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Role of Nonimmune IgG Bound 
to PfEMPl in Placental Malaria 

Kirsten Flick,' Carin ~cholander,' Qijun Chen,' 
Victor Fernandez,' Bruno Pou~el le ,~  jurg Cysin,' 

Mats Wahlgrenl* 

Infections with Plasmodium falciparum during pregnancy lead t o  the accumu- 
lation of parasitized red blood cells (infected erythrocytes, IEs) in  the placenta. 
IEs of P. falciparum isolates that infect the human placenta were found t o  bind 
immunoglobulin C (IgC). A strain of P. falciparum cloned for IgC binding 
adhered massively t o  placental syncytiotrophoblasts in a pattern similar t o  that 
of natural infections. Adherence was inhibited by IgC-binding proteins, but not 
by glycosaminoglycans or enzymatic digestion of chondroitin sulfate A or 
hyaluronic acid. Normal, nonimmune IgC that is bound t o  a duffy binding-like 
domain p of the P. falciparum erythrocyte membrane protein 1 (PfEMPl) might 
a t  the I E  surface act as a bridge t o  neonatal Fc receptors of the placenta. 

Malaria infection with P. ,falcipurz~mduring 
pregnancy is an important cause of maternal 
morbidity and mortality. It may induce pre- 
mature delivery. spontaneous abortion, or 
lead to a low birth weight (1. 2). Infections 
often cause more severe symptoms in primip- 
arous than in multiparous women. The inci- 
dence of placental malaria similarly dimin- 
ishes with increasing parity (3, 4). probably 
due to the acquisition of immunity to the 
infecting parasites (5, 6) .  

IEs are not passed from the mother to the 
feius, but accumulate in the placenta which 
can experience high parasite densities (>50% 
IEs) while the peripheral circulation is almost 
free of IEs. Placental malaria may thus be 
caused by IEs that are selected for and ex- 
panded on receptors only present in the pla- 
centa (7-10). as opposed to those in other 
vascular beds 

Certain strains of P falcrpurum bind non- 
Immune immunoglobulins onto the surface of 
the host erythrocyte. a fact that made us 
investigate their role in sequestration, in par- 
ticular the possibility that IgG could bridge 
the IEs to Fc-receptors present in the placen- 
ta We thus examined the frequency of IgG- 
(and IgM-) binding IEs accumulated during 
pregnancy in the placenta Small pieces of 
snap-frozen placental tissues were obtained 
from six malaria-infected Cameroonese 
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women after approved consent The para- 
sitemia of the placentas ranged from three to 
23% (Fig IA), and all of them were classi- 
fied as having active or active-chronic ~nfec- 
tions (11) IgG-binding IEs (Fig 1B) were 
found in all of the placentas (10 to 75% IgG 
positive, mean 44%). whereas IgM-binding 
IEs (Fig 1C) were more rare (2 to 34%, mean 
18%) (12) IEs attached to the syncytiotro- 
phoblasts bound only IgG (20 to SO%, mean 
50%). except those of placenta CP42DJ, 
where the number of IgG-binding IEs was 
equal to that of the IgM-binding IEs. By 
studying the Ig-binding phenotype of IEs 
eluted from the placentas (13, 14) ,  we con- 
firmed that a majority of parasites causing 
active placental infection bound IgG (Table 

Table 1.The phenotype o f  P. falciparurn infect ing 
the  human placenta. IEs were eluted f r om the 
infected placentas and scored for their  immuno-  
globulin binding. 

IgC-binding
Placenta  Percent

IE/IE tested* 

'Fractions of the IEs were also studied for their capacity 
for binding to  ScalD cells including inhibition with soluble 
CSA (100 (~g lml )  and treatment with CSAnase ABC (0.5 
U). About 50% of the IEs were specific for CSA (7 7). The 
populations of parasites studied for CSA-binding were not 
identical to  those studied for immunoglobulin-binding 
since not all eluted IEs were scored in the CSA-
assays, ?The number of eluted parasites obtained 
from the placentas CP42Dj and CP940 were not sufficient 
for the assay. 
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1). Fractions of IEs eluted from the same 
placentas also bound to chondroitin sulfate A 
(CSA) (Table 1). IgG binding was very in- 
frequent among the small number of IEs 
available from the corresponding peripheral 
venous blood (1115, 7%, mother 42; 014, 
mother 193; 0121, mother 939). The accumu- 
lation of IEs carrying IgG in the placenta and 
their absence from the peripheral circulation 
suggests that P. falcipamm IEs with an IgG- 
binding phenotype are selected for in the 
placenta. 

An IgG-binding parasite (TM284, 30% 
IgG-positive IEs) was cloned by micromanip- 
ulation and the progeny were used to further 
study the role of IgG for the binding of IEs in 
the placenta. One of the cloned lines 
(TM284S2) had an up-regdated capacity to 
bind normal, nonimmune immunoglobulins 
with -80% of the IEs being IgG- (and IgM-) 
positive. It also formed giant rosettes (-80% 
of IEs) composed of mixed rosettes and auto- 
agglutinates. TM284S2 IEs were found to 
have very low or no binding to common 
endothelial receptors such as CD36 (28 + 1 
IE/100 transfectants), CD3 1IPECAM-1 (6 + 
1 IE/100 transfectants), or ICAM-1 (0 + 0 
IE/100 transfectants). TM284S2 did not bind 
to CSA spotted on plastic (0 IE/mm2 + 0) 
(15), whereas FCIUCSA-a parasite enriched 
in vitro for CSA binding (16) studied in the 
same experiment-avidly did so (434 + 31 
I E l d ) .  Further, late-stage IEs of TM284S2 
adhered massively to fresh cryosections of 
normal human placental tissues in a pattern 

similar to the in vivo localization of IE (Fig. 
1, D and E). The binding occurred at the 
syncytiotrophoblast surfaces and (70 + 1%) 
at syncytial bridges with a mean of 224 + 88 
IEs per mm2 without any prior panning or 
enrichment steps. IEs of two sibling clones 
that lacked the IgG-binding phenotype 
(TM284S25, TM284S27) did not bind to the 
placental sections. 

Preincubation of the placental sections 
with IgG (5 to 20 mglml) before the adhesion 
assay increased the binding for TM284S2 to 
around 200% (Fig. IF), whereas preincuba- 
tion of the IEs with the same amounts of IgG 
increased the binding to 300%. A similar 
effect was seen when whole human serum 
was added. However, oversaturation with 
IgG reduced the binding to around 30% com- 
pared to the control (-70 I E s l d ;  Fig. IF). 
In order to verify the importance of IgG, an 
independent IgG-binding protein, protein A 
of Staphylococcus aureus, was used as an 
inhibitor. A strong and dose-dependent inhi- 
bition of the placental binding of TM284S2 
was obtained using Staphylococcus protein A 
(Fig. 1G). No inhibition was seen at equal (or 
higher) concentrations of an unrelated pro- 
tein, bovine serum albumin (BSA). 

Treatment of the placenta sections with 
the enzymes hyaluronidase as well as chon- 
droitinase ABC prior to IE binding did not 
affect the binding of TM284S2-IE (Fig. 1H). 
Binding was only' marginally affected by 
CSA or hyaluronic acid (HA); when incubat- 
ed at concentrations as high as 100 ~glrnl, 

Fig. 1. The binding of P. falciparum-infected eryth- 
rocytes in the human placenta. (A through C) Sec- 
tions of the Cameroonese placenta ICP193 stained 
with different methods. Paraffin sections of placen- 
ta tissue were fixed immediately after partus, de- 
hydrated, and paraffin-embedded according to  stan- 
dard procedures. (A) Binding of IEs (arrowheads) to  
the syncytiotro hoblast surface, hematoxylinleo- 
sin-staining. -(By IgG staining with peroxidase 
(brown] and DNA counterstaining with Mayen he- 
matoxylin (blue). The IgG staining is seen at the 
surface of the syncytiotrophoblasts and within 
them. Staining is further seen in the stroma, the 
endothelial cells and the capillaries, reflecting the 
complex transport pathway of IgG from the mater- 
nal to  the fetal blood. Arrowhead: IgG-binding IE. 
(C) IgM staining with peroxidase and counterstain- 
ing as in (0). Note that in contrast to  IgG, IgM is 
found only at the rim of the villi, because IgM is not 
transported from the maternal to  the fetal side of 
the circulation. Arrowhead: bound IEs. (D and E) 
Binding of TM284S2 late-stage IEs to  cryosections 
of normal Swedish placentas. IEs enriched 
by Percoll-separation were incubated on the placen- 
ta sections for 1 hour at 3T0C, nonadherent cells control HAdase CSnassABC 

were washed off. The sections were fixed and 
stained with 5% Giemsa. Numbers were obtained by counting at least 25 nonimmune IgG (5 to 40 mglml) or protein A (10 to 500 pglml) for 1 hour 
fields in 400X magnification and expressed per mm2. IE bound to  placenta at 37OC prior to the IE binding. Adhesion assays were thereafter carried out 
tissue in means in numbers of 224 + 88 IUmm2. Arrowheads: bound IEs. (F as described in (D). An unrelated protein (BSA) is shown as negative control. 
through H) Binding of TM284S2-IE to normal Swedish placenta cryosections (H) Placenta sections were treated twice with hyaluronidase (10 pglml) or 
under the influence of various molecules. Binding is expressed as a percent- chondroitinase ABC (0.5 Ulml) for 20 min at 37OC prior to  IE binding. Open 
age compared to a control without treatment. Error bars represent SE. (F and ban re resent the binding of TM284S2 and solid bars show the binding of P G) The placental sections were incubated with increasing concentrations of FCR3= A. 

they reduced the binding by 30% at most. 
Thus, the IEs of TM284S2 adhere to the 
syncytiotrophoblasts via Fc receptors bridged 
by IgG whereas CSA or HA probably play 
minor roles in the sequestration in this para- 
site. In contrast, FCIUCSA readily adhered in 
a CSA-dependent manner to the placental 
sections (125 + 23 lmd)  without forming 
auto-agglutinates or giant rosettes, or binding 
IgG to the IE surface (Fig. 1H). 

Antibodies in normal, nonimmune human 
sera were found to bind to a -300,000 M, 
polypeptide having the characteristics of 
PfEMPl from an extract of [1251]lacto-per- 
oxidaselabeled IEs of TM284. The corre- 
sponding var gene in TM284S2 was identi- 
fied with reverse transcription polymerase 
chain reaction (RT;PCR) using degenerate 
primers and it was subsequently cloned and 
sequenced (17). A 7582-bp sequence was 
identified equivalent to an open reading 
h e of 2527 amino acids composed of an 
NH,-terminal head-structure (NTS, a 
DBLla, CIDRla), three additional d u e  
binding-like (DBL) motifs (P, y, ti), one 
additional CIDRy domain and an acidic ter- 
minal segment (ATS) (Fig. 2A). Thus, the 
EMPl of this placental-binding parasite pre- 
sents a similar architecture (including a 
DBL3y-domain) to that of the PfEMPls ex- 
pressed by previously identified placental- 
binding parasites (18, 19). 

To map the immunoglobulin-binding site 
of TM284S2, PfEMPl constructs corre- 
sponding to the six extracellular domains and 

www.sciencernag.org SCIENCE VOL 293 14  SEPTEMBER 2001 



R E P O R T S  

seven subfragments of DBL2P were ex- 
pressed as glutathione S-transferase (GST) 
,fusion proteins in Escherichia coli and tested 
for binding (Fig. 2, A and B). Amino acids 
214 through 365 of the DBL2P were found to 
carry multiple immunoglobulin-binding do- 
mains. IgG of 11 other, distanct animal spe- 
cies also bound to DBL2P. 

To investigate whether PfEMPl is in- 
volved in the binding to IgG in the placenta, 
all seven DBL2P-GST fusion proteins were 
tested for their ability to adhere to normal 
placental tissues. Only those fusion proteins 
which showed binding activity to IgG in en- 
zyme-linked immunosorbent assay (ELISA) 

were found to bind (Fig. 2C), rind preincuba- 
tion of the sections with IgG strongly reduced 
their binding. Furthermore, the adherence of 
IEs to cryosections of the placenta could be 
reduced by preincubation with the immuno- 
globulin-binding fusion proteins (DBL2B, 
DBL2C; Fig. 2D). Thus, DBLP is the critical 
domain of PfEMPl that binds monomeric 
nonimrnune IgG through the F(abl) part, 
leaving the Fc-y domain free for binding to 
Fc-receptors in the placenta. 

There is a sharp increase in the transport 
of maternal IgG to the fetus during the second 
trimester, resulting in serum levels of IgG 
that'are higher in the child than in the mother 

Fig. 2. Structure and 
function of the PfEMPl 
of the placenta-binding 
P. falciparum clone 
TM284S2. (A) The 
clone TM284S2 ex- 
presses a PfEMPl, of 
which the extracellular 
part consists of four 
duffy-binding-like and 
two cysteine-rich inter- 
domain regions. Six 
GST fusion proteins 
each representing one 
of the domains were 
constructed and ex- 
pressed in E. coli (con- 
structs indicated as 
lines). Seven additional 
CST-constructs repre- 
senting different frag- 
ments of the DBLZS 
were created to map 
the Ig-binding part of 
the molecule. (B) Map- 
ping of the Ig-binding 
domain on PfEMPl by 
ELISA: All GST fusion 

recombinant protein (pgrnl) 

- 

proteins were tested 140 

for their ability to bind 120. ' 

to IgC as well as the p t m .  
Fab- and Fc-regions of e m  
the molecule. ELlSA 5 ,,,. 
plates were coated 
with 5 pg/ml of the fu- 
sion at 4°C protein and overnight blocked . 8i:[ o 10 Y) tm soocsrsoo ,] 
with 3% BSA. The CST- 

M M S T  + DBC-GST (pglml) 

fusion proteins were 
added in a series of double dilutions from 3 to 100 pg/ml. Binding was detected using an anti-GST 
antibody and an ALP-coupled antibody. The DBLZP was identified as the Ig-binding domain of the 
PfEMPl in this parasite clone. Binding could be observed to IgC as well as the Fab and Fc regions of the 
molecule [and in a similar pattern to IgM, the Fab and the Fc region of IgM (27). Three constructs 
representing one-third of the DBLZP each indicated the binding sites to Ig to lie in the middle and 
COOH-terminal part of DBLZP. Four additional constructs allowed to map the binding to two 
independent regions within the DBLZP and DBLZ.BII corresponding to amino acids 912 to 1055 and 
DBL2.CI to amino acids 1050 to 1109 of the PfEMPl. (C) Binding of GST fusion proteins to placenta 
cryosections of normal Swedish placentas. The fusion protein was added to placental cryosections in 
concentrations of 25 pg/ml and incubated at 37OC for 1 hour. After washing, the binding was detected 
with an anti-GST antibody. Only those DBLZ fusion proteins adhered to the placenta tissue, which have 
been previously shown to bind to IgG in the ELISA assays (results shown for DBLBll and DBLCI). GST only 
is shown as a negative control. (D) Binding of TM284S2-IE to normal Swedish placenta cryosections 
under the influence of the PfEMPl fragments DBLZB-CST and DBLZC-CST. Placenta sections were 
incubated with increasing concentrations of both GST fusion proteins prior to IE binding. Adhesion 
assays were carried out as described in Fig. ID. Binding is expressed as a percentage compared to a 
control without treatment GST alone is shown as a control. Error bars represent SE. 

at the end of pregnancy (20). The second 
trimester is also the time when the placenta 
goes through a series of important morpho- 
logical changes, and the frequency of placen- 
tal malaria peaks. The high prevalence of 
maternal malaria at this time can be due to an 
extended availability or higher expression of 
IE receptors such as CSA or HA but it may 
also depend on the up-regulation of maternal 
Fc receptors. No matter what, it is likely that 
multiple rather than few receptors mediate 
sequestration of IEs, because the capacity to 
bind to alternate structures in the placenta 
will ensure the survival of the parasite. 
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