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Naturally acquired antibodies to Plasmodium falciparum erythrocyte membrane protein-1 (PfEMP-1), the
variant surface antigens expressed on the surface of infected erythrocytes, are thought to play a role in
protection against P. falciparum malaria. Here, we have studied the development of antibodies to PFEMP-1 in
adult malaria patients living in Rourkela, India, an area with a low malaria transmission rate, and prevalence
of antibodies to PFEMP-1 in residents of San Dulakudar, India, a village in which P. falciparum malaria is
hyperendemic. Convalescent-phase sera from adult malaria patients from Rourkela agglutinate homologous P.
Jalciparum isolates as well as some heterologous isolates, suggesting that they develop partially cross-reactive
antibodies to PFEMP-1 following infection. Adult sera from San Dulakudar agglutinate diverse P. falciparum
isolates, suggesting that they have antibodies with wide recognition of diverse PFEMP-1. Mixed-agglutination
assays using pairs of P. falciparum isolates confirm the presence of both variant-specific and partially cross-
reactive antibodies in convalescent-phase sera from Rourkela and adult sera from San Dulakudar. Analysis of
PfEMP-1 sequences suggests a molecular basis for the observed cross-reactivity.

Following repeated exposure to Plasmodium falciparum in-
fection, individuals residing in areas of malaria endemicity
acquire immunity (14). As a result it is primarily nonimmune
children in areas of endemicity who suffer from severe malaria
and are at risk of death from malaria. Adults in areas of
endemicity suffer fewer clinical malaria episodes than do chil-
dren and are protected from severe malaria syndromes such as
cerebral malaria and severe anemia.

Naturally acquired immunity to malaria is not completely
understood. Antibodies directed against variant surface anti-
gens referred to as P. falciparum erythrocyte membrane pro-
tein-1 (PfEMP-1) that are expressed on the surface of infected
erythrocytes are thought to be an important component of
naturally acquired immunity (3, 13). Some members of the
PfEMP-1 family bind to endothelial receptors and mediate
adhesion of P. falciparum trophozoites and schizonts to vascu-
lar endothelium, a phenomenon referred to as cytoadherence
(6). Cytoadherence is implicated in a number of pathological
outcomes. Adhesion of P. falciparum-infected erythrocytes in
brain capillaries is implicated in cerebral malaria, and cytoad-
herence in the placenta often leads to complications in preg-
nancy (11, 17, 24-25).

Agglutination assays with P. falciparum trophozoites and
schizonts have been used to study antibody responses to
PEMP-1 (3-4, 7-9, 12-13, 15). A large prospective study con-
ducted on the eastern coast of Kenya demonstrated that, when
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children suffer clinical malaria episodes, they are likelier to be
infected with P. falciparum isolates against which they lack
agglutinating antibodies than with isolates against which they
have agglutinating antibodies (3). Sera from children in areas
of endemicity agglutinate a limited number of P. falciparum
isolates, indicating limited recognition of PFEMP-1 variants (4,
7,9, 12). In contrast, immune-adult sera from areas of ende-
micity agglutinate a wide range of P. falciparum isolates, sug-
gesting that they recognize diverse PFEMP-1 variants (4, 7, 9,
12). Do immune adults possess a repertoire of variant-specific
antibodies directed against diverse PFEMP-1, or do they have
cross-reactive antibodies directed against conserved epitopes
shared by diverse PFEMP-1? Initial studies suggested that im-
mune adults might have cross-reactive antibodies that aggluti-
nate diverse P. falciparum isolates (12). However, later studies
suggested that antibodies directed against PEEMP-1 are pre-
dominantly variant specific (8, 15).

In this study, we have used agglutination assays to study
naturally acquired antibodies to PfEMP-1 in two areas with
distinct malaria transmission patterns in Sundergarh District in
the state of Orissa in eastern India. We have studied the
development of antibodies directed against PEEMP-1 in adult
malaria patients residing in the town of Rourkela, which is an
area with a low malaria transmission rate. We have also stud-
ied the prevalence of antibodies directed against PFEEMP-1 in
children and adults residing in a village, San Dulakudar, lo-
cated in a forest area in Sundergarh District, in which P.
falciparum malaria is hyperendemic. Mixed-agglutination as-
says using parasite isolate pairs stained with distinguishable
DNA intercalating dyes were used to investigate the presence
of cross-reactive antibodies directed against PFEMP-1. Data
from our field studies and comparative statistical analysis of
PfEMP-1 sequences suggest that both variant-specific as well
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as partially cross-reactive antibodies against PFEMP-1 may be
elicited during natural infection with P. falciparum.

MATERIALS AND METHODS

Study area. The study was conducted with sera collected from two areas with
distinct malaria transmission patterns in Sundergarh District, Orissa, in eastern
India. Sundergarh District lies between 21°35'N and 22°35'N latitudes and be-
tween 83°32'E and 85°22'E longitudes. The area presents ideal ecological con-
ditions for malaria transmission with undulating uplands intersected by forested
hills, rocky streams, paddy fields, and springs with a tropical, humid, savanna-
type climate and annual rainfall between 160 and 200 cm. The monsoon rains
begin in mid-June and last till September, the cold season occurs in December
and January, and the hot, dry summer extends from April to mid-June. Focal
epidemiological variations are observed in malaria transmission patterns over
short geographical distances in Sundergarh District. For example, the township
of Rourkela (population 150,000), which was constructed for the employees of a
local steel plant, has excellent urban infrastructure with around 20,000 houses of
different types, roads, electricity, safe drinking water, underground sewage sys-
tem, effective malaria control programs, and an excellent health care system. As
a result, malaria transmission in Rourkela is extremely low. In contrast, villages
situated in forests with perennial flowing streams surrounded by paddy fields just
25 to 30 km outside Rourkela have high malaria endemicity and perennial
transmission. We have collected data over the past 3 years on the epidemiology
of malaria in one such village, San Dulakudar, which has a population of 265.
Cross-sectional and longitudinal studies involving periodic mass surveys as well
as active case detection by trained village-based community workers were used to
collect data on malaria prevalence and malaria-related morbidity. A detailed
report describing the epidemiology of malaria in San Dulakudar will be pub-
lished separately. Briefly, malaria is hyperendemic in San Dulakudar, with P.
falciparum malaria accounting for more than 90% of malaria cases and Plasmo-
dium vivax and Plasmodium malariae accounting for the rest. Malaria transmis-
sion is perennial, although transmission intensity varies during the year. The high
transmission season extends from October to December following the monsoon
rains, with parasite rates as high as 20 to 50% in this period. Parasite rates in the
low transmission season during the hot dry summer months of April and May are
between 5 and 15%. Other months have intermediate levels of malaria trans-
mission. Based on active case detection over a 3-year period, it is estimated that
on average there are 2.1 malaria episodes per person per year in the 1- to 5-year
age group and 0.5 malaria episodes per person per year in adults. These data
suggest that San Dulakudar residents develop natural immunity to malaria fol-
lowing repeated exposure.

Parasites and sera. Adult residents of Rourkela reporting to Ispat General
Hospital (IGH), Rourkela, and diagnosed with nonsevere P. falciparum malaria
based on clinical symptoms and detection of parasites in blood smears were
enrolled in the study. Ten milliliters of blood was collected at the time of
admission prior to initiating antimalarial drug therapy. Five milliliters of blood
was collected in 10% citrate-phosphate-dextrose, washed, and cryopreserved in
aliquots in liquid nitrogen. The remaining 5 ml was used for preparation of
acute-phase sera by standard methods. Five milliliters of blood was collected
from the same group of volunteers 3 to 4 weeks after recovery and used for
preparation of convalescent-phase sera. All patients had parasite-free blood
smears at time of discharge and no malaria symptoms during the period between
discharge and collection of convalescent-phase sera. All individuals enrolled in
the study at IGH, Rourkela, had lived in Rourkela for more than 10 years. The
majority of the volunteers had no history of malaria in the past 10 years. One
individual reported having malaria twice, and three individuals reported having
malaria once in the past 10 years.

Standard blood group typing procedures were used to determine the blood
groups of donors. Parasite isolates collected from donors with the O blood group
(R1, R13, R15, R28, R30, R35, R39, and R40) were used for agglutination assays
with homologous as well as heterologous sera. Parasite isolates (R4, R7, R9,
R11, R16, and R17) collected from donors with other blood groups were only
used for agglutination assays with homologous sera.

Sera were also collected from asymptomatic adults and children (1 to 3 years)
residing in San Dulakudar during periodic mass surveys. One child (DK557) was
18 months old. All other children were between 24 and 36 months old. This study
received ethical clearance from the Institutional Review Boards of the Interna-
tional Centre for Genetic Engineering and Biotechnology (ICGEB), New Delhi,
India, and IGH, Rourkela. Individuals were enrolled in the study after obtaining
informed consent. In case of children, informed consent was obtained from
parents.
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Agglutination assay. Cryopreserved P. falciparum isolates collected from ma-
laria patients reporting to IGH, Rourkela, were thawed and cultured to the
trophozoite-schizont stages in RPMI 1640 medium (Gibco BRL-Life Technol-
ogies) containing 10% heat-inactivated fetal calf serum (Gibco BRL-Life Tech-
nologies). In each case, parasitemia was ~1%. A hematocrit of the culture was
adjusted to ~5% using RPMI 1640 containing ethidium bromide (Sigma) at a
concentration of 10 pg/ml. Agglutination assays were performed as described
previously (3). Briefly, 2.5 pl of each serum sample was spotted in wells of
U-bottomed 96-well microtiter plates (Costar). Ten microliters of parasite cul-
ture in RPMI 1640 with ethidium bromide was added to each well. The micro-
titer plate was rotated at 30 rounds per min on a vertical rotator for 60 min at
room temperature. The entire 12.5-ul reaction from each well was placed on a
glass slide and covered with a coverslip. Slides were blinded and examined
microscopically under visual and UV light. P. falciparum laboratory isolate A4
and field isolate R1 were initially used to standardize the assay and ensure
reproducibility. Agglutinates were scored in 25 fields at X40 magnification. Blank
boxes indicate that no agglutinates containing three or more infected erythro-
cytes were seen (Fig. 1 and 2). Hatched boxes indicate that on average five or less
agglutinates containing five or more infected erythrocytes were seen per field
(Fig. 1 and 2). Black boxes indicate that on average greater than five agglutinates
containing five or more infected erythrocytes were seen per field (Fig. 1 and 2).

Mixed-agglutination assay. Mixed-agglutination assays were performed with
pairs of P. falciparum isolates stained with distinguishable DNA intercalating
dyes (15). The method used for the mixed-agglutination assay was similar to that
described above for a single isolate except that two isolates were used, one
labeled with ethidium bromide (10 pg/ml) and the other with acridine orange (10
pg/ml). Mixed-color agglutinates are defined as agglutinates with at least three
infected erythrocytes with at least one infected erythrocyte of each color. Blank
boxes indicate that no mixed-color agglutinates were seen (Fig. 3 and 4). The
number of mixed-color agglutinates containing up to 20 infected erythrocytes
with at least two infected erythrocytes of each color was scored in 25 fields at x40
magnification. Hatched boxes indicate that on average five or less mixed-color
agglutinates were seen per field, and black boxes indicate that on average greater
than five mixed color agglutinates were seen per field (Fig. 3 and 4).

PCR typing of P. falciparum patient isolates. P. falciparum isolates used for the
agglutination assays were typed by PCR using two polymorphic blood stage
antigens, merozoite surface protein-1 (MSP-1) and merozoite surface protein-2
(MSP-2), to determine if they were genotypically distinct and contain single or
multiple genotypes as described earlier (16, 27). PCR products encoding MSP-1
block 2 were subtyped by nested PCR using oligonucleotide primers specific for
the K1, MAD20, and R033 subtypes of MSP-1 (21). PCR products encoding
blocks 2 and 3 of MSP-2 were subtyped using oligonucleotide primers specific for
FC27 and 3D7 subtypes as previously described (21).

Analysis of diversity in DBLa domain sequences of PFEMP-1 among P. falci-
parum isolates. The extracellular region of PfEMP-1 contains multiple con-
served, cysteine-rich domains that are referred to as Duffy binding-like (DBL)
domains because they share homology with the binding domain of P. vivax Duffy
binding protein (2, 5, 6, 18-20, 22). DBL domains are classified into five types, o,
B, v, d, and €, based on the presence of type-specific conserved sequences (19,
20). Genomic DNA isolated from P. falciparum isolates R1, R15 and R35 was
used as template in PCRs with degenerate primers based on conserved se-
quences in DBLa domains of var genes as previously described (23). PCR
products encoding the central region of DBLa domains were cloned in TA
cloning vector (Invitrogen) and sequenced using an Automated ABI 310 DNA
Sequencer (Perkin Elmer).

The var sequences identified from P. falciparum isolates R1, R15, and R35 and
19 var sequences reported previously from two Kenyan P. falciparum isolates, 3
and 19, referred to here as K3 and K19 (23; GenBank accession numbers from
AF221811 to AF221819 and from AF221777 to AF221786), were used for anal-
ysis. Pairwise sequence comparison was performed using the SIM program with
default values available on the server http://www.expasy.ch, which determines the
percent identity between two amino acid sequences. A matrix-based analysis was
performed using SIM in which each sequence from a parasite isolate was com-
pared to all other sequences from the same isolate or from a different isolate.
This resulted in a matrix containing the percent sequence identity of each
sequence relative to every other sequence. Mean, range, and standard deviation
values for the sequence comparison data were calculated and are shown in Table
2. A multiple-sequence alignment was carried out with var sequences from R1,
R15, K3, and K19 (total number of sequences = 35) using the program
CLUSATLW.

Nucleotide sequence accession number. Seven unique var gene sequences were
identified from R1, and nine unique var gene sequences were identified from R15
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FIG. 1. Agglutination of P. falciparum field isolates with acute- and convalescent-phase sera from adult malaria patients residing in Rourkela,
Orissa, India, a town with low malaria transmission rates. Acute-phase (A) and convalescent-phase (C) sera collected from adult malaria patients
residing in Rourkela, a town with low malaria transmission, were used for agglutination assays with homologous and heterologous P. falciparum
isolates. Blank boxes indicate that no agglutinates of three or more infected erythrocytes were seen. Hatched boxes indicate that on average five
or less agglutinates containing five or more P. falciparum-infected red cells per agglutinate were seen per field. Black boxes indicate that on average
greater than five agglutinates containing five or more infected red cells were seen per field. Twenty-five fields were examined at X40 magnification

for each agglutination assay.

and R35. These nucleotide sequences are available in the GenBank database and
have accession numbers from AF404238 to AF404262.

RESULTS

Agglutination of homologous and heterologous P. falciparum
isolates by acute- and convalescent-phase sera collected from
adult malaria patients residing in Rourkela, an area with low
malaria transmission rates. The incidence of malaria in Rour-
kela is very low (see Materials and Methods). Acute- and
convalescent-phase sera collected from P. falciparum malaria
patients residing in Rourkela were tested for recognition of
homologous and heterologous P. falciparum isolates in agglu-
tination assays. Most acute-phase sera (12 out of 14 acute-
phase sera tested) do not agglutinate homologous P. falcipa-
rum isolates (Fig. 1). All convalescent-phase sera agglutinate
homologous P. falciparum isolates, indicating that individuals
seroconvert following infection and develop antibodies that
recognize surface antigens expressed by the infecting P. falci-
parum isolate (Fig. 1). Interestingly, in addition to agglutinat-
ing homologous parasite isolates, a significant number of con-
valescent-phase sera also agglutinate heterologous isolates
(Fig. 1). In cases where both acute- and convalescent-phase
sera agglutinate heterologous isolates, it is not possible to
attribute agglutination by convalescent-phase sera to antibod-
ies that develop in response to the recent infection. Such cases

are therefore disregarded in the following analysis. The ma-
jority of convalescent-phase sera (11 out of 14 sera tested)
agglutinate at least one heterologous isolate in addition to the
homologous isolate. Convalescent-phase serum from patient 1
agglutinates five out of seven heterologous isolates tested, con-
valescent-phase serum from patient 16 agglutinates four het-
erologous isolates, and convalescent-phase serum from patient
11 agglutinates 3 heterologous isolates. The observation that
convalescent-phase sera frequently agglutinate heterologous
isolates suggests that these individuals develop cross-reactive
antibodies that recognize common epitopes shared by surface
antigens expressed by diverse P. falciparum isolates.
Agglutination of P. falciparum field isolates with sera from
children and adults residing in San Dulakudar, a village
where P. falciparum malaria is hyperendemic. P. falciparum
malaria is hyperendemic in the village of San Dulakudar (see
Materials and Methods). Cryopreserved P. falciparum isolates
collected from malaria patients admitted to IGH, Rourkela,
were cultured for one cycle from ring to trophozoite or schi-
zont stages and used for agglutination assays with sera col-
lected from children and adults residing in San Dulakudar.
Sera collected from nine children between 1 and 3 years of age
do not agglutinate any of the eight P. falciparum isolates tested
(Fig. 2). In contrast, six out of seven adult sera tested aggluti-
nate at least four out of eight P. falciparum isolates (Fig. 2).
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FIG. 2. Agglutination of P. falciparum field isolates with sera from
children and adults from San Dulakudar, Orissa, India, a village where
P. falciparum malaria is hyperendemic. Sera from children and adults
residing in San Dulakudar, where P. falciparum malaria is hyperen-
demic, were used for agglutination assays with diverse P. falciparum
isolates. Pooled sera from adults living in another area in Orissa in
which P. falciparum was endemic were used as a positive control
(Immune). Pooled sera from adults residing in regions of India where
malaria was not endemic were used as a negative control (Normal).
Twenty-five fields were examined at X40 magnification for each ag-
glutination assay. Blank, hatched, and black boxes indicate the fre-
quency of agglutination as described for Fig. 1.
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These data indicate that, whereas sera from children in San
Dulakudar lack antibodies directed against diverse PfEMP-1,
sera from adults residing in the same village recognize
PfEMP-1 variants expressed by a wide range of P. falciparum
isolates. Pooled sera collected from individuals residing in ar-
eas of India where malaria is not endemic do not agglutinate
any of the P. falciparum isolates tested (Fig. 2). Pooled immune
sera collected from adults residing in a different area of P.
falciparum endemicity of Orissa (10) agglutinate all eight P.
falciparum isolates tested (Fig. 2).

Mixed-agglutination assays to detect presence of cross-re-
active antibodies directed against PFEMP-1 variants expressed
by diverse P. falciparum isolates. Mixed-agglutination assays
were used to examine presence of cross-reactive antibodies to
PfEMP-1. Since P. falciparum isolates R1 and R35 were most
commonly recognized by heterologous convalescent-phase
sera, they were used in combination with other parasite isolates
in mixed-agglutination assays. Convalescent-phase sera from
all malaria patients whose parasites were used for agglutina-
tion with heterologous sera were used for mixed-agglutination
assays. Adult sera from San Dulakudar that agglutinate at least
four out of eight isolates tested were also tested in mixed-
agglutination assays.

Both convalescent-phase sera from Rourkela and adult im-
mune sera from San Dulakudar form mixed-color agglutinates
with some of the P. falciparum isolate pairs tested (Fig. 3). For
example, convalescent-phase serum 1c forms mixed-color ag-
glutinates with each of the P. falciparum isolate pairs R1-R13,

A. B.
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FIG. 3. Mixed-agglutination assays with P. falciparum field isolates. (A and B) P. falciparum isolates were tested in mixed-agglutination assays
in combination with parasite isolates R1 and R35 and convalescent-phase sera from adult malaria patients (1C, 11C, 13C, 16C, 28C, 35C, and 39C)
residing in Rourkela, a town with a low malaria transmission rate, or with sera from adults residing in San Dulakudar (DK110, DK111, DK116,
DK165, and DK705), a village where P. falciparum malaria was hyperendemic. Mixed-color agglutinates were defined as agglutinates with at least
three infected erythrocytes, with at least one erythrocyte of each color. Blank boxes indicate cases where no mixed-color agglutinates were found.
Blank boxes marked with an asterisk indicate cases where no mixed-color agglutinates were found, even though both isolates are individually
recognized. Mixed-color agglutinates containing up to 20 P. falciparum-infected erythrocytes with at least two infected erythrocytes of each color
labeled were scored in 25 fields at X40 magnification. Hatched boxes indicate that on average one to five such mixed-color agglutinates are
observed per field, and black boxes indicate that on average more than five such mixed-color agglutinates are observed per field. Mixed-color
agglutinates constitute 20 to 30% of all agglutinates in cases where mixed-color agglutinates are observed.
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FIG. 4. Multiple alignment of DBL« sequences from Indian and Kenyan P. falciparum isolates. A multiple-sequence alignment of DBL«
sequences derived from var genes from two Indian P. falciparum isolates from Rourkela, R1 (R1S1 to R1S7) and R15 (R15S1 to R15S9), and two
Kenyan P. falciparum isolates, K3 (K3S1 to K3S9) and K19 (K19S1 to K19S10, is shown. Orange boxes indicate conserved stretches of either
identical or highly conserved residues shared by all var genes. Colored boxes indicate short segments of at least 10-amino-acid residues with greater
than 70% identity within hypervariable regions that are common to some var genes from heterologous Indian and Kenyan isolates. Blue boxes
indicate sequences common to R15 and K19 and red boxes indicate sequences common to R1 and K3, yellow boxes indicate sequences common
to R1 and K19, and green boxes indicate sequences common to R1 and K3, yellow boxes indicate sequences common to R15 and K19, and green

boxes indicate sequences common to R15 and K3..

R1-R28, R1-R30, R1-R35, and R1-R40, suggesting that it con-
tains cross-reactive antibodies to common epitopes shared by
PfEMP-1 variants expressed by P. falciparum isolate R1 and
five other P. falciparum isolates. In all cases where one of the
isolates in the pair is not individually recognized, mixed-color
agglutinates are not found. Such cases serve as negative con-
trols. There are a number of cases where two P. falciparum
isolates are individually recognized, but mixed-color aggluti-
nates are not observed (marked with asterisk in Fig. 3). In such
cases agglutination is attributed to the presence of variant-
specific antibodies that react with variant epitopes that are not
shared by PEEMP-1 expressed by these isolates.

PCR typing and var gene diversity in P. falciparum isolates
used for agglutination assays. PCR typing based on the poly-
morphic markers MSP-1 and MSP-2 indicates that each P.
falciparum isolate used in the agglutination assays is unique
and contains a single P. falciparum genotype (Table 1).

TABLE 1. PCR typing of P. falciparum patient isolates based on
polymorphic markers MSP-1 and MSP-2

Length (bp) of:

P. falciparum

. MSP-1 MSP-2
isolate
K1 MAD20 R033 FC27 3D7
R1 564 708
R13 471 823
R15 525 788
R28 537 878
R30 456 850
R35 653 878
R39 402 739
R40 492 806

Sequence diversity in var genes from P. falciparum isolates
used in the study was examined and compared to the diversity
found in var genes from African isolates. Degenerate oligonu-
cleotide primers based on conserved DBLa sequences were
used to amplify var gene fragments encoding the central semi-
conserved segment of DBLa domains of PFEMP-1 by PCR
from three P. falciparum isolates, i.e., R1, R15, and R35 (23).
R1 and R35 were selected because they were most commonly
recognized, and R15 was selected because it was least com-
monly recognized among isolates used in the agglutination
assays. Amino acid sequences encoded by each of the cloned
PCR-amplified var gene fragments from R1, R15, and R35
were compared to each other, and percent sequence identity
was determined for each pair (Table 2). The average “percent
sequence identity values” derived from pairwise comparison of

TABLE 2. Pairwise comparison of DBLa sequences from var genes
from P. falciparum isolates (R1, R15, and R35) from Rourkela and
P. falciparum isolates (K3 and K19) from Kenya“

P. falciparum isolates Range (%) Avg identity (%) SD
R1/R1 41.9-56.6 49.7 4.1
R15/R15 36.7-67.5 48.5 6.2
R35/R35 35.0-69.1 49.3 73
R1/R35 35.2-64.6 50.0 6.4
R1/R15 41.6-58.5 48.5 4.9
K3/K3 37.0-58.5 47.7 5.5
K3/K19 35.1-65.0 47.5 6.7
K3/R35 34.1-62.5 48.2 6.2

“ Average, standard deviation, and range for percent sequence identity for
pairwise comparison of DBLa sequences from P. falciparum isolates (R1, R15,
and R35) from Rourkela and P. falciparum isolates (K3 and K19) from Kenya
(23) are given.
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var sequences from the same isolate are similar to those de-
rived from pairwise comparison of var sequences from heter-
ologous isolates (Table 2). Similar percent sequence identity
values obtained upon comparison of homologous and heterol-
ogous var genes suggest that var sequences from a single isolate
are as similar and/or dissimilar to each other as var sequences
from heterologous isolates in Rourkela. Another sequence
comparison analysis was performed on var sequences reported
from P. falciparum isolates K3 and K19 from eastern Kenya
(23). The average percent sequence identity values determined
for pairwise comparison of var sequences from Kenyan isolates
as well as those determined from comparison of var sequences
from Indian isolates with Kenyan isolates are similar to aver-
age percent sequence identity values found for pairwise com-
parison of heterologous Indian isolates (Table 2). The level of
sequence diversity in var genes from Indian and Kenyan iso-
lates is thus comparable.

A multiple-sequence alignment of DBL« sequences derived
from two Indian isolates from Rourkela and two Kenyan iso-
lates is shown in Fig. 4. Orange boxes indicate conserved seg-
ments of either identical or highly conserved residues that are
shared by all var genes. Such linear segments are found at both
the amino and carboxyl termini of this region. A number of
hydrophobic residues and at least two cysteines are conserved
in this region. It is noteworthy that a number of hydrophilic
residues are also found in these segments. The conserved seg-
ments shared by all var sequences are interspersed with “hy-
pervariable segments” that vary significantly in both sequence
and length. Within these hypervariable regions, a number of
amino acid segments of limited conservation common to var
sequences from heterologous isolates (colored boxes in Fig. 4)
exist. The presence of such common amino acid segments in
PfEMP-1 variants from diverse P. falciparum isolates may be
responsible for the observed cross-reactivity of agglutinating
antibodies.

DISCUSSION

Individuals residing in areas of endemicity acquire natural
immunity following repeated infection with P. falciparum (14).
Antibodies directed against PFEMP-1 are thought to a play a
role in naturally acquired immunity to P. falciparum malaria (3,
13). Here we have studied the development of antibodies to
PfEMP-1 following P. falciparum infection in adult residents of
Rourkela, a town with a low malaria transmission rate, and the
prevalence of antibodies to PFEMP-1 in residents of San Du-
lakudar, a village where P. falciparum malaria is hyperendemic.

Our data show that acute-phase sera from adult malaria
patients from Rourkela have limited recognition of P. falcipa-
rum isolates. Residents of Rourkela are not exposed to a wide
range of P. falciparum isolates and thus lack antibodies against
diverse PFEMP-1. All malaria patients from Rourkela serocon-
vert following P. falciparum infection to agglutinate the homol-
ogous P. falciparum isolate. Interestingly, convalescent-phase
sera from adult malaria patients in Rourkela also frequently
agglutinate a limited number of heterologous P. falciparum
isolates. These observations suggest that antibodies to
PfEMP-1 that develop following infection recognize common
epitopes shared by at least some PfEMP-1 variants. In a few
cases convalescent-phase sera fail to agglutinate heterologous
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isolates, even though the corresponding acute-phase sera ag-
glutinate that isolate. Such examples have been observed be-
fore and suggest that antibodies to the heterologous isolate in
acute-phase serum may not be present in the corresponding
convalescent-phase serum in these cases. In the case of the
high-transmission study, children from San Dulakudar fail to
agglutinate any of the P. falciparum isolates tested, whereas
adult sera agglutinate diverse P. falciparum isolates. This is in
line with previous observations that children in areas of ende-
micity have very limited recognition, whereas adults have wide
recognition of diverse PFEMP-1 (4, 7-9, 12, 15). It is possible
that children make more variant-specific antibodies than naive
adults upon infection with P. falciparum and therefore fail to
agglutinate any heterologous parasites. This possibility could
not be addressed in the present study since all acute- and
convalescent-phase sera were collected from naive adults.

Mixed-agglutination assays using P. falciparum isolate pairs
stained with distinguishable DNA intercalating dyes were used
to examine presence of cross-reactive antibodies to PFEMP-1.
Mixed-color agglutinates were frequently found with different
P. falciparum isolate pairs tested with convalescent-phase sera
from Rourkela. The presence of mixed-color agglutinates in-
dicates presence of cross-reactive antibodies that recognize
common epitopes shared by PEEMP-1 expressed by both iso-
lates. In some cases, mixed- color agglutinates were not ob-
served even though both parasite isolates were individually
recognized. In such cases, convalescent-phase sera are likely to
contain variant-specific antibodies that recognize variant
epitopes that are not shared by PFEMP-1 expressed by the two
isolates tested. Previous studies using acute- and convalescent-
phase sera have also reported that convalescent-phase sera
agglutinate some heterologous isolates (4, 9). However, mixed-
agglutination assays were not performed and the presence of
cross-reactive antibodies was not explicitly demonstrated in
these studies (4, 9). A study using adult sera from an area
where P. falciparum malaria is mesoendemic also suggested
that a single P. falciparum infection might elicit cross-reactive
antibodies against diverse PFEMP-1 (8). However, these inves-
tigators failed to detect cross-reactive antibodies in mixed-
agglutination assays probably because they used a limited num-
ber of P. falciparum isolate pairs (8). Our study is the first to
explicitly demonstrate that both variant-specific antibodies as
well as antibodies with limited cross-reactivity for diverse
PfEMP-1 develop following a single infection with P. falcipa-
rum.

Initial studies with sera from Gambian adults reported the
presence of cross-reactive antibodies to PFEMP-1 in immune
sera (12). In contrast, a later study reported that mixed-color
agglutinates were rarely observed with pooled immune sera
from Gambian adults (15). The presence of some high-titer
variant-specific antibodies in pooled immune sera may have
led to the predominant formation of single-color agglutinates
in this study. Individual Gambian adult sera were also used for
mixed-agglutination assays in this study (15). However, only
three pairs of P. falciparum laboratory isolates were tested and
mixed-color agglutinates were observed only in a limited num-
ber of cases, leading these investigators to conclude that anti-
bodies to PFEMP-1 are predominantly variant specific (15). In
the present study, we have tested individual immune sera from
adult residents of an area of hyperendemicity with 13 different
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pairs of P. falciparum field isolates in mixed-agglutination as-
says. Mixed-color agglutinates are observed frequently with
adult immune sera from San Dulakudar. In some cases mixed-
color agglutinates are not observed even though both parasite
isolates are individually recognized. We therefore conclude
that adult immune sera contain both variant-specific and par-
tially cross-reactive antibodies to PFEMP-1.

Are cross-reactive antibodies observed in our studies be-
cause the P. falciparum isolates used have limited diversity? P.
falciparum isolates used in this study were collected from ma-
laria patients in Rourkela, an area with a low malaria trans-
mission rate. It is possible that only a small number of P.
falciparum isolates circulate and are repeatedly sampled in an
area with a low entomological inoculation rate. However, PCR
typing based on two polymorphic markers, MSP-1 and MSP-2,
demonstrates that each P. falciparum isolate used in our study
is genotypically unique, ruling out this possibility.

Do P. falciparum isolates used in our study have limited
sequence diversity in var genes compared to isolates from areas
of endemicity in Africa with high entomological inoculation
rates? In order to address this question, we have determined
the extent of sequence diversity in the central, semiconserved
region of DBLa domains of PFEMP-1 from three P. falciparum
isolates used in our study. DBLa sequences from the Indian
isolates were compared with each other and with DBLa se-
quences reported from Kenyan isolates (23). The average se-
quence identity derived from pairwise comparison of DBL«
sequences from Indian and Kenyan isolates is comparable (Ta-
ble 2). This analysis indicates that the level of conservation
and/or diversity in var sequences from Indian and Kenyan P.
falciparum isolates is comparable. Moreover, var sequences
from parasite isolates from the same geographical region are
as similar and/or dissimilar to each other as they are to var
sequences from parasite isolates from distant geographical re-
gions.

We further performed comparative sequence analyses of
DBLa sequences from two Indian isolates and two Kenyan
isolates to explore the molecular basis of cross-reactivity ob-
served in our field studies. A multiple-sequence alignment
reveals the presence of highly conserved segments (grey boxes,
Fig. 4). These segments contain conserved cysteines and hy-
drophobic amino acid residues, suggesting that they may be
structurally important. A number of charged, potentially ex-
posed amino acid residues are also present in these segments.
Antibodies directed against such highly conserved segments
would be widely cross-reactive. However, since widely cross-
reactive antibodies are not observed in the field, it is likely that
these highly conserved segments of DBLa are not immuno-
genic during natural infection. The conserved segments are
interspersed with hypervariable segments that vary in both
sequence and length. These divergent segments contain mul-
tiple hydrophilic residues, suggesting that they are likely to be
exposed and may therefore serve as epitopes for agglutinating
antibodies. Sets of common sequences shared by diverse
PfEMP-1 from heterologous isolates can be found in these
divergent segments of DBLa domains. Colored boxes illustrate
such common sequences shared by var genes from heterolo-
gous Indian and Kenyan isolates (Fig. 4). Antibodies directed
against such shared amino acid sequences may be responsible
for the limited cross-reactivity observed with naturally ac-
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quired antibodies. Similar common stretches of amino acid
sequences are also found between var genes from heterologous
Indian isolates (data not shown). The presence of common
sequences in var genes from geographically distant P. falcipa-
rum isolates has been previously noted (26) and explains the
ability of adult immune sera to agglutinate parasite isolates
from distant locations (1).

Following infection with P. falciparum, the infected individ-
ual is exposed to a series of PFEMP-1 variants as the blood-
stage parasite multiplies and undergoes antigenic variation in
vivo. As a result, one can expect that a set of agglutinating
antibodies directed against multiple PfEMP-1 will develop.
These antibodies are likely to be directed against divergent
segments of PfEMP-1 as discussed earlier. However, as our
sequence analysis suggests, divergent segments contain amino
acid sequences that are shared by subsets of PFEMP-1 variants.
We may therefore expect that the set of naturally acquired
antibodies elicited by a single infection should agglutinate at
least some heterologous isolates that express PFEMP-1 mole-
cules, which share epitopes with the homologous isolate (col-
ored boxes, Fig. 4). Indeed, agglutination assays using acute-
and convalescent-phase sera from Rourkela demonstrate the
development of antibodies with limited cross-reactivity.

As is well known, adults in areas of endemicity are typically
exposed to a wide range of P. falciparum isolates and thereby
develop antibodies that together recognize a majority of
PfEMP-1 variants. We suggest that the basis of such wide
recognition may not entirely be due to the acquisition of a
repertoire of variant-specific antibodies. Our analysis of
PfEMP-1 sequences reveals the presence of common segments
even in divergent regions of DBLa domains, and given the
hydrophilic character of such segments, it is likely that they are
both exposed and form epitopes for antibody recognition. An-
tibodies to such epitopes on PFEMP-1 are likely to be partially
cross-reactive. Sets of such naturally acquired partially cross-
reactive antibodies in immune sera will have an additive effect
enabling recognition of a wide range of PfEMP-1 variants.
Indeed, adult sera from San Dulakudar agglutinate diverse P.
falciparum isolates, and mixed-agglutination assays confirm the
presence of both variant-specific and partially cross-reactive
antibodies. We propose that the molecular basis of wide rec-
ognition of PIEMP-1 variants by immune serum from areas of
endemicity lies in the prevalence of multiple sets of partially
cross-reactive antibodies that together may cover most of the
“var epitope space.”
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