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A low-sulfated chondroitin sulfate proteoglycan
(CSPG) has been shown to be the receptor for the
adherence of Plasmodium falciparum-infected red
blood cells (IRBCs) in human placenta. Recently, hy-
aluronic acid (HA) has been suggested as an addi-
tional receptor even though IRBC binding to HA and
the presence of HA at locations where IRBCs adhere
in the placenta have not been established. In this
study, we investigated whether HA is also a receptor
for IRBC binding. IRBCs from infected placentas as
well as those from different laboratory strains could
bind to CSPG but not to HA. In a cell depletion assay,
IRBCs from infected placentas could bind quantita-
tively to CSPG. Although CSPG is present both in the
intervillous space and on the syncytiotrophoblast sur-
face, HA is absent in these locations. These data con-
clusively demonstrate that CSPG, but not HA, is a
receptor for IRBC adherence in the placenta. Our data
also show, for the first time, that the IRBC-binding
CSPG in the placenta is of fetal origin and that, in P.
Salciparum-infected placentas, the CSPG level is sig-
nificantly increased, which could exacerbate IRBC
adherence and placental pathogenesis. These results
have important implications for the development of

anti-IRBC adhesion-based vaccine for pregnancy-
associated malaria. (4m J Patbol 2007, 170:1989-2000;
DOI: 10.2353/ajpath.2007.061238)

Of the estimated 2 to 3 million annual fatalities attributable
to malaria, >90% of death is caused by Plasmodium
falciparum, the most virulent among the four protozoan
parasites that cause malaria in humans.' Although sev-
eral factors are likely to contribute to the virulence of P.
falciparum, it is widely thought that sequestration of par-
asite-infected red blood cells (IRBCs) in the microvascu-
lar capillaries of vital organs plays a central role.® ' The
IRBC sequestration has been reported to be mediated by
endothelial cell adhesion molecules, such as throm-
bospondin, CD36, intercellular adhesion molecule 1, vas-
cular cell adhesion molecule 1, E-selectin, P-selectin,
and platelet endothelial cell adhesion molecule/
CD31.%27'2 The array of different adhesive mechanisms
used by the parasite seems to confer a selective advan-
tage for its efficient survival in the host by switching from
one adherent type to another as the host develops ad-
hesion inhibitory antibodies and other phenotype-spe-
cific immunity. Thus, in malaria endemic areas, almost all
individuals by adulthood develop immunity that effec-
tively controls infection and avoid pathogenesis. How-
ever, in the case of women during pregnancy, placenta
expresses a new receptor that was previously unavail-
able for IRBC adherence.® In the absence of antibodies
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that block the sequestration of parasites in the placenta,
parasites efficiently multiply, and IRBCs extensively ac-
cumulate in the placenta. Consequently, monocytes/
macrophages infiltrate into the placenta and produce
proinflammatory mediators, which probably affect pla-
cental function and contribute to clinical conditions of
placental malaria, including low birth weight of babies,
premature delivery, abortion, stillbirth, maternal anemia,
and infant and maternal morbidity and mortality.> '8

In 1996, Fried and Duffy'® reported that IRBC adher-
ence in the placenta is mediated by chondroitin 4-sulfate
(C4S). Since then, a number of investigators have dem-
onstrated the specificity of IRBC binding to C4S.79721 A
previous study from our laboratory has shown that a
uniquely low-sulfated chondroitin sulfate proteoglycan
(CSPG) mediates IRBC adherence, and that the CSPG is
localized predominantly in the intervillous space and to a
lesser extent on the surface of the syncytiotrophoblast
cells.?> We and others have also demonstrated that a
dodecasaccharide motif of C4S consisting of two four-
sulfated and four-nonsulfated disaccharide moieties
comprise the minimum motif for optimal IRBC bind-
ing.2®72% Thus, C4S has been shown to be the receptor
for placental IRBC adherence.

It has been reported that hyaluronic acid (HA) is an
additional receptor for IRBC adherence in human pla-
centa and that some IRBC populations can bind to
both C4S and HA, exhibiting dual adherent specifici-
ties.?’~3% However, the presence of HA in human pla-
centa at locations where IRBCs are known to adhere
has not been demonstrated, and thus, it remains un-
clear whether HA is a receptor for placental IRBC
adherence or not. If HA is indeed an additional recep-
tor in the placenta for IRBC adherence, then this phe-
nomenon has profound implications for the rational
design of vaccine for women of child-bearing age,
because a vaccine that specifically blocks the adher-
ence of IRBC to C4S would not be sufficient to control
placental infections. Therefore, we undertook a com-
prehensive study to determine whether HA is also a
receptor for IRBC adherence in the placenta. Our data
show that IRBCs do not bind to HA and that HA is not
present at detectable levels in the intervillous space or
on the syncytiotrophoblast surface, the locations where
IRBCs adhere in the infected placentas. Thus, our
results support the view that vaccines based on pre-
venting adhesion of IRBC in the placenta should focus
primarily on the C4S-adherent parasite proteins.

Although the low-sulfated CSPG has been shown to be
the receptor for P. falciparum IRBC adherence in the
placenta, it is not known whether the CSPG is produced
by the mother or the fetus and whether its expression is
altered on P. falciparum infection. Because aggrecan
family CSPGs are known to be involved in cytokine reg-
ulation,®' and one of the suggested functions of CSPGs is
to mobilize cytokines, hormones, and growth factors in
tissues,?® it is possible that low-sulfated CSPG plays an
important role in the function of placenta. Moreover, al-
tered expression of the CSPG is likely to affect the pla-
cental function, contributing to placental pathology.
Therefore, an additional objective of this study was to

determine the origin of CSPG and its level of expression
in the malaria-infected placentas. Our data indicate that
the low-sulfated CSPG is secreted to the intervillous
space by the fetal placental tissues and that the level of
CSPG is substantially elevated in P. falciparum-infected
placentas.

Materials and Methods

Reagents

Streptococcus species HA and biotinylated HA-binding
protein (HABP) were obtained from EMD Biosciences,
La Jolla, CA. Human umbilical cord HA, bovine vitreous
humor HA (bvhHA), and bovine chondroitin sulfate
A (CSA) were purchased from Sigma, St. Louis, MO.
Horseradish peroxidase-conjugated streptavidin  and
2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfuric acid) sub-
strates were obtained from KPL, Gaithersburg, MD. Pro-
tease-free Proteus vulgaris chondroitinase ABC (120
U/mg), Streptomyces hyalurolyticus hyaluronidase (2000
turbidity-reducing U/mg), and C6S were purchased from
Seikagaku America, Falmouth, MA. Recombinant human
intercellular adhesion molecule-1 (ICAM-1)/Fc chimera
was from R&D Systems, Minneapolis, MN. Vectastain
Elite ABC kit (containing biotinylated goat anti-rabbit IgG,
horseradish peroxidase-conjugated avidin, and diamino-
benzidine tetrahydrochloride color developing substrate,
hematoxylin, and methyl green) was from Vector Labora-
tories, Burlingame, CA. P. falciparum CS2 parasite
strain was provided by MR4/American Type Culture
Collection, Manassas, VA. Human blood and serum
for parasite culturing were obtained from Hershey Medi-
cal Center, Pennsylvania State University, Hershey, PA.
Partially sulfated C4S with 40% 4-sulfate, prepared by
regioselective 6-O-desulfation of bovine tracheal CSA
followed by fractionation of the product by diethylamin-
oethyl (DEAE)-Sepharose chromatography, was from a
previous study.®?

Tissue and Blood Samples

P. falciparum-infected blood and tissue samples were
obtained from the term placentas of Cameroonian
women, who were admitted for delivery at the Central
Hospital, Yaounde, Cameroon. Before the collection of
placentas, the nature of the project was explained and
informed consents were obtained from the patients. The
project was approved by the Ethical Committee, Ministry
of Health, Cameroon, and by the institutional review
board at Georgetown University, Washington, DC. Blood
samples of P. falciparum-infected placentas were ob-
tained and cryopreserved in glycerolyte solution as re-
ported previously,®® transported, and stored at —80°C
until used. The tissues (1 X 1 cm) from the infected
placentas were fixed with 10% neutral buffered formalin
in phosphate-buffered saline (PBS), pH 7.2. Tissues were
cut into 5-um-thick sections, mounted on glass slides,
stained with hematoxylin and eosin, and examined by
light microscopy. Normal placentas at term and at differ-



ent gestational stages were obtained from healthy
women who had normal or premature delivery at the
Hershey Medical Center. The tissue collection was ap-
proved by the Institutional Review Board, Pennsylvania
State University College of Medicine, Hershey, PA.

Purification of Glycosaminoglycans
(GAGs)/Proteoglycans of Human Placenta

All GAG/proteoglycan isolation was performed on ice-
bath or in cold room at 4°C as previously reported.?"2°
Human placentas were collected immediately after deliv-
ery, the umbilical cord and fetal membranes completely
removed, and the tissue was cut into pieces, suspended
in ice-cold PBS, pH 7.2, containing a mixture of protease
inhibitors, and stirred gently with a magnetic stirrer for 2
to 3 hours. The extracts were centrifuged at 10,000 rpm
for 30 minutes in a Sorvall centrifuge. The clear superna-
tants were diluted with 10 mmol/L sodium phosphate, pH
7.2, to a final NaCl concentration of 50 mmol/L and
loaded onto DEAE-Sepharose columns (2.5 X 18 cm)
equilibrated with 20 mmol/L Tris-HCI, 50 mmol/L NaCl,
and 10 mmol/L ethylenediaminetetraacetic acid, pH 8.0.
The columns were washed with the same buffer and then
eluted with gradients of 50 to 600 mmol/L NaCl in 20
mmol/L Tris-HCI and 10 mmol/L ethylenediaminetet-
raacetic acid, pH 8.0. The column effluents were col-
lected in fractions (10 ml), and absorption at 280 and 260
nm was measured. Aliquots of fractions were analyzed
for uronic acid and fractions representing uronic acid
peaks were pooled, dialyzed, and lyophilized.

The GAGs/proteoglycans isolated from DEAE-Sepha-
rose chromatography were dissolved (2 mg/ml) in 25
mmol/L sodium phosphate, pH 7.2, containing 50 mmol/L
NaCl, 0.02% NaNg, 4 mol/L guanidine hydrochloride, and
42% (w/w) CsBr.2" The solutions were centrifuged in a
Beckman 50 Ti rotor (Fullerton, CA) at 44,000 rpm for 65
hours at 14°C. Gradients were collected from the bottom
of the tubes into 15 equal fractions, absorption at 260 and
280 nm was measured, and the uronic acid contents
determined. The GAGs/proteoglycans-containing frac-
tions, indicated by the presence of uronic acid, were
pooled, dialyzed, and lyophilized. The GAGs/proteogly-
cans were purified further by gel filtration on Sepharose
CL-6B columns (1.5 X 83 cm) as reported previously.32

Compositional Analysis of Placental
GAGs/Proteoglycans

The disaccharide compositional analysis of the GAGs/
proteoglycans was performed according to Sugahara
and colleagues.®*® The purified GAGs/proteoglycans
(~50 ng) were digested with chondroitinase ABC (20
mU) in 50 ul of 100 mmol/L Tris-HCI, pH 8.0, containing
30 mmol/L NaOAc and 0.01% bovine serum albumin
(BSA) at 37°C for 5 hours as described previously.?' The
GAGs/proteoglycans (~50 ug) were also digested with
S. hyalurolyticus hyaluronidase (100 turbidity reducing
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U/ml) in 20 mmol/L NaOAc and 150 mmol/L NaCl, pH 6.0,
at 60°C for 4 hours.®® The samples were dried in a
Speed-Vac and analyzed by high-performance liquid
chromatography (Waters, Milford, MA) on a Mi-
crosorb-MV 100-5 amino-bonded column (4.6 X 250 mm;
Varian, Lake Forest, CA) using a linear gradient of 16 to
530 mmol/L NaH,PQO, at a flow rate of 1 ml/minute.

Preparation of HA-BSA Conjugate

Streptococcus species HA (10 mg) was dissolved in 5 ml
of 0.2 mol/L NaCl, pH 4.7, and mixed with a solution of
BSA (10 mg) in 1.0 ml of 0.2 mol/L NaCl. 1-Ethyl-2-(2-
dimethylaminopropyl)carbodiimide (2.5 mg) was added
and stirred for 1 hour while maintaining the pH at 4.7 by
the addition of 0.1 mol/L HCI. The solution containing
HA-BSA was purified on columns of Sepharose CL-4B
(1.5 X 70 cm) in 20 mmol/L Tris-HCI, pH 7.6, with 150
mmol/L NaCl and 4 mol/L guanidine-HCI. Fractions (2 ml)
were collected and monitored for uronic acid and protein
by measuring absorbance at 530 and 280 nm, and the
fractions containing the HA-BSA conjugate were pooled,
dialyzed, and lyophilized.

Analysis of HA Coated onto Plastic Plates

The 96-well microtiter plates were coated with 50-ul so-
lutions of 0.01 to 40 ug/ml HA-BSA conjugate, HABP-HA
complex, bvhHA, and Streptococcus species HA, in PBS,
pH 7.2, at room temperature for 3 hours and blocked with
200 ul of 2% BSA for 2 hours. The wells were incubated
with 50 ul of biotinylated HABP (0.6 wg/ml in PBS) at room
temperature for 1 hour. The wells were washed, and the
bound HABP was detected with 1:100 diluted horserad-
ish peroxidase-conjugated streptavidin using 2,2'-azino-
bis(3-ethylbenzthiazoline-6-sulfuric acid color develop-
ing reagent. The color development was stopped by the
addition of 2 mol/L HCI, and the absorbance was mea-
sured at 405 nm.

The level of HA coated on plastic plates was also
assessed by inhibition of HABP binding with soluble HA.
Ninety-six-well microtiter plates were coated with HA or
HA-BSA conjugate and blocked with BSA as outlined
above. Solutions of Streptococcus species HA at various
concentrations in PBS were mixed with equal volumes of
biotinylated-HABP (0.6 ug/ml in PBS). After incubating
the solutions at room temperature for 1 hour, 50-ul ali-
quots were transferred to the microtiter plate wells. The
plates were allowed to stand at room temperature for 2
hours and were washed, and the HABP bound to the
wells was detected as above. Note that the commercially
available HABP is derived from the N-terminal region of
bovine nasal cartilage CSPG and link proteins. The
HABPs thus obtained contain covalently linked C4S
chains, and as such, it is unsuitable for immobilizing HA
for IRBC binding analysis.
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Histochemical and Immunohistochemical
Analysis of Placental Tissues

Pieces (~1 cm?) of placental tissues were fixed in PBS,
pH 7.2, containing 2% formalin and 0.5% glutaraldehyde
for 10 minutes and then heated in a microwave oven for
60 seconds at a precalibrated power setting so that the
solution attained 45°C.%? The fixed tissues were trans-
ferred to ice-cold PBS and stored at 4°C. The tissues
were paraffin-embedded, cut into 5-um-thick sections
onto glass slides, deparaffinized with xylene, and rehy-
drated by sequential immersion in 100, 95, and 70%
ethanol and then in Tris-buffered saline, pH 8.0 (TBS). For
immunohistochemical analysis using antibodies against
the core proteins of placental CSPG receptor, the tissue
sections were treated with protease-free chondroitinase
ABC (50 mU/ml) in 100 mmol/L Tris-HCI and 30 mmol/L
NaOAc, pH 8.0, at 37°C for 3 hours and washed with
TBS.22 Before staining, all tissue sections were pre-
treated with 3% H,O, for 4 minutes and washed with TBS.
The tissue sections were blocked with 1:60 diluted nor-
mal goat serum in TBS for 3 hours followed by incubation
with 10 ug/ml of the purified rabbit antibodies against the
core proteins of low-sulfated placental CSPG.?? The
slides were washed and incubated for 30 minutes with
1:60 diluted biotinylated goat anti-rabbit IgG (Vectastain
Elite ABC kit; Vector Laboratories, Burlingame, CA). For
analysis of HA, the sections were incubated with 4-ug/ml
solutions of HABP. Tissue sections treated overnight with
S. hyalurolyticus hyaluronidase (100 turbidity reducing
U/ml) in 20 mmol/L NaOAc and 150 mmol/L NaCl, pH 6.0,
at 37°C, were used as control to determine the specificity
of HABP staining. After washing, HABP-treated slides
were incubated with horseradish peroxidase-conjugated
avidin for 20 minutes, washed, and then incubated with
0.1% diaminobenzidine tetrahydrochloride and 0.02%
H,0, for 5 minutes according to the Vectastain Elite ABC
kit procedure. The slides were washed with water, coun-
terstained with methyl green, dehydrated, mounted using
Permount, and examined by light microscopy.??

Parasite Culturing and Selection of
C4S-Adherent Phenotypes

C4S-adherent IRBCs were selected by panning of 3D7
clone derived from NF54, parent NF54, FCR3, and CS2 P.
falciparum parasites on plastic plates coated with the
human placental low-sulfated CSPG as reported previ-
ously.?® The parasites were cultured in RPMI 1640 me-
dium using 10% O™ human serum and type O* human
red blood cells and synchronized as reported
previously.?*3°

IRBC Adherence and Inhibition Assays

Solutions (15 wl/spot) of placental low-sulfated CSPG
receptor (0.2 ug/ml), HA-BSA (10 wpg/ml), bvhHA (40
wg/ml), Streptococcus species HA (40 ug/ml), or ICAM-1
(5 png/ml) were spotted (~3.5 mm diameter) on plastic
Petri dishes and allowed to coat overnight at 4°C. The

spots were blocked with 2% BSA in PBS, pH 7.2, for 2
hours at room temperature and overlaid with 2% erythro-
cytes from P. falciparum-infected placental blood (~10%
parasitemia) or parasite culture suspension (20 to 30%
parasitemia). After 30 minutes at room temperature, the
unbound cells were washed, and the bound cells were
fixed with 2% glutaraldehyde in PBS, pH 7.2, stained with
Giemsa, and counted by light microscopy. For inhibition
analysis, 4% erythrocytes from parasite-infected placen-
tal blood or parasite culture suspensions mixed with an
equal volume of C4S (80 ug/ml) or Streptococcus species
HA (200 pg/ml) in PBS, pH 7.2. The solutions were incu-
bated at room temperature for 30 minutes with occasional
mixing and then overlaid onto CSPG-coated spots. The
bound IRBCs were measured as above.

Depletion of IRBCs from Blood Samples of
P. falciparum-infected Placentas

The whole bottom surface of a series of plastic Petri
dishes (35-mm-diameter plates) was coated overnight at
4°C with 1.2 ml of 0.2 ng/ml solution of placental CSPG in
PBS, pH 7.2. The plates were blocked with 2% BSA at
room temperature for 2 hours. The erythrocytes from the
blood samples of the parasite-infected placentas (~10%
parasitemia) were stained with SYBR Green, and 2%
suspensions of stained cell pellet in PBS were overlaid
onto a CSPG-coated plate so as to cover the entire bot-
tom surface of the plates. After 30 minutes at room tem-
perature, the unbound cells were completely removed
and transferred to a second CSPG-coated plate. After 30
minutes, the unbound cells from the second plate were
transferred to a third CSPG-coated plate, and the proce-
dure was continued up to a total of 12 CSPG-coated
plates. The bound IRBCs in the plates were fixed with 1%
glutaraldehyde, and the plates were photographed under
a fluorescence microscope as well as under a bright
field.

Results

Preparation and Immobilization of HA-BSA
Conjugates

The commercial HA preparations from animal sources
contain low to moderate levels of C4S.3” Therefore, to
avoid the possibility that low levels of C4S in HA from
animal sources complicating the analysis, IRBC binding
assays were performed using HA from Streptococcus
species known to be absolutely free from C4S because
bacteria do not synthesize C4S. HA is a negatively
charged and an extremely hydrophilic polysaccharide,
and pure HA cannot be coated directly onto plastic Petri
dishes for IRBC adherence analysis. Therefore, to immo-
bilize HA on the plastic surface for the adherence assay,
we conjugated Streptococcus species HA to BSA and
coated the plastic Petri dishes with the HA-BSA conju-
gate. To ascertain that HA-BSA, compared with pure HA,
efficiently coated the plastic surface, we measured the
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Figure 1. Analysis of HA and HA-BSA conjugate coating efficiency to plastic
surface by enzyme-linked immunosorbent assay. The samples were coated
to 96-well microtiter plates, blocked with BSA, and then incubated with
biotin-conjugated HABP. For inhibition of HABP binding to the coated plates,
HABP was preincubated with various concentrations of Streptococcuts species
HA. In both cases, the wells were washed, and the bound HABP was
measured using streptavidin-horseradish peroxidase conjugate and 2,2'-
azino-bis(3-ethylbenzthiazoline-6-sulfuric acid color developing substrate.
The assays were performed three times, each in duplicate, and average
absorbance values plotted. A: Binding of HABP to spots coated with HA-BSA
(@), HABP-HA complex (O), bvhHA (&), and Streptococcus species HA (A).
B: Inhibition of HABP binding to HA-BSA (@), HABP-HA complex (O), and
bvhHA (A) by soluble Streptococcus species HA. HA-BSA was efficiently
coated, whereas Streptococcus species HA was not coated at a measurable
level. The level of HA coating with HABP-HA complex was ~50% that of
HA-BSA complex. bvhHA was coated at moderate level, and the coating was
presumably attributable to the presence of HABPs.

extent of immobilized HA and HA-BSA conjugate by en-
zyme-linked immunosorbent assay by direct binding of
the HABP to the coated plates as well as by dose-depen-
dent inhibition of HABP binding by soluble HA. The re-
sults indicated that the HA-BSA conjugate was efficiently
coated onto the surface in a dose-dependent manner
with a saturated level of coating attained at 10 pg/ml
(Figure 1A). The binding of HABP was specifically inhib-
ited by soluble HA in a dose-dependent manner (Figure
1B); BSA, CSA, and C6S could not inhibit HABP binding
to HA-BSA (not shown). The data also indicated that HA
conjugated to BSA is readily accessible for the ligand
binding. Compared with HA-BSA conjugate and HA-
HABP complex, the unconjugated bacterial HA was un-
able to coat plastic plates at measurable levels even at a
coating concentration of 40 wg/ml (Figure 1A). These
data together demonstrate that pure HA is not directly
adsorbed onto the plastic surface. HA can also be im-
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mobilized to plastic plates at substantial levels when the
bacterial HA was preincubated with HABP and the HA-
HABP complex formed is allowed to coat plastic plates
(Figure 1A). In this case, the immobilization of HA is
because of the adsorption of HA-HABP complex onto
plastic surface through HABP. However, it should be
noted that HABP contains C4S chains, and therefore, HA
immobilized using HABP is unsuitable for IRBC binding
analysis unless C4S chains are removed by chondroiti-
nase ABC treatment. In previous studies that reported
IRBC binding to HA, bvhHA was used for the analysis of
IRBC binding.?”*° Therefore, we also assessed the coat-
ing of bvhHA to plastic plates. As shown in Figure 1A, a
low but significant amount of HA was coated onto the
plastic surface; the immobilization of HA when coated
with bvhHA is likely through HABPs present in samples
that are adsorbed onto the plastic surface. However,
bvhHA is also unsuitable for testing the binding of IRBCs
to HA because bvhHA contains a low level of CSPG that
efficiently coats plastic plates®” and binds IRBCs.

Analysis of P. falciparum IRBC Binding to
Immobilized HA

We studied the binding specificities of the parasites from
two infected human placentas and four different labora-
tory parasite strains by an in vitro binding assay, and the
data showed that IRBCs could bind to the human pla-
cental low-sulfated CSPG but not to HA-BSA conjugate
(Figure 2A and data not shown). As reported previous-
ly,2® the binding of the placental IRBCs to the placental
CSPG could be inhibited by C4S but not by HA, chon-
droitin, or C6S (Figure 2B and data not shown). It has
been previously reported that the laboratory parasite
strain named CS2, when selected for C4S binding, can
adhere to both HA and C4S, exhibiting dual-receptor
binding specificity.®® However, in our study, CS2-CSA
IRBCs could bind only to the placental CSPG but not to
the HA-BSA conjugate (Figure 2A). As in the case of the
placental parasite isolates, the binding of CS2-CSA IR-
BCs to the placental CSPG was inhibited by soluble C4S
but not by HA or C6S (Figure 2B and data not shown).
When CS2-CSA IRBCs were tested for binding to bvhHA,
as reported previously,?”2° a low level of IRBC binding
was observed; 8 to 10% compared with that of placental
CSPG (data not shown). However, pure HA was unable to
inhibit the binding, whereas C4S could efficiently inhibit
(data not shown), indicating that the observed IRBC bind-
ing to bvhHA was attributable to a low level of C4S
present in bvhHA preparation. We also tested whether
CSPG-adherent IRBCs can also bind ICAM-1; both pla-
cental isolates and CS2-CSA IRBCs were unable to bind
to ICAM-1 (Figure 2A). Similar results were also obtained
with C4S-adherent IRBCs from FCR3 and NF54 parasite
strains (data not shown). We also tried to select poten-
tially HA-adherent parasites from four different laboratory
strains, namely FCR3, CS2, NF54, and 3D7, by panning
on plastic plates coated with HA-BSA conjugate using
procedures similar to those used for the selection of C4S-
adherent parasites. In all four cases, despite repeated



1994  Muthusamy et al
AJP June 2007, Vol. 170, No. 6

A. IRBC binding
o - B CSPG
g 3000 {4 HA-BSA
E O ICAM-1
©
S 2000
o
Q0
J 1000
[aa]
o=

ol )

<
& 1’°® 'v(’%v
XY e
Parasites

B. Inhibition of IRBC binding
NE 3000 o B Control
£ L L  [4C4s
3 0. sp. HA
S 2000
o
el
wv
2 1000
2= I

ol A\

e‘\@ C'_,?“ C_)?*

Q\’bc ’50’\’ (S')’v

Parasites

Figure 2. P. falciparum IRBC binding and inhibition analyses. A: For IRBC
binding assays, suspensions of erythrocytes from P. falciparum-infected
placental blood samples and C4S-adherent 3D7 and CS2 parasite cultures
were overlaid onto spots coated with CSPG (gray bars), HA-BSA (hatched
bars), and ICAM-1 (open bars) in plastic Petri dishes. After 30 minutes, the
unbound cells were washed off, and the bound cells were fixed with
glutaraldehyde, stained with Giemsa, and counted under a light microscope.
B: For inhibition analysis, erythrocytes from placental blood and parasite
cultures were preincubated separately with 80 ug/ml C4S (hatched bars) or
200 ug/ml of Streptococcus species HA (open bars), and the bound cells
were assessed as above. Gray bars show IRBC binding controls (IRBC
binding to placental CSPG in the absence of inhibitors). Both assays were
performed three times, each time in duplicates. Error bars are indicated.

panning, HA-adherent parasites could not be selected,
whereas in parallel, panning using placental CSPG
readily selected C4S-adherent parasites. Together, the
above data unambiguously show that the placental ad-
herent P. falciparum IRBCs can bind to C4S but not to HA
or ICAM-1.

To determine whether all IRBCs in the placental iso-
lates are C4S adherent or have other adherent charac-
teristics as well, we developed a cell depletion assay
using a series of CSPG-coated plates. IRBCs from pla-
cental blood samples were allowed to bind to a CSPG-
coated plate, and the unbound IRBCs from this plate
were overlaid onto a second CSPG-coated plate. The
unbound IRBCs from the second plate were overlaid onto
a third CSPG-coated plate, and this process was contin-
ued through a total of 12 CSPG-coated plates. The idea

was that if all IRBCs are C4S-adherent phenotype, after
overlaying the unbound cells from one plate to the next,
eventually all IRBCs should be completely depleted from
the blood samples. In this assay, we found that the num-
ber of IRBCs bound per unit area to the CSPG-coated
plates was gradually decreased from plate 1 through
successive plates, and in plate 9, only a few IRBCs were
bound; no IRBC binding was evident in plate 10 and in
subsequent plates (Figure 3). In parallel, when the un-
bound cells from various plates were tested for para-
sitemia, the levels of IRBCs compared with those in the
cell suspension used for overlaying onto plate 1 were
also decreased gradually from plates 1 through 9, and
IRBCs were completely absent in the unbound fraction
from plate 9 (Figure 3, C3). Thus, IRBCs from the placen-
tal isolates could bind quantitatively to the placental
CSPG. These data together with the observation that
placental IRBCs do not bind to HA or ICAM-1 (Figure
2A)%8 demonstrate that the C4S is the primary receptor
that mediates the binding of P. falciparum IRBCs in hu-
man placenta. However, because of the limited number
of placental parasite isolates used, the above results do
not definitively eliminate the possible presence of a minor
population of placental IRBCs binding to HA. A critical
requirement for IRBCs to adhere in placenta is that HA
must be present either in the intervillous space or on the
syncytiotrophoblast surface. Therefore, we analyzed pla-
centas for the presence of HA by biochemical and im-
munohistochemical studies (see below).

Biochemical Characterization of GAGs/CSPGs
Present in the Intervillous Space of Human
Placenta

We have previously reported that IRBC-adherent CSPG is
present in the intervillous space and that the purified
proteoglycan fraction is associated with a low amount of
HA, ~1% compared with total GAG chains.?' However, it
is possible that this HA was attributable to the residual
umbilical cord tissues remained in the placentas. There-
fore, in the present study, we purified buffer-extractable
GAGs/CSPGs from placentas in which the tissues around
the umbilical cord attachment sites were completely re-
moved to avoid contamination of placentas with HA from
umbilical cord. Placentas were extracted with ice-cold
isotonic buffer containing a mixture of protease inhibitors
to avoid any tissue damage and leak of GAGs from
stromal tissue matrix; because isotonic buffer without
detergent was used, membrane-bound and/or tissue ma-
trix GAGs/proteoglycans were not extracted. The total
uronic acid-containing GAGs/CSPGs in the placental ex-
tracts were isolated by DEAE-Sepharose ion-exchange
chromatography as reported previously.2" The placental
tissue extracts were applied to the columns at 50 mmol/L
NaCl concentration to ascertain that HA, if present, quan-
titatively binds to the columns. The bound GAGs/CSPGs
were isolated by elution with 50 to 600 mmol/L NaCl
gradient and purified by CsBr density gradient centrifu-
gation followed by gel filtration on Sepharose CL-4B. The
purified GAGs/CSPGs were characterized by the disac-
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Figure 3. Assessment of P. falciparum placental IRBC binding to CSPG. Suspensions of washed cells from the blood of P. falciparum-infected placentas with
~10% parasitemia, stained with SYBR Green, were overlaid onto CSPG-coated Petri dishes. The unbound cells from the first plate were allowed to bind to a second
CSPG-coated plate, and so on. The bound IRBCs in each plastic plate were fixed and photographed under a fluorescence microscope. 1, 2, 4, 8, and 10:
Fluorescent micrographs showing the binding of IRBCs to the corresponding CSPG-coated plates; 1A, 2A, 4A, 8A, and 10A: corresponding light micrographs.
Binding of IRBCs to plates 3, 5, 7, and 9 are not shown; IRBCs were absent in unbound cell suspension from plate 9, and therefore, no IRBC binding was expected
in plates 11 and 12. C1 and C2, respectively, are the fluorescent and light micrographs of the smears of cells, on glass slides, overlaid onto the first plate. C3 and
C4, respectively, are the fluorescent and light micrographs of the smear of the cells overlaid onto the 10th CSPG-coated plastic plate used for IRBC binding. As
shown, IRBC binding to the plates was gradually decreased from the first plate to the subsequent plates, and the unbound cells from the ninth plate had no IRBCs,
and thus IRBC binding was not observed in the 10th plate. Erythrocytes from the infected placentas were also tested for binding to ICAM-1; no IRBC binding was
evident (see Figure 2).

Table 1. Biochemical Composition of GAGs/CSPGs Isolated from Human Placenta

Disaccharide composition (% molar proportion)*

Chondroitinase ABC' S. hyalurolyticus hyaluronidase*
Individual placentas (serial number) Adi-0S Adi-4S Adi-6S
Normal-term placentas®
1 92 8 ND
2 95.5 4.5 ND
3 90.5 9.5 ND
4 89 11 ND
5 92 8 ND
6 96 4 ND
7 93 7 ND
8 97 3 ND
9 96.5 35 ND
10 95 5 ND
Preterm placentas
16 weeks 96 4 ND
24 weeks 93 7 ND
28 weeks 90 10 ND
33 weeks 91 9 ND

*Calculated from the areas of the disaccharide peaks by assuming that the different disaccharides have similar molar response factors.

TDisaccharides released by treatment of the purified human placental GAGs/CSPGs with chondroitinase ABC.

*Disaccharides released by incubation of total placental GAGs with S. hyalurolyticus hyaluronidase.

SNormal-term placentas of the US women.

IPlacentas from P. falciparum-infected Cameroonian women who had aborted pregnancies. The GAGs/CSPGs purified in the previously published
study?® were analyzed for the presence of HA; in all four placentas, HA was not detectable (ND).
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Figure 4. Histochemical and immunohistochemical analyses of HA and CSPG in human placentas of different gestational stages. The gestational stages of the
placentas are indicated in the left margin. HA: Untreated (a, e, i, and m) and S. hyalurolyticus hyaluronidase-treated (b, £, j, and n) placental tissue sections were
histostained with HABP. Only the tissue stroma was intensely stained with HABP, and staining was not observed either in the intervillous space or on the
syncytiotrophoblast surface in placentas of all gestational stages (a, e, i, and m). In all cases, no staining was observed after treatment with S. hyalurolyticus
hyaluronidase (b, f, j, and n). CSPG: The placental tissue sections were treated with chondroitinase ABC to remove GAG chains and then immunostained using
cither rabbit polyclonal antibodies against the core proteins of the placental low-sulfated CSPG (¢, g, k, and 0) or preimmune serum from the rabbit used for
raising antibodies against the placental CSPG (d, h, 1, and p). The anti-CSPG antibodies stained fibrous, filamentous materials in the intervillous space and the
fibrous projections of the syncytiotrophoblast lining. Preimmune serum-treated tissue sections showed no staining. All tissue sections were photographed under
light microscopy. Ivs, intervillous space; Syn, syncytiotrophoblasts; Fbv, fetal blood vessels; St, stromal tissue; RBC, red blood cells. Original magnifications, X100.

charide compositional analysis after treatment separately
with chondroitinase ABC and S. hyalurolyticus hyaluroni-
dase; the latter enzyme specifically degrades HA but not
chondroitin sulfates.®® We found that chondroitinase ABC
could quantitatively degrade the purified GAGs/CSPGs
to form disaccharides (Table 1), whereas no detectable
disaccharides were formed when GAGs/CSPGs were
treated with S. hyalurolyticus hyaluronidase. These results
demonstrated that HA is not present in the intervillous
space of human placenta.

Histochemical and Immunohistochemical
Analyses of HA and CSPGs in Human Placenta
of Different Gestational Stages and in Infected
Placentas

Although the above biochemical analysis showed the
absence of HA in the intervillous space, its presence
on the syncytiotrophoblast surface was not excluded.

We have previously shown that IRBC-adherent CSPG
in the intervillous space is expressed throughout the

second and third trimester of the pregnancy.*® To de-
termine whether HA is present in the placental intervil-
lous space and whether it is expressed in a pregnancy
stage-specific manner, we performed histochemical
analysis of tissue sections of human placentas at dif-
ferent gestational stages (uninfected US individuals)
using HABP. In parallel, we also performed immuno-
histochemical analysis of tissue sections of placentas
collected using antibodies raised against the core pro-
teins of the low-sulfated placental CSPG.?2 In all pla-
centas examined, the tissue sections probed with
HABP showed strong staining only in the stroma of the
villi and tissue matrices; neither intervillous space nor
the syncytiotrophoblast layer were stained (Figure 4, a,
e, i, and m). The specificity of the HABP staining was
confirmed by preincubation of the tissue sections with
S. hyalurolyticus hyaluronidase, which completely abol-
ished the staining in the tissue stroma (Figure 4, b, f, |,
and n). Probing of the chondroitinase ABC-treated pla-
cental tissue sections with antibodies specific to the
core proteins of the placental CSPG receptor strongly
stained the fibrous material in the intervillous space
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Figure 5. Histochemical and immunohistochemical analyses of HA and CSPG in P. falciparum-infected human placentas. The number at the left side of the figure
refers to term placentas of four different infected individuals (1 to 4) with parasitemia of 3, 8, 21, and 31%, respectively. HA: Untreated (A, E, I, and M) or S.
hyalurolyticus hyaluronidase-treated (B, F, J, and N) placental tissue sections were histostained with HABP. CSPG: Placental tissue sections treated with
chondroitinase ABC were immunostained with either the rabbit polyclonal antibodies against the core proteins of the placental low-sulfated CSPG (C, G, K, and
0) or preimmune serum from the same rabbit (D, H, L, and P). The stained tissue sections were photographed under a light microscope. In both panels, the
staining pattern was similar to that shown in the corresponding panel in Figure 4, but the staining with antibodies against the core proteins of placental CSPG is
much more pronounced in the tissue sections of infected placentas compared with normal placentas. Ivs, intervillous space; Syn, syncytiotrophoblasts; Fbv, fetal
blood vessels; St, stromal tissue. Arrows indicate the CSPG staining in the intervillous space; arrowheads indicate diffused layers of CSPG attached to the

syncytiotrophoblast surface. Original magnifications, X100.

and fibrous filament-like structures on the syncytiotro-
phoblast layer in the placentas from different develop-
mental stages (Figure 4, c, g, k, and o). No staining
was observed with control preimmune sera from the
same rabbit used for producing antibodies against
placental CSPG (Figure 4, d, h, |, and p). Thus, the
above data indicate that while CSPG is present in the
intervillous space and on the syncytiotrophoblast lin-
ing, HA is not present at detectable levels at either
locations in the placentas of the second and third
trimesters, the period during which the pregnant
women experience the peak prevalence of parasite
infection.

We also performed immunohistochemical analysis of
the P. falciparum-infected term placentas (from Cam-
eroonian women) using HABP and antibodies against the
core proteins of the placental CSPG.?? As in the case of
uninfected placentas, HABP strongly stained the stroma
of the villi and tissue matrices in the tissue sections of
parasite-infected placentas (Figure 5, A, E, |, and M). No

staining was observed in the intervillous space, on the
syncytiotrophoblast surface, or in the fetal blood vessels.
The strong staining of tissue stroma with HABP was com-
pletely abolished when tissue sections were preincu-
bated with S. hyalurolyticus hyaluronidase (Figure 4, b, f,
j, and n), confirming that the observed staining in the
stromal tissue is HA-specific. The tissue sections of par-
asite-infected placentas were also strongly stained with
antibodies against the core proteins of the low-sulfated
placental CSPG (Figure 5, C, G, K, and O); no staining
was evident when probed with preimmune serum (Figure
5, D, H, L, and P). Interestingly, the staining of the tissue
sections of infected placentas in the blood space and
villous tissues was considerably stronger than uninfected
placentas (Figures 4 and 5, compare c, g, k, and o with
C, G, K, and 0O). These anti-CSPG antibodies also
strongly stained the sections of parasite-infected placen-
tas in and around the syncytiotrophoblast cell layer of
both infected and uninfected placentas. In addition, rel-
atively more intensely stained linings of CSPG along the
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Table 2. Immunohistochemical Analysis of Normal and P. falciparum-Infected Human Term Placentas Using Rabbit Polyclonal
Antibodies Against the Core Proteins of Placental Low-Sulfated CSPG
Staining intensity*

Placenta % Parasitemia Intervillous space Syncytiotrophoblast Fetal blood vessel space
Normal® - ++ ++ +
Infected-1* 3 +++ +++ ++
Infected-2 8 +++ ++ +++
Infected-3 21 ++ +++ +++
Infected-4 31 +++ ++ +4++

*Relative intensity of staining of the placental tissue sections (Figures 4 and 5) by visual score on an arbitrary scale of ++++ (high intensity) to —

(background level staining similar to that with preimmune serum).

TNormal placenta from US women; four different placentas were analyzed, and results from a representative placenta are given.

*P. falciparum-infected placentas from Cameroonian women.

syncytiotrophoblast cell layer were clearly evident in par-
asite-infected placentas compared with normal placen-
tas. Examination of tissue sections also revealed that, in
both normal and parasite-infected placentas, the fetal
villous tissue and blood space of the fetal vessels were
consistently stained with anti-CSPG antibodies; the stain-
ing at these locations was more intense than that in the
intervillous space (Figure 4, c, g, k, and o; and Figure 5,
and C, G, K, and O). Because infected placentas were
not available for biochemical studies, the level of CSPG
receptor in these placentas was assessed relative to
normal placentas based on the intensity of staining with
anti-placental CSPG antibodies. The staining intensity of
the infected placental tissue sections was consistently
higher than that of normal placentas (Table 2). These
results strongly suggest that the low-sulfated CSPG is
produced by the fetus and secreted to the maternal
blood space. Furthermore, the relatively more intense
staining of the infected placenta compared with nonin-
fected placentas strongly suggests that the CSPG is
synthesized at increased levels by the fetal tissue in
response to inflammatory cytokines produced in the in-
fected placentas.

Discussion

The objective of this study was twofold: to determine
whether HA is an additional receptor for P. falciparum
IRBC adherence in the human placenta and to establish
whether the low-sulfated CSPG is produced by the fetus
or by the mother and whether the IRBC adherence in the
placenta alters the level of CSPG expression. The data
presented here show that HA is not a placental receptor
for IRBC adherence and that CSPG is the predominant
and, most likely, the exclusive receptor. The following
evidence supports this assertion. First, IRBCs from the P.
falciparum-infected placentas as well as IRBCs from sev-
eral laboratory strains, including the parasite that was
previously reported to bind to both HA and C4S, could
bind specifically and efficiently only to CSPG but not to
HA. Second, in an IRBC depletion assay, using a series
of CSPG-coated plates (Figure 3), all IRBCs from the
infected placentas bound quantitatively to the placental
CSPG receptor, and nonbinding parasites were not de-
tected. Third, although C4S-adherent IRBCs could be
selected readily from four different laboratory parasite

strains, FCR3, 3D7, NF54, and CS2, by panning on im-
mobilized CSPG, in all four cases repeated panning on
HA-BSA-immobilized plates was unable to select IRBCs
with adherent specificity to HA. Because P. falciparum,
during the erythrocytic life cycle, is known to undergo
clonal switching to produce 1 to 2% parasites per gen-
eration with adherent specificity to a distinct receptor,*’
HA-binding IRBCs should be readily selected if indeed
the parasite switches to the HA-adherent phenotype.
Fourth, although adherent IRBCs could be selected, at
low levels, by panning of laboratory parasite strains on
bvhHA-coated plates, the selected parasites did not bind
to HA-BSA but instead bound to the placental CSPG; the
IRBCs bound to bvhHA was efficiently inhibited by C4S
but not by pure HA. Previously, the binding of IRBCs to
bvhHA was considered indicative of HA binding speci-
ficity.2”~3° Our conclusion that HA is not a receptor for P.
falciparum IRBC is consistent with the recent observation
by Fried and colleagues®® that IRBCs in the blood sam-
ples from 46 infected placentas could bind only to C4S
but not to HA. Of note, although Fried and colleagues®®
found that IRBCs from 2 of 46 placentas showed signifi-
cant binding to HA-BSA conjugate, the binding was in-
hibited by C4S but not by HA.

More importantly, a requirement for HA to be a physi-
ologically relevant receptor for placental IRBC adherence
is that HA must be present in the intervillous space and/or
on the syncytiotrophoblast surface, where IRBCs adhere
in the parasite-infected placentas. The biochemical and
histochemical data described in this study clearly dem-
onstrate that HA is not expressed in the placenta at
locations where IRBCs sequester during the second and
third trimesters, the gestational stages at which the pla-
cental infection occurs. Thus, digestion of total GAGs/
CSPGs, purified from the isotonic buffer-soluble extracts
of the placentas, with S. hyalurolyticus hyaluronidase was
unable to release detectable levels of HA disaccharides
(the enzyme readily degraded standard HA used as a
control), whereas treatment with chondroitinase ABC
quantitatively degraded the GAGs into disaccharides.
Histochemical analysis also showed the absence of HA
both in the intervillous space and on the syncytiotropho-
blast surface in placentas at different stages of the sec-
ond and third trimesters of pregnancy. The observed
absence of HA at these locations was not attributable to
the inability of the HABP to bind HA given that the anal-



ysis revealed the expected presence of HA in the matrix
of the stromal tissue that served as a reliable internal
standard. The intense staining of stromal tissue matrix
with HABP and complete abolition of staining when pla-
cental tissue sections were pretreated with HA-specific S.
hyalurolyticus hyaluronidase is consistent with the ex-
pected abundant presence of HA in the tissue matrices,
where maternal blood has no direct contact. Collectively,
our data unequivocally demonstrate that HA is not
present either in the intervillous space or on the syncy-
tiotrophoblast surface and that IRBCs do not bind to HA.
Of note, we have previously reported that the human
placenta contains very low levels of HA; 1 to 2% of the
total GAGs in the intervillous space.?' However, in the
present study, when precautions were taken to com-
pletely remove the umbilical cord stem region of the
placenta and used mild extraction procedures, only in-
tervillous space GAGs but not those in the tissue matrix
were extracted with the plain isotonic buffer.

The results of this study also provide evidence regard-
ing the origin of the unusually low-sulfated aggrecan-type
CSPG that mediates P. falciparum IRBC adherence in the
intervillous space and explain the pattern of the observed
IRBC adherence in infected placentas. The immunohis-
tochemical analysis consistently indicated the presence
of significantly higher levels of the CSPG in the fetal blood
vessels and in the fetal villi. Thus, our data suggest that
the proteoglycan produced by the fetus diffuses from the
fetal vessels to the villi and then secreted through syncy-
tiotrophoblast lining to the placental intervillous space.
During this process, the CSPG accumulates as dense
layers near the syncytiotrophoblast lining and diffuses to
the intervillous space. Previous studies have observed, in
P. falciparum-infected placentas, layers of densely immo-
bilized IRBCs along the syncytiotrophoblast lining without
physical attachment to the cell surface.*? Based on this
IRBC binding pattern, it was thought that IRBCs that are
bound to the syncytiotrophoblast surface got detached
during fixation of the placental tissue sections. However,
considering the CSPG distribution pattern observed here,
it is more likely that dense adherence of IRBCs along the
syncytiotrophoblast lining actually correspond to the ac-
cumulation of the low-sulfated CSPG secreted from the
fetal villi in those areas.
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