
INFECTION AND IMMUNITY, Mar. 2004, p. 1603–1607 Vol. 72, No. 3
0019-9567/04/$08.00�0 DOI: 10.1128/IAI.72.3.1603–1607.2004
Copyright © 2004, American Society for Microbiology. All Rights Reserved.

Antibodies That Inhibit Binding of Plasmodium falciparum-Infected
Erythrocytes to Chondroitin Sulfate A and to the C Terminus of
Merozoite Surface Protein 1 Correlate with Reduced Placental

Malaria in Cameroonian Women
Diane Wallace Taylor,1* Aniong Zhou,2 Lauren E. Marsillio,1 Lucy W. Thuita,1 Efua B. Leke,1

OraLee Branch,3 D. Channe Gowda,4 Carole Long,5 and Rose F. G. Leke6

Department of Biology, Georgetown University, Washington, D.C.1; Department of Geographic Medicine, University
of Alabama at Birmingham, Birmingham, Alabama3; Department of Biochemistry and Molecular Biology,

Pennsylvania State University College of Medicine, Hershey, Pennsylvania4; AZ Data Clinic, Inc.,2

and Malaria Vaccine Development Unit, National Institute of Allergy and Infectious Diseases,
National Institutes of Health,5 Rockville, Maryland; and Faculty of Medicine and Biomedical

Sciences, Biotechnology Center, University of Yaounde 1, Yaounde, Cameroon6

Received 3 October 2003/Returned for modification 10 November 2003/Accepted 18 November 2003

Plasmodium falciparum-infected erythrocytes often sequester in the placenta of pregnant women, producing
placental malaria, a condition that can compromise the health of the developing fetus. Scientists are hopeful
that a vaccine can be developed to prevent this condition. Immunological mechanisms responsible for elimi-
nating parasites from the placenta remain unclear, but antibodies to the carboxyl-terminal 19-kDa segment of the
merozoite surface protein 1 (MSP1-19), the ring-infected erythrocyte surface antigen (RESA), and an erythrocyte-
surface ligand that binds chondroitin sulfate A (CSA-L) have been implicated. In addition, antibodies to sporozoite
and liver-stage antigens could reduce initial parasite burdens. This study sought to determine if antibodies to the
circumsporozoite protein (CSP), liver-stage antigen 1 (LSA1), RESA, MSP1-19, or CSA-L correlated with either the
absence of placental parasites or low placental parasitemias. Using a frequency-matched case-control study design,
we compared antibody levels in women (gravidity 1 to 11) with and without placental malaria. Results showed that
women who were antibody negative for MSP1-19 were at a higher risk of having placental malaria than women with
antibodies (P < 0.007). Furthermore, an association between high levels of antibodies that blocked the binding of
infected erythrocytes to CSA and low placental parasitemias was observed (P � 0.02). On the other hand, women
with high antibody levels at term to CSP, LSA1, and RESA were more likely to have placental malaria than
antibody-negative women. Since antibodies to MSP1-19 and CSA-L were associated with reduced placental malaria,
both antigens show promise for inclusion in a vaccine for women of child-bearing age.

During Plasmodium falciparum infection in pregnant
women, infected red blood cells (IRBC) often accumulate in
the intervillous space of the placenta, creating a situation
known as placental malaria. The presence of IRBC frequently
induces the infiltration of inflammatory-type cells into the pla-
centa, where they cause pathological alterations (13, 16, 17). As a
result, placental malaria increases a woman’s risk of having a
low-birth-weight baby due both to intrauterine growth retardation
or premature delivery (6, 20, 21, 25). Therefore, either prevention
or rapid elimination of placental parasites is important. The de-
velopment of a vaccine that enhances immune responses that
mediate parasite clearance is currently being considered.

Studies in pregnant women have reported that anti-P. falci-
parum antibodies to three asexual-stage antigens appear to be
associated with protective immunity. Two studies have shown
that pregnant women who lack antibodies to the ring-infected
stage antigen (RESA) are more susceptible to P. falciparum
infection (3, 22); however, two other studies have not found
this association (8, 9). The ability of anti-RESA antibodies to

reduce placental parasitemia has not been investigated. In
1996, Fried and Duffy reported that parasites sequestered in
the placenta express a ligand that binds specifically to chon-
droitin sulfate A (CSA) (10). The ligand, CSA-L, is thought to
be a variant of P. falciparum erythrocyte membrane protein 1
(10–12). Since antibodies inhibit the binding of IRBC to CSA
in vitro (2, 12, 19, 23, 24), they are likely to be protective in
vivo. Finally, Branch et al. (7) reported that placental parasite
densities were significantly lower in Kenyan mothers who had
immunoglobulin G (IgG) antibodies to the carboxyl-terminal
19-kDa segment of the merozoite surface protein 1 (MSP1-19)
than mothers who did not. Since late trophozoite and schizont-
stage parasites predominate in the placenta, and antibodies to
MSP1-19 are known to block merozoite invasion (5, 14, 15),
antibodies to MSP1-19 could have a substantial impact on
reducing placental parasitemias. Antibodies to the circum-
sporozoite protein (CSP) and the liver-stage antigen 1 (LSA1)
are not effective against asexual-stage parasites sequestered in
the placenta, but high titers of antibodies to these antigens
could be important in reducing initial parasite burdens. There-
fore, the goal of the present study was to determine if anti-
bodies to these antigens correlate with either the absence or
low levels of parasites in the placenta at the time of delivery.
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MATERIALS AND METHODS

Study population and sample collection. Between 1997 and 2000, pregnant
women who attended the Biyem Assi Hospital, Yaounde, Cameroon, were con-
secutively recruited at delivery as part of a comprehensive immunological study
on placental malaria. The purpose of the study was explained to each woman,
and those who gave verbal informed consent were enrolled. The study was
approved by the Institutional Review Board of Georgetown University and the
Ethical Committee, Ministry of Health, Cameroon, and is covered by single
project assurance S-9601-01.

A questionnaire was used to obtain information relevant to the pregnancy,
including maternal age, number of previous pregnancies, and use of antimalarial
drugs. Following delivery, approximately 5 ml of heparinized maternal venous
and intervillous blood was collected. In addition, a small piece (2 cm by 2 cm by
2 cm) of placental tissue was collected. A portion of the tissue was fixed in 10%
buffered formalin and processed for histological evaluation.

Detection and quantification of placental parasitemias. Thick and thin blood
smears of maternal intervillous blood and impression smears of placental tissue
were prepared, stained with Dif-Quick (Baxter Scientific, Inc., Deerfield, Ill.), and
examined for the presence of P. falciparum parasites. Women were considered to
have placental malaria if parasites were detected in either impression smears or
histological sections of placental tissue. Impression smears of intervillous space
blood were used to determine placental parasitemias. Results are expressed as
percent parasitemia, based on the number of IRBC per 2,000 erythrocytes.

Study design. The purpose of this study was to determine if antibodies to
specific malarial antigens correlated with a reduction of placental malaria. Many
factors, however, influence malarial immunity in pregnant women, including
maternal age, gravidity, antimalarial drug use, seasonality of infection, and eco-
nomic status. To help control for these variables, a frequency-matched case-
control study design was employed with a ratio of two cases (n � 117 malaria-
positive women) to one control (n � 65 malaria-negative women).
Approximately 20% of the women in the case and control groups had had 1, 2,
3, 4, or �5 (range, 5 to 11) pregnancies (Table 1). There was no significant
difference between the two groups with respect to maternal age, gravidity, anti-
malarial chemoprophylaxis, or pregnancy outcome (Table 1). Seasonality of
conception and delivery and economic status were controlled for by selecting
consecutively enrolled women living in the same area of Yaounde.

Enzyme-linked immunosorbent assay (ELISA) for measuring antibody levels.
Microtiter wells (Polysorp, Nunc) were coated with the following antigens: an
extract of 5 � 104 Triton X-100-solubilized, Percoll-enriched, late-stage IRBC
(MA extract) or an equivalent number of normal RBC; 0.1 �g of Escherichia
coli-expressed CSP containing 30 copies of NANP and 2 NVDP tetrapeptide
repeats fused with Leu-Arg, kindly provided by R. Wirtz (Centers for Disease
Control); 2 �g of a conserved sequence from LSA1 (LAKEKLQGQQS
DLEQERLAKEKLQEQQSDLEQERLAKEKLQ) (Sigma Genosys, The
Woodlands, Tex.); 1.0 �g of a 20-mer peptide containing five copies of the
conserved B-cell epitope EENV from RESA coupled to bovine serum albumin

(AnaSpec, San Jose, Calif.); and 0.1 �g of purified MSP1-19 from the FVO strain
produced in Saccharomyces cerevisiae and subsequently purified from the superna-
tant fluids. Wells were blocked and 100 �l of plasma was added in duplicate to the
wells at the following dilutions: 1:200 for CSP and LSA1; 1:100, 1:1,000, and 1:5,000
for the extract of IRBC and normal red blood cells; and 1:100, 1:500, and 1:1,000 for
RESA and MSP1-19. Dilutions were selected based on previous titration curves.
Following incubation of plasma with antigen, plates were washed, alkaline phos-
phatase-labeled anti-human IgG was added, followed by substrate (Sigma P104 in
diethanolamine buffer). The optical density was read at 405/630 nm. In calculating
the results for the MA extract, optical density for the normal red blood cells were
subtracted from optical density for the IRBC.

Cytoadherence assay. A cytoadherence assay was used to measure antibodies
that block the binding of IRBC to CSA (1, 2). In brief, chondroitin 4-sulfate
proteoglycans (CSPG), purified from human placentas (1), were coated onto
plates at 200 ng/ml (2). P. falciparum-IRBC, selected for binding to placenta-
derived CSPG, were incubated with 1:10, 1:20, and 1:40 dilutions of plasma for
30 min and then added to the CSPG-coated plates. Following incubation, the
plates were washed, stained, and the number of adherent IRBC was counted.
Results are expressed as percent inhibition of binding, [1 � (number of IRBC in
the test plasma/number of red blood cells in a pool of U.S. control plasma) �
100]. The percent inhibition produced by plasma from 19 nonpregnant Cam-
eroonian women was 4.6% � 3.7%. The mean � 2 standard deviations (12.1%
inhibition of binding) was used as the cutoff for positivity.

Statistical analysis. The Wilcoxon rank-sum test was used for testing overall
antibody levels in women with and without placental malaria. In order to inves-
tigate the effect of malaria-specific antibody levels on placental malaria, we
categorized antibody levels into four groups: negative; low positive; medium
positive; and high positive. A cutoff value for positive ELISA was set at the mean
optical density � 3 standard deviations for a pool of U.S. negative control
plasma. Categorization of antibodies was as follows: for anti-CSP antibodies, the
cutoff was optical density � 0.242; samples in the low positive category had
optical densities ranging from 1 to �2 times the cutoff; samples in the medium
positive category had optical densities of 2 to �5 times the cutoff; and samples
in the high positive category had optical densities of �5 times the cutoff. For
anti-LSA1 antibodies, the cutoff was optical density � 0.14; low positive � 1 to
�3 cutoff, medium positive � 3 to 5 cutoff, and high positive was �5 cutoff. For
anti-MA extract antibodies, the cutoff was optical density � 0.134; low positive
� 1 to �5 cutoff, medium positive � 5 to �15 cutoff, and high positive was �15
cutoff. For anti-RESA antibodies, the cutoff was optical density � 0.043; low
positive � 1 to �2 cutoff, medium positive � 2 to �6 cutoff, and high positive
was �6 cutoff. For anti-MSP1-19 antibodies, the cutoff was optical density �
either 0.0822 or 0.3483 (depending on the assay); low positive � 1 to �5 cutoff,
medium positive � 5 to �10 cutoff, and high positive was �10 cutoff. For
anti-CSA inhibitory antibodies, the cutoff was 12% inhibition of binding; low
positive � 1 to �2 cutoff, medium positive � 2 to �4 cutoff; and high positive
was �4 cutoff. The Cochran-Armitage trend test was used for comparison of

TABLE 1. Comparison of women in the case and control groups

Characteristic Placental malaria positive
(n � 117)

Placental malaria negative
(n � 65) P

Age (yr, mean � SD) 25.5 � 5.5 25.2 � 5.3 0.713a

No. of pregnancies (% of women)
1 22.2 20.3 0.967b

2 20.5 23.4
3 18.8 18.8
4 19.7 21.9
5� 18.8 15.6

Use of chemoprophylaxis (% of women) 75.2 80.0 0.463b

% Full-term deliveries 98.3 94.7 0.133b

Median optical densities (Q1, Q3)d

Anti-MA 1.03 (0.61, 1.65) 0.50 (0.20, 0.90) �0.0001c

Anti-CSP 0.55 (0.27, 1.05) 0.24 (0.12, 0.57) 0.001c

Anti-MSP1-19 1.36 (0.35, 2.41) 1.13 (0.40, 2.09) 0.729c

Anti-RESA 0.22 (0.07, 0.53) 0.08 (0.03, 0.39) 0.018c

Anti-CSA-L (%) 22.0 (7.0, 54.0) 21.0 (7.0, 41.0) 0.578c

Anti-LSA1 0.56 (0.33, 0.98) 0.32 (0.07, 0.68) 0.012c

a T-test.
b Chi-square test.
c Wilcoxon rank-sum test.
d Q1 and Q3 are the first and third quartiles, respectively.
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prevalence of placental malaria in different categories of antibody levels. Finally,
the Spearman correlation analyses were performed to investigate the nonlinear
relationships among placental parasitemia and malaria-specific antibodies.

RESULTS

Description of the study populations. The data in Table 1
show that women in the case and control groups were similar
with respect to maternal age, number of previous pregnancies,
antimalarial drug prophylaxis, and pregnancy outcome.
Women with placental malaria had asymptomatic infections
with placental parasitemias ranging from �0.01% to 40.3%,
median 1.0%. Women in the lower third quartile had para-
sitemias that were �0.3% and those in the upper third had
parasitemias that were �3.1% (Table 1). Among women with
placental parasitemias, 12.1% had placental parasitemias that
were �0.1%, 37.9% had parasitemias between 0.1 and �1.0%,
and 50.0% had parasitemias of 1% or higher.

Comparison of antibody levels in women with and without
placental malaria. Women with placental malaria had signifi-
cantly higher levels of antibodies to CSP (P � 0.001), LSA1 (P
� 0.012), MA (P � 0.0001), and RESA (P � 0.018) than
women without placental malaria (Table 1). There was no
significant difference between the two groups for antibody lev-
els to MSP1-19 (P � 0.729) or anti-CSA-inhibitory antibodies
(P � 0.578) (Table 1).

Association between antibody levels and presence or ab-
sence of placental parasites. To determine if the presence or
absence of antibodies correlated with the absence of placental

malaria, women were classified as being antibody negative or
antibody positive (low, medium and high levels). The percentage
of women with placental malaria in each group was determined
(Fig. 1). Results showed that women who were antibody negative
for CSP, LSA1, MA, and RESA were less likely to have placental
malaria than women who had antibodies. For example, 45 to 46%
of the women who were antibody negative for CSP and LSA1 had
placental malaria compared to 79 to 80% of the women with high
levels of antibody (P � 0.001 and P � 0.003, respectively). A
similar situation was found with the asexual-stage antigen extract
(MA, P � 0.001) and RESA (P � 0.01). Thus, the presence of
antibodies to these antigens suggests they were produced in re-
sponse to infection, rather than to have prevented its establish-
ment. No significant difference was found in the prevalence of
placental malaria in women who had inhibitory CSA-binding an-
tibodies at term compared to those who did not (P � 0.68). On
the other hand, women who were negative for MSP1-19 antibod-
ies were at a higher risk of having placental malaria than those
who had antibodies (P � 0.007). All women who were antibody
negative of MSP1-19 had placental malaria compared to 58% of
those in the high-antibody group (Fig. 1). These results suggest
that antibodies to anti-MSP1-19 play a role in reducing the prev-
alence of placental malaria in Cameroonian women.

Association between antibody levels and placental para-
sitemias. Next, data were analyzed to determine if high anti-
body levels to these antigens correlated with low placental
parasitemias. Among women with placental malaria, anti-CSA
binding activity and antibodies to MA were negatively corre-

FIG. 1. Association between prevalence of placental malaria and antibody levels. The malaria-specific antibody levels were categorized into
four groups: negative (N); low positive (L); medium positive (M); and high positive (H). The positive cutoff was the mean � 3 standard deviations
of the negative control samples. Further categorization of antibody-positive women is described in the Materials and Methods section. The P values
were derived from the Cochran-Armitage trend test.
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lated with placental parasitemia (Spearman correlation coef-
ficient � �0.33, P � 0.02, and �0.19, P � 0.09, respectively).
No significant correlation was found between the amount of
antibodies to the other antigens and placental parasitemias
(CSP �0.04, P � 0.68; LSA1 0.10, P � 0.42; RESA 0.01, P �
0.906; MSP1-19 �0.01, P � 0.302). Thus, overall, antibodies to
MSP1-19 were associated with a reduced prevalence of placen-
tal malaria, whereas antibodies to CSA-L and MA were asso-
ciated with reduced placental parasitemias.

Interantibody associations. Table 2 shows the correlations
among antibody levels to the various antigens. Antibody levels
to each of the five antigens correlated well with antibodies to
the MA extract. A significant correlation was found among any
pair of antibodies to CSP, MSP1-19, RESA, and LSA1 with the
exception that no correlation was observed between antibodies
to RESA and LSA1. However, levels of inhibitory anti-CSA
antibodies only correlated with anti-MA, suggesting different
kinetics of induction.

DISCUSSION

This study sought to determine if antibodies to sporozoite,
liver-stage or asexual-stage antigens are likely to be important
in placental malaria. Results showed that women who lacked
antibodies to MSP1-19, but not the other antigens, were more
likely to have placental malaria than women who had anti-
MSP1-19 antibodies (P � 0.007) (Fig. 1). In addition, a correla-
tion between high levels of antibodies that inhibit IRBC binding
to CSA and low placental parasitemias was observed (P � 0.022).
A weak association between antibodies to the MA extract and low
placental parasitemias was also found (P � 0.09).

On the other hand, women with strong antibody responses
to CSP, LSA1, RESA, and the MA extract were more likely to
have placental malaria than if they were antibody negative
(Fig. 1). It appears that women in Yaounde become infected
during pregnancy, thereby boosting their antibody responses, so
that by the end of pregnancy, their antibody levels are significantly
higher than women who are malaria negative (Table 1). A strong
correlation between antibodies to CSP and LSA1 (P � 0.0001),
and between CSP and MA (P � 0.0001), RESA (P � 0.0005), and
MSP1-19 (P � 0.02), was found. No association however, was
found between antibodies to CSP and antibodies that inhibit the
binding of IRBC to CSA, suggesting that infection does not al-
ways lead to production of anti-CSA-L antibodies.

Previous studies have measured antibodies to CSP, RESA,
and the MA extract, but not LSA1, in pregnant women (3, 8, 9,
20, 22). Anti-CSP and anti-MA levels in pregnant and non-
pregnant women are reported to be similar (22), and no asso-
ciation between antibody titers and peripheral blood parasite

densities has been found (3, 8, 22). Variable results have been
obtained in studies evaluating anti-RESA antibodies in preg-
nant women (3, 8, 9, 22). In a cross-sectional study in Cam-
eroon, Mvondo et al. (22) used glutaraldehyde-fixed infected
erythrocytes to measured anti-RESA antibodies in women dur-
ing the first, second, and third trimesters of pregnancy and in
matched nonpregnant controls (22). They found that anti-
RESA levels declined during the second trimester, a time when
pregnant women are the most susceptible to malaria, and re-
ported an inverse correlation between anti-RESA levels and
peripheral blood parasitemias (22). However, Deloron et al.
(8), using both glutaraldehyde-fixed cells and the peptide-
based ELISA described herein, found neither a decrease in
antibodies in Kenyan women during the second trimester nor
an association between anti-RESA antibodies and peripheral
parasite densities. No explanation for the discrepancies be-
tween the two studies is apparent.

In the current study, no association between antibody levels
at the time of delivery (third trimester) in Cameroonian
women and placental parasitemias was found. Further studies
are needed to gain a full appreciation of the impact antibodies
to RESA as well as CSP, LSA1, and MA in pregnant women.
For example, pregnant women are reported to be more fre-
quently bitten by mosquitoes (18) and to have higher numbers
of parasite genotypes in their blood (4) than age-matched
nonpregnant women. If a woman became infected early in
pregnancy, high levels of antibodies to these antigens could be
induced that would be beneficial in preventing reinfection and
reducing parasite burdens later in pregnancy. Thus, longitudi-
nal studies in women during pregnancy are needed to assess
the full benefit of antibodies to these antigens.

It is striking that all women who lacked antibodies to
MSP1-19 had placental malaria compared to 59% of women
with high levels of antibody (Fig. 1) suggesting that anti-
MSP1-19 antibodies play a role in protection. Antibodies to
MSP1-19 can block merozoite invasion, either by inhibiting the
binding of merozoites to erythrocytes by blocking processing of
MSP-1 or by other mechanisms (5, 14, 15). Since a high pro-
portion of asexual-stage parasites in the placenta are late schi-
zonts that release merozoites, the presence of antibodies that
block merozoite invasion would reduce the number of IRBC
both in the intervillous space and throughout the body. Al-
though there was no direct correlation between antibody levels
and percent placental parasitemia (Spearman correlation co-
efficient, �0.19; P � 0.30), an exploratory multivariate-regres-
sion model that included log-transformed parasitemia as the
dependent variable and log-transformed levels of antibodies to
all six malaria-specific antigens plus age as independent vari-
ables, estimated that as anti-MSP1-19 antibodies increase by

TABLE 2. Correlations between malaria-specific antibody levels

Antibodies
Pa

CSP MSP1-19 RESA CSA-L LSA1

MA 0.45 (�0.0001) 0.59 (�0.0001) 0.51 (�0.0001) 0.34 (0.0008) 0.57 (�0.0001)
CSP 0.23 (0.022) 0.35 (0.0005) 0.07 (0.4848) 0.51 (0.0001)
MSP1-19 0.19 (0.0304) 0.17 (0.0943) 0.31 (0.0036)
RESA �0.01 (0.943) �0.03 (0.8087)
CSA-L 0.17 (0.2414)

a Spearman correlation coefficient (P value).
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10%, placental parasitemias would decrease by 1.6% (95%
confidence interval, �0.3% to 3.5%; P � 0.095). Thus, these
data document a beneficial role for MSP1-19 antibodies in
placental malaria.

A correlation between high anti-CSA-L inhibitory activity
and reduced levels of placental parasites was observed at de-
livery (P � 0.022). However, no difference in the proportion of
antibody-positive and antibody-negative women with placental
malaria was found (Fig. 1). Recently, we showed that almost all
pregnant women lack anti-CSA-L antibodies at conception
(23). In Yaounde, multigravid women begin producing signif-
icant anti-adhesion antibodies during the fourth month of ges-
tation, whereas primigravidae do not begin producing these
antibodies until around 6 months (23). By term, antibody levels
are similar in the two groups. These combined results suggest
that in Africa, women become infected during pregnancy pro-
duce anti-adhesion antibodies in response to sequestered par-
asites, and then these antibodies are beneficial in reducing
placental parasites either by preventing additional binding or
dissociating already bound parasites. As a result, women with
high levels of anti-CSA-L antibodies at term have a lower level
of parasites than women who do not have antibodies to this
antigen (Fig. 1).

Currently, scientists are focusing on a vaccine based on the
induction of antibodies that inhibit the binding of IRBC to CSA.
Results from the present study suggest that immune responses to
MSP1-19 are also important. In addition, a significant correlation
between high antibody levels to the asexual-stage parasite extract
(MA) and low placental parasitemias was also observed (P �
0.09), suggesting that unidentified antigens may also contribute to
parasite clearance. Immune responses for eliminating placental
parasites are complex, involving antibodies to multiple antigens as
well as acquired cellular and innate immune responses. Thus,
development of a vaccine for women of child-bearing age contin-
ues to be challenging.
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