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Plasmodium falciparum erythrocyte membrane protein 1 (PfEMP1) is a variant antigen expressed on the
surface of infected erythrocytes. Each parasite genome contains about 40 PfEMP1 genes, but only 1 PfEMP1
gene is expressed at a given time. PfEMP1 serves as a parasite-sequestering ligand to endothelial cells and
enables the parasites to avoid splenic passage. PfEMP1 antibodies may protect from disease by inhibiting
sequestration, thus facilitating the destruction of infected erythrocytes in the spleen. In this study, we have
measured antibodies in Ghanaian children to a conserved region of PfEMP1 by enzyme-linked immunosorbent
assay and antibodies to variant molecules on erythrocytes infected with field isolates of P. falciparum by flow
cytometry. Based on close clinical monitoring, the children were grouped into those who did (susceptible) and
those who did not (protected) have malaria during the season. The prevalences of antibodies to both the
conserved PfEMP1 peptide and the variant epitopes were greater than 50%, and the levels of immunoglobulin
G (IgG) correlated with age. The levels of antibodies to both the conserved peptide and the variant epitopes
were higher in protected than in susceptible children. After correcting for the effect of age, the levels of IgG to
variant antigens on a Sudanese and a Ghanaian parasite isolate remained significantly higher in protected
than in susceptible children. Thus, the levels of IgG to variant antigens expressed on the surface of infected
erythrocytes correlated with protection from clinical malaria. In contrast, the levels of IgG to a peptide derived
from a conserved part of PfEMP1 did not correlate with protection from malaria.

Antibodies directed against the variant antigen Plasmodium
falciparum erythrocyte membrane protein 1 (PfEMP1) have
been suggested to be a key element of malaria immunity (7, 21,
22). PfEMP1 is encoded by about 40 var genes (3, 27, 32) and
mediates sequestration of the parasite to endothelial cells of
blood vessels within various host organs including the brain
and the placenta (2). Sequestration is probably a strategy
evolved by the parasite to avoid filtration through and killing in
the spleen (12). Sequestration will thus tend to increase para-
site multiplication rates. Furthermore, the process is thought
to contribute to the pathogenesis of severe malaria because the
accumulation of parasites provokes a strong inflammatory re-
sponse that can be harmful to the host (4). Antibodies to
PfEMP1 can block the adhesion of mature parasitized eryth-
rocytes to specific receptors (28), and individuals in malaria-
endemic areas acquire antibodies that block parasite adhesion
(17, 25, 26). Such antibodies may contribute to protection
against malaria by reducing tissue-specific sequestration and
inflammation and by reducing the parasite burden as nonbind-
ing parasites are removed in the spleen. These protective
mechanisms are not mutually exclusive, but the first will tend to

reduce the number of severe infections whereas the second will
tend to reduce the number of fever episodes, which occur as
the parasite density increases above the fever threshold. It has
been shown that development of malaria severe enough to
warrant hospital admission is associated with lack of antibody
reactivity to the variant antigens expressed by the parasite
isolate causing the disease (7). The present study was designed
to test whether antibodies to variant antigens are involved in
protection of children from febrile malaria episodes. Ghanaian
children have asymptomatic parasitemia controlled at rela-
tively low densities most of the time. The first symptom of
malaria in these children usually is fever, which occurs when
parasite densities exceed the fever threshold because of insuf-
ficient control of parasite multiplication. In this study children
were closely monitored clinically and parasitologically during
the malaria season and subsequently divided into two groups
consisting of those who did and those who did not develop
malaria. We show that the levels in plasma of antibodies to
variant antigens expressed on some parasite isolates before the
malaria season were associated with protection against febrile
malaria episodes.

MATERIALS AND METHODS

Study area, study population, and clinical surveillance. The study was con-
ducted in Dodowa, a semirural town outside Accra, Ghana. Malaria transmission
is perennial but peaks during or immediately after the major rainy season and is
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lowest during the preceding dry season. The estimated number of infective bites
per year is around 20, and about 80% of these are received during the major
malaria season. Most infections (98%) are due to P. falciparum (1). Dodowa can
thus be described as an area of hyperendemic, seasonal malaria transmission. In
the present study, we studied a random subpopulation consisting of 118 sicklecell
trait-negative children (age range, 3 to 15 years) drawn from a larger cohort of
300 children described in detail previously (13). The children in the study cohort
were monitored by active and passive case detection between April and Novem-
ber 1994 (13). Heparinized venous blood samples were obtained in April 1994
(preseason) and November 1994 (postseason). Plasma samples were stored at
220°C until analysis. Control plasma samples were obtained from healthy Dan-
ish adults who had never lived in a malaria-endemic area. A pool of plasma
obtained from adults living in Dodowa and selected for high antibody reactivity
to variant surface antigens was used as positive control. Informed consent was
obtained from all studied individuals and/or their parents. The Ghanaian Min-
istry of Health approved the study.

Antibody Measurements. (i) Antibody reactivity to variant antigen expressed
on the surface of infected erythrocytes. The levels of antibodies to five different
parasite isolates were measured by flow cytometry (29). We used primary isolates
L73 and L50, obtained from two asymptomatic children within the Ghanaian
cohort; the Busua isolate, obtained from a Danish patient who contracted ma-
laria while in another region in Ghana; and 2D3 and G12, obtained from
Sudanese malaria patients. The parasite isolates were maintained in culture for
up to 3 weeks before being assayed by standard procedures with slight modifi-
cations (11, 33). On the day of the assay, erythrocytes infected with mature blood
stages were purified by exposure to a strong magnetic field, resulting in material
having .75% parasitemia (29). Aliquots of 2 3 105 purified late-stage-infected
erythrocytes labeled-with ethidium bromide were sequentially exposed to 20 ml
of plasma previously adsorbed with 106 uninfected type O erythrocytes, 0.5 ml of
goat anti-human immunoglobulin G (IgG) (Dako, Glostrup, Denmark), and 4 ml
of fluorescein isothiocyanate-conjugated rabbit anti-goat IgG (Dako). Samples
were washed twice in phosphate-buffered saline between each incubation step
and analyzed on a Coulter EPICS XL-MCL flow cytometer (Coulter Electronics,
Luton, United Kingdom) using WinMDI software (http://facs.scripps.edu/soft-
ware.html). For each plasma sample, the mean late-stage-infected erythrocyte
fluorescein isothiocyanate fluorescence index was recorded. Nonspecific labeling
was evaluated by analysis of uninfected erythrocytes. A positive control pool
from six residents of Dodowa was titrated and included with each parasite isolate
assayed. For quantification, mean fluorescence index units were transformed to
antibody units by using standard curves generated from the titrated plasma pool,
for which the highest value was arbitrarily assigned 1,000 units. The lower limit
of positivity was determined as values greater than the mean obtained with the
plasma of 12 unexposed Danish donors plus 2 standard deviations. It has previ-
ously been shown that the main reactivity measured in this assay is directed
against large (200- to 300-kDa) polymorphic surface-expressed molecules (29)
and depends on expression of PfEMP1 (24).

(ii) Antibody reactivity to the synthetic peptide. A conserved linear peptide
from the published sequence of the var-1 gene of the Malayan Camp (MC)
isolate (32) was obtained from Schaefer Co. (Copenhagen, Denmark). The
amino acid sequence was DIGDIVRGKDLY (MCvar-1 amino acids 183 to 194).
The purity of the peptide was greater than 95%. Antibody reactivity was mea-
sured by an enzyme-linked immunosorbent assay as previously described (31). To
account for day-to-day variation, the results were calculated as relative optical
density at 492 nm (OD): (ODsample 2 ODbackground)/(ODpositive control 2

ODbackground). A pool of plasma samples obtained from six adults living in
Dodowa previously shown to react strongly with the peptide was used as positive
control. The lower limit of positivity was determined as the mean relative OD of
the plasma of 31 unexposed Danish donors plus 2 standard deviations.

Statistical analysis. Statistical analysis was done using the Sigma Stat software
package (Jandel Scientific, San Rafael, Calif.). The x2 test was used to compare
proportions of antibody responders in protected and unprotected children, while
the Mann-Whitney tests for paired and unpaired data were used to compare the
antibody levels between groups. Spearman’s rank correlation test was used to
correlate antibody responses in pre- and post-malaria transmission season sam-
ples and to assess associations between antibody levels and age. Two-way analysis
of variance was used to compare antibody responses stratified by age groups
among the malaria-susceptible or -protected children. RSEPT (http://www.ci
.tuwien.ac.at/R/bin/windows/windows/Rsept.zip) statistical software was used to
perform multiple-regression analysis to correct for the confounding effects of
age. Differences were considered statistically significant if P , 0.05.

RESULTS

P. falciparum infections in the study cohort. All 118 children
in the cohort were parasitemic at one or more of the monthly
parasite screenings done to determine the parasite point prev-
alence, which fluctuated around 50% throughout the 8-month
duration of the clinical surveillance (13). Based on this surveil-
lance, which included a combination of active- and passive-case
detection (13) we divided the children into two groups. During
the period of surveillance, 27 children had at least one episode
with fever in the presence of asexual parasitemia of .5,000/ml,
and these children were considered susceptible to malaria
(group 1); 73 children who did not have episodes of measured
or reported fever in the presence of asexual parasitemia were
considered to be clinically protected (group 2). A group of 18
children who had episodes of measured or reported fevers in
the presence of asexual parasitemia of ,5,000/ml were ex-
cluded from the analysis, since it is unclear whether fever
episodes in the presence of low-grade parasitemia were due to
malaria, when asymptomatic parasitemia is common.

IgG recognition of the variant antigens and the conserved
peptide sequence. In the Ghanaian children the prevalence of
IgG to variant antigens of parasite isolates from Ghana (L73,
L50, and Busua) or Sudan (G12 and 2D3) and the prevalence
of IgG to the PfEMP1 peptide from the relatively conserved
Duffy binding-like region 1 (DBL1) were higher than 50%
(Fig. 1A). This shows that the majority of the children had
antibodies to both variant antigens on the surface of infected
erythrocytes and to the peptide from the relatively conserved
part of PfEMP1.

Responses to the isolates correlated significantly [rs, 0.6 to
0.8; P(rs) , 0.001 for all correlations (data not shown)] both for
isolates from the same region and for isolates from different
regions. The reactivity to the conserved PfEMP1 peptide and
the reactivity to the variant antigens expressed by the different
parasite isolates also correlated [rs, 0.4 to 0.53; P(rs) , 0.001
for all comparisons [data not shown]).

Antibody levels and protection from malaria. For all para-
site isolates tested, the preseason levels of antibodies in the
protected (group 2) children were higher than in the suscep-
tible (group 1) children (Fig. 1B). However, the responses
increased with age [rs, , 0.6 ; P(rs) , 0.001], and since the
protected children were older than the susceptible children,
comparisons between antibody levels in the two groups of
children had to be corrected for age (Fig. 2A to D). Figure 2E
to H shows the age-corrected levels of antibodies. Of the par-
asite isolates tested, the antibody levels against Busua and G12
were significantly higher in the protected children than in the
susceptible children (P 5 0.046 and P 5 0.006, respectively).
After age correction, the mean level of reactivity for G12 was
approximately twice as high in the protected children as in the
susceptible children (Fig. 2G). The difference between suscep-
tible and protected children was most pronounced in the age
groups from 6 to 9 years and from 10 to 15 years (Fig. 2C). This
is consistent with clinical and parasitological data on the co-
hort, indicating that most of the protection from febrile disease
is acquired after 7 years of age. The age-corrected levels for the
Ghanaian isolate L50 (Fig. 2A and E), which did not differ
significantly between the groups, are shown for comparison.
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Correlation of responses at different measurements in the
same individual. The bulk of transmission, about 20 infective
bites per person, is concentrated in the major malaria trans-
mission season. During this period, most individuals are likely
to be challenged by “new” parasites, i.e., parasites that are
antigenically different from those carried in many individuals
with asymptomatic parasitemia outside the transmission sea-
son. To test whether new antigenic challenges would boost
antibody levels, we compared the reactivity to two isolates (L50
and Busua) in matched samples collected at the beginning and
end of the transmission season. In both protected and suscep-
tible children, the median levels of antibodies against both
isolates increased (Fig. 3) (L50, P , 0.001; Busua, P 5 0.03)
during the malaria season.

DISCUSSION

Malaria immunity is slowly acquired by individuals living in
areas of stable malaria transmission (9). Immunity is partial,
since adults living in areas of highly endemic infection often
have low-density parasitemia (5) and occasionally experience
malaria fevers, which occur when the parasite densities in-
crease over about 1,000 to 2,000 parasites/ml (23). These and
other data strongly suggest that the immunoeffector mecha-
nisms responsible for protection are mediated by antibodies
(10) directed against the erythrocytic stages of the parasite. It
has been debated whether the targets of these antigens are
conserved proteins expressed on the surface of merozoites (15)
or variant antigens on the surface of infected erythrocytes (21,
30).

The main finding of this study is that Ghanaian children with
high levels in plasma of antibody to variant antigens during the
premalaria season were less likely to contract malaria during
the subsequent malaria season than were children with low
levels of such antibodies. This association was found for two
(G12 and Busua) of the five isolates tested. For one of the
isolates, the P value was so low that it is unlikely that the
association occurred by chance due to multiple comparisons.
The most likely explanation for these observations is that dur-

ing the malaria season the children were exposed to parasites
expressing PfEMP1 variants that serologically cross-react with
G12 and Busua and that those with high levels of antibodies
against these parasites were protected from disease. However,
the possibility that the levels of antibodies to G12 and Busua
were associated with the levels of antibodies to other variant or
conserved malaria antigens, which in turn mediated the pro-
tective effect, cannot be excluded in this type of immunoepi-
demiological study. In any case, our data are in concordance
with those of other studies that have indicated the importance
of antibodies to variant antigens for protection against both
severe (7) and uncomplicated (20, 22) malaria. In the present
study, the strongest correlate of protection was antibody reac-
tivity to variant surface antigens expressed by the Sudanese
parasite isolate G12. A similar study conducted in the Sudan
showed correlation between protection and the presence of
antibodies to the Ghanaian parasite isolate L73 (20). The rea-
son why antibodies to the serotype expressed by the Ghanaian
parasite were associated with protection in Sudan while anti-
bodies to the serotype expressed by the Sudanese parasite were
associated with protection in Ghana is obscure. It could be a
coincidence, but these parasites possibly expressed “suitably
common” serotypes. That is, the parasites were common
enough to allow a large number of the cohort members in
Sudan and Ghana to be exposed to them during the follow-up
but not so common that all individuals already had developed
immunity to them before the study. Alternatively, the presence
of antibodies against an isolate derived from the other side of
the African continent may be an indicator that the donor had
a broad range of PfEMP1 antibodies and therefore was pro-
tected against challenge by parasites carrying a broad range of
antigenic types.

For all the assays the median level of reactivity was higher in
protected than in susceptible children, but age was a confound-
ing factor, and after age correction the antibody levels to the
variant antigens on three of the isolates and the conserved
PfEMP1 peptide were comparable between the two groups. It
is not surprising that an association between protection and

FIG. 1. (A) Prevalence and 95% confidence interval (C.I.) of IgG antibody to variant antigens on the surface of erythrocytes infected with
Ghanaian parasite isolates (L73, L50, and Busua) or Sudanese isolates (Sd-2D3 and G12) and to a peptide corresponding to a conserved part of
PfEMP1 in premalaria season plasma from Ghanaian children. (B) Levels (median units and 95% confidence interval) of IgG to variant antigens
on parasites from Ghana or Sudan in premalaria season plasma samples from Ghanaian children. Open bars indicate malaria-susceptible
individuals, and hatched bars represent individuals protected from malaria.
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antibody reactivity was not detectable for all isolates. Even if
antibody to an isolate conveys protection, associations between
susceptibility to malaria and antibody levels can be detected
only if a sizeable fraction of children during the follow-up are
challenged with new parasites carrying variants that serologi-
cally overlap with the isolates used for the assays.

A limited number of parasite-derived antigens are expressed

on the surface of erythrocytes infected by late developmental
stages of P. falciparum. The best characterized of these is the
variant molecule PfEMP1. The PfEMP1 repertoire is very di-
verse, and little is known about which parts of the native 200-
to 300-kDa molecule are accessible to antibodies when it is
expressed on the surface of erythrocytes. This has made it
difficult to base measurements of antibody responses to the

FIG. 2. (A to D) Age-stratified (3 to 5, 6 to 9, and 10 to 15 years) plasma antibody levels to variant antigens on the surface of erythrocytes
infected with parasite isolates L50, Busua, or G12 and to the conserved PfEMP1 peptide in Ghanaian children classified as susceptible (open bars
labeled mal) to malaria or protected (hatched bars labeled no mal). (E to H) Age-adjusted IgG levels in susceptible and protected children.
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variable parts of the molecule on recombinant products or
synthetic peptides. Instead, most studies have used agglutina-
tion assays (6, 7, 19, 22) or flow cytometry-based measurements
(18, 20, 24). The flow cytometry assay used in this study detects
isolate specific antibodies of a similar molecular weight to
PfEMP1 (29), and plasma from malaria-immune individuals
does not react in the assay if the parasite isolate used does not
express PfEMP1 (24). Furthermore, there is a strong correla-
tion between the ability of individual plasmas to recognize
parasite isolates in agglutination assays and in the flow cytom-
etry-based method (29). Therefore, we believe that most of the
antibodies detected by the flow cytometry assay used in this
study are directed against PfEMP1, but we cannot rule out the
possibility that some are directed against other surface-ex-
pressed parasite molecules such as the rifins (8, 16). Our data
show that the levels of antibody to variant antigens generally
were higher in postseason samples than in preseason samples.
This seasonal effect was seen in samples from both protected
and susceptible children. The effect was more pronounced for
the levels of antibody to the L50 isolate than for those to the
Busua isolate, which may reflect the fact that the antigenic type
carried by L50 was the more common of the two and that
individuals are therefore more likely to be exposed to parasites
cross-reactive with L50 during the transmission.

We did not find any correlation between protection and
antibody response to the conserved PfEMP1 peptide epitope
originating from the DBL1 domain of PfEMP1. In a study
from Sudan (31), higher levels of IgG to the same peptide
epitope were found in asymptomatically infected individuals
than in those with malaria, but in that study it was impossible
to discriminate between the effects of age and protection.
Later studies indicated that the conserved DBL1 region used
in the present study is not accessible for antibodies on the
surface of infected erythrocytes (T. Staalsoe, unpublished re-
sults).

In conclusion, we found an association between the levels of
IgG to variant antigens on infected erythrocytes and protection
from malaria in Ghanaian children, but not for the antibody
levels to the conserved peptide from the DBL1 domain of
PfEMP1. The data indicate that antibodies against a broaden-

ing range of variant antigens are important for protection
against febrile malaria episodes in Ghanaian children who are
in the process of acquiring malaria immunity. The data also
support the notion that antibodies against variant antigens are
involved in controlling parasite multiplication and maintaining
parasitemia at levels below the fever threshold. Our data do
not exclude the possibility that antibodies against conserved
epitopes play a role in malaria immunity. Indeed, we have
previously found an association between the levels of antibod-
ies against glutamine-rich protein and protection using the
same cohort of children (14). By reducing the parasite multi-
plication rate, such antibodies may extend the period available
for the immune system to produce antibodies against new
PfEMP1 variants before they cause symptoms.
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