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Pregnant women are infected by specific variants of Plasmodium falciparum that adhere and accumulate in
the placenta. Using serological and molecular approaches, we assessed the global antigenic diversity of surface
antigens expressed by placenta-binding isolates to better understand immunity to malaria in pregnancy and
evolution of polymorphisms and to inform vaccine development. We found that placenta-binding isolates
originating from all major regions where malaria occurs were commonly recognized by antibodies in different
populations of pregnant women. There was substantial antigenic overlap and sharing of epitopes between
isolates, including isolates from distant geographic locations, suggesting that there are limitations to antigenic
diversity; however, differences between populations and isolates were also seen. Many women had cross-
reactive antibodies and/or a broad repertoire of antibodies to different isolates. Studying VAR2CSA as the
major antigen expressed by placenta-binding isolates, we identified antibody epitopes encoded by variable
sequence blocks in the DBL3 domain. Analysis of global var2csa DBL3 sequences demonstrated that there was
extensive sharing of variable blocks between Africa, Asia, Papua New Guinea, and Latin America, which likely
contributes to the high level of antigenic overlap between different isolates. However, there was also evidence
of geographic clustering of sequences and differences in VAR2CSA sequences between populations. The results
indicate that there is limited antigenic diversity in placenta-binding isolates and may explain why immunity to
malaria in pregnancy can be achieved after exposure during one pregnancy. Inclusion of a limited number of
variants in a candidate vaccine may be sufficient for broad population coverage, but geographic considerations
may also have to be included in vaccine design.

Plasmodium falciparum malaria is more prevalent and severe
in pregnancy, especially among primigravid (PG) women, de-
spite immunity that may have been acquired prior to preg-
nancy. Infection is characterized by the accumulation of ma-
ture-stage parasite-infected erythrocytes (IEs) in the placenta
(6, 59), which is mediated through adhesion to chondroitin
sulfate A (CSA) (8, 28) and possibly other molecules in the
placenta, such as hyaluronic acid (HA) and nonimmune im-
munoglobulins (7, 14, 26, 45). In the first pregnancy women
generally lack antibodies to placenta-binding IEs as the para-
sites express novel variant surface antigens (VSA) to which
women have not been exposed previously (8, 30, 41, 46). Re-
duced susceptibility to placental malaria is observed with in-
creasing numbers of malaria-exposed pregnancies due to the
acquisition of specific immunity (29). Antibodies to antigens
expressed on the IE surface of placental isolates (8, 30) and

isolates that adhere to CSA (11, 41, 44, 46) are acquired.
Multigravid (MG) women generally have a higher prevalence
of these antibodies than PG women (8, 30, 41, 46), which
corresponds to a reduced risk of malaria. Antibody levels have
been associated with improved pregnancy outcomes in some
studies (23, 56), further suggesting that they play an important
role in immunity to pregnancy malaria.

The major target of antibodies to the surface of IEs is
thought to be P. falciparum erythrocyte membrane protein 1
(PfEMP1), a highly diverse protein encoded by the var multi-
gene family (15, 37, 55). However, a number of other antigens
have been proposed (27, 36, 60). Antigenic variation of
PfEMP1 mediated through switching of expression of different
var genes facilitates evasion of host immune responses. A spe-
cific var gene, var2csa, has been shown to contain CSA-binding
domains (31), and this gene is upregulated in a range of CSA-
binding and placental parasite isolates (21, 51, 52). Addition-
ally, exposed pregnant women acquire antibodies to recombi-
nant VAR2CSA proteins (51). Disruption of var2csa inhibits
the ability of IEs to bind to CSA (22, 58), and antibody binding
to the surface of CSA-binding parasites is greatly reduced
when PfEMP1 expression is inhibited (39, 40). Together, these
findings suggest that VAR2CSA PfEMP1 mediates adhesion
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of IEs in the placenta and is an important target of acquired
and possibly protective antibodies.

VAR2CSA is comprised of six extracellular Duffy-binding-
like (DBL) domains and an intracellular acidic terminal seg-
ment. Recombinant DBL2 and DBL3 domains have been
shown to bind CSA (20, 31). Although the var2csa gene is
relatively conserved, substantial sequence polymorphisms are
present (52). This gene appears to be subject to diversifying
selection, suggesting that it is a target of protective immune
responses (17). Sequence polymorphisms are concentrated in
flexible loops (17) and appear to result in antigenic and func-
tional differences between variants (7, 10, 12, 31). However,
the significance of the var2csa sequence diversity is difficult to
determine because many epitopes are likely to be conforma-
tional, and there is limited information about the structure of
PfEMP1 domains and the identity of target epitopes; recent
studies have suggested that antibodies recognize both polymor-
phic and conserved regions of VAR2CSA (1, 2, 4, 20). Fur-
thermore, sequence analysis has been limited largely to Afri-
can populations, and there is limited data for other populations
where var2csa diversity may have evolved differently.

The degree of diversity or conservation of antigens ex-
pressed by placenta-type parasites is unclear. Sera from women
in different geographic regions inhibited adhesion to CSA of
the same placental isolates, suggesting that there is some re-
striction in the global diversity of placenta-binding IEs (30).
Moreover, antibodies generated by immunization with CSA-
binding IEs exhibited cross-reactivity with different CSA-bind-
ing isolates expressing var2csa-type genes (24), and recent
studies have shown that pregnant women can acquire antibod-
ies that cross-react with different isolates (10). However, other
findings suggest that a large component of the antibody re-
sponse acquired by pregnant women targets diverse or variant-
specific epitopes (4, 8). Antigenic differences between isolates
have clearly been demonstrated (8, 10, 57), although only lim-
ited comparisons have been performed, and there is significant
diversity in the adhesion phenotypes of parasites isolated from
pregnant women (14, 47). Two key questions are whether im-
munity is mediated by a repertoire of antibodies with different
specificities or by acquisition of cross-reactive antibodies and
whether antibody cross-reactivity is related to the expression of
strictly conserved epitopes or polymorphic epitopes that are
shared by isolates.

Further studies are needed to define the antigenic diversity
of placenta-binding P. falciparum, the global distribution of
antigenic determinants, and the breadth of reactivity of ac-
quired antibodies against placenta-binding parasites. Such
knowledge is important for understanding acquired immunity
and the evolution of polymorphisms and possible constraints
on diversity and for potential development of pregnancy-spe-
cific malaria vaccines. To investigate the global antigenic di-
versity of antibody epitopes in VSA expressed by placenta-
binding P. falciparum isolates, we developed a panel of defined
placenta-binding parasites from each of the major regions
where malaria occurs, Africa, Asia, Oceania (Papua New
Guinea [PNG]), and Latin America, in which var2csa was
shown to be the dominant var gene transcribed. We examined
antibody recognition of these isolates in geographically sepa-
rated populations in Malawi and PNG, where any evolution of
antigen diversity would be expected to have occurred indepen-

dently. Furthermore, we characterized the isolate specificity
and cross-reactivity of acquired antibodies to different placenta-
binding isolates in pregnant women. In order to further under-
stand the molecular basis of antigenic diversity and the forces
of diversifying selection, we then focused on the DBL3 domain
of VAR2CSA, which is responsible for CSA-binding activity
(33, 54). We determined whether the most polymorphic re-
gions of DBL3 are important antibody epitopes and examined
the global sequence diversity of this domain.

MATERIALS AND METHODS

Study populations and ethics statement. Serum or plasma samples were sep-
arated from the venous blood of pregnant women and men living in regions of
Malawi and PNG where malaria is endemic. Both populations experience year-
round malaria transmission with seasonal variations (18, 50). The great majority
of malaria in Malawi is caused by P. falciparum, whereas both P. falciparum and
P. vivax are prevalent in PNG.

In Malawi, samples were collected from January 1998 to November 2000 from
pregnant women in the delivery suite of Queen Elizabeth Central Hospital in
Blantyre and from fathers of children admitted to the same hospital with malaria
(11). For women, placental infection was determined by histology, and the
women were classified as infected individuals (P. falciparum IEs present), as
uninfected individuals (no parasite or pigment present and placental, peripheral,
and cord blood smears negative), or as individuals with a previous or cleared
infection (malaria pigment present, but no parasites found and negative placen-
tal, peripheral, and cord blood smears) (49). Women with an active placental
infection were matched on the basis of age and gravidity with women who had no
evidence of placental infection and also were peripheral blood smear negative for
malaria (11). The cohort comprised 35 PG women, 35 MG women, and 18 men.
The numbers of subjects used in specific experiments are indicated below.

In PNG, serum samples were collected from pregnant women in the second
trimester who visited the antenatal clinic for routine care at the Yagaum Health
Centre and the Modilon Hospital in Madang in 2001 and 2002. Samples were
also collected from men accompanying children visiting clinics at Modilon Hos-
pital, the Madang town clinic, and the Yagaum immunization service. Written
informed consent was obtained from all human subjects. The cohort comprised
29 PG women, 27 MG women, and 28 men. The numbers of subjects used in
specific experiments are indicated below.

Samples were also collected from nonexposed donors living in Melbourne,
Australia. Ethical approval for this study was obtained from the College of
Medicine Research Committee, University of Malawi, Blantyre, Malawi; the
Medial Research Advisory Committee, Department of Health, Port Moresby,
PNG; the Human Research Ethics Committee, Melbourne Health Research
Directorate, Victoria, Australia; and the Human Research and Ethics Commit-
tee of the Walter and Eliza Hall Institute of Medical Research, Australia.

P. falciparum isolates and culture. P. falciparum isolates were maintained in
continuous culture as described previously (8). Cultures were regularly synchro-
nized by resuspending culture pellets in D-sorbitol (5% in distilled H2O), and
knob-expressing parasites were enriched by gelatin flotation. Cultures were free
of Mycoplasma spp., as determined by PCR. P. falciparum isolates CS2, HCS3,
3D7-CSA, and HB3-CSA were obtained by selection for adhesion to CSA as
described previously (2, 7) (Fig. 1A shows the origins of isolates); CS2, HB3, and
3D7 are long-established reference isolates. Pf2004 and Pf2006 were isolated
from peripheral blood of travelers who were thought to have contracted malaria
in Ghana, West Africa (25), and were adapted in in vitro culture over several
weeks and then selected for adhesion to immobilized CSA (24) to generate
isolates Pf2004-CSA and Pf2006-CSA. Isolate XIE was collected from the pe-
ripheral blood of a pregnant woman in PNG (Madang Province), adapted to in
vitro culture over several weeks, and then selected for adhesion to immobilized
CSA, which yielded isolate XIE-CSA. HCS3 was isolated from a traveler who
contracted malaria in Southeast Asia and was selected for adhesion to CSA, as
described previously (2, 7); it was then cloned by limiting dilution, and two
clones, E5 and G7, were used in this study. All isolates were regularly reselected
for CSA binding, and the identities of isolates were confirmed by sequencing the
var2csa and ama1 genes.

Antibodies to recombinant VAR2CSA domains. Rabbits were immunized with
recombinant protein or var2csa plasmid DNA. Recombinant VAR2CSA do-
mains were expressed in Pichia pastoris, and expression was performed as pre-
viously described (2). In brief, rabbits were immunized using Freund’s complete
adjuvant for the first immunization and were boosted four times using Freund’s
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incomplete adjuvant. For immunization with var2csa plasmid DNA, rabbits were
injected six or seven times intramuscularly with DNA in Vaxfectin adjuvant (2).
Preimmune and immune rabbit sera were heat inactivated for 45 min at 57°C and
stored at �20°C.

Antibodies to surface antigens of P. falciparum IEs. Testing for IgG binding to
the surface of IEs in serum samples by flow cytometry was performed using
previously described methods (11). Briefly, cells were sequentially incubated with
test serum or plasma (1/20), rabbit anti-human IgG (1/100; Dako), and Alexa
Fluor 488-conjugated anti-rabbit IgG (1/500; Molecular Probes) with ethidium
bromide (10 �g/ml; Bio-Rad). All incubations were performed in phosphate-
buffered saline (PBS) with 0.1% casein (Sigma) for 30 min at room temperature
(RT). Samples were analyzed with a Becton-Dickinson FACSCalibur flow cy-
tometer. Using FlowJo (TriStar), the IgG binding for each sample was expressed
as the geometric mean fluorescence intensity (MFI) for IEs (ethidium bromide
positive) after subtraction of the MFI for uninfected erythrocytes. Sera from
nonexposed donors and positive-control samples were included in each assay.
Samples were tested in two separate assays.

P. falciparum adhesion assays. Adhesion of P. falciparum IEs was examined
using pigmented trophozoite IEs at 3 to 8% parasitemia and 2 to 5% hematocrit,
as previously described (8, 9, 11). The receptor concentrations were as follows:
CSA (bovine trachea; Sigma), 10 �g/ml; CD36 [rhCD36(SR-B3)/Fc chimera;
R&D], 10 �g/ml; ICAM-1 (Bender MedSystems), 5 to 8 �g/ml; and CD44
(rhCD44/Fc chimera, R&D), 10 �g/ml.

Mixed-agglutination assays. Mixed-agglutination assays were performed using
highly synchronized pigmented trophozoite-stage IEs (5 to 8% parasitemia) as
described previously (10). Two different parasite isolates at similar parasitemias
were stained separately with either ethidium bromide (20 �g/ml; Bio-Rad) or
4�,6�-diamidino-2-phenylindole (DAPI) (10 �g/ml). They were then mixed to-
gether and incubated with serum (1/10 dilution) with rolling at RT for 1 h.
Agglutination was assessed by fluorescence microscopy. Agglutinates were de-
fined as a minimum of three IEs for single-color agglutinates or a minimum of
two IEs of each color for mixed-color agglutinates.

Peptides and peptide ELISAs. VAR2CSA DBL3 variable block 3 (vb3), vb4,
and vb5 (linear, cyclized, or biotin or bovine serum albumin [BSA] conjugated)
of the IT4 isolate (equivalent to CS2), as well Dd2 DBL3 vb5, were used in
peptide enzyme-linked immunosorbent assays (ELISAs). IT4 DBL3 vb3 (IIEK
GTPQQKDKIGGVGS), vb4 (biotin-SGSGAITKINKKNNNSIFNGD), vb5 (TI
NGKNEKKCINSKSGQGDKIQGA, linear or biotin or BSA conjugated), and
Dd2 DBL3 vb5 (INKDMEQNKCINSKNNNEKEIQGD) were synthesized by
Mimotopes (Clayton, Victoria, Australia). All peptides had a free amine at the
N terminus and a free acid at the OH terminus. Cyclized IT4 DBL3 vb5 (REA
CTINGNEKKSINSKSGQGDKIQGAC with a disulfide bridge between amino
acids 4 and 28 [indicated by bold type]) was synthesized by Genscript (Piscat-
away, NJ).

Synthetic peptides in PBS (1 �g/ml) were coated on flat-bottom MaxiSorp

plates (catalog no. 40422; Nunc) at 4°C overnight. The plates were blocked with
PBS with 1% casein for 2 h at 37°C and then sequentially incubated with test sera
diluted 1/250 in PBS with 0.1% casein and 0.05% Tween 20 and with sheep
anti-human IgG-horseradish peroxidase (HRP) (1/1,000; Chemicon). All incu-
bations were performed at RT for 1 h with three washes in between. IgG
was detected by using 2,2�-azinobis(3-ethylbenzthiazolinesulfonic acid) (ABTS)
(Sigma). All samples were run in duplicate. We tested linear peptides and
peptides conjugated to either biotin (which was then bound to commercially
obtained or self-coated streptavidin plates) or BSA, as well as cyclized vb5, which
resembled the natural folding of the flexible loop as presented on DBL3. All
methods gave similar results (data not shown). For competition ELISA, antisera
were preincubated with 5 �g/ml DBL3 recombinant protein produced in P.
pastoris (2) before a standard ELISA was performed as described above. Unless
stated otherwise, a sample was considered positive when the value for it was
equal to or greater than the mean plus 2 standard deviations (SD) of the control
values.

Northern blots. Northern blots of mRNA from highly synchronous ring-stage
parasite cultures were probed with var exon 2- and var2csa-specific sequences as
previously described (22). Blots were washed at 55°C with 2� SSC and 0.1% SDS
prior to autoradiography (1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate).

Sequencing of var2csa and analysis. The DBL3 domain portion of var2csa was
sequenced for isolates HCS3, XIE-CSA, Pf2004-CSA, and Pf2006-CSA, as well
as DNA extracted from peripheral blood samples collected from P. falciparum-
infected children and pregnant women visiting health services in Madang Prov-
ince, PNG. Sequences for CS2, 3D7, and HB3 were already available. The DBL3
domain portion of var2csa was amplified using primers VAR2CSA DBL3F (5�

ATATAGGATCTGATACGTTTG) and DBL3R (5� ACATATACTGCTATA
ATCTCC), which flank the DBL3 domain portion. PCR products were cloned
into Escherichia coli and sequenced using standard methods. Analysis of HCS3,
XIE-CSA, Pf2004-CSA, and Pf2006-CSA yielded 4 (from 15 clones), 6 (from 10
clones), 1 (from 10 clones), and 3 (from 10 clones) different sequences, respec-
tively. Sixteen different samples from infected individuals in PNG (XHA or XJA)
were sequenced, which yielded 48 unique sequences. Sequence alignment was
performed using BioEdit (and DNAStar for Fig. 5), and segmentation and
phylogenetic analyses were performed as previously described (16, 17). In brief,
a segmentation analysis investigates correlations among nearby polymorphic
segments. Starting with a multiple alignment, the segmentation algorithm was
performed using a maximum segment length of 25 amino acids and a maximum
of five types per segment. For phylogenetic analysis we used the dnam1 program
of the PHYLIP package (http://evolution.genetics.washington.edu/phylip.html).
Trees were constructed using type-expanded alignment, which takes the output
from the segmentation analysis and specifically compares the nucleotide varia-
tion that occurs within each segment type as a means to account for gene
recombination. To examine whether sequences clustered by geography, a per-
mutation test was performed with 2,000 iterations. Given the input tree (T) with
tips labeled by geography, we computed the average distance (D) between the
members of all pairs of sequences from the same geographic region. The per-
mutation step fixes the topology of the T constant and randomly rearranges the
geographical labels on the tips. For each permutation, the average within-geo-
graphic-region distance was computed, resulting in 2,000 values (V1 to V2000).
The P value was determined by calculating the fraction of these values that were
less than or equal to D.

Statistical analysis. The chi-square test (or Fisher’s exact test when appropri-
ate) was used to compare proportions, and t tests and Mann-Whitney U tests
were used to compare means and medians, respectively. The correlation of
antibody levels for two isolates was determined by using Spearman’s rho. Prin-
cipal component analysis (PCA) was used to identify relationships for antibody
recognition of multiple isolates. The components identified linear combinations
of the antibody data that explained the greatest proportion of the combined
variation. Components with an eigenvalue of �1 were extracted. Rotation
(Varimax with Kaiser normalization) was performed to maximize the differences
between components and facilitate interpretation. Factor loading that was �0.4 was
considered significant. The statistical analyses were performed using GraphPad
Prism (GraphPad Software Inc.), except for PCA, which was done using SPSS for
Windows (release 16.0, 2007; SPSS Inc., Chicago, IL).

Nucleotide sequence accession numbers. The nucleotide sequences for the
DBL3 domains for P. falciparum PNG field isolates XHA and XJA and for
isolates XIE-CSA (PNG), Pf2004-CSA (Ghana), Pf2006-CSA (Ghana), and
HCS3 (Southeast Asia) have been deposited in GenBank under accession no.
GQ465324 to GQ465427 and GQ903562 to GQ903572.

FIG. 1. var2csa transcription by various CSA-binding parasite iso-
lates. (A) Origins of isolates used in this study. (B and C) RNA from
ring-stage parasites was detected with a var2csa-specific probe (B) or
var exon 2, which binds to most var genes (C). The dominant transcript
in all isolates is var2csa. Note the presence of the double band with the
var2csa-specific probe, indicating expression of two variants of var2csa.
In both blots Pf2004-CSA was exposed slightly longer due to its lower
RNA content. In addition to the parental HCS3 isolate, two clones of
HCS3 parasites, E5 and G7, were included.
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RESULTS

Generation of isolates and determination of phenotypes and
genotypes. To study the antigenic properties of placenta-bind-
ing parasites and the acquisition of antibodies that protect
against placental malaria, we developed a panel of seven dif-
ferent placenta-type P. falciparum isolates with clearly defined
phenotypes; four of these isolates (3D7-CSA, CS2, HCS3, and
HB3-CSA) had been described previously (7, 9, 17, 19, 35, 43,
48), while Pf2004-CSA and Pf2006-CSA (from West Africa)
and XIE-CSA (from PNG) were generated for this study. This
panel provided a representative selection of CSA-binding iso-
lates originating from different regions where malaria is en-
demic, including Africa, Southeast Asia, Oceania, and Central
America (Fig. 1A). All isolates adhered to CSA but did not
adhere or adhered only weakly to CD36 or ICAM-1. The
adhesion phenotypes for 3D7-CSA, CS2, and HCS3 have been
reported previously (7). Levels of adhesion to CSA for isolates
were as follows (at 10% parasitemia and 7% hematocrit):
Pf2004-CSA, 2,826.1 bound IEs/mm2; Pf2006-CSA, 4,100
bound IEs/mm2; HB3-CSA, 3,400 bound IEs/mm2; and XIE-
CSA, 7,907.6 bound IEs/mm2. Additionally, all isolates ex-
pressed var2csa as the dominant var gene transcript; this has
been reported previously for 3D7-CSA, CS2, and HCS3 (21,
24). We established that var2csa was the dominant transcript
expressed by XIE-CSA, HB3-CSA, Pf2004-CSA, and Pf2006-
CSA by using Northern blots (Fig. 1). Probes specific for
var2csa labeled bands in RNA extracts from all of the isolates
except non-CSA-binding 3D7, which was used as a control
(Fig. 1B). The same bands were labeled with a probe for the
conserved acidic terminal sequence (ATS) second exon of var
genes, which detected many transcribed var genes (Fig. 1C).
Two var2csa bands were observed for some isolates. Even after
cloning this was evident for HCS3, suggesting that some iso-
lates possess more than one var2csa gene, as previously found
for HB3 (35) and other lines (53).

Common recognition of geographically diverse isolates in
pregnant women from Malawi and PNG. To assess the recog-
nition of geographically diverse isolates in different popula-
tions, we tested the reactivities of serum antibodies from preg-
nant women from PNG (n � 56) and Malawi (n � 62), as well
as from men (11 to 18 men for Malawi and 20 to 26 men for
PNG) and from nonexposed Melbourne donors as controls
(n � 7), with seven P. falciparum isolates originating from the
major regions where malaria occurs by using flow cytometry.
The geometric MFI of IgG binding to each isolate for women
in the two study populations was stratified for gravity (Fig. 2).
Malawi women were also stratified by placental parasitemia
status (Fig. 2A), but this type of stratification was not possible
for pregnant PNG women (Fig. 2B) as samples were not col-
lected at term.

All isolates tested were recognized by women in both pop-
ulations, regardless of the origin of the isolate. Pregnant
women had higher levels of IgG to VSA than men in the same
population and nonexposed Australian adults, and the anti-
body levels for MG women were higher than those for PG
women for most isolates. Recognition of isolates from distant
regions was clearly demonstrated; for example, recent PNG
isolate XIE-CSA was recognized by Malawian women (Fig.

2A), and recent West African isolates Pf2004-CSA and Pf2006-
CSA were recognized by PNG women (Fig. 2B).

In Malawi, MG and PG women had significantly higher
levels of IgG to all isolates than men (P � 0.05 for all com-
parisons, Mann-Whitney U test) (Fig. 2A). We observed that
some men reacted to Pf2006-CSA, but men did not react to the
other isolates. When individuals with and without placental
parasitemia were compared, PG women with placental para-
sitemia (PG para) had consistently higher levels of antibody
binding than PG women without parasitemia (PG apara), and
the levels of significance (P values) ranged from 0.008 to 0.21.
While MG apara generally exhibited higher median MFI than
PG apara (P � 0.05 for most isolates), a difference was not
seen for parasitemic individuals (P � 0.32).

In the PNG cohort (Fig. 2B), the IgG value was significantly
higher for pregnant women than for men for all isolates except
3D7-CSA. The levels of IgG to CS2, Pf2004-CSA, Pf2006-
CSA, HB3-CSA, and XIE-CSA were significantly higher for
MG women than for men (P � 0.003, P � 0.009, P � 0.019,
P � 0.018, and P � 0.0001, respectively). For the two remain-
ing isolates (HCS3 and 3D7-CSA), the IgG levels also tended
to be higher for MG women than for men, but the levels of
statistical significance were lower (P � 0.069 and P � 0.124,
respectively). The recognition of PNG isolate XIE-CSA by
MG women was significantly greater than that by men (P �
0.0001) or PG women (P � 0.05), and the recognition by PG
women was greater than that by men (P � 0.044). Unlike the
findings for the Malawi cohort, sera from a number of PNG
men recognized several of the isolates tested, although the
antibody levels were generally low.

Repertoire of antibodies against different isolates. The com-
mon recognition of placenta-type isolates by sera from distinct
geographical regions raised important questions, including
what is the repertoire or breadth of antibody reactivity to
different placenta-type VSA among pregnant women? To in-
vestigate this, we focused on women with high levels of IgG by
identifying samples with IgG levels in the top quartile for each
cohort and classifying these women as high responders for each
isolate (Table 1). In both study populations the recognition of
isolates was diverse, and there was variation in the breadth of
antibody reactivity among samples. While few women were
high responders to all isolates (5/62 Malawi women [8.1%] and
4/56 PNG women [7.1%]), a substantial number of pregnant
women had high levels of antibodies to multiple (�2) isolates
(21/62 Malawi women [33.9%] and 20/56 PNG women
[35.7%]; note that these proportions are higher than the pro-
portions of samples in the top quartile for each isolate as
different women were high responders to different combina-
tions of isolates). Many individuals were high responders to
only a single isolate (16/62 Malawi women [25.8%] and 10/56
PNG women [17.9%]), and these individuals included both PG
and MG women; this suggests that a substantial component of
the acquired antibody response is variant specific. Previously,
we reported that some sera have substantial strain-specific
activity when they are tested for inhibition of adhesion to CSA,
and sera that are cross-reactive against different isolates are
not necessarily cross-inhibitory (10). Many samples had high
levels of antibodies to isolates from different geographic re-
gions (e.g., Africa and PNG), further indicating the limited
global diversity of isolates.
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FIG. 2. Antibodies to a global selection of placenta-type CSA-binding isolates in malaria-exposed pregnant women in Malawi and PNG.
(A) Parasite isolates from different parts of the world selected for CSA adhesion were tested with sera from malaria-exposed women in Malawi
by using FACS. The results of one of two independent experiments for each isolate are shown. The geometric mean fluorescence intensities (MFI)
for IgG to VSA in sera from aparasitemic (apara) and parasitemic (para) PG and MG women, men, and Melbourne controls are shown. Isolates
were recognized in a gender- and gravidity-dependent fashion. Many samples from pregnant women had antibodies to the isolates, whereas there
was no or little reactivity for men (with the exception of Pf2006-CSA) and there was no reactivity for Melbourne controls. Aparasitemic MG women
showed higher median MFI (horizontal lines) than aparasitamic PG women and men. (B) A global panel of P. falciparum isolates was selected for
CSA adhesion and tested with sera from pregnant women and men from PNG and Melbourne controls by using FACS. The results of one of two
independent experiments for each isolate are shown. Isolates were recognized in a gender- and gravidity-dependent fashion. For each isolate, a
subset of pregnant women had antibodies, whereas the sera of men exhibited little or no recognition and the sera of Melbourne controls uniformly
lacked antibodies. The horizontal lines indicate the median MFI. Note that in some cases the y axis starts below zero so that all data points can
be shown.
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TABLE 1. Pattern of antibody reactivity to different placenta-binding isolates for high respondersa

Samplea Gravidity Placental
parasitemia

High responder tob: Total no.
of isolates
recognizedCS2 Pf2004-CSA Pf2006-CSA HCS3 3D7-CSA HB3-CSA XIE-CSA

Malawi women
39 PG � x 1
73 PG � x 1
107 PG � x 1
145 PG � x 1
153 PG � x x x 3
30 PG � x 1
81 PG � x 1
110 PG � x 1
114 PG � x 1
122 PG � x 1
126 PG � 1
104 PG � x x 2
116 PG � x x 2
38 PG � x x x x x 5
121 PG � x x x x x 5
98 PG � x x x x x x 6
66 PG � x x x x x x x 7
69 PG � x x x x x x x 7
103 PG � x x x x x x x 7
25 MG � x 1
34 MG � x 1
151 MG � x x 1
35 MG � x x 2
161 MG � x x x x 4
86 MG � x x x x x 5
77 MG � x x x x x x 6
71 MG � x x x x x x x 7
80 MG � x x x x x x x 7
112 MG � x 1
162 MG � x 1
164 MG � x 1
115 MG � x x 2
146 MG � x x 2
128 MG � x x x 3
173 MG � x x x 3
27 MG � x x x x x 5
105 MG � x x x x x x 6

Papua New Guinea
women

59 PG x 1
75 PG x 1
82 PG x 1
92 PG x 1
104 PG x 1
16 PG x x 2
83 PG x x 2
7 PG x x x 3
78 PG x x x 3
17 PG x x x x x x 6
22 PG x x x x x x 6
90 PG x x x x x x 6
27 PG x x x x x x x 7
29 MG x 1
69 MG x 1
70 MG x x 1
118 MG x 1
124 MG x 1
21 MG x x 2
102 MG x x 2
112 MG x x 2
30 MG x x x 3
103 MG x x x 3
15 MG x x x x 4
87 MG x x x x 4
119 MG x x x x x 4
2 MG x x x x x x 6
4 MG x x x x x x x 7
40 MG x x x x x x x 7
93 MG x x x x x x x 7

a Samples from Malawi women were collected at the time of delivery; placental parasitemia was diagnosed by histology. Samples from PNG women were collected
during the second trimester.

b For each isolate high responders were defined as samples with IgG binding measured by flow cytometry in the top quartile (based on normalized average data for
two assays). x, sample classified as a high responder with the isolate.
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For the Malawi samples, there were fewer PG apara samples
that were highly reactive to any one isolate (n � 5; 8.1%) than
PG para samples (n � 14; 22.6%) (P � 0.05). Among the PG
para 42.9% were high responders to only one isolate, while an
equal proportion had high antibody reactivities to �4 isolates.
In contrast, none of the PG apara recognized four or more
isolates. For MG women, equal proportions of infected and
uninfected women recognized only one isolate (33.3%). On
average, PG apara and PG para recognized 1.6 and 3.4 isolates,
respectively, whereas MG apara and MG para recognized 3.8
and 2.7 isolates, respectively.

In the PNG group a slightly lower percentage of PG women
than of MG women (23.2% versus 30.4%) were highly reactive
against one or more of the seven isolates. Of the PG women,
38.5% were high responders to only one isolate, and 30.7%
were high responders to �4 isolates. Of the MG women,
29.4% had high levels of antibody to only one isolate, and
23.5% had high levels of antibodies to �4 isolates. On average,
PG and MG women recognized 2.9 and 3.3 isolates, respec-
tively.

Relationships between findings for antibody recognition of
different isolates. To gain insight into antigenic overlap be-
tween isolates and into the relatedness of responses of women
to different isolates, we examined the correlation between an-
tibodies to different isolates based on the flow cytometric data
(Table 2 and Fig. 3). The majority of antibody binding data
were strongly positively correlated for parasite isolates, sug-
gesting that there is substantial antigenic overlap between iso-
lates. Interestingly, for both cohorts the best correlations were
the correlations between isolates having very different geo-
graphic origins (Pf2004-CSA and XIE-CSA for Malawi [rs �
0.899; P � 0.001; Pf2006-CSA and XIE-CSA for PNG [rs �
0.833; P � 0.001]) (Table 2). This suggests that the antigenic
overlap is not restricted to isolates from similar regions. Also,
the correlation between two recent West African isolates,

Pf2004-CSA and Pf2006-CSA, was high for both cohorts (for
Malawi, rs � 0.777 and P � 0.001; for PNG, rs � 0.788 and P �
0.001). However, while the correlations for many combinations
of isolates were quite similar for the different cohorts, the
correlations were different for other combinations. For exam-
ple, the correlation between CS2 and Pf2004-CSA was high
when it was determined for the Malawi (rs � 0.698, P � 0.001)
and PNG (rs � 0.801, P � 0.001) cohorts. On the other hand,
HB3-CSA and XIE-CSA showed poor correlation when they
were tested with the Malawi samples (rs � 0.218, P � 0.0921),
but the correlation was high for the PNG samples (rs � 0.811,
P � 0.001). The same was true for CS2 and HB3-CSA (for
Malawi samples, rs � 0.197 and P � 0.142; for PNG samples,
rs � 0.826 and P � 0.001). For the Malawi cohort HB3-CSA
generally correlated poorly with all of the other isolates (Table
2). The differences between the Malawi and PNG cohorts in
correlations between isolates suggest that there were differ-
ences in the level or nature of exposure to different variants in
the populations.

To investigate the relationship between antibody responses
to multiple isolates, the multivariate statistical method princi-
pal component analysis (PCA) was used. PCA was performed
with the Malawi cohort using results obtained by measuring the
IgG responses to the different isolates. PCA identified two
significant components that accounted for 80.8% of the vari-
ance in the original set of variables (Table 3). Component 1
(44.7%) loaded strongly on Pf2004-CSA, Pf2006-CSA, and
XIE-CSA, indicating that antibody recognition of these iso-
lates is related, and component 2 (36.1%) loaded strongly on
HCS3, 3D7-CSA, and HB3-CSA. These findings suggest that
the isolates can be grouped on the basis of their antigenic
properties and that 6 of the 7 isolates can be broadly classified
into two groups that are not related to their geographic origins.
For CS2 loading was significant for components 1 and 2, sug-

TABLE 2. Correlation between IgG responses to combinations of P. falciparum isolates tested against sera from Malawi and PNGa

Isolate
Correlation coefficient with isolate:

Pf2004-CSA Pf2006-CSA HCS3 3D7-CSA HB3-CSA XIE-CSA

Tested against sera
from Malawi

CS2 0.698 0.702 0.576 0.551 0.197d 0.717
Pf2004-CSA 0.777 0.537 0.443 0.25b 0.899
Pf2006-CSA 0.581 0.512 0.265b 0.826
HCS3-CSA 0.741 0.409 0.537
3D7-CSA 0.418 0.404c

HB3-CSA 0.218d

Tested against sera
from PNG

CS2 0.801 0.776 0.630 0.758 0.826 0.822
Pf2004-CSA 0.788 0.599 0.570 0.785 0.745
Pf2006-CSA 0.651 0.597 0.717 0.833
HCS3-CSA 0.482 0.596 0.622
3D7-CSA 0.654 0.736
HB3-CSA 0.811

a The values are correlation coefficients calculated by using Spearman’s rho; n ranged from 57 to 63 for different comparisons for the sera from Malawi and was 54
or 55 for different comparisons for the sera from PNG. Bold type indicates isolates combinations for which corresponding graphs are shown in Fig. 3. All P values are
�0.001 unless indicated otherwise.

b P �0.05 (two-tailed).
c P �0.01 (two-tailed).
d Not statistically significantly different.
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gesting that antigenic characteristics of CS2 are related to
antigenic characteristics of both groups of isolates.

Cross-reactive antibodies and sharing of epitopes between
isolates. Recognition of isolates that had diverse origins by the
same individual could be explained either by the presence of

antibodies specific for shared epitopes expressed on different
isolates or by the presence of antibodies with different speci-
ficities for multiple nonshared epitopes. To examine these pos-
sibilities, we tested samples using mixed-agglutination assays
which measured the presence of antibodies to shared or con-
served epitopes (10). The samples tested included samples that
had significant IgG reactivities to two or more isolates as de-
termined by fluorescence-activated cell sorting (FACS). Anal-
ysis by fluorescence microscopy revealed that some women did
indeed have antibodies that recognized shared epitopes, which
resulted in the formation of mixed-color agglutinates, whereas
other women did not have such antibodies (Fig. 4).

When a number of individual samples from Malawi were
tested with CS2 and HCS3, both of which originated in South-
east Asia, 19.9% of the agglutinates were mixed agglutinates,
and when Southeast Asia isolate HCS3 and PNG isolate XIE-
CSA were tested, 82.6% of the agglutinates were mixed agglu-
tinates (Fig. 4A). Substantial proportions of mixed agglutinates
were also obtained with combinations of isolates from distant
regions (HB3-CSA and HCS3 or HCS3 and Pf2004-CSA). In
contrast, when Pf2004-CSA and XIE-CSA or HB3-CSA and
Pf2004-CSA were tested, there were few mixed agglutinates.

FIG. 3. Antigenic overlap and differences between isolates of different geographic origins. The correlations between antibody reactivities to
different isolates are shown for selected isolate combinations. Antibodies to isolates were measured by FACS for samples from Malawi (A, C, and
E) and PNG (B, D, and F). Data points represent the mean values resulting from testing samples with each isolate in two independent experiments.
All correlations were calculated by using Spearman’s rho and are statistically significant (P � 0.0001), except for the correlations shown in panels
C (P � 0.142) and E (P � 0.092).

TABLE 3. Principal component analysis of levels of antibody
binding to multiple isolates for Malawia

Isolate
Factor loadingb

Component 1 Component 2

CS2 0.710 0.618
Pf2004-CSA 0.892 0.310
Pf2006-CSA 0.845 0.288
HCS3 0.362 0.856
3D7-CSA 0.328 0.865
HB3-CSA 0.087 0.683
XIE-CSA 0.933 0.143

a The total percentage of the variance explained by component 1 was 44.7%,
and the total percentage of the variance explained by component 2 was 36.1%.
Rotation converged in three iterations.

b Factor loading values of �0.4 were considered significant and are indicated
by bold type.
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Consistent with these observations, the correlation coefficient
for antibodies to Pf2004-CSA and XIE-CSA (rs � 0.49) as
determined by FACS was much lower than that for antibodies
to CS2 and HCS3 (rs � 0.75) or HCS3 and XIE-CSA (rs �
0.75). We confirmed that cross-reactive antibodies were also
present in PNG samples; single-color and mixed-color agglu-
tinates were observed for HCS3 and XIE-CSA and for Pf2004-
CSA and XIE-CSA. These data indicate that epitopes are
shared by isolates having diverse origins but that there is vari-
ation in the extent of epitope sharing by isolates; the results
suggest that mixed agglutination was greater when isolates
from nearby regions were used than when isolates from distant
regions were used.

Isolate-specific antibodies, as well as cross-reactive antibod-
ies, were observed for PG and MG women when different
isolate combinations were used. To further evaluate the acqui-
sition of cross-reactive antibodies by women of different gra-
vidities, a more extensive assessment of one combination of
isolates, isolates CS2 and HCS3, was performed. Samples from
PG women, secundigravid (SG) women, and MG women were
first separately tested for agglutination of CS2 or HCS3; 54 of
96 samples were positive for CS2 and/or HCS3. Of the positive
samples, 32 (59%) agglutinated both CS2 and HCS3, and these
samples were then tested using mixed-agglutination assays.
Mixed agglutinates were observed for the majority of samples
tested, but the levels of mixed agglutination varied widely (Fig.
4; see Table S1 in the supplemental material). The presence of
cross-reactive antibodies was not strongly associated with gra-
vidity; however, mixed agglutinates were observed for a higher

proportion of SG and MG women than of PG women (90%
versus 57.1%; P � 0.0501).

Antibody epitopes are encoded by highly polymorphic seg-
ments of VAR2CSA DBL3. Having characterized antigenic di-
versity and antibody specificity using whole IEs, we next aimed
to understand the molecular basis for our observations and the
forces driving diversifying selection. We focused on the
VAR2CSA DBL3 domain because it exhibits CSA-binding
activity (20, 31) and shows evidence of diversifying selection,
suggesting that it is a target of protective immunity (17, 20).
This domain is also the only domain for which a substantial
amount of sequence data is available and is one of only two
domains encoded by var genes for which the crystal structure
has been solved (32, 54). Structural studies have revealed that
the sequence diversity of DBL3 is concentrated in 5 variable
blocks, all of which are surface exposed (1, 17, 33, 54). Several
of these variable blocks include flexible loop regions in the
tertiary structure of DBL3 (33, 54). They can therefore be used
as linear synthetic peptides in immunoassays.

We first tested variable blocks (expressed as synthetic pep-
tides) for reactivity with antibodies raised in rabbits against
recombinant DBL3 (IT4 sequence, which is identical to the
CS2 sequence). Anti-DBL3 antibodies reacted with vb3 and
vb5 of IT4 DBL3 (Fig. 5A), whereas they did not bind to DBL3
vb5 from another parasite isolate, Dd2 (from Southeast Asia),
and IT4 DBL3 vb4 (data not shown). Antiserum generated by
vaccination with var2csa DBL3 plasmid DNA reacted only with
IT4 DBL3 vb5 and not with vb3. Neither prevaccination serum
nor antiserum raised against IT4 DBL1 tested positive for
either IT4 vb3 or vb5. We did not study vb1 or vb2 because they
are very short in IT4 VAR2CSA, whereas both vb5 and vb3
form flexible loops in the tertiary structure of DBL3 (32, 54).

Sera from the Malawian study group were then tested for
antibodies to the peptides (Fig. 5B). We found that 27.8%
(15/54) of the MG women recognized vb5, whereas 20.8%
(10/48) of the PG women reacted. Among the PG women
33.3% (9/27) of the parasitemic individuals but only 4.8% (1/
21) of the aparasitemic individuals were positive (P � 0.021).
The specificity of IgG to IT4 vb5 was confirmed by performing
a competition ELISA; preincubation of positive sera with re-
combinant IT4 DBL3 (5 �g/ml) reduced IgG binding to vb5 by
30 to 100% (data not shown). Some samples from men (4/24
[16.7%]) were also reactive; antibodies to recombinant full-
length DBL3 have also been reported for men (5). However,
the antibody levels for positive men were significantly lower
than the antibody levels for positive MG women (P � 0.01).
Furthermore, in competition ELISAs, preincubation of sam-
ples from MG women with recombinant DBL3 substantially
inhibited IgG reactivity to vb5, whereas the inhibition of IgG
reactivity of samples from men was minimal (data not shown).
When tested against IT4 DBL3 vb3, several samples from
Malawian women were positive (data not shown).

Isolates having diverse origins share common sequence mo-
tifs in VAR2CSA. To further understand the extent and evo-
lution of antigenic diversity of VAR2CSA, we analyzed DBL3
sequences from different geographic regions. Many sequences
from Africa were already available in the public database.
However, the sequence data for regions outside Africa were
limited; a small number of sequences were available for iso-
lates from Asia and Latin America, but only one sequence was

FIG. 4. Cross-reactive and variant-specific antibodies in pregnant
women detected using mixed-agglutination assays. Serum samples
from Malawian women were tested for the ability to agglutinate iso-
lates in mixed-agglutination assays. (A) Percentages of agglutinates
that were mixed agglutinates for a selection of isolate combinations.
The values are the means resulting from testing serum samples from
different women. Mixed agglutinates were defined as agglutinates con-
taining �2 IEs of each parasite line and indicate the presence of
cross-reactive antibodies to the two isolates. (B) Typical mixed-color
agglutinate of two isolates, resulting from the presence of cross-reac-
tive antibodies. The two isolates were CS2 (DAPI, blue) and HCS3
(ethidium bromide, red). (C) Samples from primigravid (PG), secun-
digravid (SG), and multigravid (MG) women from Malawi were tested
for the ability to agglutinate CS2 and HCS3. Shown are the propor-
tions of agglutinates that were mixed agglutinates (the horizontal lines
indicate the medians).
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available for PNG. Therefore, we sequenced DBL3 domains
for P. falciparum infections in PNG donors, as well DBL3
domains for isolates XIE-CSA, Pf2004-CSA, Pf2006-CSA, and
HCS3; sequences for other isolates that we used in our anti-
body assays were already available.

A total of 124 DBL3 sequences were compared (15 se-
quences from Southeast Asia, 54 sequences from PNG, 43
sequences from Senegal, 8 sequences from other African coun-
tries, 3 sequences from Central and South America, and 1
unknown sequence [3D7]) (see Fig. S1 and Table S2 in the

FIG. 5. Polymorphic loops formed by variable sequence blocks of DBL3 were recognized by vaccine-induced and acquired antibodies.
(A) Rabbit antiserum raised against the DBL1 or DBL3 domain of IT4 VAR2CSA was tested by ELISA for reactivity against synthetic peptides,
which represent polymorphic loops of the DBL3 domain (IT4). Antibodies generated by DNA vaccination (aDBL3 DNA) recognized only loop
5, whereas antibodies generated by immunization with recombinant protein (aDBL3 Pp) reacted with IT4 DBL3 loops 5 and 3. Negative control
sera against the VAR2CSA DBL1 domain were generated by DNA vaccination (aDBL1 DNA) or with recombinant protein (aDBL1 Pp) and did
not react with either DBL3 loop. Subsequently, human sera from malaria-exposed Malawian (n � 72) and PNG (n � 56) women were tested for
antibodies to IT4 DBL3 loop 5 peptide by an ELISA. The peptide was recognized by PG women, MG women, and several sympatric men from
both countries, but not by Melbourne controls. Results for a representative selection of sera from Malawi (B) are shown. All women included were
in the top quartile of responders to CS2 in FACS-based assays (see Table 1). In panel B samples 27, 71, 98, and 161 were samples from MG women,
samples 66 and 145 were samples from PG women, and sample c10 was a sample from a Melbourne control donor. All samples were run in
duplicate; means and standard deviations are shown. FB, final bleed; PI, preimmunization serum; OD (405), optical density at 405 nm. (C and D)
Identical or nearly identical variable block 5 (C) and variable block 3 (D) sequences could be identified for isolates from diverse geographic origins.
Each group contains sequences from isolates from different geographic regions, and the sequences were grouped using sequences obtained from
one of the placenta-binding isolates used in antibody studies (3D7-CSA, CS2/IT4, HCS3, XIE-CSA, HB3-CSA, Pf2004-CSA, and Pf2006-CSA).
Sequence alignments were constructed on the basis of identity in the region corresponding to synthetic peptides used in immunoassays (A and B).
Blue shading indicates the predicted loop (additional residues are also shown), and red shading indicates an amino acid change compared to the
majority of the sequences. The overall sequence alignment is indicated by bars; red indicates a 100% match, while orange, green, and blue indicate
increasing numbers of sequence differences. The origins of the parasites are as follows: CYK34.1, CYK37, and CYK42.1, Senegal; D10, PNG; MC,
Malaysia; Mplc21-1, Malawi; PC49, Peru; T2C6, Thailand; XHA clones, PNG; XIE par (non-CSA-selected XIE clones), PNG; XJA clones, PNG.
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supplemental material). Sequences of isolates from geograph-
ically distant regions were found to share many features, and
the same sequences in variable blocks 1 to 5 were observed for
isolates from Africa, PNG, Asia, and South America (Fig. 6;
see Fig. S1 in the supplemental material). Many identical and
closely related sequences corresponding to vb5 and vb3, which
are antibody epitopes, were found in isolates from different
regions, indicating that some polymorphic epitopes are shared

by isolates (Fig. 5C and D show representative examples
grouped according to identity with the different placenta-bind-
ing isolates used in antibody assays). These findings support
serological findings indicating that there is limited global an-
tigenic diversity that originates from sharing of common se-
quences, as even the most polymorphic epitopes appear to be
shared by isolates having different origins and wide geographic
distributions.

FIG. 6. Globally diverse isolates share DBL3 variable block sequences. Analysis of VAR2CSA DBL3 variable block 3 and 5 amino acid
sequences demonstrated that isolates having diverse geographic origins shared the same polymorphic loop sequences. A diagram of the
DBL3 domain is shown at the top. The positions and lengths of variable blocks 1 to 5 in the DBL3 sequences are indicated. The locations
of primers used for PCR amplification are indicated by arrowheads. The filled arrowheads indicate primers used to amplify PNG sequences
in this study, and the open arrowheads indicate the locations of primers used previously to amplify sequences from Senegal isolates (1). The
amino acid position of the primers is counted from the first amino acid in the IT4 VAR2CSA sequence (accession no. AAQ73926). The
segmentation structures for variable blocks 3 and 5 in representative PNG sequences are shown below the diagram of the DBL3 domain (a
full alignment of all sequences is shown in Fig. S1 in the supplemental material). Variable block 3 is composed of three segments, segments
a, b, and c, and variable block 5 is composed of two segments, segments a and b. The locations of variable block peptides used for serological
analysis are indicated under the alignments. PNG sequences that were identical to the IT4 VAR2CSA peptide sequences are indicated by
filled circles.
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Distribution of VAR2CSA DBL3 sequences across different
regions. To better understand the distribution of polymor-
phism in variable blocks, we performed a segmentation anal-
ysis, which can identify linkages between nearby polymorphic
residues (17). As determined by this analysis, vb3 was com-
posed of three polymorphic segments, segments a, b, and c,
and vb5 was composed of two polymorphic segments, segments
a and b (Fig. 6). These regions correspond to the peptides used
for serological analysis, and the findings demonstrate that it is
not uncommon to identify isolates with identical or related
variable blocks. In vb3, segment a starts at position 129 in the
alignment (e.g., KIIEKGTTKQ), segment b starts at position
139 (e.g., NGKT––VGS), and segment c starts at position 148
(e.g., G–DKVND) (see Fig. S1 in the supplemental material).
At each of these segment locations, there was limited diversity
of major segment types that were shared across diverse geo-
graphic regions (Fig. 7). For instance, in segment a of vb3, five
segment types accounted for 86% of the diversity in the se-
quence sets. Four of these segment types were shared by PNG
and Senegal data sets, but the proportions in the two parasite
populations were different (Fig. 7). The fifth type (QGRKP)
was found in PNG sequences and one of the sequences from
Southeast Asia, but it was not present in Senegal sequences.
Overall, a few of the major segment types of vb3 and vb5 were
unique to a geographic region (Fig. 7); however, they differed
in frequency. When PNG (n � 54) and Senegal (n � 43)
sequences were compared, there were statistically significant
differences in the distribution of sequences in vb3 and vb5 (P �
0.0001 for differences in vb3 segments a and b; P � 0.045 for
differences in vb3 segment c; P � 0.061 and P � 0.023 for
differences in vb5 segments a and b, respectively). In addition
to the most common segment types, there were also a few
examples of minor segment types that were found in only a
specific geographic region. Taken together, the results of this
analysis demonstrate that there is extensive overlap of poly-
morphic segments between African and PNG isolates, which
could contribute to the antibody cross-reactivity between CSA-
binding lines, but they also suggest that there are differences
between Senegal and PNG sequences due to new mutations in
ancestral polymorphic segments and to the frequency distribu-
tion of polymorphic segments.

To further investigate whether DBL3 sequences were diver-
sifying between PNG and Senegal, a phylogenetic analysis was
performed using a slightly truncated sequence of DBL3 (se-
quence without loop 1), which enabled inclusion of 43 se-
quences from Senegal. For tree building, a “population tree”
approach based on the segmentation output was used (17).
This approach was employed because standard phylogenetic
approaches assume that sequences evolve through mutation
and they are not appropriate for studying highly recombino-
genic genes, such as var2csa (3). This analysis revealed that
sequences from different geographic ȯrigins were spread
throughout the phylogenetic tree, but there was also evidence
of geographic clustering. Of the 124 DBL3 sequences, 18 were
identical in two isolates, 4 were identical in three isolates, and
1 was identical in 4 isolates. Identical sequences appeared to be
more common for parasites within a geographic region; only 3
of 18 sequences were identical in two different geographic
regions, and it was as common to find identical sequences in
the PNG data set as it was to find identical sequences in the

Senegal data set. Furthermore, many of the nonidentical se-
quences from Senegal or PNG clustered together in the tree
(see Fig. S2 in the supplemental material). To investigate
whether clustering was statistically significant, we compared
the average distances for all pairs of sequences for the same
geographical region and performed a permutation test. When
all sequences were compared, there was strong evidence for
geographical clustering (P � 0.0015). Differences were not
significant when the comparison was limited to one sequence
per isolate due to the tendency of sequences from the same
isolate to cluster together in the tree. Taken together, despite
extensive gene mosaicism and overlap in polymorphic regions,
there were differences in VAR2CSA sequences between par-
asite populations, suggesting that there is ongoing regional
diversification. Therefore, population differences may need to
be considered when vaccines are designed.

DISCUSSION

This study evaluated the global antigenic diversity of placenta-
binding P. falciparum isolates. We studied placenta-binding
isolates originating from the major regions where malaria
occurs and performed a detailed examination of antibody
specificity, the antibody repertoire, and cross-reactivity for
pregnant women in two different regions. To gain insight
into the molecular basis of antigenic diversity, we analyzed
sequences of VAR2CSA DBL3 from different geographic
regions and determined the extent of relatedness between
them. Furthermore, we examined polymorphic sequences as
antibody epitopes and examined their global distribution.

Our findings clearly demonstrate that there is limited global
antigenic diversity in VSA expressed by placenta-binding IEs.
Previous studies have shown that there is recognition of iso-
lates in populations outside their geographic origins (10, 30,
46). We extended these findings by performing a detailed study
of antibody specificity and cross-reactivity, testing a panel of
defined placenta-binding isolates from the major regions
where malaria occurs (Africa, Southeast Asia, PNG, and Latin
America). There was recognition of all isolates by both Malaw-
ian and PNG populations, and the correlation for antibody
reactivity was generally high between isolates. PNG pregnant
women had antibodies that recognized recent isolates from
Africa, and African women had antibodies that recognized
recent isolates from PNG and Thailand. However, there were
some differences in antibody recognition between women in
Malawi and women in PNG (for example, recognition of 3D7-
CSA was not strongly gravidity dependent in PNG). In other
studies, we found that isolates CS2 and HCS3 are commonly
recognized by antibodies in exposed pregnant women in Kenya
and Thailand (M. Hommel and J. Beeson, unpublished obser-
vations). Additionally, cross-reactive antibodies to different
isolates were present in many individuals, indicating that
shared epitopes are expressed by isolates from different re-
gions. Furthermore we found evidence that even the most
polymorphic segments of var2csa are shared by isolates of
distant geographic origins. Many antibody epitopes do not
appear to be strictly conserved, as individuals exhibited strong
isolate-specific responses rather than pan-reactive or cross-
reactive responses. Antigenic differences between isolates have
also been suggested by other studies (8, 10, 57). PCA data
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FIG. 7. Overlap and differences in distribution of polymorphic segments in variable blocks 3 and 5. The major segment types found in variable
blocks 3 and 5 in the VAR2CSA DBL3 domain were quantified. A total of 124 DBL3 sequences were compared (16 sequences from Southeast
Asia, 54 sequences from PNG, 43 sequences from Senegal, 8 sequences from other African countries, and 3 sequences from Central and South
America [C/S America], as well as one sequence of unknown origin (3D7). (A) Major segment types of vb3 segment a. (B) Major segment types
of vb3 segment b. (C) Major segment types of vb3 segment c. (D) Major segment types of vb5 segment a. (E) Major segment types of vb5 segment
b. When data for PNG (n � 54) and Senegal (n � 43) were compared, there were statistically significant differences in the distribution of sequences
in variable block 3 and 5 (P � 0.0001 for differences in the proportions of vb3 segment a and vb3 segment b sequences; P � 0.045 for differences
in the proportions of vb3 segment c sequences; P � 0.061 and P � 0.023 for differences in the proportions of vb5 segment a and vb5 segment b
sequences, respectively [Fisher’s exact test]).
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obtained by testing samples for antibodies to different isolates
indicated that broad grouping of isolates may be possible based
on antigenic similarities and differences. The results of the
PCA suggested that six of the seven isolates tested could be
classified into two groups based on antigenic properties, and
the grouping did not reflect the geographic origins of the
isolates. This approach may be useful for guiding vaccine de-
velopment.

The broad recognition of different isolates by antibodies in
pregnant women can be explained by antibodies to epitopes
shared by isolates and by the presence of multiple antibodies
with different specificities in serum. Mixed-agglutination assays
and analysis of high responders by FACS suggested that a
significant component of the antibody response is variant spe-
cific (i.e., a response to polymorphic epitopes). However, if
global antigenic diversity is limited, exposure to one isolate
may give rise to antibodies that are reactive with geographi-
cally diverse isolates. Since infections are typically polyclonal
(34), exposure to multiple different placenta-binding variants
may occur during a single episode and therefore result in a
repertoire of antibodies to different isolates. Women of all
gravidities appeared to acquire substantial cross-reactive anti-
bodies, which were somewhat more prevalent in MG women
than in PG women. A previous study suggested that MG
women have a broader repertoire of antibodies to different
isolates, which is consistent with greater exposure (10). Some
evidence suggests that acquired antibodies may target con-
served regions of VAR2CSA (1, 20), and some antibodies to
whole IEs and VAR2CSA domains generated by immuniza-
tion have broad reactivity with different isolates (24, 38). How-
ever, strictly conserved epitopes have not been defined yet.
Here, we focused on defining antigenic properties using ac-
quired human antibodies rather than antibodies to specific
domains of VAR2CSA induced by immunization of animals.
Vaccine-induced antibody responses may differ substantially
from naturally acquired responses because recombinant pro-
teins may not fully represent the native presentation of
VAR2CSA domains and because immunization can induce
responses with specificities different from those acquired
through natural exposure.

In order to better understand the molecular basis of anti-
genic diversity and the forces driving diversifying selection in
var2csa, we examined the most polymorphic regions of DBL3,
which are concentrated in variable blocks, several of which
include surface-exposed flexible loops (17, 20, 33). At present,
VAR2CSA is the only clearly established antigen on the sur-
face of placenta-binding IEs, and the DBL3 domain is impor-
tant because it is responsible for CSA-binding activity (31, 51).
Other antigens have been proposed but not yet confirmed (13,
27). Our findings provide evidence that variable blocks 3 and 5
of DBL3 are antibody epitopes, suggesting that acquired anti-
bodies are likely driving the diversifying selection that is ob-
served in these sequences. Remarkably, the same polymorphic
epitopes could be identified in isolates from Africa, Asia, PNG,
and Latin America, suggesting that the limited global diversity
of placenta-binding isolates is partially explained by sharing of
polymorphic epitopes that have a wide geographic distribution.
This is an important proof of principle, but further studies of
other polymorphic regions of VAR2CSA domains are needed.

Our results provide insights into the evolution of the anti-

genic diversity of VSA expressed by placenta-binding IEs and
P. falciparum antigens more broadly. At present, there is little
data on the global diversity and molecular epidemiology of
important P. falciparum antigens, particularly VSA. The ratio-
nale for comparing Africa and PNG populations is that there is
great separation between these populations in terms of time
and distance, which provided an opportunity to examine evi-
dence of regional diversification in antigenic determinants or
differences in the distribution of specific variants (differences
in the global distribution of serotypes have been observed for
many bacterial and viral infections). There appears to have
been little parasite gene flow between PNG and other regions
(42, 61). We demonstrated that antibodies in the two popula-
tions recognize isolates with diverse origins and that there
is extensive sharing of sequences corresponding to variable
blocks 3 and 5, which we have shown to be antibody epitopes,
as well as other polymorphic segments, between all regions
where malaria occurs. Nevertheless, there also appeared to be
differences between VAR2CSA sequences when an African
population (Senegal) and a PNG population were compared.
While the same major polymorphic segment types were gen-
erally found in both locations, the frequencies of these seg-
ments differed between populations, and there were also ex-
amples of rare new mutant types that were unique to a specific
region. Using phylogenetic approaches that account for gene
recombination, we also found that DBL3 sequences from a
geographic region frequently clustered together, suggesting
that var2csa sequences in the different populations are diverg-
ing. Our findings support the hypothesis that there was an
ancient origin of polymorphisms that are shared across global
isolates but are gradually evolving through gene recombination
and new mutations. These features help account for the great
range of maternal antibody responses to placenta-binding iso-
lates and may explain why there were differences in the profiles
of antibody reactivity between Malawian and PNG sera. Dif-
ferences in antibody reactivity may also be influenced by the
level of malaria transmission and the timing of sample collec-
tion, which were different for the two populations. The expo-
sure to antigenic determinants expressed by placenta-binding
parasites may have been different in the different populations
due to dynamic changes or ongoing mutation of ancient poly-
morphic segments.

In conclusion, our findings demonstrated that there is lim-
ited antigenic diversity of placenta-binding P. falciparum iso-
lates and defined the specificity, cross-reactivity, and repertoire
of acquired antibodies to these isolates in pregnant women.
The molecular basis for limited diversity is partially explained
by the finding that the most polymorphic regions of VAR2CSA
are antibody epitopes and the finding that these epitopes are
commonly shared across the global P. falciparum population.
These findings have important implications for understanding
immunity to malaria in pregnancy, the evolution of antigenic
diversity in VSA, and potential vaccine development. The lim-
ited diversity of placenta-binding isolates and the wide geo-
graphic distribution of epitopes may explain why a substantial
level of immunity to malaria in pregnancy can be achieved by
exposure during one pregnancy. Inclusion of a limited number
of variants in a candidate vaccine may be sufficient for broad
coverage, provided that geographic differences are considered
in vaccine design.
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