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Plasmodium falciparum erythrocyte membrane protein 1
(PfEMP1) antigens mediate parasite sequestration and host
immune evasion. Reactivity to 21 PfEMP1 fragments on a
protein microarray was measured in serum samples from
Malian children aged 1–6 years and adults. Seroreactivity to
PfEMP1 fragments was higher in adults than in children;
intracellular conserved fragments were more widely recog-
nized than were extracellular hypervariable fragments. Over
a malaria season, children maintained this differential seror-
eactivity and recognized additional intracellular PfEMP1
fragments. This approach has the potential to identify con-
served, seroreactive extracellular PfEMP1 domains critical
for protective immunity to malaria.
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Older individuals in malaria-endemic regions develop protec-
tive natural immunity to clinical manifestations of Plasmodium

falciparum malaria. The basis of this immunity appears to be,
at least in part, acquisition of antibodies to parasite antigens ex-
pressed on the surface of infected erythrocytes. A previous epi-
demiologic study examining the association between antibodies
to different P. falciparum antigens and the risk of clinical malaria
episodes found that antibodies to these parasite-produced eryth-
rocyte surface antigens was the only factor consistently associated
with protection against clinical malaria [1].

The var family of genes encodes P. falciparum erythrocyte
membrane protein 1 (PfEMP1) antigens, large molecules ex-
pressed on the surface of the infected erythrocyte that bind to
endothelial receptors [2]. Each parasite genome carries 40–60
var genes but expresses only 1 PfEMP1 at a time, providing a
large repertoire of surface molecules that are probably impor-
tant for immune evasion and pathogenesis [3]. The relatively
rapid development of immunity to cerebral malaria during the
first 5 years of life suggests the possibility that a smaller subset
of var genes is responsible for this severe manifestation of fal-
ciparum malaria.

All var genes have an upstream promoter sequence followed
by 2 exons. Each var can be placed into 1 of 5 groups based on
upstream promoter sequence, chromosomal location, and di-
rection of transcription: A, B/A, B, B/C, or C [4]. Using this
classification, several studies have found links between group A
and B var group expression and symptomatic disease [5, 6].
Exon 1 encodes the extracellular binding domains and is hyper-
variable, which may help the parasite elude the immune system.
Exon 2 encodes an acidic cytoplasmic tail that anchors PfEMP1
within the erythrocyte membrane. Compared with exon 1, exon
2 is well conserved, with group A exon 2 sequences forming a
distinct clade [7].

Serologic testing with a microarray populated with P. falcipa-
rum proteins is an effective way to measure seroreactivity on a
large scale, in terms of both the number of serum samples tested
and the number of target proteins [8]. Other studies using this
approach have shown that seroreactivity to group A PfEMP1
variants is associated with protection from clinical malaria [8]
and that the breadth of PfEMP1 seroreactivity increases with the
age of the subject [9]. With serum samples from children and
adults living in an area with highly seasonal but intense malaria
transmission in Mali, we used a microarray to characterize reac-
tivity to protein fragments derived from PfEMP1 sequences
found in the P. falciparum reference genome 3D7, including
both intracellular and extracellular protein fragments, to deter-
mine differential seroreactivity and how this seroreactivity
changes with age and over the course of a malaria season.
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METHODS

A microarray was populated with P. falciparum protein frag-
ments encoded by either exon 1 or exon 2 of var genes in the
reference genome 3D7 (Supplementary Data; Supplementary
Figure 1). Array construction [10, 11] included (1) polymerase
chain reaction amplification of complete or partial P. falcipa-
rum open reading frames, (2) in vivo recombination cloning in
Escherichia coli, (3) in vitro transcription or translation, and (4)
chip printing. Each microarray contained 3 standard controls,
as described elsewhere [9]. The PfEMP1 fragments were select-
ed based on their successful amplification and cloning.

Antibody Profiling
Arrays were probed with serum from 25 children aged 1–6
years and 18 adults, all residing in Bandiagara, Mali, where
malaria transmission is intense and sharply seasonal. Serum
from 32 presumably malaria-naive US blood donors served as
controls. Malian serum samples included samples collected
from the same individuals before and after the malaria trans-
mission season. Serum sample and slide preparations were per-
formed as described elsewhere [10, 11].

Serum samples were obtained from adults (2005 malaria
season) and children (2007 malaria season) enrolled as control
volunteers in vaccine trials conducted in compliance with the
International Conference on Harmonisation Good Clinical
Practices, the Declaration of Helsinki, and Malian regulatory
requirements (ClinicalTrials.gov NCT00308061 and NCT0035
8332) [12, 13]. The protocols were approved by institutional
review boards of the University of Bamako Faculty of Medicine,
the University of Maryland, Baltimore, and the US Army
Surgeon General. Written informed consent was obtained for
screening and enrollment in the trials. Verbal consent of illiter-
ate parents or guardians was provided and documented using
thumbprints and verified by independent witnesses.

Raw signal intensity was reduced by 2 standard deviations
above the mean for the no-DNA negative control [9] to define
significant fluorescence intensity [8]. Positive seroreactivity for
a protein fragment was defined as antibody binding producing
a fluorescence intensity of ≥5000.

Seroprevalence refers to the proportion of serum samples
that were reactive to a protein fragment or group of protein
fragments, reported as means. Unmatched seroprevalence com-
parisons were made with the χ2 test. Paired comparisons of sero-
prevalence for extracellular versus intracellular protein fragments
were performed with a 2-tailed McNemar test.

The magnitude of seroreactivity (fluorescence intensity) was
compared between serum samples only for the same protein
fragment, not across protein fragments. Paired comparisons of
pre- and postseason seroreactivity magnitude were performed
with the Wilcoxon signed rank test. Unmatched comparisons
of seasonal differences in seroreactivity between children and

adults were performed with a 2-sample Kolmogorov-Smirnov
test. For all tests, significance was set at P < .05, without correc-
tion for multiple comparisons. Statistical analyses were per-
formed using MYSTAT 12 software (Systat Software, Inc.,
version 12.02.00).

RESULTS

Serum samples from malaria-exposed children recognized sig-
nificantly more extracellular and intracellular-derived PfEMP1
protein fragments than did samples from malaria-naive con-
trols (Figure 1), for both samples obtained before (extracellular,
P = .004; intracellular, P < .001) and those obtained after (extra-
cellular, P = .04; intracellular, P < .001) the malaria season. Like-
wise, serum samples from malaria-exposed adults recognized
significantly more PfEMP1 extracellular and intracellular protein
fragments than did samples from malaria-naive controls, for
both pre- and postseason samples (all 4 comparisons, P < .001).
Serum samples from malaria-exposed adults recognized more
PfEMP1 fragments (both extracellular and intracellular) than did
samples from malaria-exposed children, again for both pre- and
postseason samples (all 4 comparisons, P < .001). Seroreactivity
was significantly greater in adults than in children in both pre-
and postseason samples for a majority of intracellular PfEMP1
fragments (Figure 2A) but for only a minority of extracellular
protein fragments (Figure 2B).

Seroprevalence of Exon Groups in Children
Serum samples from malaria-exposed children reacted strongly
to a limited number of PfEMP1 protein fragments. This en-
hanced seroreactivity was demonstrated for a higher proportion
of intracellular than extracellular protein fragments, both before
(8.9% vs 1.5%; P < .001) and after (16.7% vs 1.2%; P < .001) the
malaria season. The proportion of recognized intracellular protein
fragments increased after the malaria season (P = .007), but the
proportion did not change for extracellular protein fragments.

Seroprevalence of Exon Groups in Adults
Malaria-exposed adults had greater seroreactivity to intracellu-
lar than to extracellular PfEMP1 fragments, both before and
after the malaria season (both P < .001). The proportions of
recognized extracellular and intracellular protein fragments did
not differ significantly between pre- and postseason serum
samples.

Magnitude of Seroreactivity
Compared with matched preseason serum samples, children’s
serum samples obtained after the malaria season reacted in-
tensely to intracellular PfEMP1 fragments overall (Figure 2A;
n = 161; P < .001) and significantly for 3 of 7 individual intra-
cellular protein fragments, but not to extracellular fragments
(Figure 2B). This was true for intracellular protein fragments
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from both PfEMP1 groups A (n = 46; P = .009) and C (n = 92;
P = .004). No such differences were seen with matched adult
serum samples. The mean fluorescence intensity did not uni-
formly increase for extracellular protein fragments over the
course of the malaria season for either children or adults.

Seroreactivity to Extracellular and Intracellular Protein
Fragments From the Same PfEMP1 Variant
Before the malaria season, children’s serum samples were as
likely to recognize intracellular PfEMP1 fragments as corre-
sponding extracellular fragments from the same variant. After
the malaria season, in contrast, significant seroreactivity was
demonstrated against the intracellular protein fragment but not
against the corresponding extracellular fragment for 3 PfEMP1
variants, including the 2 group A– and 1 group B/A–derived
protein fragments tested (all 3 comparisons, P = .03).

Before the malaria season, adult seroreactivity to intracellular
protein fragments for 6 PfEMP1 variants was more common
than seroreactivity to the corresponding extracellular protein
fragments, including protein fragments derived from both group
A (3 comparisons, P = .002, P = .001, P = .001) and group C
(3 comparisons, P = .002, P = .039, P = .001). After the malaria
season, adult seroreactivity to the same 6 intracellular protein
fragments was more common than seroreactivity to the corre-
sponding extracellular protein fragments from the same PfEMP1

variant (3 group A comparisons, P = .002, P = .0002, P = .002; 3
group C comparisons, P = .004, P = .012, P = .012). One of these
variants, PF08_0141, encoded by a group A var gene, also had
differential exon seroreactivity in serum samples from children
after the malaria season (Figure 2A). No additional changes in
differential exon seroreactivity for adult serum samples were de-
tected. Extracellular PfEMP1 fragments were not recognized
more commonly than corresponding intracellular fragments
from the same PfEMP1 variant in children or adults at either
time point.

DISCUSSION

Both children and adults living in an area of intense seasonal
malaria transmission had measureable seroreactivity to PfEMP1
fragments derived from the conserved region exon 2, which
encodes the intracellular cytoplasmic tail of PfEMP1. In con-
trast, protein fragments derived from exon 1, encoding the hy-
pervariable extracellular region, were relatively unrecognized by
serum samples from both children and adults. Over the course
of a malaria season, children’s seroreactivity to intracellular
PfEMP1 fragments consistently increased, and they acquired
seroreactivity to additional intracellular group A protein frag-
ments, suggestive of acquired immunity. In contrast, the

Figure 1. A peptide microarray containing 21 protein fragments from Plasmodium falciparum erythrocyte membrane protein 1 (PfEMP1) variants
encoded by the reference genome 3D7 was probed with serum samples from 25 children and 18 adults from Bandiagara, Mali, and from 32 healthy North
American blood donors with no known exposure to malaria. Signal intensities were quantified and are shown on the heat map (green indicates weakest in-
tensity; red, strongest; black, intermediate). Each column displays the seroreactivity profile of 1 serum sample, labeled by participant at the bottom, and
each row displays the seroreactivity profile of an individual protein fragment. Protein fragments from intracellular and extracellular PfEMP1 variants are
labeled on the right, segregated by PfEMP1 groups. Samples from malaria-endemic individuals included 2 time points, before and after malaria season. Pe-
diatric serum samples from children are ordered by increasing age, ranging from 1 to 6 years at enrollment.
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proportion of intracellular PfEMP1 fragments recognized by
adults over the course of a malaria season remained the same.

Children had weaker seroreactivity to intracellular PfEMP1
fragments than adults but had increased seroreactivity to these

fragments after a malaria season. The PfEMP1 intracellular
domain is thought to be shielded from the immune system but
may become exposed when infected erythrocytes are lysed. Indi-
viduals probably acquire seroreactivity to particular intracellular

Figure 2. Mean fluorescence intensities of serum samples from children and adults before and after malaria season for each intracellular (A) and extra-
cellular (B ) Plasmodium falciparum erythrocyte membrane protein 1 (PfEMP1) fragment. Triangles represent PfEMP1 fragments for which serum samples
from adults were significantly more seroreactive than those from children, both before and after the malaria season. *P < .05 for difference in the seasonal
change in mean fluorescence intensity between serum samples from children and those from adults (Kolmogorov-Smirnov test); this difference was not sig-
nificant for any extracellular PfEMP1. Error bars indicate standard errors.
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domain subgroups rapidly because of sequence conservation,
whereas serorecognition of particular extracellular domains may
be less likely owing to their hypervariability. Alternatively, tech-
nical issues may have contributed to the differential recognition
of intracellular and extracellular PfEMP1 fragments in our study.
The extracellular regions of PfEMP1 are cysteine rich and com-
posed of domains with a complex Duffy binding–like fold [7].
Expression of PfEMP1 Duffy binding–like domains in E. coli is
challenging [14], and reduced recognition of PfEMP1 frag-
ments could result from incorrectly folded protein fragments.
However, 2 findings mitigate this concern. First, the observed
differential PfEMP1 serorecognition patterns confirmed what
we predicted based on malaria exposure history, namely, that
adults would have broader serorecognition of PfEMP1 protein
fragments than children and that postseason serum samples
would have broader serorecognition than preseason samples in
both age groups. Second, a previous validation of this approach
demonstrated a correlation in seroreactivity between well-char-
acterized P. falciparum proteins used as vaccine candidates and
the same proteins expressed through the rapid translation E.
coli system that we used to generate protein fragments, both
spotted on a microarray [8].

The hypervariable regions encoded by exon 1 probably
present extreme antigenic diversity to the host immune system,
hindering serorecognition and rapid clearance of parasitized
erythrocytes. Such a role for antigenic diversity in pathogens is
seen across taxa, including bacteria (eg, Neisseria meningitides),
protozoans (eg, Trypanosoma brucei), and fungi (eg, Pneumo-
cystis jiroveci). However, it remains possible that within these
hypervariable regions, antigenically conserved epitopes are
shared by subsets of PfEMP1 types that are the targets of strain-
transcending antibodies [15]. The method described herein has
the potential to identify broadly recognized conserved epitopes
within hypervariable domains that could be important targets
of protective immunity.

A protein microarray is a powerful tool to identify seroreac-
tive domains of polymorphic malaria antigens, shedding light
on the acquisition of natural immunity to malaria. With appro-
priate clinical data, this approach could be used to identify ex-
tracellular PfEMP1 domains critical for the development of
protective immunity to malaria, which may serve as targets for
a vaccine. Such studies would ideally include larger numbers of
samples from diverse malaria-endemic settings, multiple time
points, and a more exhaustive catalog of PfEMP1 fragments.

Supplementary Data

Supplementary materials are available at The Journal of Infectious Diseases
online (http://jid.oxfordjournals.org/). Supplementary materials consist of
data provided by the author that are published to benefit the reader. The
posted materials are not copyedited. The contents of all supplementary data
are the sole responsibility of the authors. Questions or messages regarding
errors should be addressed to the author.
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