved epitopes are predominant.
Our inhibition ELISA experiments, which found no age de-
pendence of the estimated fraction of allele-specific antibod-
ies, did not confirm this hypothesis, but the number of samples
that could be tested in these assays was low and far from having
any epidemiological significance.

The majority of the plasma samples with very different rec-
ognition of the alternative forms of the full ectodomain bound
similarly well to D10 AMAL and to one but not both of the two
other allelic forms of the antigen used in this study (3D7 and
HB3). Furthermore, in plasma samples with similar titers of
antibodies against the three different forms, D10 AMAL1 inhib-
ited binding to the two other forms to a greater extent than the
other forms inhibited binding to D10. Also, anti-AMA1 anti-
bodies apparently have a higher affinity for D10 AMA1 than
for the other forms of the antigen, since lower concentrations
of D10 AMA1 were necessary to compete 50% of the binding
to any of the three antigens. These results indicate that the
majority of the epitopes present in 3D7 or HB3 AMAL1 are also
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present in the D10 antigen, whereas some of the epitopes
present in D10 are disrupted by the polymorphisms present in
the other alternative forms. If this pattern of reactivity is also
a feature of sera from other regions of endemicity, it would
argue for the inclusion of the D10 allelic form in a future
AMA1-based vaccine. Consistent with these results, antibodies
against 3D7 AMAL inhibited invasion by D10 merozoites more
efficiently than they inhibited invasion by homologous 3D7
merozoites but inhibited HB3 merozoite invasion less effi-
ciently (13). In another study in which additional P. falciparum
lines were used, the same pattern was observed for the three
lines used here (18). Thus, there was a good correlation in the
pattern of specificity between ELISA experiments and invasion
inhibition experiments.

It is noteworthy that some plasma samples exhibited dra-
matic differences in their binding to D10 and 3D7 AMAI,
which are identical in domain I. This finding indicates that
residues outside domain I are part of important allele-specific
epitopes in AMAL. In particular, some of the 10 positions that
differ between 3D7 and D10 must be part of such epitopes. An
analysis of the polymorphisms in AMA1 using transgenic par-
asite lines also suggested that polymorphic sites located out-
side domain I are of immunological significance (12). If amino
acids in domain II or domain III are part of major polymorphic
epitopes in AMAL, these epitopes might also include residues
located in another domain, as indicated by the low antibody
titers against either of these domains alone. Alternatively,
many intradomain conformational epitopes may be present
only in the context of the full-length ectodomain. The immu-
nological relevance of polymorphism in domain IIT had been
predicted by population genetics analysis (28), by the cluster-
ing of polymorphic sites in solvent-accessible regions of the
domain, and by the effect of polymorphism on the invasion-
inhibitory activity of affinity-purified human antibodies di-
rected against this domain (24). Thus, it is likely that the four
differences in domain IIT between 3D7 and D10 determine the
very different recognition of 3D7 and D10 AMA1 ectodomains
by some plasma samples.
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