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Abstract
In pregnant women infected with Plasmodium falciparum, the infected red blood cells (IRBCs)
sequester in placenta by binding to the chondroitin 4-sulfate (C4S) chains of low sulfated chondroitin
sulfate proteoglycan (CSPG). Placental CSPG, the natural receptor for IRBC adherence in the
placenta, is the ideal molecule for studying structural interactions in IRBC adhesion to C4S, adhesion
inhibitory antibody responses, and identification of parasite adhesive protein(s). However, because
of difficulty involved in purifying placental CSPG, the commercially available bovine tracheal
chondroitin sulfate A (bCSA), a copolymer having structural features of both C4S and C6S, has been
widely used. To determine the validity of bCSA for C4S-IRBC interaction studies, we comparatively
evaluated the characteristics of IRBC binding to placental CSPG and bCSA using three commonly
used parasite strains. The results indicate that, in all three parasites studied, the characteristics of
IRBC binding to placental CSPG and bCSA are qualitatively similar, but the binding capacity with
respect to both the number IRBCs bound per unit area of coated surface and binding strength is
significantly higher for CSPG than bCSA regardless of whether parasites were selected on CSPG or
bCSA. These results demonstrate that placental CSPG is best suited for studying interactions between
parasite adhesive protein(s) and C4S, and have implications in understanding IRBC-C4S structural
interactions.
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1. Introduction
In endemic areas where people are constantly infected with Plasmodium falciparum, immunity
to clinical malaria is acquired during childhood years and therefore people, irrespective of
gender, are resistant to malaria pathogenesis by their adolescent years (Trape et al., 1994).
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However, while men are protected by acquired immunity throughout their lives, women
become susceptible to malaria during pregnancy (Brabin 1983; Brabin and Rogerson, 2001;
Steketee et al., 2001; Gamain et al., 2007; Hviid and Salanti, 2007). This is because, in pregnant
women, P. falciparum infected erythrocytes sequester in the placenta by binding to chondroitin
4-sulfate (C4S) (Fried and Duffy, 1996; Achur et al., 2000; Fried et al., 2006), resulting in the
selection of an antigenically distinct variant form of parasite to which the individuals have no
immunity. Multiplication of the selected parasites leads to accumulation of IRBCs at high
density in the placenta, initiating infiltration of inflammatory cells and inflammatory responses
(Ismail et al., 2000; Miller et al., 2002; Rogerson et al., 2007). These processes affect placental
physiology, resulting in poor pregnancy outcomes, including low birth weight, abortion, and
anemia and death in the mother and fetuses (McGregor et al., 1983; Duffy and Fried, 2003).
Since the first discovery by Fried and Duffy (Fried et al., 1996), a number of studies have
shown that C4S mediates adherence of IRBCs in the placenta (Rogerson and Brown 1997;
Gysin et al., 1999; Achur et al., 2000; Maubert et al., 2000).

Previous studies from our laboratory have shown that a very low sulfated chondroitin sulfate
proteoglycans (CSPGs) present predominantly in the intervillous space and at lower levels on
the syncytiotrophoblast surface is the receptor of IRBC adherence (Achur et al., 2000;
Muthusamy et al., 2004a). The CSPG purified from human placental intervillous space has
been used for studying C4S-IRBC interactions (Achur et al., 2000). Alternatively, the
commercially available bovine tracheal cartilage chondroitin sulfate A (bCSA) has been used
in many studies for studying C4S-IRBC adhesion interactions and adhesion inhibitory immune
responses (Chai et al., 2000; Lekana et al., 2002; Muthusamy et al., 2004b; Salanti et al.,
2004; Oleinikov et al., 2008). bCSA is a copolymer consisting of 4- and 6-sulfated chondroitin
disaccharide moieties (Alkhalil et al., 2000; Muthusamy et al., 2004b). Since bCSA isolation
procedure involves extensive proteolysis of cartilage tissue, the core protein of bovine cartilage
proteoglycan has been lost and bCSA thus prepared contains short peptides consisting of only
a few amino acids residues to which the CSA chains are attached. Moreover, bCSA, in addition
to 4-sulfate, contains 39% of 6-sulfate, which interferes with IRBC binding (Alkhalil et al.,
2000; Fried et al., 2000; Muthusamy et al., 2004b).

In the present study, to determine the validity of bCSA as an alternative ligand for studying
C4S-IRBC adhesion, we evaluated in parallel the characteristics of IRBC binding to the CSPG
purified from human placenta and the commercial bCSA using adherent IRBCs selected from
three commonly used parasite strains. The data demonstrate that the binding capacity of IRBCs
to bCSA is significantly lower than that of placental CSPG. These results should be considered
in interpreting data obtained from C4S-IRBC adhesion studies using bCSA.

2. Materials and methods
2.1. Placental CSPG and bovine tracheal CSA

The CSPG was isolated from the isotonic buffer extracts of freshly delivered placentas,
collected from the Hershey Medical Center Maternity Ward. The placental extracts were
applied on to DEAE-Sepharose columns and the bound CSPG was eluted using NaCl gradient
as described previously (Achur et al., 2000). The CSPG was then purified by successive CsBr
density gradient centrifugation and gel filtration on Sepharose CL-6B (Achur et al., 2000). The
final purified CSPG preparation was dialyzed, lyophilized and weighed; the weight of CSPG
correlates with the amount calculated based on glucuronic acid, N-acetylgalactosamine and
protein compositions (Achur et al., 2000). The CS chains of the purified CSPG used in this
study consist of ~8% 4-sulfated and ~92% non-sulfated disaccharides.
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bCSA (catalog number C9819) was purchased from Sigma Chemical Co. As reported
previously (Alkhalil et al., 2000; Muthusamy et al., 2004c), bCSA consists of 9% nonsulfated,
52% 4-sulfated and 39% 6-sulfated disaccharide moieties.

A partially sulfated C4S containing 36% 4-sulfated and 64% of nonsulfated disaccharide
moieties was obtained by regioselective 6-O-desulfation of bCSA followed by fractionation
on DEAE-Sephacel column as reported previously (Alkhalil et al., 2000; Muthusamy et al.,
2004c).

2.2. Parasites and culturing
The cultured P. falciparum strains used in this study were FCR3, 3D7 and CS2. FCR3 is a
Gambian isolate adopted for laboratory culturing (Jensen and Trager, 1978). 3D7 is a
subpopulation of NF54 strain and was isolated in the laboratory of Dr. Christian F. Ockenhouse
at the Walter Reed Army Institute of Research, Silver Spring. MD (Ockenhouse et al., 1991).
This 3D7 subpopulation is different from the 3D7 clone used in malaria genome sequencing
studies. The C4S-adherent 3D7 parasite used in this study exhibits a stable binding property
similar to that of FCR3 (data not shown). The CS2 parasite was received from MR4 and is a
CSA-binding parasite isolated from the E8B clone, which was derived from the Brazilian
isolate ItG2 (Biggs et al., 1992; Rogerson et al., 1995). The C4S-adherent parasites were
selected from the above parasites using placental CSPG-coated plates and were designated as
FCR3-CSPG, 3D7-CSPG and CS2-CSPG. Parasites were also selected on bCSA-coated plates
and named FCR3-bCSA and 3D7-bCSA. All parasites were freshly selected for maximal
binding just prior to performing the assays. The parasites were cultured in RPMI 1640 medium
supplemented with 25 mM HEPES, 29 mM sodium bicarbonate, 0.005% hypoxanthine, p-
aminobenzoic acid (2 mg/liter), gentamicin sulfate (50 mg/liter), and 10% human plasma with
O-positive human RBCs at 3% hematocrit. The cultures were incubated at 37°C in an
atmosphere of 90% N2, 5% O2, and 5% CO2. The parasites were synchronized with 5% sorbitol
as described previously (Lambros and Vanderberg 1979). IRBCs at the early trophozoite stage
were used for the assays (Madhunapantula et al., 2007).

2.3. IRBC binding and inhibition assays
The solutions (10 to 15 μl) of the purified CSPGs or bovine tracheal C4S in PBS pH 7.2 were
spotted on 150 × 15 mm plastic petri dishes and allowed to stand at 4 °C overnight. The
nonspecific binding sites were blocked with 2% BSA at room temperature for 2 h and then
overlaid with 2% suspensions of IRBCs (parasitemia was adjusted to 15–20% for each parasite)
in RPMI 1640 medium or PBS, pH 7.2. Uninfected RBCs overlaid on CSPG-coated plates
were used as negative controls. After incubation for 40 min, the Petri dishes were washed three
times with PBS, pH 7.2. The bound IRBCs were fixed with 2% glutaraldehyde, stained with
1% Giemsa stain, and counted under a light microscope.

For adhesion-inhibition assays, 4% suspensions of IRBCs were preincubated with equal
volume of C4S containing 36% 4-sulfate in PBS, pH 7.2, at room temperature for 30 min with
intermittent mixing. The IRBC suspensions were layered on CSPG or bCSA coated spots on
Petri dishes, and the assay was carried out as described.

2.4. Statistical analysis
The data were analyzed using GraphPad Prism version 3.0. Variations between two groups
were determined by Student ‘t’ test. Two-way ANOVA was used to analyze differences among
groups. P values of ≤0.05 were considered significant.
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3. Results
To determine the concentration required for effective coating of bCSA onto plastic plates for
maximal IRBC binding, we coated plates with bCSA at concentrations ranging from 0.75 μg/
ml to 400 μg/ml, and measured the IRBC binding using three C4S-adherent parasite strains,
FCR3-CSPG, 3D7-CSPG and CS2-CSPG. In parallel, we also measured IRBC binding to
plastic plates coated with 1.5 ng/ml to 1600 ng/ml solutions of CSPG purified from human
placenta. The binding capacity of IRBCs freshly selected for maximal binding to placental
CSPG was assessed. All three parasite strains could bind to immobilized placental CSPG and
bCSA in a concentration dependent manner (Fig. 1A and 1B). Saturated levels of IRBC binding
to CSPG and bCSA were found to be at coating concentrations of 50 μg/ml and 200 ng/ml,
respectively. A comparison of IRBC binding to placental CSPG and bCSA showed that the
number of IRBCs bound per unit area of coated plates was significantly higher for CSPG than
that for bCSA, despite the fact that the coating concentration of CSPG was 250-fold lower than
that of bCSA (Fig. 1C). Thus, in all parasite strains studied, the number of IRBCs bound per
unit area on the CSPG-coated plates was higher than that on the bCSA-coated plates.

We also assessed the CSPG- and bCSA-binding capacity of FCR3-bCSA and 3D7-bCSA that
were selected for bCSA adherence. As in the case of CSPG-selected parasites, these IRBCs
could bind to both CSPG and bCSA in a dose-dependent manner (Fig. 1D and 1E). In both
placental CSPG- and bCSA-selected parasites, the number of IRBCs bound to unit area of
CSPG-coated plates was significantly higher than that of bCSA coated plates (compare Fig.
1E with 1F).

Next, we determined the binding strengths of IRBCs of all three parasite strains by measuring
the concentration of a partially sulfated C4S polysaccharide (consists of 36% 4-sulfate)
required for inhibition of IRBC binding to placental CSPG or bCSA coated at saturated
concentration. Studies have shown that IRBC interactions with C4S involve dodecasaccharide
motifs containing two 4-sulfated disaccharide moieties (Alkhalil et al., 2000; Beeson et al.,
2002). In addition, the chondroitin sulfate chains of placental CSPG are predominantly
nonsulfated and that the low amount of sulfate groups (8–10%) present are clustered in motifs
consisting of 6–14 disaccharides at a density of 20–28% 4-sulfate (Achur et al. 2003). Because,
the net sulfate content is very low, a large amount of placental CSPG is required if this CSPG
were to be used as an inhibitor. In view of this consideration and because of the practical
difficulty in purifying large quantities of placental CSPG, we rationalized that use of a C4S
consisting of ~2 sulfate groups per dodecasaccharide binding motif is suitable for inhibition
studies. Accordingly, the inhibition of IRBC binding to placental CSPG and bCSA was
assessed for parasites selected on either CSPG (3D7-CSPG, FCR3-CSPG and CS2-CSPG) or
bCSA (3D7-bCSA and FCR3-bCSA). In all parasite strains analyzed, the partially sulfated
C4S could inhibit IRBC binding to either CSPG or bCSA in a dose-dependent manner (Fig.
2). Since the inhibitory ability of C4S is directly related to the strength with which IRBCs bind
to CSPG or bCSA, the concentration of C4S required for inhibition of IRBC binding by 50%
(IC50) should be a measure of the IRBC binding strength. For each parasite strain analyzed,
the IC50 inhibitory concentration of C4S was about 2- to 3.5-fold higher for placental CSPG
than that for bCSA (Table I). Thus, these results demonstrate that the strength of IRBCs binding
to the CSPG is substantially higher than that of IRBC binding to bCSA, irrespective of whether
parasites were selected on CSPG or bCSA.

4. Discussion
Subpopulations of P. falciparum parasites, expressing placental adherence-specific PfEMP1
called Var2CSA protein on the IRBC surface, have been shown to bind to C4S. The results
presented here show that these C4S-adherent parasites bind well to placental CSPG, the natural
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receptor for IRBC adherence in human placenta. The results also show that parasites could
bind to bCSA, even though it is substantially different in its structural features (consisting of
9% nonsulfated, 52% 4-sulfated and 39% 6-sulfated disaccharide moieties) compared to the
C4S chains of placental CSPG that comprise ~8% 4-sulfated and ~92% nonsulfated
disaccharide moieties. Previous studies have shown that, bCSA despite being markedly
different in its structural features, could support the binding of IRBCs onto coated plates
(Beeson et al., 2000; Fried et al., 2000; Ricke et al., 2000; Noviyanti et al., 2001; Salanti et al.,
2003), and that it could also inhibit IRBC binding to CSPG (Alkhalil et al., 2000). The
inhibitory capacity of intact bCSA was significantly increased when 6-sulfate groups were
selectively removed (Alkhalil et al., 2000; Fried et al., 2000), suggesting that the presence of
sulfate groups at the C-6 position of N-acetylgalactosamine affects the interaction of C4S.
Nevertheless, bCSA has been extensively used for studying IRBC-C4S interactions. In view
of the continued use of bCSA as a ligand for IRBC interaction studies and to determine its
suitability as a ligand in studies that aimed to determine the structural interactions involved in
IRBC binding to placental low sulfated C4S chains, we studied the relative binding
characteristics of IRBCs from commonly used P. falciparum strains to bCSA and placental
CSPG. The results show that IRBCs could bind to bCSA in a dose dependent manner,
qualitatively similar to CSPG regardless of whether parasites were selected for binding to either
placental CSPG or bCSA. However, in both cases, significant differences were observed in the
number of IRBCs bound per unit area of plates coated with bCSA and CSPG. For all parasite
strains studied, IRBCs could bind in significantly higher number to CSPG than to bCSA. The
method used for the preparation of bCSA involves extensive proteolysis of tracheal CSPG core
protein, resulting in the formation of CS chains attached to peptides with few amino acids.
Considering that glycosaminoglycan chains in general are inherently highly hydrophilic and
that the CSA chains in bCSA are attached to short peptide moieties, it is reasonable to presume
that bCSA is not adsorbed efficiently onto plastic surface, leading to relatively low coating. In
contrast, placental CSPG consisting of intact high molecular weight core protein is adsorbed
well onto plastic surface through core proteins. Additionally, placental CSPG contains 6 to 8
chondroitin sulfate chains per molecule (Achur et al., 2000; 2003), and thus more number of
low sulfated C4S tethered to each molecule, presenting high levels C4S chains per molecule
of CSPG for IRBC binding. Therefore, a reason for the lower binding capacity of bCSA, as
observed by the relatively lower number of IRBCs bound per unit area of the bCSA-coated
plates compared to CSPG-coated plates, could be due to its poor coating efficiency. The other
reason for the observed low level of IRBC binding to bCSA is likely due to the presence of a
significant level (39%) of 6-sulfate groups, which are known to interfere with the binding
(Alkhalil et al., 2000; Fried et al., 2000; Muthusamy et al., 2004b). However, because of the
complexity of glycosaminoglycan structures it is not possible to assess the relative contribution
of these two factors toward IRBC binding.

Given that the structural features of bCSA and chondroitin sulfate chains of placental CSPG
are substantially different, it is likely that the strengths with which IRBCs adhere to the
receptors are also different. Consistent with this prediction, the data presented here clearly
show that, independent of whether parasites were selected on CSPG or bCSA, the strength of
IRBC binding to bCSA as measured by the concentration of C4S required for inhibition of
IRBC binding to CSPG by 50% (IC50; Table 1), is significantly lower than that for IRBC
binding to placental CSPG. This interpretation is consistent with the fact that the presence of
6-sulfate groups interferes with IRBC binding (Alkhalil et al., 2000;Fried et al.,
2000;Muthusamy et al., 2004b). Although the difference in IRBC binding strength to bCSA
versus CSPG is not a concern for qualitative analysis regarding IRBC binding, it could be
highly relevant for delineating C4S structural interactions involved in IRBC binding. For
example, using CSPG as IRBC ligand, previous studies have shown that dodecasaccharide is
the minimal chain length involved in IRBC binding (Alkhalil et al., 2000). In the case of
oligosaccharides having 4,5-unsaturated glucuronic acid residue, the inhibitory activity of
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dodecasaccharides was found to be significantly lower than that of dodecasaccharides with
unmodified glucuronic acid at the nonreducing end, and that tetradecasaccharide was required
for maximun inhibition of IRBC binding (Achur et al., 2008). This is because in
oligosaccharides having modified glucuronic acid at the nonreducing end, the disaccharide
moiety does not interact with IRBCs (Achur et al., 2008). However, in studies that used bCSA
as binding ligand, dodecasaccharides containing 4,5-unsaturated glucuronic acid could
maximally inhibit IRBC binding to bCSA (Chai et al. 2002). The reason for the observed
differential inhibition of IRBC binding to CSPG and bCSA by unsaturated dodecasaccharides
remains unclear. Taken together our data argue that placental CSPG is more appropriate for
studying C4S structural elements involved in IRBC binding, although the readily available
bCSA can be used as a binding ligand for qualitative IRBC binding analysis.
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Fig 1.
Analysis of P. falciparum IRBC binding to human placental CSPG and bCSA. Four mm-
diameter circular spots on plastic Petri dishes were coated with solutions of low sulfated CSPG
purified from human placenta or bCSA at the indicated concentrations. The spots were blocked
with 2% BSA and overlaid with IRBCs. The unbound cells were washed off and the bound
IRBCs were fixed with 2% glutaraldehyde, stained with Giemsa, counted under a light
microscope at several fields. The number of cells bound per mm2 was calculated and means
of two independent experiments performed in duplicates ± standard errors of the means plotted.
(A) Binding of CSPG-selected IRBCs to placental CSPG; (B) binding of CSPG-selected IRBCs
to bCSA; (C) comparison of CSPG-selected IRBCs binding to CSPG and bCSA coated at,
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respectively, 200 ng/ml and 50 μg/ml (saturated coating concentrations). (D) Binding of bCSA-
selected IRBCs to placental CSPG; (E) binding of bCSA-selected IRBCs to bCSA; (F)
comparison of bCSA-selected IRBCs binding to CSPG and bCSA coated at, respectively, 200
ng/ml and 50 μg/ml (saturated coating concentrations). Binding of IRBCs to CSPG is
significantly higher for CSPG than bCSA irrespective of whether parasites were selected for
CSPG or bCSA adherence. The p values for CSPG-selected parasites were <0.001 and that for
bCSA-selected parasites were <0.05.
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Fig. 2.
Assessment of the strength of P. falciparum IRBC binding to placental CSPG and bCSA. The
strength of IRBC binding to human placental CSPG or bCSA was determined by measuring
the dose-dependent inhibition of IRBC binding by 36% C4S. The plastic Petri plates were
coated with 200 ng/ml solution of CSPG or 50μg/ml solution of bCSA and blocked with 2%
BSA. IRBCs (4% suspension in PBS) were incubated with 2 times the indicated concentrations
of partially sulfated C4S and then overlaid onto the coated spots. The unbound cells were
washed off and the bound cells were fixed, stained with Giemsa, and counted. Assays were
carried out two times each in duplicate and percent binding (means ± standard errors of the
means) with respect to control IRBC binding is plotted. A, 3D7-CSPG; B, FCR3-CSPG; C,
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CS2-CSPG; D, 3D7-bCSA; E, FCR3-bCSA. The concentrations of soluble C4S required for
50% inhibition of IRBC binding was considered as the direct measure of the binding strength
of IRBCs. For each parasite studied, the strength of IRBC binding was ~2-fold higher for CSPG
than bCSA.
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Table 1
Affinity of P. falciparum IRBC binding to human placental CSPG and bCSA

Parasites
IC50 of C4S (μg/ml)a

CSPG bCSA

3D7-CSPG 10.9 ± 2.0 5.9 ± 0.5

FCR3-CSPG 10.2 ± 1.7 4.5 ± 0.2

CS2-CSPG 12.0 ± 0.5 5.2 ± 0.7

3D7-bCSA 13.0 ± 0.4 3.5 ± 0.5

FCR3-bCSA 14.5 ± 1.4 4.0 ± 0.4
a
The concentration of partially sulfated C4S, consisting of 36% 4-sulfated and 64% nonsulfated disaccharide moieties, required for 50% inhibition of

IRBC binding to either placental CSPG or bCSA. For each parasite strain studied, the values reported here for IRBC binding to CSPG and bCSA is based
on the assay performed on same plastic plates.
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