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Substantial evidence indicates that antibodies to Plasmodium falciparum merozoite antigens play a role in
protection from malaria, although the precise targets and mechanisms mediating immunity remain unclear.
Different malaria antigens induce distinct immunoglobulin G (IgG) subclass responses, but the importance of
different responses in protective immunity from malaria is not known and the factors determining subclass
responses in vivo are poorly understood. We examined IgG and IgG subclass responses to the merozoite
antigens MSP1-19 (the 19-kDa C-terminal region of merozoite surface protein 1), MSP2 (merozoite surface
protein 2), and AMA-1 (apical membrane antigen 1), including different polymorphic variants of these
antigens, in a longitudinal cohort of children in Papua New Guinea. IgG1 and IgG3 were the predominant
subclasses of antibodies to each antigen, and all antibody responses increased in association with age and
exposure without evidence of increasing polarization toward one subclass. The profiles of IgG subclasses
differed somewhat for different alleles of MSP2 but not for different variants of AMA-1. Individuals did not
appear to have a propensity to make a specific subclass response irrespective of the antigen. Instead, data
suggest that subclass responses to each antigen are generated independently among individuals and that
antigen properties, rather than host factors, are the major determinants of IgG subclass responses. High levels
of AMA-1-specific IgG3 and MSP1-19-specific IgG1 were strongly predictive of a reduced risk of symptomatic
malaria and high-density P. falciparum infections. However, no antibody response was significantly associated
with protection from parasitization per se. Our findings have major implications for understanding human
immunity and for malaria vaccine development and evaluation.

Effective immunity against Plasmodium falciparum malaria
in humans develops slowly over time after repeated exposure
and protects against the development of symptomatic and se-
vere illness. Although the targets of protective immunity in
humans remain ill-defined, substantial evidence suggests that
antibodies against merozoite antigens play an important role,
and several merozoite antigens are leading vaccine candidates
(5, 15, 29, 35, 37, 45). Antibodies to merozoite antigens are
thought to function in vivo by inhibition of merozoite invasion
of erythrocytes, opsonization of merozoites for phagocytosis,
and antibody-dependent cellular inhibition (3, 9, 13, 21, 24).

The subclass of antibodies produced against antigens is
likely to be important for protective activity, as immunoglob-
ulin G (IgG) subclasses differ in their structures and mediate
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different immune effector functions (32). Knowledge of sub-
class responses associated with protection against malaria is
important for understanding immunity and guiding vaccine
development. IgG1 and IgG3 are the predominant subclasses
produced in response to merozoite antigens (31, 37, 40, 43, 46,
48). IgG1 and IgG3 are cytophilic and T cell dependent, have
high affinity for Fc receptors, and mediate phagocyte activation
and complement fixation (7). It has been suggested that IgG3
is more efficient at mediating these processes (7). For reasons
that are not well understood, different merozoite antigens in-
duce different relative levels of IgG1 and IgG3 (14, 29, 31, 37,
40, 46, 48). It is unclear whether individuals have a bias toward
producing a specific subclass regardless of the antigen or if
instead the IgG subclass response is generated independently
for each antigen and how this relates to protective immunity.
While factors determining subclass responses to antigens are
not clearly defined, antigen properties, host age, cumulative
exposure, and genetic determinants have been linked with the
nature of subclass responses (2, 4, 17, 33, 34, 41, 42, 47, 48).
Some studies have suggested that increasing age (and there-
fore malaria exposure) leads to an increasing polarization of
IgG subclass responses to merozoite antigens (41, 48).
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Antibodies to merozoite antigens have been linked with
protection from malaria in humans in some longitudinal stud-
ies (6, 11, 15, 23, 25, 29, 31, 35, 37-39, 45). Results from these
studies have been conflicting, which results partly from the use
of different endpoints for evaluating the protective role of
antibodies (i.e., different parasitemia thresholds versus symp-
tomatic illness). It is thought that acquired immunity largely
targets blood-stage antigens and acts by limiting parasite rep-
lication, thereby preventing the development of high-density
parasitemia, but is less effective at protecting from parasitiza-
tion per se (26). However, there are limited data that directly
address this question and few studies have evaluated antibody
associations with protection from symptomatic malaria, high-
density parasitemia, and parasitization per se in the same co-
hort because of challenges in performing these studies in
community-based settings. Additionally, the detection of par-
asitization has generally been performed using light micros-
copy, which is not sufficiently sensitive to detect parasitemias of
very low density. The development of high-throughput molec-
ular methods to detect parasitemia in cohort studies has pro-
vided new opportunities to better define these associations
between immune responses and parasitization and symptom-
atic malaria. Furthermore, most studies of immunity have been
conducted in sub-Saharan Africa, and there are little data from
populations in Asia, where a large portion of the global malaria
burden occurs (44).

We addressed these important issues in a treatment-reinfec-
tion study of 206 children resident in an area of malaria ende-
micity in Papua New Guinea. We prospectively examined as-
sociations between subclass-specific responses to P. falciparum
merozoite antigens (the 19-kDa C-terminal region of merozo-
ite surface protein 1 [MSP1-19], apical membrane antigen 1
[AMA-1], and merozoite surface protein 2 [MSP2]) and the
risks of high-density parasitemia, symptomatic malaria, and
reinfection, as detected by sensitive molecular-based methods.
Furthermore, we evaluated the influences of host age, expo-
sure, and concurrent P. falciparum infection on the nature of
responses and assessed whether individuals demonstrated a
bias toward specific subclass responses and whether polymor-
phisms in antigens influenced the nature of subclass responses.

MATERIALS AND METHODS

Study population. A prospective treatment-reinfection study was undertaken
in the Mugil and Megiar area 50 km north of Madang, Papua New Guinea.
Details of the study are described elsewhere (30). Briefly, 206 children aged 5 to
14 years (median, 9 years; interquartile range, 8.1 to 10.3 years) were enrolled in
the study, and venous blood samples were collected. All children were treated
with 7 days of artesunate taken orally and were monitored for 6 months by active
(twice-weekly) and passive case detection for reinfection and symptomatic ill-
ness. New infections were distinguished from treatment failures by MSP2-based
genotyping. A symptomatic episode of P. falciparum malaria was defined as the
presence of fever and parasitemia of >5,000 parasites/pl. Parasitemia was de-
termined by a semiquantitative post-PCR ligase detection reaction-fluorescent
microsphere assay (LDR-FMA) (28), and light microscopy. All analyses were
performed using parasitemia determined by LDR-FMA, unless otherwise indi-
cated. P. falciparum was detected in 67.5% of subjects at enrollment by LDR-
FMA and in 40.3% by light microscopy. Samples collected at baseline and from
the first symptomatic infection were genotyped to identify MSP2 alleles (FC27 or
3D7), according to methods published previously (16, 22).

Samples were also collected from children and adults (0 to 3 years old [z = 50;
median age of 2 years], 4 to 6 years old [n = 48; median age of 5 years], 7 to 9
years old [n = 50; median age of 7.9 years], and =10 years old [n = 59; range
from 10 to 56 years; median age of 17.7 years]) in the Madang area of Papua New
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Guinea to further evaluate the associations between age and IgG subclass re-
sponse to merozoite antigens. Plasma samples were obtained from anonymous
Melbourne, Australia, residents with no known previous exposure to malaria to
act as negative controls in all assays.

Informed consent was obtained from all participants in the studies, and ethics
approval was obtained from the Medical Research Advisory Council, PNG, and
the Human Research Ethics Committee, The Walter and Eliza Hall Institute.

ELISA. Samples collected from the enrollment bleed were used in an enzyme-
linked immunosorbent assay (ELISA). All available samples were tested for total
levels of IgG, IgG1, and IgG3 to each antigen. A subset of samples was tested for
1gG2 and 1gG4 (n = 129 for MSP1-19 and MSP2 IgG2 and IgG4; n = 121 for
AMA-1 1gG2; n = 120 for AMA-1 IgG4). AMA-1 was expressed as a His-tagged
recombinant protein in Escherichia coli, using the full ectodomains of 3D7 and
W2mef, and was purified and refolded as described previously (21). Recombi-
nant MSP1-19 (3D7 sequence) was expressed as a His-tagged protein in E. coli,
purified over nickel-nitrilotriacetic acid resin (Qiagen, Victoria, Australia), and
refolded, as described previously (12). Full-length MSP2 (corresponding to the
3D7 or FC27 gene sequence) was expressed in E. coli as a C-terminally His-
tagged protein which was purified by nickel chelate, anion-exchange, and re-
versed-phase chromatography. Schizont parasite protein extract was prepared
from P. falciparum (3D7). Schizonts were lysed with saponin (0.09% in RPMI-
HEPES) on ice for 10 min and then centrifuged at 4°C, and the pellet was washed
in cold phosphate-buffered saline (PBS). Schizonts were resuspended in cold
PBS, vortexed and freeze-thawed on dry ice twice, and sonicated for 30 s to
solubilize proteins. This mixture was then centrifuged, and the supernatant was
collected and used in the assays.

ELISAs were performed using established methods (36). Ninety-six-well plates
(Immulon 4 plates [ThermoLabsystems, MA] or Maxisorp plates [Nunc, Rosk-
ilde, Denmark]) were coated with 0.5 wg/ml of recombinant antigen or 4.6 pg/ml
schizont lysate in PBS and incubated overnight at 4°C. Skim milk-PBS-0.05%
Tween was used for blocking and diluting plasma and antibodies. Plasma was
added in duplicate at previously determined dilutions. For measurement of total
1gG, horseradish peroxidase-conjugated sheep anti-human IgG (Chemicon, Mel-
bourne, Australia) was used at a 1:2,500 concentration. For measurement of IgG
subclasses, secondary antibodies were added at a dilution of 1:1,000 using mouse
anti-human IgG subclass antibodies (IgG1 clone HP6069 [Invitrogen Corpora-
tion, CA], IgG3 clone HP6047 [Invitrogen Corporation, CA], 1gG4 clone
HP6023 [Calbiochem-Novabiochem Corp., CA], and IgG2 clone HP6002 [Caltag
Laboratories, CA]). The tertiary antibody for the subclass assays was a sheep
anti-mouse antibody (Chemicon International, CA), added at 1:2,500. Finally,
ABTS [2,2'-azinobis(3-ethylbenzthiazolinesulfonic acid)] substrate (Sigma, Cas-
tle Hill, Australia) was added to the plates and the reaction stopped with 1%
sodium dodecyl sulfate. The optical density (OD) was determined at 405 nm. All
samples were tested in duplicate, and samples were retested if there was a
discrepancy of greater than 25% between duplicates. Standardization of the
plates was achieved using positive-control plasma pools on each plate. Back-
ground (determined from the wells with no plasma) was deducted from the mean
of each sample and a cutoff threshold for positivity determined as the mean plus
3 standard deviations from the nine negative-control plasma samples (Mel-
bourne residents) included in each assay.

Analysis. As antibody levels were not normally distributed, nonparametric
tests were used for analyses. Correlations between ODs of different subclasses
and/or to different antigens were determined using Spearman’s rank correlation,
and differences in the median ODs with age and infection status were compared
using a two-sample Wilcoxon rank sum test. Differences in the proportions of
children positive for different subclasses and associations between age and in-
fection status and antibody prevalence were assessed using the chi-square or
Fisher’s exact test. To determine how exposure influences the subclass profile,
children were grouped into four equal groups (quartiles) according to their IgG
responses to P. falciparum schizont extract and the subclass responses within
each group examined.

For determining the association between antibody levels and P. falciparum
infection and symptomatic malaria, children were stratified into three equal
groups (tertiles), reflecting low, medium, and high responders according to OD
values for each antigen (tertile cutoffs are given in Table S1 in the supplemental
material). A Poisson regression was used to test for associations between anti-
body levels and incidence of disease, while associations with time to first infection
were assessed by Cox regression, adjusting for known confounders, as previously
described (30). In all multivariate analyses, backward selection and likelihood
ratio tests were used to identify the best-fitting models. All statistical analyses
were performed using STATA 8 statistical analysis software (Stata Corporation,
College Station, TX). P values of =0.05 were considered statistically significant,
and P values of >0.1 were classified as not significant (NS).
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FIG. 1. IgG subclass profiles for the levels of reactivity to merozoite antigens of P. falciparum among the study cohort, as measured by ELISA.
Horizontal bars indicate the median antibody levels. The 3D7 allele of MSP1-19 and AMA-1 was used.

RESULTS

IgG subclass responses to merozoite antigens and effect of
polymorphisms on these responses. In agreement with previ-
ous studies, antibody responses were predominantly IgG1 and
IgG3 and there was little IgG2 and IgG4 reactivity (Fig. 1).
Therefore, analyses were restricted to IgG1l and IgG3. The
levels of predominance of IgG1 versus IgG3 varied among
antigens (Fig. 1; also see Table S1 in the supplemental mate-
rial). For MSP1-19 and AMA-1, IgG1 levels were significantly
higher than IgG3 levels (median IgG1 OD of 0.17 versus me-
dian IgG3 OD of 0.03 [P < 0.001] for MSP1-19; median IgG1
OD of 0.97 versus median IgG3 OD of 0.09 [P < 0.001] for
AMA-1). In contrast, IgG3 was the dominant subclass for both
allelic forms of MSP2 (median IgG1 OD of 0.01 versus median
I1gG3 OD of 0.74 for the 3D7 allele; median IgG1 OD of 0.02
versus median IgG3 OD of 0.70 for the FC27 allele [P <
0.001]).

We next evaluated the effect of antigen polymorphisms on
subclass responses. Polymorphisms in AMA-1 appeared to
have little effect on the profile of IgG subclass responses. In a
subset of children (n = 73), IgG1 and IgG3 were measured
against both the 3D7 and the W2mef AMA-1 variants, which
have been shown to be antigenically different (20). For both
AMA-1 variants, IgG1 was predominant, and similar numbers
of individuals were positive for each allele (93.2% IgG1 versus
82.2% 1gG3 for 3D7; 93.2% IgGl versus 76.7% 1gG3 for
W2mef). For MSP2, responses were less strongly biased to-
ward IgG3 for the FC27 allele than for the 3D7 allele. The

prevalence of IgG1 was significantly higher for the FC27 than
for the 3D7 allele (41.3% and 51.5% IgG1 [P = 0.04] for MSP2
3D7 and FC27, respectively), whereas the prevalences of 1gG3
were similar (84.2% and 80.7% IgG3 for MSP2 3D7 and FC27,
respectively [P = 0.35]).

IgG subclass responses are associated with age, exposure,
and concurrent parasitemia. Antibody responses were signif-
icantly associated with age in the cohort; both IgG1 and IgG3
levels were significantly higher among older children than
among younger children for all four antigens (Fig. 2). Antibody
prevalence was also significantly higher for older children for
all responses except that of IgG1 to MSP2 (see Table S2 in the
supplemental material). We did not find any evidence that
increasing age or malaria exposure leads to an increasing po-
larization of responses from a mixed IgG1/IgG3 profile to a
particular IgG subclass response, as reported from studies of
African populations (45, 48). Higher levels of IgG to schizont
protein extract (reflecting greater exposure to malaria) were
significantly correlated with higher levels and prevalence of
IgG1 and IgG3 for all antigens (Fig. 3 and Table 1; also see Fig.
S1 in the supplemental material). Because the age range in the
cohort was narrow, we tested an additional set of samples from
207 randomly selected individuals aged 0 to 56 years resident in
the same geographical area to further examine this relation-
ship. For all four antigens, both IgG1l and IgG3 increased
significantly in association with age (Fig. 4; also see Fig. S2 in
the supplemental material).

In the main cohort, levels of IgG1l and IgG3 to AMA-1,
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FIG. 2. Associations between age and presence of parasitemia and
IgG subclass responses to merozoite antigens of P. falciparum. Chil-
dren were divided into two age groups, =9 years (n = 91) and >9 years
(n = 115), to examine associations with age. The presence (Pf Pos [n =
139]) or absence (Pf Neg [n = 67]) of P. falciparum infection was
determined by PCR. Data are plotted as box-and-whisker plots (boxes
show medians and interquartile ranges; error bars show 95% confi-
dence intervals).
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MSP1-19, and MSP2 were higher among children with concur-
rent P. falciparum infection at enrollment than among unin-
fected children; for MSP1-19, this association was observed
only in children of <9 years (Fig. 2). For AMA-1 and MSP1-
19, the prevalences of IgGl and IgG3 were also higher in
infected children than in uninfected children (see Table S2 in
the supplemental material). For MSP2, only the prevalence of
the less dominant IgG1 was higher among infected children
(see Table S2 in the supplemental material). When the MSP2
allelic type was considered, a higher prevalence of allele-spe-
cific IgG3 was associated with infection only by the corre-
sponding genotype (i.e., the prevalence of MSP2 3D7 IgG3 was
higher among children with 3D7-type infections than among
children with FC27-type infections) (Fig. 5). A similar, al-
though less pronounced, strain-specific boosting was observed
for IgG1 (data not shown).

Relatedness of subclass responses to different antigens
within individuals. For all antigens, the total IgG levels were
strongly correlated with the IgG1 and IgG3 responses (P <
0.001) (Table 1). Correlations with the total IgG levels were
highest for the predominant subclass for each antigen (higher
for IgG1 than IgG3 for AMA-1 and MSP1-19, but higher for
IgG3 than IgGl for MSP2). Antibody responses were also
significantly correlated between different antigens, although
the strengths of the correlations varied substantially (median
rho = 0.42; interquartile range, 0.36 to 0.48) (Table 1).

As subclass responses varied between different individuals,
we examined whether individuals might have a propensity to
make a particular subclass response irrespective of the antigen.
When comparing individual responses to different merozoite
antigens, we found no evidence that this was the case. Individ-
uals who were high responders (defined as >50th percentile;
n = 103) for IgG3 to AMA-1 (3D7 variant) were no more
likely to be high responders for IgG3 to MSP1-19 than for
IgG1 to MSP1-19 (67% were high responders for IgG3, versus
64% for IgG1; P value was NS). Similarly, high responders for
IgG1 to AMA-1 (3D7) were no more likely to be high respond-
ers for IgG1 to MSP1-19 than for IgG3 to MSP1-19 (70% were
high responders for IgG1, versus 62% for IgG3; P value was
NS). Similar results were obtained when comparing AMA-1
3D7 subclass responses of high responders for IgG1 and IgG3
to MSP2 (data not shown).

We then examined the relatedness of subclass responses
between different forms of the same antigen. High responders
for IgG3 to AMA-1 3D7 were significantly more likely to be
high responders for IgG3 to AMA-1 W2mef than high re-
sponders for IgG1 to AMA-1 W2mef (92% were high respond-
ers for IgG3, versus 64% for IgGl; P = 0.005). A similar
association was observed when comparing high responders for
IgG1 to AMA-1 3D7 with high responders for IgG1 to AMA-1
W2mef (86% were high responders for IgG1, versus 67% for
1gG3; P = 0.052). The IgG subclass responses to the two
AMA-1 variants were also strongly correlated (n = 73; IgGl
rho = 0.92; IgG3 rho = 0.92; P < 0.001). Conversely, there was
little evidence of relatedness between IgG subclass responses
to the two MSP2 alleles. High responders for IgG1 to MSP2
3D7 were no more likely to be high responders for IgG1 to
MSP2 FC27 than for IgG3 to MSP2 FC27 (67% were high
responders for IgG1, versus 61% for IgG3; P value was NS).
Similar observations were made with MSP2 IgG3 responses
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for differences in prevalence of IgG1 or IgG3 between groups for all antigens, except P = 0.001 for MSP2 3D7 IgG1. The 3D7 allele was used for
MSP1-19 and AMA-1.

(data not shown). IgG subclass reactivities against the 3D7 and Association between subclass response and risk of reinfec-
FC27 alleles were significantly correlated (n = 199; IgGl tion, high-density parasitemia, and symptomatic malaria. We
rho = 0.36; IgG3 rho = 0.37; P < 0.001) but not as strongly as examined associations between antibodies and symptomatic
those observed for AMA-1. malaria, reinfection, or parasitemias of different densities (Fig.

TABLE 1. Correlations between antibody responses to merozoite antigens of P. falciparum

Correlation coefficient?

Antigen and antibody AMA-1 MSP1-19 MSP2 3D7 MSP2 FC27
1gG IgG1 1gG3 1gG 1gG1 1gG3 IeG 1gG1 1gG3 1eG 1gG1 1gG3
AMA-1
1gG 0.87 0.46 0.48 0.52 0.43 0.49 0.20%* 0.48 0.48 0.37 0.41
IgGl1 0.47 0.46 0.50 0.40 0.48 0.24 0.49 0.48 0.39 0.41
1gG3 0.40 0.44 0.55 0.42 0.22%* 0.42 0.42 0.16* 0.47
MSP1-19
IgG 0.86 0.32 0.41 0.14* 0.42 0.47 0.31 0.38
1gG1 0.34 0.48 0.21%* 0.48 0.43 0.37 0.37
1gG3 0.43 0.26 0.44 0.54 0.31 0.56
MSP2 3D7
1gG 0.48 0.89 0.46 0.36 0.39
IgGl1 0.39 0.32 0.36 0.25
1gG3 0.40 0.29 0.37
MSP2 FC27
IeG 0.72 0.91
1gG1 0.6
1gG3
Schizont protein extract IgG 0.52 0.58 0.68 0.52 0.36 0.58 0.44 0.58

“ Correlation coefficients were determined by Spearman’s method, using samples that had complete data only (n = 198). All correlations are significant at a P value
of <0.001 unless otherwise indicated (*, P < 0.05; #*, P < 0.01).
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6). Univariate analyses established that the risk of P. falcipa-
rum malaria was associated with older age and location of
residence but not with other demographic parameters (30);
therefore, analyses of associations between antibodies and ma-
laria risk were adjusted for location and age. Erythrocyte ge-
netic polymorphisms (SAO, Gerbich, «o-thalassemia, and
CR1 polymorphisms) were not associated with risk of P. fal-
ciparum malaria (E. Lin, P. Michon, and 1. Mueller, unpub-
lished data).

Antibody levels were grouped as high, medium, or low,
based on tertiles (which divide the data into three equally sized
groups), and related to the risk of symptomatic malaria. The
strongest association between IgG subclass reactivity to mero-
zoite antigens and protection from symptomatic malaria was
observed for IgG3 to AMA-1. After adjustment for location, a
strong reduction in risk (i.e., evidence of protection) was found
for high (compared to low) levels of AMA-1 IgG3 (adjusted
hazard ratio [AHR] of 0.23, P < 0.001). There was also a
smaller reduction in risk among children with high IgG1 re-
sponses (AHR of 0.51, P = 0.028). However, in a model com-
bining IgG1 and IgG3 responses, only high IgG3 responses
were predictive of protection. Total IgG to AMA-1 was asso-
ciated only weakly with protection against symptomatic ma-
laria (AHR of 0.56 for low versus moderate levels, P = 0.045;
AHR of 0.63 for high versus low levels, P = (0.14). Individuals
with high levels of IgG1 and IgG to MSP1-19 had a signifi-
cantly reduced risk of malaria compared to those with low
levels, after adjusting for location (AHR of 0.43 for IgG1, P =
0.007; AHR of 0.39 for total IgG, P = 0.004). Individuals with
medium IgG1 and IgG levels also had a reduced risk of malaria
compared to those with low levels (AHR of 0.48 for IgG1, P =
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FIG. 6. Association between IgG antibody responses to merozoite antigens and protection against symptomatic P. falciparum malaria. Children
were stratified into groups of low, moderate, and high responders (based on tertiles) in order to test for associations between antibody responses
and risk of symptomatic malaria (defined as parasitemia of >5,000 parasites/wl and fever). Values represent AHRs = 95% confidence intervals,
adjusted for spatial confounders (SC) (attendance at Mugil school and living 1 km from seaboard) or age and SC. Open circles, AHRs for medium
versus low responders; filled circles, AHRs for high versus low responders. *, P < 0.05; #*, P < 0.01; *%, P < 0.001. The 3D7 allele of MSP1-19

and AMA-1 was used.

0.015; AHR of 0.48 for total IgG, P = 0.014). In contrast, IgG3
responses to MSP1-19 were not associated with a reduced risk
of malaria.

Medium (AHR of 0.47, P = 0.015) and high (AHR of 0.53,
P = 0.037) IgG3 responses to MSP2 3D7 were associated with
protection, after adjusting for location (AHR of 0.53, P =
0.037), whereas IgG1 was not. In contrast, high IgG1 (AHR of
0.55, P = 0.046) and IgG3 (AHR of 0.49, P = 0.027) responses
to MSP2 FC27 were associated with a reduced risk of symp-
tomatic malaria. Performing the analysis using the combined
IgG3 responses to both MSP2 alleles did not substantially
change the strength of the association with malaria risk. High
IgG responses to MSP2 FC27 were significantly associated
with protection against symptomatic malaria, but the associa-
tion with IgG to MSP2 3D7 was of borderline significance
(3D7 AHR of 0.50, P = 0.031; FC27 AHR of 0.39, P = 0.006).

We further investigated the association between antibodies
to MSP2 and protection from malaria by examining the MSP2
genotype of the first symptomatic episode in relation to MSP2
allele-specific antibodies at baseline. Of 96 clinical episodes
with available DNA, 56 (58.3%) were caused by a 3D7-type
infection, 24 (25%) were caused by an FC27-type infection,
and 16 (16.7%) by mixed 3D7/FC27 infections. If only episodes
containing 3D7-type infections were considered, high levels of
IgG3 to MSP2 3D7 were associated with a reduced risk of
symptomatic malaria (AHR of 0.43, P = 0.026). However, high
levels of IgG1 (AHR of 0.42, P = 0.03) and IgG3 (AHR of
0.35, P = 0.009) to MSP2 FC27 were also associated with a
reduced risk of symptomatic malaria containing 3D7-type in-
fections. Due to the low numbers of FC27-type infections, it

was not possible to examine the associations between MSP2
FC27 antibodies and FC27-type malaria episodes.

After further adjusting analyses for age in addition to loca-
tion, the associations between the reduced risk of symptomatic
malaria (comparing high and low responders) and IgG3 to
AMA-1 (AHR of 0.28, P < 0.021), IgG1 to AMA-1 (AHR of
0.49, P = 0.025), and IgG1 to MSP1-19 (AHR of 0.48, P =
0.024) remained significant (Fig. 6). Age adjustment had a
more substantial effect on associations between MSP2 antibod-
ies and protection; associations with high levels of IgG3 to
MSP2 3D7 remained significant (AHR of 0.54, P = 0.041),
whereas associations with high levels of IgG1 or IgG3 to MSP2
FC27 (AHR of 0.58 [P = 0.070] or AHR of 0.54 [P = 0.065],
respectively) were of borderline significance.

To further understand the contribution of specific antibody
responses to protection from symptomatic malaria, we per-
formed a multivariate analysis (adjusted for location) including
subclass-specific responses to all four antigens. Only high anti-
AMA-1 IgG3 responses (AHR of 0.30 for high versus medium
and low levels, P = 0.001) and moderate and high anti-
MSP1-19 IgG1 responses (AHR of 0.58 for high and medium
versus low levels, P = 0.036) were predictive of a reduced risk
of symptomatic malaria. Adjustment for age did not change the
significance or size of these associations (data not shown).

We also examined associations between antibodies and re-
infection with a parasitemia of any density (as detected by PCR
or light microscopy) or episodes of moderate-density (>500
parasites/wl) or high-density (>5,000 parasites/pl) parasitemia
(Fig. 7) (analysis was based on the time to first episode). There
was a weak association of borderline statistical significance
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FIG. 7. Association between subclass-specific antibodies against
merozoite antigens and P. falciparum blood-stage infections of differ-
ent densities. Values represent HRs = 95% confidence intervals.
Filled circles, IgG1; open circles, IgG3. PCR, P. falciparum infection
determined by PCR; LM, P. falciparum infection determined by light
microscopy; >500/pl, P. falciparum infection with a density of >500
parasites/wl; >5000/pl, P. falciparum infection with a density of >5,000
parasites/pl. The 3D7 allele was used for each antigen.

between high AMA-1 IgG3 levels and time to reinfection, as
detected by PCR (HR of 0.72, P = 0.071) (Fig. 7). There were
no other total IgG or subclass responses significantly associ-
ated with time to reinfection, as determined by PCR or light
microscopy (data not shown for MSP2). In contrast, high
AMA-1 IgG3 levels were more strongly associated with pro-
tection from moderate-density parasitemia (HR of 0.60, P =
0.017) and most strongly associated with protection from high-
density parasitemia (HR of 0.24, P < 0.001). High levels of
IgG1 to MSP1-19 were significantly associated with protection
from only high-density parasitemia (HR of 0.40, P = 0.003)
and not moderate-density parasitemia.

DISCUSSION

An important question in understanding human immunity to
malaria is whether antibodies to merozoite antigens may con-
tribute to protection against parasitization per se or only act to
prevent symptomatic malaria. Our results demonstrate that
IgG subclass-specific responses to merozoite antigens are sig-
nificantly associated with protection from high-density para-
sitemia and symptomatic malaria but not against parasitization
per se. Several previous studies have examined associations
between merozoite antibodies and risk of malaria illness, but
very few have examined associations with reinfection. To our
knowledge, none have examined associations between IgG
subclass-specific responses and reinfection, high-density para-
sitemia, and symptomatic malaria in the same study. To ad-
dress these important questions in our study, we cleared par-
asitemia among participants at enrollment with a highly
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effective treatment (>90% cure rate), actively screened for
reparasitization using sensitive molecular methods, and geno-
typed infecting parasites to distinguish reinfection from treat-
ment failure. Furthermore, we examined IgG subclass re-
sponses in addition to total IgG responses. Although there was
a weak association between IgG3 to AMA-1 and reinfection,
this was of borderline statistical significance. The association
with risk of high-density parasitemia was much stronger and
highly significant for IgG3 to AMA-1 and IgG1 to MSP1-19.
No other IgG or subclass responses were associated with risk
of reinfection, as detected by PCR or light microcopy. Instead,
our results suggest that antibodies to merozoite antigens me-
diate their protective effect by control of blood-stage para-
sitemia, thereby preventing high-density infections, which has
important implications for understanding immunity. High-den-
sity parasitemia and overall parasite biomass are linked with
the pathogenesis of severe malaria (19), suggesting that an
ability to control parasitemia, but not necessarily prevent
blood-stage parasitemia, may afford substantial protection
from severe and complicated malaria.

The strongest association with protection from symptomatic
malaria in multivariate analysis was for IgG3 against AMA-1.
Although IgG3 was predictive of protection, IgG1 was only
weakly associated with protection, even though it was the dom-
inant subclass and correlated with age and exposure. Further-
more, total IgG to AMA-1 was only weakly associated with
protection, emphasizing the value of examining subclasses and
not just total IgG in studies of human immunity. The associa-
tion between protection and IgG3 is unlikely to be explained
simply by these antibodies being a marker of an alternate
protective immune response. AMA-1 IgG3 was not predictive
of the IgG1 or IgG3 response to MSP1-19 or MSP2 and did not
indicate an overall propensity of protected individuals to have
a greater IgG3 response to malaria antigens; the IgG3 re-
sponse to AMA-1 and its association with protection appeared
specific to AMA-1. These results have important implications
for AMA-1 vaccine development, as a recent phase 1 clinical
trial demonstrated that the vaccine construct induced predom-
inantly IgG1 (27). Our finding differs from a recent study (31)
in which IgGl1, but not IgG3, to AMA-1 was associated with
protection from symptomatic malaria in an African popula-
tion. Differences in population genetics, transmission levels,
and age groups studied may account for the differences be-
tween studies.

IgG1 responses to MSP1-19 were also associated with pro-
tection against symptomatic malaria, which remained signifi-
cant in multivariate analysis. This finding is in agreement with
some studies conducted previously with African populations,
but not others (5, 11, 15, 25, 31, 39). IgG3 reactivity to
MSP1-19 was low overall, which may also explain why it was
not associated with a reduced risk of malaria. Consistent with
the association with protection, AMA-1 and MSP1-19 are
thought to be essential for erythrocyte invasion (10) and have
been identified as targets of human invasion-inhibitory anti-
bodies (for example, see references 13 and 21).

Antibodies to MSP2 had a weaker association with protec-
tion, and this association did not remain significant in a mul-
tivariate analysis of antibody responses. Although there was
evidence that levels of allele-specific antibodies were higher if
infected with that particular allele, there was not clear evi-
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dence of allele-specific protection by antibodies to MSP2 when
the genotype of episodes was prospectively related to allele-
specific antibodies. MSP2 3D7 IgG3 and MSP2 FC27 IgG1 and
IgG3 were all associated with a reduced risk of symptomatic
3D7-type malaria. This may indicate that a component of the
protective antibody response is directed against the conserved
region of MSP2. It has been shown in previous studies that
total IgG and IgG3 to MSP2 are associated with a reduced risk
of symptomatic malaria (1, 18, 29, 37, 45). Antibodies to the
variable region of MSP2 3D7 are thought to have contributed
to the efficacy of the combination B malaria vaccine (18).

In this study, IgG1 and IgG3 levels of reactivity to each
antigen increased with age and exposure and were higher
among those with active infection. In previous studies, it has
been suggested that increasing age (and malaria exposure) is
accompanied by an increasing polarization of the subclass re-
sponse to malaria antigens (45, 48); that is, an individual’s
ability to produce both IgG1l and IgG3 diminishes and only
IgG1 or IgG3 is produced. For example, it has been suggested
that a mixed IgG1/IgG3 response to MSP2 in young children
evolves into an IgG3-only response as age increases (45, 48). In
our cohort, we did not observe polarization of responses; for
all antigens, the prevalence and levels of IgG1 and IgG3 in-
creased significantly with age and exposure (measured as an-
tibody reactivity to P. falciparum schizont extract). As the age
range of our primary cohort was narrow, we studied a second
cohort of residents of the same geographical area with a wider
age range. Both the dominant and subdominant antibody re-
sponses increased with age for all antigens, supporting our
previous observation. Reasons for differences between the
studies may relate to differences in host population genetics,
malaria transmission intensity, and sensitivity of reagents used.

We report here that subclass-specific responses to different
antigens are not related among individuals; antigen-specific
subclass responses appear to be generated independently. Only
in the instance of responses to different AMA-1 variants was
there evidence of relatedness. This may be because antibodies
are largely directed against conserved epitopes of AMA-1
rather than due to an inherent bias among individuals to pro-
duce a particular subclass. The lack of a predisposition to
produce a particular subclass response regardless of the anti-
gen further supports the hypothesis that the factors influencing
the subclass response are determined mainly by the antigen
rather than the host. Prior studies of mice identified a T-cell
epitope in MSP2 that appears to promote cytophilic IgG sub-
class responses (47). Although polymorphisms in AMA-1 were
not associated with differences in subclass responses, it is con-
ceivable that the component of the antibody response directed
against the conserved epitopes may have affected our ability to
detect differences in subclass responses to allele-specific
epitopes. Some difference in the subclass responses to MSP2
alleles was observed, and IgG1 and IgG3 responses to the two
alleles were not as strongly correlated as other responses and
were not significantly related. These observations suggest that
responses to each allele may be determined independently and
that, in principle, polymorphisms in antigens can influence the
profile of IgG subclasses induced.

Our observation that the subclass response to MSP1-19 is a
mixed IgG1/IgG3 response, with IgG1 being predominant, and
that the response to MSP2 is predominantly IgG3 is generally
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in agreement with previous studies (8, 11, 15, 25, 29, 31, 37, 42,
43, 46, 48). Studies of African populations report that IgG1 is
preferentially induced, with some IgG3 (31, 37); however, one
study reported very little or no 1gG3 to AMA-1 (48). In our
study, although IgG1l was the predominant response to
AMA-1, it was also a mixed IgG1/IgG3 response. To confirm
our results, we validated our subclass typing reagents against
two other commercially available reagents; furthermore, test-
ing plasma from Kenyan children and adults, we detected both
IgG1 and IgG3 to AMA-1, with IgG1 being predominant (D.
Stanisic and F. McCallum, unpublished data).

In conclusion, these findings have significant implications for
understanding and measuring immunity and for the develop-
ment and evaluation of blood-stage vaccines. They provide
strong support for the role of IgG subclass-specific antibodies
to merozoite antigens in protection from symptomatic malaria
and high-density infections and important insights into how
IgG subclass responses are acquired.
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