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ABSTRACT

During pregnancy, Plasmodium falciparum-infected erythro-
cytes cytoadhere to the placenta. Infection is likely initiated at
two sites where placental trophoblasts contact maternal blood:
1) via syncytiotrophoblast (STB), a multicellular transporting and
biosynthetic layer that forms the surface of chorionic villi and
lines the intervillous space, and 2) through invasive cytotropho-
blasts, which line uterine vessels that divert blood to the
placenta. Here, we investigated mechanisms of infected eryth-
rocyte sequestration in relationship to the microanatomy of the
maternal-fetal interface. Histological analyses revealed STB
denudation in placental malaria, which brought the stromal
cores of villi in direct contact with maternal blood. STB
denudation was associated with hemozoin deposition (P =
0.01) and leukocyte infiltration (P =0.001) and appeared to be a
feature of chronic placental malaria. Immunolocalization of
infected red blood cell receptors (CD36, ICAM1/CD54, and
chondroitin sulfate A) in placentas from uncomplicated preg-
nancies showed that STB did not stain, while the underlying
villous stroma was immunopositive. Invasive cytotrophoblasts
expressed ICAM1. In malaria, STB denudation exposed CD36
and chondroitin sulfate A in the villous cores to maternal blood,
and STB expressed ICAM1. Finally, we investigated infected
erythrocyte adherence to novel receptors by screening an array
of 377 glycans. Infected erythrocytes bound Lewis antigens that
immunolocalized to STB. Our results suggest that P. falciparum
interactions with STB-associated Lewis antigens could initiate
placental malaria. Subsequent pathologies, which expose CD36,
ICAM1, and chondroitin sulfate A, might propagate the
infection.

placenta, pregnancy, stroma, syncytiotrophoblast, trophoblast

INTRODUCTION

Within sub-Saharan Africa, about 25 million women
become pregnant annually and are susceptible to infection
with Plasmodium falciparum [1, 2]. Infection is most common
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in primigravid and secundigravid women and is associated with
infant low birth weight, intrauterine growth restriction, and
preterm labor [2, 3]. Maternal complications such as anemia [4]
and a preeclampsia-like syndrome [5] also occur. In sub-
Saharan Africa, roughly one in four women shows signs of
placental infection at the time of delivery [1], though numbers
vary depending on geographic location and method of
diagnosis. Transplacental transfer of parasites from maternal
to fetal blood rarely occurs [6]. Malaria rates peak during the
second trimester of pregnancy and decline toward term [7].

The hallmark of placental malaria is the sequestration of
infected red blood cells (iIRBCs) in the maternal blood spaces
of the placenta (i.e., the intervillous space). The anatomy of this
region is shown in Supplemental Figure S1 (all Supplemental
Data are available online at www.biolreprod.org). Parasite
sequestration has been proposed to occur through iRBC
interactions with syncytiotrophoblast (STB), intervillous fibrin
deposits [8, 9], and/or leukocyte infiltrates [10]. Of these
mechanisms, iRBC cytoadhesion to STB should initiate
sequestration, while the other interactions likely occur due to
pathological changes. Parasite binding to STB is mediated, at
least in part, through parasite-encoded variant surface antigens
(e.g., PEEMP1) [11]. The PfEMP1 family member VAR2CSA
is commonly displayed by placental iRBC isolates [12, 13] and
is a potential vaccine candidate [14, 15]. Infected RBCs
isolated from the maternal blood spaces of term placentas
preferentially bind in vitro to chondroitin sulfate glycosami-
noglycans (CS-GAGs) containing the chondroitin sulfate A
(CS-A) motif [16, 17], and numerous groups have demonstrat-
ed that CS-A and VAR2CSA function as a receptor-ligand pair
[18-20]. Pregnant women develop protective VAR2CSA-
specific antibodies (Abs) during pregnancy; primigravid
women have low levels and are most susceptible to placental
malaria and poor birth outcomes, while higher titers are found
in multigravidae and correlate with increased infant birth
weights [2, 21].

Infected RBC adherence to STB may also be mediated
through adsorption of IgG-bound iRBCs to syncytial Fc
receptors [22, 23] and through iRBC adhesion to hyaluronic
acid (HA) [24]; however, a more recent report found that STB
do not express HA [25]. Although iRBCs also sequester in the
microvasculature and brain, cytoadherence in these locations is
largely mediated by CD36 and ICAM1 on endothelial cells [26,
27]. ICAM1 expression has been demonstrated on STB [10,
28] and endovascular invasive cytotrophoblasts (iCTBs) [29] at
term, but there are conflicting reports as to whether placental
isolates bind this receptor in vitro [17, 30]. Some placental
iRBC isolates adhere to CD36 [17], but it does not appear to be
expressed by STB at term [28]. Thus, for some molecules,
there is a discrepancy between receptor availability and parasite
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binding preference. To our knowledge, an analysis of ICAM1
and CD36 expression in placentas of younger gestational ages
has not been performed.

Numerous histopathological changes have been observed in
P. falciparum-infected placentas. Maternal leukocytes, primar-
ily monocytes with some lymphocytes and neutrophils, are
mobilized to the intervillous space [31-34] and have been
associated with poor outcomes, including low birth weight [31,
34-36]. The monocytes often contain hemozoin [32, 36], a
pigmented by-product of P. falciparum digestion of hemoglo-
bin. Hemozoin is also observed in intervillous fibrin clots or
found free [32, 37] and signifies that the placenta was infected
earlier in gestation [38]. Although parasitization of fetal vessels
has not been reported [6], there is evidence that malaria
infection alters the anatomy of the villi [9, 32, 37-40]. A
notable feature is the accumulation of hemozoin within the
villi, typically in areas of intravillous fibrinoid necrosis [32,
38-40], and inside STB and mesenchymal cells [9, 32, 33, 39].
Additional changes include increased syncytial knotting [33],
loss of microvilli [33], and marked thinning and/or loss of the
STB layer (i.e., STB denudation or necrosis) [9, 32, 39]. In
most cases, the frequency of these lesions has not been studied,
and in general it is not known if they are associated with
adverse pregnancy outcomes.

MATERIALS AND METHODS

Ethics Statement

This study was approved by the Kinshasa School of Public Health Ethics
Committee and the University of California, San Francisco, Committee on
Human Research. Written, informed consent was obtained from all participants.
All work was conducted in accord with the Society for the Study of
Reproduction’s specific guidelines and standards.

Participant Recruitment

Biopsies of normal placentas were obtained from patients undergoing
elective terminations of pregnancy (5-22 wk) or from women who had
uncomplicated deliveries in San Francisco, California. Biopsies of P.
falciparum-uninfected and -infected placentas were obtained from term
deliveries at the Kingasani Maternity Hospital, Kinshasa, Democratic Republic
of the Congo. Women were categorized as either malaria-negative or malaria-
positive. Malaria-negative women received antenatal care at the Kingasani
Maternity Hospital and intermittent preventative therapy (IPT) (two doses of
sulfadoxine pyrimethamine for HIV-negative women and three doses for HIV-
positive women) and did not present with symptoms of malaria at the time of
delivery. Malaria-positive women did not receive antenatal care at Kingasani
Maternity Hospital and presented at this institution at the time of delivery with
symptoms of malaria; their IPT status was unknown. Malaria-positive women
had the following symptoms: fever, joint and muscle pain, and headache. The
diagnosis of malaria was confirmed with a peripheral blood smear test that was
collected at the time of delivery. Exclusion criteria for both groups included
other pregnancy complications: hypertension, preeclampsia, chorioamnionitis,
or maternal anemia. Details on participants are shown in Supplemental Table S1.

Tissue Sampling and Handling

Placentas collected in San Francisco were biopsied and frozen at —80°C as
previously described [41]. Biopsies collected in Kinshasa were obtained within
20 min of delivery and transferred to 10% neutral buffered formalin (VWR)
10:1 (ml:gram wet weight). To account for heterogeneity across the maternal-
fetal interface, five full-depth biopsies (basal plate to fetal membranes; see
Supplemental Fig. S1A) were collected from the center (n =2) and periphery (n
= 3). Biopsies were fixed for 24 h, transferred to 70% ethanol, paraffin
embedded, and sectioned (5 pm).

Histology

Thirty-four cases and controls (n = 17 per group) were randomly selected
based on the sample sizes of previous studies in which we analyzed the effects
of preterm labor or preeclampsia on the basal plate region of the placenta [41].
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Hematoxylin and eosin (H&E)-stained sections were examined by light
microscopy. Five biopsies per placenta and three randomly chosen fields per
biopsy (total scored fields = 15 per placenta) were scored at 400X for the
number of (1) iRBCs, (2) hemozoin-containing villi per total number of villi,
(3) leukocytes in the intervillous space, and (4) denuded villi per total villi.
Denuded villi lacked a complete covering of STB; in some cases, intravillous
fibrinoid, which by definition is composed of matrix molecules [6], was
associated with regions of denudation. Nucleated cells in the intervillous space
were assumed to be maternal leukocytes. In general, there was good agreement
among the scores for each of the fifteen 400X fields that were examined per
placenta.

Statistical Analyses

Maternal age, parity, birth weight, and gestational age were compared
between cases and controls. For continuous parameters, P values were based on
a t-test comparing the means, assuming normal distribution and equal variance.
For noncontinuous values, P values were based on the Fisher exact test to
estimate differences in proportions between the two groups. The descriptive
statistics for the infection and histopathological features were calculated using
summarized data for the fifteen 400X fields that were analyzed per placenta.
For departures from normality in dependent variables, values were log
transformed, which allowed them to pass the Kolmogorov-Smirnov test for
normality. To assess equal variance, we plotted the residuals and did not
observe any departures from the equal variance assumption. Linear regression
models were fit to estimate univariate associations. We estimated all
associations using linear and log values and compared the two to obtain the
best model fit. Unless stated, we reported results on a linear scale. In a separate
analysis, cases and controls were categorized according to a well-established
grading scheme (not infected, active infection, active-chronic infection, past-
chronic infection) [38] and plotted as a function of STB loss (Supplemental Fig.
S2). Analyses were carried out using the statistical software package SAS 9.2
(SAS).

Immunolocalization

For immunofluorescence detection, frozen biopsies were cryosectioned (5
pum) and fixed in ice-cold methanol/acetone (2:1) for 5 min, and nonspecific
reactivity was inhibited by incubating the sections for 1 h in blocking buffer
(1% bovine serum albumin [BSA], 0.1% fish gelatin, 0.1% Triton-X-100, and
0.05% Tween-20). Tissue sections were incubated overnight at 4°C with the
following primary monoclonal Abs (mAbs; singly or in combinations): anti-
CD36 (185-1G2; 10 pg/ml; Thermo Scientific), anti-ICAM1 (15.2; 20 pg/ml;
Thermo Scientific), anti-CS-A (LY111; 20 pg/ml; Seikagaku), anti-CS-A (CS-
56; 12 pg/ml; Sigma-Aldrich), anti-CS-A (473HD; 1:100; kind gift of Dr.
Andreas Faissner, Ruhr University Bochum, Bochum Germany), anti-4S (2-B-
6; 7 ng/ml; Seikagaku), anti-6S (3-B-3; 7 ng/ml; Seikagaku), anti-0S (1-B-5; 7
pg/ml; Seikagaku), anti-Le* (HI98; 5.0 pg/ml; BD Pharmingen), anti-sLe®
(CSLEX1; 5.0 pg/ml; BD Pharmingen), anti-human cutaneous lymphocyte
antigen (HECA-452; 2.5 pg/ml; BD Pharmingen), anti-cytokeratin 7 (OV-TL
12/30; 5 pg/ml; Dako), and a rat anti-cytokeratin 7 (7D3; 1:100; [42]). Anti-
GAG AD specificities are described in Supplemental Figure S3. To control for
anti-GAG Ab specificity and to expose stubs, sections were preincubated with
chondroitinase ABC (10 mU/ul in 0.1% BSA; Seikagaku) at 37°C for 2 h
(Supplemental Fig. S4B). Binding of primary mAbs was detected with
fluorescein isothiocyanate- or tetramethylrhodamine isothiocyanate-conjugated,
species-specific, secondary Abs (Jackson ImmunoResearch). As controls,
irrelevant mouse IgG2a (BioLegend), mouse IgG1 (BioLegend), mouse IgM
(eBioscience), rat IgM (BD Pharmingen), or PBS was substituted for the
primary Ab (Supplemental Fig. S4A). Sections were mounted with DAPI (4’,6-
diamidino-2-phenylindole)-containing Vectashield (Vector Laboratories) and
imaged with a Leica CTR5000 upright microscope (Leica Microsystems) or a
Leica TCS SP5 confocal microscope (Leica Microsystems) at 20X, 40X, or
100X resolution. The staining pattern of each Ab and sample type was
evaluated in three independent experiments.

For histochemical detection, tissue sections were deparaffinized in xylene
and rehydrated in a series of graded ethanol solutions. Antigens were retrieved
by heating for 30 min at 95°C in 10 mM sodium citrate and 0.05% Tween 20
(pH 6.0). Endogenous peroxidase activity was blocked by incubation in 0.3%
H,0, (30 min at room temperature). Signals from native IgG bound to fetal Fc
receptors were blocked by incubation with goat or donkey anti-human IgG (1.0
pg/ml; Jackson ImmunoResearch; 1 h at room temperature). To block
unoccupied Fc receptors, samples were incubated in 1.5% serum from the
species in which the secondary Ab was produced. Tissue sections were
incubated overnight at 4°C with the following primary mAbs or polyclonal Abs
(pAbs): anti-ICAM-1 pAb (1:10; Cell Signaling), anti-CD36 pAb (1:25; Sigma-
Aldrich), anti-Le® mAb (5.0 pg/ml), anti-sLe* mAb (5.0 pg/ml), and the GAG-
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specific mAbs described earlier. Binding of primary Abs was detected with
species-specific, biotin-conjugated, secondary Abs (Jackson ImmunoResearch)
plus ABC-peroxidase (Vector Laboratories). The reaction was developed with
the 3-amino-9-ethylcarbazole substrate (Vector Laboratories), and sections
were counterstained with hematoxylin. For controls, rabbit polyclonal IgG (BD
Pharmingen), mouse IgM (BioLegend), or PBS was substituted for the primary
Abs (Supplemental Fig. S4C). The staining pattern of each Ab was evaluated in
three to six independent experiments. To evaluate hemozoin deposition relative
to antigen expression, the sections were viewed with polarized light, which
illuminates this pigment [43].

Parasite Culturing and Labeling

P. falciparum line CS2 (MRA-96; Malaria Research and Reference Reagent
Resource Center) was cultured in fresh human erythrocytes diluted to a 2%
hematocrit with RPMI 1640 supplemented with 25 mM HEPES, 2 mg/ml
sodium bicarbonate, 100 uM hypoxanthine, 50 pg/ml gentamycin, and 0.25%
Albumax II (Invitrogen). The cultures were maintained in a humidified
incubator at 5% CO,, 5% O,, and 37°C. PCR-based testing for mycoplasma
contamination (Stratagene) was done on a regular basis. Cultures were
synchronized according to standard methods [44]. When they reached ~5%
parasitemia and the majority were schizonts (~1 wk after thawing), the cells
were centrifuged at 10000 X g for 5 min and washed twice with RPMI 1640.
Then they were resuspended (1.0 X 10'%/ml) in RPMI 1640 containing 25 nM
Mitotracker (Invitrogen) and 0.0025% dimethyl sulfoxide and incubated for 15
min in the culture conditions described above. The labeled cells were
centrifuged (10000 X g, 5 min), washed once with RPMI 1640, and
resuspended (2 X 10'° cells/ml) in PBS containing 1% BSA.

Mapping Candidate P. falciparum Carbohydrate Receptors
Using Glycan Arrays

Infected RBCs were screened for adherence to printed glycan microarrays
(version 3.1) developed by the Consortium for Functional Glycomics [45, 46].
The array contained 5632 spots of 377 natural and synthetic glycans with
amino linkers printed on chemically modified glass slides. Each glycan was
printed in 12 spots at 10 uM (six spots) and 100 uM (six spots). As landmarks,
160 spots were printed with biotin, and as controls, 936 spots were empty. The
arrays were rehydrated by incubating in 20 mM Tris-HCI, 150 mM NaCl, 2
mM CaClz, 2 mM MgClz, and 0.05% Tween 20 for 5 min at room temperature.
Mitrotracker-labeled iRBCs/RBCs (1 X 10'% ~5% parasitemia) in 0.5 mls of
PBS + 1% BSA were pipetted onto each array. The iRBC-containing medium
also contained 2 pl Cy5-Streptavidin (Zymed), which bound to biotin spots and
formed grid coordinates. The iRBC-topped slides were then placed individually
in 8 X 12-cm glass boxes and covered. To facilitate interactions with
carbohydrate receptors, which often require sheer stress [47], the glass boxes
that contained the slides were rotated (40 revolutions per minute) on a 30-cm
platform (horizontal) shaker for 30 min at room temperature. Then they were
washed twice with 20 mM Tris-HCI, 150 mM NaCl, 2 mM CaClz, 2 mM
MgCl,, air-dried, and imaged using a GenePix Autoloader 4200AL microarray
scanner (Axon Instruments) set to 5-um resolution. Infected RBC adherence
was confirmed by microscopy. The entire experiment was performed twice.

The two-color TIFF images were analyzed with SpotReader (version
1.3.1.0; Niles Scientific). The software created a grid of circles superimposed
on images of the signals and computed the median intensity for all pixels inside
each circle (foreground fluorescence) and in the region surrounding each circle
(background fluorescence). Relative fluorescent units (rfu) were computed as
the foreground minus background intensity. The data were exported to Excel,
and median values were computed for the 12 data points that were collected for
each structure. Control spots were analyzed in parallel. The values were
normalized by subtracting the mean signal across the entire array and dividing
by the standard deviation of the control spot readings. Spots with rfu
measurements approximately five-fold higher than the median of all glycan
signals and ~50-fold higher than the controls were scored as positive. In
general, there was good agreement among the six 100-puM spots for each of the
nine glycans that represented the top 3% of all hits (Supplemental Fig. S5). The
primary data are available at the Consortium for Functional Glycomics website,
http://functionalglycomics.org.

Immunoblotting

STB microvillous membrane preparations were isolated as previously
described [48], with minor modifications. Briefly, placental chorionic villi were
manually dissected into 5- to 10-mm pieces, resuspended in ice-cold PBS
containing a protease inhibitor cocktail (Pierce), and stirred for 1 h. The
samples were passed through a 70-pm filter, and the membrane fraction was
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isolated by a series of centrifugation steps: 1000 X g (10 min), 14000 X g (20
min), and 100 000 X g (1 h). Pellets were resuspended in PBS and dispersed by
repeated aspiration with a 26-gauge needle. Protein concentrations were
determined by using the Bradford assay (Bio-Rad). STB preparations (40 pg
per lane) were separated on 3%—8% NuPAGE Tris-Acetate gels in Tris-Acetate
SDS buffer (Invitrogen) and transferred to nitrocellulose (Bio-Rad). Nonspe-
cific reactivity was blocked by incubating the transfers for 1 h in PBS
containing 0.05% Tween 20 (PBST) and 5% nonfat dried milk (blocking
buffer). Blots were incubated overnight at 4°C with the following mAbs: anti-
Le* (4.0 pg/ml), anti-sLe* (4.0 pg/ml), anti-Le* (F3; 1:250; Abcam), anti-Le”
(LWBO1; 1.2 pg/ml; NeoMarkers), anti-Le* (LWAO1; 1.2 pg/ml; NeoMarkers),
HECA-452 (2.0 pg/ml), or MECA-79 (2.0 pg/ml; BD Pharmingen). After
washing three times for 5 min in PBST, the transfers were incubated for 1 h at
room temperature with peroxidase-conjugated, species-specific, secondary Abs
(1:2500; Jackson ImmunoResearch). Finally, they were washed three times for
5 min in PBST, and Ab reactivity was detected with ECL Plus (GE Healthcare).

RESULTS

STB Loss Is a Prominent Feature of Placental Malaria

Control term placentas had the expected cellular composi-
tion, i.e., a villous core composed of stromal cells and fetal
blood vessels completely surrounded by a covering of STB
(Fig. 1A). The intervillous space contained primarily free-
floating RBCs. At this magnification (400X), approximately
one leukocyte per field was observed. At least three previous
studies described STB loss in placental malaria [9, 32, 39], but
there has not been a systematic attempt to determine whether
these changes are focal or widespread. Analysis of multiple
sites at various depths showed that infected placentas
commonly displayed loss of the STB covering, which brought
villous cores into direct contact with the intervillous space.
Villous cores either resembled normal stroma or were largely
acellular and eosinophilic, consistent with intravillous fibrinoid
(i.e., subsyncytial fibrinoid or villous fibrinoid necrosis) that is
composed of extracellular matrix molecules and fibrin [6]. The
exposed regions were often reservoirs for iRBCs and maternal
leukocytes. Hemozoin-containing cells with the morphological
appearance of monocytes were commonly observed (Fig. 1D).
In many cases iRBCs were found in close proximity to the
exposed villous stroma (Fig. 1E). Within the lesioned villi,
hemozoin deposits (Fig. 1F) were commonly observed in
acellular regions that lacked nuclei. These results showed that
in placental malaria, dramatic morphological alterations bring
maternal blood in direct contact with the villous cores.

STB Loss Is associated with Markers of Infection and
Inflammation

We quantified the observed pathologies (Supplemental
Table S2) to determine if STB denudation was focal or
widespread and to investigate if it correlated with markers of
infection and inflammation. The mean percentage of villi
displaying regions of STB denudation was 2.2-fold higher in P.
falciparum-infected versus control samples (SEM = 1.2, P <
0.0001; Fig. 2A). The observed range was 10.0%-39.0% for P.
falciparum-infected and 3.0%—13.0% for uninfected placentas
(Supplemental Table S2). The mean number of maternal
leukocytes per field was 18% higher in malaria-infected versus
control samples (SEM = 7.0%, P = 0.01; Fig. 2B). The
observed range was 14.6—128.0 for P. falciparum-infected and
8.6-30.5 for uninfected placentas (Supplemental Table S2). In
infected samples, the mean percentage of hemozoin-containing
villi was 9.0% (range of 0%—27.0%), and the mean number of
iRBCs per field was 100.7 (range 0.07-1000; Supplemental
Table S2). As expected, control placentas did not contain
hemozoin or iRBCs.
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FIG. 1.

STB loss is a prominent histopathological feature of placental malaria. A) In control, uninfected placentas, the villous core (VC), which contains

stromal cells and fetal blood vessels, is covered by a continuous layer of STB. Maternal blood cells, primarily RBCs, occupy the intervillous space (IVS). B,
O) In P. falciparum-infected placentas, STB denudation (dotted lines) brought the VC into direct contact with the IVS. Some denuded villi were acellular
and eosinophilic (intravillous fibrinoid; B). Some exposed VCs resembled normal stroma (C). STB aggregation (STB Agg) was commonly observed. Villi
that displayed these pathological alterations often contained hemozoin (Hem). These regions were reservoirs for iRBCs (open arrowheads) and maternal
leukocytes (closed arrowheads). D) Cells with the morphological appearance of monocytes (closed arrowhead) contained hemozoin and were found in
close association with iRBCs (open arrowheads). Infected RBCs (E) were observed adjacent to the VCs of denuded villi (F), which often contained
hemozoin. Tissue sections were stained with H&E. Bars = 50 pm (A-C) and 10 um (D-F).

We used linear regression analysis to investigate the
relationship between STB denudation and markers of infection
and inflammation. In the malaria group, STB denudation was
positively associated with hemozoin-containing villi (regres-
sion coefficient [B] = 3% increase in denuded villi with each
5% increase in hemozoin-containing villi; SEM = 1%, P =
0.01; Fig. 2C) and the presence of maternal leukocytes (f =
2.1% increase in denuded villi for every 10 leukocytes; SEM =
0.5%, P =0.001; Fig. 2D). No relationship was observed with
iRBC frequency (P = 0.88; Fig. 2E). When we categorized the
samples according to the well-established grading scheme
developed by Bulmer et al. [38], STB denudation was more
frequently observed in samples that contained hemozoin and
were classed as either active-chronic or past-chronic infection
(Supplemental Fig. S2). These data suggested that STB
denudation was a feature of placentas categorized as having
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chronic malaria infection, as indicated by the presence of
hemozoin.

Placental CD36 and ICAM1 Expression in Relationship to
Maternal Blood Flow During Normal Pregnancy

We analyzed the expression patterns of the well-studied
microvasculature receptors, CD36 and ICAMI, in healthy
human placental biopsies (first trimester, second trimester, and
term). We immunolocalized these receptors in cells that might
mediate cytoadhesion: STB that cover the floating chorionic
villi (Supplemental Fig. S1D, site 1) and endovascular iCTBs
that line uterine blood vessels (Supplemental Fig. S1D, site 2).
Isotype control Abs were used to monitor binding via fetal Fc
receptors and did not react with any of the samples
(Supplemental Fig. S4A). In floating chorionic villi (Fig.
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FIG.2. STB denudation was associated with hemozoin and maternal leukocytes. A) STB denudation (# of denuded villi per total villi) was approximately

two-fold higher in the cases versus controls (SEM=2.2%, P < 0.0001). The mean percentage of STB loss was 9.0% in controls (closed circles; range 3.0%—
13.0%) and 17.0% in the malaria group (open circles; range 10.0% to 39.0%). B) Maternal leukocyte infiltration was 18% higher in the cases versus
controls (SEM =7.0%, P = 0.01). The mean number of maternal leukocytes per 400X field was 18.0 in the controls (closed circles; range 8.6-30.5) and
26.3 in the malaria group (open circles; range 14.6-128.0). C-E) Linear regression analysis was used to determine associations between STB denudation
and infection or inflammation. STB loss was associated with hemozoin (C; P=0.01) and maternal leukocytes (D; P=0.001), but not with iRBCs (E; P =

0.88).

3A), regardless of gestational age, CD36 staining (top panels)
was observed in fetal blood vessels and the villous stromal core
(green), but not in STB or underlying progenitor cytotropho-
blasts (pCTBs). ICAM1 immunoreactivity (bottom panels) was
not detected in first-trimester chorionic villi, but was identified
in fetal blood vessels of second-trimester and term samples
(green). STB and pCTBs did not stain.

We also analyzed second-trimester basal plate biopsies that
contained iCTB-remodeled uterine arterioles (Fig. 3B). Inva-
sive CTB invasion of uterine arterioles begins in the first
trimester, peaks in the second trimester, and regresses at term.
Accordingly, our studies focused on midgestation. In all
samples, anti-CD36 and anti-ICAM1 mAbs reacted with the
uterine extracellular matrix (green). Although iCTBs in the
basal plate failed to express CD36, ICAM1 was detected on
iCTBs that lined the uterine vessels (bottom panel, green).
Similar staining patterns were observed at term (data not
shown). Together, these results suggested that CD36 and
ICAM1 are not normally in contact with the intervillous space.
Endovascular iCTBs, however, which are in direct contact with
maternal blood, expressed ICAMI1, a known receptor for
iRBCs.
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Placental CS-A Expression in Relationship to Maternal
Blood Flow During Normal Pregnancy

Given that CS-A is usually present in a heterogeneous
mixture of CS-GAGs (see Supplemental Fig. S3 for details),
we immunolocalized a broad array of these structures in
floating chorionic villi (first-trimester, second-trimester and
term). First, we employed mAbs that recognize epitopes
containing CS-A: CS-56, LY111, and 473HD (Fig. 4A, upper
half; mAb specificities are described in Supplemental Fig. S3)
[49-52]. These mAbs strongly reacted with fetal blood vessels
and/or the stromal villous cores (green); however, STB and
underlying pCTBs did not stain. Anti-CS phage display Abs
[50] had a similar pattern of reactivity (data not shown). All
Abs failed to react with sections that were pretreated with
chondroitinase ABC to remove CS-A (Supplemental Fig. S4B).
Then, we immunolocalized unsaturated disaccharide isomers
(ADi) created by chondroitinase ABC digestion of CS/
dermatan sulfate (DS) proteoglycans (i.e., stubs). For this
purpose, we used three mAbs: 2-B-6 (anti-proteoglycan ADi-
4S), 3-B-3 (anti-proteoglycan ADi-6S), and 1-B-5 (anti-
proteoglycan ADi-0S) [53, 54] (Fig. 4A, lower half, mAb
specificities are described in Supplemental Fig. S3). These
mAbs, including 2-B-6 that specifically recognizes epitopes
derived from digestion of CS-A, reacted strongly with fetal
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A Floating Chorionic Villi B iCTB-lined Arterioles
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FIG. 3. CD36 and ICAM1 expression in relationship to the intervillous space during normal pregnancy. Tissue sections of placental biopsies from
uncomplicated pregnancies (first-trimester, second-trimester, and term), corresponding to site 1 (A) and site 2 (B) in Supplemental Figure S1D, were
analyzed. A) In floating chorionic villi at all gestational ages, anti-CD36 Ab (green, top panels) reacted with the stromal villous cores (VCs); pCTBs and
STB failed to stain. ICAMT1 expression (green, bottom panels), which was more variable, was not detected in first-trimester samples. Patchy staining of the
VCs was evident beginning in the second trimester. No staining of the trophoblast layers was observed. B) Invasive CTB invasion of uterine arterioles (uAs)
peaks in the second trimester. Therefore, these analyses focused on three placental samples that were collected from this time period. In basal plate
biopsies that contained iCTB-remodeled uAs, anti-CD36 Ab (top panel) and anti-ICAM1 Ab (bottom panel) reacted with the uterine extracellular matrix
(green). Invasive CTBs that lined the uAs failed to express CD36 (top panel), but stained brightly for ICAM1 (bottom panel), enlarged in inset. Biopsies
were fixed in paraformaldehyde and frozen. STB and pCTBs were visualized by staining for cytokeratin 7 (KRT7, red). Nuclei were labeled with DAPI
(blue). Bar = 40 pm.

blood vessels and/or the stromal villous core (green). for ICAMI1 was primarily detected in association with fetal
Undigested (i.e., minus chondroitinase ABC) samples did not ~ blood vessels in villous cores, with only minimal/patchy
stain (Fig. 4A, lower half, insets). STB and pCTBs were not staining in the STB (Fig. 5A). Monoclonal Abs that reacted
immunoreactive. These data showed that the stromal villous with CS-A (example shown for CS-56) showed staining
cores expressed CS-A, while STB and underlying pCTBs did throughout the villous core (within stroma or intravillous
not. fibrinoid), which in some areas was continuous with the

Finally, we analyzed second-trimester basal plate biopsies intervillous space (Fig. SA, CS-56 inset). We attempted to stain
that contained iCTB-remodeled uterine arterioles (Fig. 4B). In  these formalin-fixed, paraffin-embedded biopsies with the 2-B-
all samples, the CS mAb panel reacted strongly with the uterine 6 stub mAb, but were unable to obtain a clear pattern of
extracellular matrix (green), but failed to stain endovascular immunoreactivity due to nonspecific reactivity with undigested
iCTBs that lined the uterine vessels. Together, these results negative control samples (i.e., in the absence of chondroitinase
suggested that CS-A, which is expressed among a heteroge- ABC treatment).

neous mixture of CS-GAGs, is not in contact with maternal Then, we analyzed term basal plate biopsies that contained
blood flow during normal pregnancy. iCTB-remodeled uterine arterioles (Fig. 5B). As shown for

control samples collected in San Francisco (Fig. 3B), iCTBs
Placental CD36, ICAM1, and CS-A Expression in that lined the arterioles expressed ICAMI. In this same
Relationship to Maternal Blood Flow During Malaria location, CD36 and CS-A immunoreactivity were not detected

(data not shown). Isotype control Abs, used to monitor binding
via fetal Fc receptors, did not react with the samples
We determined the expression patterns of CD36, ICAMI, (Supplemental Fig. S4C). Together, these findings suggested
and CS-A in malaria-infected placentas collected from term  that malaria infection was associated with placental changes at
deliveries in Kinshasa. Samples obtained from uninfected a cellular level that brought known iRBC receptors on
African women had the same staining patterns for the embryonic/fetal cells in direct contact with maternal blood.
molecules of interest as shown for the healthy term placentas Next, we examined the antigenic repertoire of maternal cells
collected in San Francisco (data not shown). In infected that come in contact with the placenta. First, we analyzed
samples, analysis of the chorionic villi (Fig. 5A) revealed that ~ maternal leukocytes in the intervillous space (Fig. 5C). Cells
CD36 was expressed in the villous core. Due to STB with a morphological appearance of monocytes, which were
denudation, immunopositive stromal areas were often in direct ~ adjacent to the placental surface or free floating in the
contact with maternal blood in the intervillous space. Staining intervillous space, stained for CD36 (upper panel) and [CAM1
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A Floating Chorionic Villi B iCTB-lined Arterioles
2nd Trimeter

2nd Trimester

1st Trimester
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FIG. 4. CS-A expression is sequestered from the intervillous space during normal pregnancy. Biopsies from two placental sites (Supplemental Fig. S1D)
were analyzed using the experimental strategy described in Figure 3. A) In floating chorionic villi, mAbs that specifically recognized CS-A (CS-56, LY111,
473HD) reacted with the villous cores (VCs) (green). Often, intense immunostaining was observed in association with fetal blood vessels (fBVs). The stub
mAbs (2-B-6, 3-B-3, 1-B-5), which recognized epitopes exposed by chondroitinase ABC digestion, also reacted with the VCs (green). Control tissue
sections that were not digested with chondroitinase ABC did not stain (insets). None of the mAbs stained STB or pCTBs, labeled with an anti-KRT7 mAb
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(lower panel). CD36 is normally expressed by monocytes in
other locations [55], and ICAM1 immunostaining has been
detected in the setting of malaria [56]. In many cases, maternal
leukocytes appeared to bridge iRBC adherence to the placenta.
Staining for the known receptors was also observed in
association with the portion of the uterus that lines the
intervillous space (Fig. 5D). In the context of malaria, CD36
immunoreactivity was often associated with acellular regions
(top panel). In contrast, ICAM1 expression was often cellular
(bottom panel). Although CS-A was localized in the deeper
uterine regions, maternal cells at the boundary with maternal
blood failed to express this receptor (data not shown). In
addition, placental septa, folds of the basal plate that project
into intervillous space, also exhibited immunoreactivity (Fig.
S5E). In these regions, staining for CD36 and ICAMI1 was
similar to that detected in association with the uterine surface
(data not shown). Two mAbs that reacted with CS-A (CS-56
and LY111) showed widespread staining throughout the septal
stroma, which in some cases was continuous with the
intervillous space where iRBCs were found. In all locations,
fibrin deposits occasionally stained for CD36, which could be a
product of maternal platelets (data not shown) [57]. In every
instance, isotype control Abs failed to react (Supplemental Fig.
S4C). Together, these data demonstrated that maternal
leukocytes at the placental surface and uterine cells that line
the intervillous space expressed known receptors.

A Glycan Binding Screen Suggested a Role for Lewis
Antigens in Cytoadhesion

We carried out a binding screen that utilized glycan arrays
to explore novel receptors that might mediate adhesion.
Previously, this approach was used to identify ligands/receptors
involved in pathogen adherence to host cells [58]. We focused
on carbohydrate structures because the placenta expresses an
unusual repertoire of glycans and modulates glycosylation as a
function of gestational age [59]. We bound fluorescently
labeled iRBCs to printed slides displaying 377 natural and
synthetic glycan motifs [45, 46]. These arrays present
numerous structural motifs that are recognized by glycan-
binding proteins, but do not include CS-GAGs that contain the
CS-A motif. We used the P. falciparum CS2 line that was
generated by panning on Chinese hamster ovary cells and
purified CS-A [60] and is often used to study iRBC adherence
in vitro. The results from two independent experiments are
summarized in an annotated heat map of potential binding
partners (Fig. 6A), and the oligosaccharide structures are
included in Supplemental Figure S6. Infected RBCs adhered to
saccharides that carry a subset of Lewis (Le) blood group
structures—(s)Le*, Le¥, Le’—sialyl N-acetyllactosamine (Lac-
NAc), sulfated derivatives of LacNAc and Le*, and the blood
group A antigen. These results suggested that iRBCs can bind
core motifs that are common in glycan structures (e.g.,
LacNAc) and specialized termini including Le antigens and
sulfate-containing carbohydrate substituents.

Immunoblotting and Immunostaining Revealed that Lewis
Antigens Are Positioned to Support Cytoadhesion

We used an immunoblotting approach to determine whether
STB expressed the motifs that iRBCs bound on the arrays.

A

These experiments utilized STB microvillous membrane
fractions that were prepared from placentas of different
gestational ages collected in San Francisco. Figure 6B shows
the high-molecular-weight regions of the blots where most of
the specific immunoreactivity was detected. Preparations from
6- and 9-wk placentas had appreciable levels of Le* expression
that were apportioned among several glycoproteins (Fig. 6B,
top, left). Ab reactivity appeared to decline with advancing
gestational age. sLe™ expression was limited to a subset of
high-molecular-weight species that also appeared to be more
abundant during early gestation (Fig. 6B, top, middle). The
HECA-452 Ab, which recognizes sLe* and 6-sulfo sLe* (the
sulfate is permissive, but not required for reactivity) [61], had a
similar pattern of expression (Fig. 6B, top, right). In contrast,
the MECA-79 Ab, which binds related glycans including 6-
sulfo LacNAc, did not react with STB preparations (data not
shown). Expression of the other Le antigens we assayed is
determined by a complex system of genetic regulation that
leads to individual differences [62]. Le® expression was not
detected (Fig. 6B, bottom, left). Le” (Fig. 6B, bottom, middle)
expression was observed in most samples collected during the
first half of pregnancy, while Le® (Fig. 6B, bottom, right)
immunoreactivity was primarily confined to a 9-wk prepara-
tion.

We also immunostained tissue sections of first-trimester
floating chorionic villi (collected in San Francisco) with mAbs
that recognized the Le antigens that were detected by
immunoblotting (Fig. 6C). No expression of Le’ or Le® was
observed (data not shown), which may be explained by genetic
variation. Patchy Le* (top panel) and sLe* (middle panel)
expression was detected in association with STB. The HECA-
452 mAb, which recognizes sLe* and 6-sulfo sLe* [61], also
stained STB (lower panel). As predicted from the immuno-
blotting data that spanned a wide range of gestational ages (Fig.
6B), no (s)Le*® immunoreactivity was visualized in malaria-
infected placentas at term (Fig. 6D). In contrast, Le* (Fig. 6D,
top panel) and sLe* (Fig. 6D, bottom panel) were expressed by
cells with the morphological appearance of maternal mono-
cytes to which iRBCs appeared to cytoadhere. HECA-452
immunoreactivity was not detected. These results demonstrated
that STB expressed sulfated and unsulfated (s)Le* glycan
motifs in early gestation and suggested that these structures are
positioned to initiate cytoadhesion in the absence of malaria-
related pathologies. At later stages of infection, leukocyte-
associated (s)Le* motifs may also bind iRBCs.

DISCUSSION

STB denudation, which is normally uncommon, was first
described in P. falciparum-infected human placentas over
thirty years ago [9, 32] and more recently documented by
Crocker et al. [39]. Here we show, for the first time, a detailed
histopathological analysis of the STB layer of infected
placentas in the context of control samples. Specifically, we
quantified STB denudation, and our results suggest that it could
influence cytoadhesion. STB loss was approximately two-fold
higher in P. falciparum-infected placentas; in extreme cases,
39% of the villi exhibited this lesion. STB denudation appeared
to be a feature of chronic infection, as it correlated with
hemozoin deposition and increased numbers of maternal
leukocytes. Intriguingly, STB loss appeared to expose known
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(red). B) In second-trimester basal plate biopsies that contained iCTB-remodeled uterine arterioles (uAs), the anti-CS-A mAb panel reacted with the uterine
extracellular matrix, but failed to stain iCTBs that lined the uAs. Bar = 40 pm.
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FIG. 5. CD36, ICAMT, and CS-A expression in relationship to the intervillous space during malaria infection. A) In floating chorionic villi, villous core
(VC) regions that were denuded of STB expressed CD36. STB exhibited patchy ICAM1 immunoreactivity. Abs that recognized CS-A (example shown for
CS56) reacted with denuded regions (inset) and intact stroma. B) As shown for normal samples collected in San Francisco (Fig. 3B), iCTBs that lined
uterine arterioles (uAs) expressed ICAM1. Anchoring villus, AV. C) Maternal leukocytes in the intervillous space (IVS) with the morphological appearance
of monocytes (closed arrowheads) stained for CD36 (top panel) and ICAM1 (bottom panel). Often, these cells formed a bridge between iRBCs (open
arrowheads) and STB. D) The portion of the uterus that lines the intervillous space expressed CD36 (top panel) and ICAM1 (bottom panel). E) Placental
septa (Supplemental Fig. S1B) that were continuous with the intervillous space stained for CS-A (detected with CS-56 and LY111 mAbs). The brown color
represents the binding of primary Abs. Sections were counterstained with hematoxylin (blue). Boxed area in left panel is enlarged as right panel. Bars =50
um for lower magnification and 10 um for higher magnification micrographs.
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Glycan motif Spot ID rfu (Exp 1,2)
sialyl Le* (unbranched)  402Sp14 35, 32
sialyl LacNAc 51Sp 39, 26
A antigen (type Il) 3585p0 26, 37
LeY 386Sp20 29, 33
6,3-Sulfo-LacNAc 255p0 26, 33
6,3-Sulfo-LeX 211Sp8 38, 20
LeX 364Sp0 29, 26
LeP 3995p19 29, 22
sialyl Le* (branched) 311Spi14 27, 21
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FIG. 6. A glycan binding screen suggests a role for Le carbohydrate antigens in cytoadhesion. A) Fluorescently labeled iRBCs were bound to a glycan
array. An annotated heat map of potential P. falciparum binding partners that were detected in both experiments (Exp 1 2) is shown. These included a
preponderance of Le blood group structures. Relative fluorescent units (rfu) were computed as the foreground minus background intensity. B) STB
microvillous membranes were isolated from placentas of the gestational ages shown, separated by SDS-PAGE, and probed with mAbs that recognized the
glycans that iRBCs bound on the arrays. The apparent molecular masses of markers (shown as M_ X 107°) are on the left. First-trimester placentas had
appreciable levels of Le, sLe*, and sulfated Le* (detected with HECA-452 Ab) expression (top blots). Ab reactivity declined with advancing gestational
age. In contrast, Le® expression was not detected (bottom, left). Le (bottom, middle) immunoreactivity was observed in most samples collected during the
first half of pregnancy, while Le” (bottom, right) expression was primarily confined to a 9-wk preparation. C) First-trimester placental biopsies from
uncomplicated pregnancies were fixed in paraformaldehyde and frozen. In floating chorionic villi, STB exhibited patchy Le* (top panel) and sLe™ (middle
panel) expression (green). STB uniformly stained for sulfated sLe* (green, bottom panel). Bar = 20 pm. D) P. falciparum-infected, term placentas were
formalin fixed and paraffin embedded. Maternal leukocytes with the morphological appearance of monocytes (closed arrowheads) expressed Le* (top
panel) and sLe* (bottom panel). Infected RBCs (open arrowheads) were found in close association with these cells. Bar = 40 pm.

receptors to maternal blood. Immunolocalization of CD36 and inflammation may be a cause. For example, in vitro
CS-A revealed that they were abundantly expressed in the  experiments demonstrated that monocyte adhesion to syncy-
villous stromal core, a location that is not normally in contact i and concomitant production of tissue necrosis factor alpha

with the intervillous space. Upon STB denudation, however, . .
CD36 and CS-A were in direct contact with iRBC-containing (TNF-a) p romote'd STB 'IOSS [64]. Since 1n.creased levels of
TNF-o are associated with placental malaria [65] and have

maternal blood. Although we do not know why P. falciparum- ) o )
infected placentas display this lesion, it has been noted in other ~ been noted by other groups in association with cytomegalo-
pregnancy complications [41, 63], and there is evidence that virus infection of the placenta [66, 67], this mechanism may
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account for the loss of syncytial integrity that we observed in
our samples.

Intriguingly, our results suggest that CS-A, the best-
described placental receptor, is not expressed by the STB
microvillous surface that is thought to initiate sequestration.
Infected RBCs isolated from term placental blood bind this
glycan in vitro [16, 17], and Ricke et al. [21] showed that Abs
from malaria-exposed pregnant women can block this
interaction. In this context, our results suggest that STB
denudation brought placental CS-A in contact with iRBC-
containing maternal blood. We employed a panel of mAbs to
localize CS-A. In all samples (n = 18), regardless of infection
status or tissue-processing technique (paraformaldehyde fixed,
frozen versus formalin fixed, paraffin embedded), the villous
core expressed CS-A, while STB, iCTBs, and the intervillous
space did not. Our conclusions vary from previously published
reports [30, 68—70]. The reasons may include methodological
differences (immunolocalization versus biochemical fraction-
ation). Achur et al. [70] purified CS proteoglycans from human
placentas by enriching for uronic acid-containing glycans and
then depleting hyaluronan and heparan sulfate GAGs with
glycosidases. In agreement with our data, the majority (74%)
were in the fibrous (i.e., stromal) cores. In contrast, they
concluded that the remaining CS-GAGs were STB associated
(2%) or free floating in the intervillous space (24%). We
speculate that incomplete glycosidase treatment and/or uterine,
stromal, or blood contamination of these fractions could
account for the latter findings.

In a few cases, immunolocalization of CS-A in placental
sections has been described [68, 69, 71]. These results,
however, are not directly comparable to ours because, for the
most part, we employed different Abs. Our group used mAbs
that recognize CS-A among a heterogeneous mixture of CS-
GAGs (CS-56, LY111, 473HD), while Muthusamy et al. [68,
69] used pAbs that, to our knowledge, recognize undefined
epitopes. In one instance, we used the same 2-B-6 stub mAb
(anti-proteoglycan ADi-4S), but obtained different results,
which may be attributable to alternative techniques. In the
previous study, tissue processing was accomplished by
microwaving samples in fixing medium prior to embedding;
this was done to preserve material in the intervillous space [69].
Another difference is that we employed a more stringent
blocking protocol, controlling for nonspecific binding to both
unoccupied (with serum) and occupied (with anti-human IgG)
Fc receptors. In our experience, unambiguous detection of
placental antigens is complicated by ex vivo fibrin deposition
that results from suboptimal tissue handling, STB expression of
fetal Fc receptors [72, 73], and abundant endogenous
peroxidase activity, all of which must be controlled for to
prevent nonspecific reactivity.

Our results also showed that a variety of cells at the
maternal-fetal interface express CD36 and/or ICAMI1. Endo-
vascular iCTBs, which line uterine arterioles that channel
maternal blood flow to the placenta, expressed ICAMI
regardless of infection status. This finding agreed with a
previous report [29]. Therefore, these cells are positioned to
mediate cytoadhesion via this or other iRBC receptors that they
express: VCAM-1, PECAM, and NCAM-1 [74-76]. In many
instances, potential cytoadhesion mechanisms were only
apparent when we analyzed infected samples. In agreement
with previous studies [10, 28], we found that malaria is
associated with patchy STB ICAM1 expression, which in other
settings is induced by interleukin-1 (IL-1) and TNF-o.
Interestingly, our results suggested that perivillous maternal
leukocytes may contribute to the retention of parasites at the
surface of the placenta. We observed iRBCs in close

11

Downloaded From: https://complete.bioone.org/journals/Biology-of-Reproduction on 14 Jul 2025
Terms of Use: https://complete.bioone.org/terms-of-use

Placenta Uterus

iCTB (End
5

5

Spiral

Term floating chorionic villi and anchoring villus

FIG. 7. A model for P. falciparum sequestration by the human placenta.
At a microanatomical level, P. falciparum infection changes the repertoire
of placental tissues that are in direct contact with maternal blood. In this
context, binding to STB (site 1) and/or iCTBs that line uterine vessels (site
2) initiates sequestration. At later stages, STB denudation brings site 3, the
villous core (VC), into direct contact with maternal blood. At a molecular
level, sequestration might be initiated when iRBCs adhere to STB via
currently unidentified molecules and/or to endovascular iCTBs that line
uterine arterioles and express ICAMT1 (site 2). As infection progresses,
cytoadherence to STB might also occur via ICAM1. Advanced stages of
placental malaria are associated with hemozoin (Hem) and STB
denudation, which exposes villous CD36 and CS-A to maternal blood
(site 3). Placenta-associated maternal leukocytes (mLeuk) could also
participate in adherence because they express CD36, ICAM1, and Le
antigens.

relationship to maternal leukocytes that expressed known
monocyte markers (ICAM1 and CD36 [55, 56]), and in many
instances monocytes also bound STB, appearing to bridge
iRBCs and the syncytium.

Together, our findings suggest that CS-A, CD36, and
ICAMI are primarily positioned to mediate cytoadhesion in
advanced and/or chronic infection that correlates with leuko-
cyte infiltration and STB denudation. This implies that, at the
onset of infection, as-yet-unidentified molecules facilitate
binding to the intact syncytium and/or iCTBs. In this regard,
during the first trimester, blood slowly percolates in the nascent
intervillous space, and placental iCTBs begin to invade the
uterine vasculature [6]. By the beginning of the second
trimester, remodeling of the uterine arterioles establishes robust
blood flow to the placenta. Here, we demonstrated that Le
antigens ([s]Le*, Le*, and Le®), which bound iRBCs, are
positioned to promote placental cytoadhesion. Interestingly,
STB expressed (s)Le* and related sulfated glycans in the first
trimester and down-regulated their expression with advancing
gestational age. Endovascular iCTBs that line the uterine
arterioles, also expressed sLe* [77]. Le¥ and Le® were detected
on STB to varying degrees in some samples, but were absent in
others. Finally, other data implicate additional terminal
saccharides in initial adhesion. Glycans containing alpha 2-6-
linked sialic acid are expressed at high levels on the STB
microvillous surface of malaria-infected placentas [78] where
they could facilitate the first steps of infection. In this regard,
we detected iRBC binding to an alpha 2-6-containing
saccharide on the glycan array. Thus, we and others provide
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evidence that Le antigens and other sialic acid-containing
oligosaccharides could play a role in iRBC adhesion to the
placental surface. It will be interesting to determine, in the
future, whether similar or different carbohydrate binding
specificities are displayed by other P. falciparum lines.

In summary, this work contributes to our understanding of
iRBC sequestration by the placenta. The results showed that
both placental and maternal cells are positioned to promote
cytoadhesion (Fig. 7) and that their roles may vary at different
stages of infection. In this regard, a novel glycan binding
screen identified new candidate receptors for iRBCs, and we
showed that a subset is expressed at the placental surface
during the beginning of pregnancy. Thus, Le carbohydrate
antigens could play an important role in the initial steps of
placental malaria. Our work also gave insights into the
molecular mechanisms that are involved in the later stages.
Specifically, the data presented here suggest that sequestration
is influenced by STB denudation, which exposes previously
masked receptors to the intervillous space. As to the molecules
involved, our work clarified the localization pattern of CS-A
and demonstrated that CD36 and ICAMI1 are exposed to
maternal blood in the setting of infection. Thus, we suggest that
the step-wise mechanisms that mediate iRBC adhesion to
chorionic villi should be revisited if preventing initial adhesion
is the goal of therapeutic interventions.
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