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The cerebral form of severe malaria is associated with excessive intravascular sequestration of Plasmodium
falciparum-infected erythrocytes (PRBC). Retention and accumulation of PRBC may lead to occlusion of brain
microvessels and direct the triggering of acute pathologic changes. Here we report that by selection, cloning,
and subcloning, we have identified rare P. falciparum parasites expressing a pan-adhesive phenotype linked to
erythrocyte rosetting, a previously identified correlate of cerebral malaria. Rosetting PRBC not only bound un-
infected erythrocytes but also formed autoagglutinates, adhered to endothelial cells, and bound to CD36, im-
munoglobulins, and the blood group A antigen. The linkage of rosetting, autoagglutination, and cytoadherence
involved the coexpression on a single PRBC of ligands with multiple specificities and the binding to two or more
receptors on erythrocytes and to at least two other cell adhesion molecules, including a new endothelial cell receptor
for P. falciparum-infected erythrocytes. Limited proteolysis that differentially cleaved the rosetting ligand PFEMP1
from the PRBC surface abrogated all the binding phenotypes of these parasites, implicating the variant antigen
PfEMP1 as a carrier of multiple ligand specificities. The results encourage the further study of pan-adhesion

as a potentially important parasite phenotype in the pathogenesis of severe P. falciparum malaria.

Plasmodium falciparum, the parasite responsible for severe
disease and mortality in human malaria (23), withdraws from
the peripheral circulation during the second half of its intra-
erythrocytic life cycle. P. falciparum-infected erythrocytes (PRBC)
carrying mature forms of the parasite adhere to the cell lining
of post-capillary vessels, a phenomenon known as sequestra-
tion (22, 37). Several host receptors have been identified as
potential mediators of PRBC cytoadhesion, including CD36
(3), thrombospondin (TSP) (27), intercellular adhesion mole-
cule 1 (ICAM-1) (6), chondroitin sulfate A (CSA) (26, 29),
vascular cell adhesion molecule 1 (VCAM-1), endothelial leu-
kocyte adhesion molecule 1 (ELAM-1) (25), and, more re-
cently, platelet/endothelial cell adhesion molecule 1 (PECAM-
1/CD31) (39).

Host and parasite factors are thought to participate in the
etiology of severe forms of malaria disease, the most fulminant
being cerebral malaria (CM). What distinguishes the parasite
involved in CM is poorly understood. RBC rosetting, the bind-
ing of uninfected erythrocytes to PRBC, is a property of par-
asites commonly found in patients with CM but less frequently
in those with milder disease (8, 30). Moreover, antibodies in-
terfering with rosette formation are less frequent in sera from
CM patients (38). It has been postulated that excessive adhe-
sion of PRBC to the vascular endothelium of the brain (2, 20),
as well as to uninfected and infected RBC (8, 30), leading to
the focal accumulation of parasites at high densities, is impli-
cated in the pathogenesis of cerebral malaria. Binding to a
single receptor, CSA, on the other hand, is the hallmark of the
parasite causing maternal malaria (15). Thus, augmented or
selective adhesive properties of the parasite may be equivalent
to virulence determinants in the causation of severe malaria.

Parasite-induced modifications of the PRBC underlie its de
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novo acquired adhesive and antigenic properties. The parasite
exports several proteins to the membrane of the host cell
(18). One is P. falciparum erythrocyte membrane protein 1
(PfEMP1), an antigenically variant protein of 200 to 350 kDa
encoded by the var family of genes (4, 35). PEEMP1 has fea-
tures of an adhesion molecule, binds in vitro to cytoadherence
receptors (5), and mediates rosetting of uninfected RBC (12,
31).

In this paper, we report the identification of a linkage be-
tween RBC rosetting and other major adhesive phenotypes of
the PRBC. Our data also indicate that PEEMP1 is a multivalent
ligand on PRBC, mediating the rosetting-linked binding to
several molecules on target cells, including novel receptors on
RBC and endothelial cells.

MATERIALS AND METHODS

Parasites. The P. falciparum parasite FCR3S, which originated from the FCR3
strain isolated in The Gambia, West Africa, FCR3S1, a parasite cloned by
limiting dilution from FCR3S and subsequently maintained in continuous culture
with periodic enrichment for the rosetting phenotype, clones FCR3S1.2 and
FCR3S1.6, obtained by micromanipulation of FCR3S1 parasites with a defined
R* and R~ rosetting phenotype, respectively, line FCR3S/a, derived from
FCR3S by enrichment of nonrosetting parasites, and lines FCR3S/b and
FCR3S1/b, generated from FCR3S and FCR3S1, respectively, by consecutive
rounds of panning on C32 melanoma cells as described previously, were main-
tained in culture with O™ erythrocytes by standard procedures (36). FCR3S
parasites and all its descendants were of the knobless (K™) phenotype, as seen by
transmission electron microscopy. It should be noted that FCR3S was previously
called Palo Alto (Uganda) in our publications. Molecular studies of the “Palo
Alto” parasites have revealed, however, that they are identical to parasites of the
FCR3 lineage (reference 14 and our own studies). The parasite R29 (K") was
cloned from ITOR, a rosetting parasite selected from the ITO strain. The
Malayan Camp (MCAMP) (K*) strain of P. falciparum was first adapted to
growth in spleen-intact Aofus monkeys, subsequently adapted to in vitro growth
in human RBC, and later selected for the rosetting phenotype.

Cloning of parasites. Limiting-dilution cloning of PRBC was performed as
described elsewhere (40). Micromanipulation cloning was performed with a
micromanipulator (MN-188; Narishige), sterile micropipettes with internal di-
ameters of 3 to 5 pm, and an inverted Diaphot 300 microscope (Nikon). Roset-
ting PRBC binding four or more uninfected RBC and nonrosetting PRBC
(binding none) were picked from a settled monolayer by aspiration and thor-
oughly examined for the number and stage of intracellular parasites. Rosetting
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PRBC were mechanically stripped from uninfected cells. Only rosetting or non-
rosetting PRBC infected with a single mature trophozoite were transferred into
a petri dish containing RBC at 2% hematocrit in malaria culture medium sup-
plemented with 15% human AB* serum. The clones were grown for 19 days
before being subjected to microscopic examination.

Enrichment of rosetting and nonrosetting parasites. A 2-ml portion of a
culture at 5 to 10% parasitemia and with a rosetting rate of 20% or higher was
layered over 2 ml of cold Ficoll-Isopaque (Pharmacia) and centrifuged for 10 s
at the high-speed setting in a Dade Immufuge IT (Baxter Diagnostics). The cells
sedimenting through the Ficoll cushion were collected in a pellet, washed twice
in RPMI 1640 (Gibco), and cultured as described above. To enrich for nonro-
setting parasites, 2 ml of culture was layered over 60% Percoll (Pharmacia) and
centrifuged at 500 X g for 20 min at room temperature (RT). The layer of cells
floating at the interface was collected, washed twice in RPMI 1640, and cultured,
a procedure which was repeated four times. The parasite line thus generated was
named FCR3S/a.

Surface analysis of PRBC. Surface iodination of PRBC was performed by the
lactoperoxidase method. In short, 2 X 10? cells of a culture at 7 to 15% para-
sitemia with a majority of parasites in the trophozoite stage were gently washed
in phosphate-buffered saline (PBS) and resuspended to 1 ml in PBS with 1 mM
KI. Na'®T (1 mCi; Amersham) and 100 pl of lactoperoxidase (2 mg/ml; Sigma)
were added, and the reaction was initiated by the addition of 25 wl of 0.03%
H,0,. Four subsequent additions of 25 pl of 0.03% H,O, were made at 1-min
intervals. Radioiodinated cells were washed four times with ice-cold PBS con-
taining 5 mM KI and resuspended in 1 ml of RPMI 1640 containing 5% sorbitol.
Labeling of intracellular hemoglobin accounted for less than 2% of total acid-
precipitable incorporated radiolabel. To disrupt rosettes and agglutinates, 100 U
of heparin (Lgvens) per ml was added to the cell suspension and this was passed
five times through a 23-gauge (internal diameter, 0.6 mm) needle with a 1-ml
syringe. The cell suspension was overlaid on top of a four-step (40, 60, 70, and
80%) Percoll gradient in RPMI 1640-5% sorbitol and centrifuged in a JA 20
(Beckman) rotor at 10,000 rpm for 30 min at RT. The cells floating between the
40 and 60% Percoll layers (>95% mature parasite-containing RBC) were recov-
ered and gently washed with PBS. Enriched PRBC were extracted with 1%
Triton X-100 containing a cocktail of protease inhibitors. The polypeptides in the
Triton-insoluble fraction were solubilized in 2% sodium dodecyl sulfate (SDS)
sample buffer and separated by SDS-polyacrylamide gel electrophoresis (PAGE)
(5t08.5% or 7.5 to 17.5% polyacrylamide) (19). The dried gels were scanned and
analyzed with a PhosphorImager and ImageQuant analysis software (Molecular
Dynamics).

Trypsin treatment of the PRBC surface. Intact or radiolabeled PRBC purified
on Percoll gradients were digested with trypsin (Sigma) at the indicated concen-
trations for 10 min at 37°C. The reaction was terminated by the addition of 1 mg
of soybean trypsin inhibitor (Sigma) per ml in RPMI 1640-10% AB™ serum. The
cells were washed with PBS and either resuspended in RPMI 1640-HEPES-10%
AB™ serum for binding assays or extracted with Triton X-100-SDS and analyzed
by SDS-PAGE as described above.

Rosetting, autoagglutination, and cytoadherence. Rosetting of uninfected
RBC and autoagglutination of parasitized erythrocytes were assessed by direct
staining of cultures with acridine orange (Sigma) and examination under an
epifluorescence microscope (Nikon). Rosetting rates were measured as previ-
ously described (9). Spontaneous autoagglutination of PRBC in the P. falciparum
cultures was measured with a scoring system ranging from — to 5+, where —
denotes lack of binding between parasite-bearing cells and 5+ indicates that
>80% of the trophozoite-infected RBC in the culture are engaged in aggluti-
nates, binding directly other infected cells. Adherence of PRBC to unfixed C32
melanoma cells, human umbilical vein endothelial cells (HUVEC), or Chinese
hamster ovary (CHO) cells transfected with CD36 or ICAM-1, was performed as
described previously (21). In some cytoadherence assays with HUVEC and C32
cells, rosettes were first disrupted by adding 100 U of heparin per ml to the
culture and passing it five times through a 23-gauge (internal diameter, 0.6 mm)
needle with a 1-ml syringe. The cell suspension was overlaid on top of a four-step
(40, 60, 70, and 80%) Percoll gradient in RPMI 1640-5% sorbitol and centri-
fuged in a JA 20 rotor at 10,000 rpm for 30 min at RT. The cells floating between
the 40 and 60% Percoll layers (>95% mature parasite-containing RBC) were
recovered, washed twice in RPMI 1640, and used for the assays.

Surface immunofluorescence. The binding of human nonimmune normal
Swedish serum immunoglobulins (Igs) to PRBC was assayed by direct labeling of
the cells with fluorescein isothiocyanate-conjugated sheep anti-human Ig anti-
bodies (SBL, Stockholm, Sweden), as described elsewhere (32).

Assay of serum-induced agglutination of PRBC. Sera from a panel of individ-
uals living in Kisumu, Kenya, who had experienced malaria were used to evaluate
differences in the relative antigenic phenotype of the P. falciparum strains,
derived lines, and clones. A microagglutination assay was performed and scored
by a procedure modified from that of Aguiar et al. (1) by Barragan (3a).

RESULTS AND DISCUSSION

Selection for rosetting coselects for multiple linked binding
phenotypes. P. falciparum FCR3S1 was cloned from FCR3S by
limiting dilution followed by long-term maintenance in contin-
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uous in vitro culture. Previous observations suggested that
panning of FCR3S1 on some preparations of HUVEC may
upregulate the rosetting phenotype (32). When FCR3S1 was
repeatedly selected for increased rosetting adhesion, multiple
binding phenotypes were coselected, including cytoadherence
to HUVEQ, adhesion to C32 melanoma and CD36-transfected
CHO cells, autoagglutination of infected RBC, and binding to
the blood group A sugar a-pD-GalNAc(1-3)B-p-gal(1-3)a-D-fuc
and to serum Igs (IgM) (Fig. 1A; Table 1). Conversely, selec-
tion of FCR3S/a parasites for decreased rosetting resulted in
the concomitant loss of all these adhesive features (Table 1).
These results suggested a linkage of multiple cytoadhesive
phenotypes to rosetting in individual PRBC. To further ex-
amine this possibility, rosetting and nonrosetting parasites
were recloned from FCR3S1 by micromanipulation and their
binding phenotypes were analyzed after a minimal necessary
expansion of 10 to 12 cycles. All of the six rosetting clones
analyzed showed various levels of accompanying binding phe-
notypes. RBC harboring trophozoites of one of these clones
(FCR3S1.2) adhered extensively to endothelial cells (>1,000
PRBC/100 HUVEC) and formed rosettes at high rates with
blood group O RBC (80 to 90%) but used the blood group A
carbohydrate as a preferred rosetting receptor if available.
FCR3S1.2 PRBC bound Igs (96% of the trophozoite-infected
PRBC) and adhered to the CD36 receptor (Table 1). Massive
autoagglutination under regular culture conditions in the ab-
sence of immune serum was another feature of this clone.
Moreover, FCR3S1.2 rosettes and autoagglutinates were com-
monly observed bound to fresh monolayers of endothelial
cells, although infected RBC were the main cells that still
adhered after processing of samples for light microscopy (Fig.
1B). Nonrosetting clones derived from FCR3S1, including
FCR3S1.6 (Fig. 1; Table 1), were either devoid of binding
phenotypes or showed low-level binding to the CD36 receptor
(data not shown). The occurrence of the rosetting phenotype,
however, was not generally predictive of accompanying multi-
ple cytoadhesive capacity, and neither was the knob phenotype
of the parasite. Rosetting parasites with a K™ phenotype such
as clone R29 or strain MCAMP lacked binding phenotypes
other than CD36 adhesion (Table 1), whereas an R"K* clone
recently derived from a P. falciparum clinical isolate adhered to
several cell adhesion receptors and to the blood group B sugar
determinant and bound normal human IgG and IgM (data not
shown). These results represent the first direct evidence that
rosetting, a phenotype correlated with CM (8, 30), can occur
linked to all of the other major adhesive traits of intraeryth-
rocytic P. falciparum. Previous studies have shown that a single
PRBC can bind to more than one cytoadherence receptor or
can simultaneously rosette and cytoadhere (11, 41). Here, by
selection and cloning of rosetting parasites, we demonstrate
that multiadhesive variants of P. falciparum may arise, which
confer maximized binding capacities to the host cell, with re-
gard to both the intensity of binding and the multiplicity of
targets.

Several ligands and receptors are involved in the linkage of
rosetting with multiple adhesive phenotypes. FCR3S1 para-
sites, propagated for more than 300 generations in blood group
O erythrocytes with periodic enrichment for the rosetting phe-
notype, retained their preference for binding to RBC of blood
group A, as assayed in competition experiments, where single-
rosetting PRBC bound uninfected RBC of blood groups A and
O at an approximate ratio of 3:1. This result indicates that
parasites of the FCR3S lineage express a single ligand or ge-
netically linked ligands on the PRBC surface that account for
binding to the A substance, which is a receptor for rosetting on
RBC carrying this blood group antigen (10), and to another
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FIG. 1. Coselection of adhesive phenotypes on RBC infected with P. falciparum. (A) Derivation of lines and clones from the FCR3S strain. FCR3S1 was cloned
by limiting dilution, subjected to long-term culture, and repeatedly enriched for the rosetting phenotype. Clones FCR3S1.2 and FCR3S1.6 were derived by
micromanipulation from rosetting and nonrosetting parasites, respectively. The line FCR3S/a was obtained by enrichment of nonrosetting parasites. The lines FCR3S/b
and FCR3S1/b were generated by five consecutive rounds of panning on C32 melanoma cells. (B) Binding phenotypes of parasites derived from FCR3S. (a to c)
Rosetting of uninfected RBC and autoagglutination of parasitized RBC. PRBC are stained with acridine orange and visualized by UV microscopy. (d to f)
Cytoadherence to unfixed HUVEC. Cells were stained with Giemsa and examined by light microscopy. All magnifications, X400.

receptor(s) on RBC. None of the parasites studied here bound
significantly to either ICAM-1, VCAM-1, ELAM-1, or CSA
(Table 1 and data not shown).

Autoagglutination of mature infected RBC in serum from
donors never exposed to malaria, a phenotype first described
as rosetting unrelated (28), indeed seems to be closely associ-
ated with the rosetting capacity of the parasite. All autoagglu-
tinating laboratory strains and derived lines and clones exam-
ined so far did form rosettes (Table 1 and our unpublished
observations). Spontaneous autoagglutination has also been
observed in highly rosetting parasites freshly recovered from
P. falciparum malaria patients, but not in nonrosetting isolates
(3b, 8). Autoagglutination could be an upregulated form of
rosetting, leading to local high concentrations of parasitized
RBC. The significance of this phenotype in the pathogenesis of
severe malaria remains to be studied.

Thus, the linkage of rosetting, autoagglutination, and cyto-
adhesion in FCR3S entails the binding of a single PRBC to two
or more receptors on RBC and at least two other cell adhesion
receptors, one presumably being CD36 but the second being
distinct from this receptor since the HUVEC used in this study
lacked the expression of CD36.

Rosetting and endothelial-cell binding of FCR3S mediated
by distinct receptors. The following observations prompted us
to consider the possibility of an identical ligand-receptor pair
mediating rosetting and adhesion to HUVEC: (i) the increase
in rosetting rates observed when FCR3S1-infected RBC were
panned on some preparations of HUVEGC; (ii) the binding of
parasites of the FCR3S lineage to an unknown receptor on
HUVEC comodulated with induced changes in rosetting; and
(iii) the unprecedentedly high levels of these two phenotypes
displayed by the newly cloned FCR3S1.2. Our data supported
neither a common parasite ligand domain structure for roset-
ting and HUVEC adhesion (see below) nor identical receptor
usage on RBC and HUVEC. We have recently found that
while heparan sulfate or a heparan sulfate-like receptor on
RBC mediates rosetting due to FCR3S and its offspring (12),
these parasites adhered to HUVEC via a previously unde-
scribed endothelial receptor for malaria parasites, PECAM-1/
CD31 (39). CD31, with a broad distribution on hematopoietic
and endothelial cells, is not expressed on human RBC.

Selection of rosetting parasites for cytoadherence on the
CD36 receptor. To investigate the relationship between CD36
adhesion and the linkage of adhesive phenotypes in rosetting
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TABLE 1. Adhesive capacity of FCR3S lines and clones and other P. falciparum parasites
) Rosetting Autoaggluti- Cytoadherence’ to:
Parasite” O

RR” Ig (%)° Blood group A? nation HUVEC Melanoma cells CHO-CD36 CHO-ICAM-1
FCR3S 15-20 24 * - 50-100 50-100 25-50 —
FCR3S1 40-70 57 + 1+ 300-500 100-200 50-100 —
FCR3S1.2 80-90 96 + S5+ 1,200-1,600 400-500 200-300 —
FCR3S1.6 <10 - - <10 <10 — —
FCR3S/a <5 - - 10-20 <10 — —
FCR3S/b <5 - - <10 500-700 300-400 25-50
FCR3S1/b <5 - - <10 800-1,000 300-400 <5
R29 40-60 4 ND# 1+ <5 400-500 200-300 —
MCAMP 50-70 ND - <5 400-600 300-500 —

“ The FCR3S1 parasite was cloned by limiting dilution from FCR3S. FCR3S1.2 and FCR3S1.6 were cloned by micromanipulation from FCR3S1. FCR3S/a was
derived from FCR3S by enrichment of non-rosetting parasites, and FCR3S/b and FCR3S1/b were generated from FCR3S and FCR3S1, respectively, by panning on
C32 melanoma cells as described in Materials and Methods. R29 was cloned from ITOR, a rosetting parasite selected from the ITO strain. The MCAMP strain was
adapted to growth in Aotus monkeys, subsequently grown in human RBC, and later selected for the rosetting phenotype.

 Rosetting rates (RR) are expressed as the range of percent rosetting.

¢ The binding of serum IgM to the PRBC surface (Ig) is expressed as the mean percentage of total mature parasite-infected RBC binding Ig.

4 The binding of blood group A RBC by PRBC is indicated relative to the binding of blood group O RBC.

¢ The autoagglutination of PRBC was scored 1+ to 5+ as described in Materials and Methods.

/The cytoadherence results are expressed as the range of the number of PRBC bound per 1,000 target cells. —, lack of detectable adhesion. Results are from three

experiments.
& ND, not done.

parasites, we studied whether selection of parasites on cells
expressing this receptor would reciprocally coselect for roset-
ting, as did binding to HUVEC. By panning FCR3S and
FCR3S1 parasites on C32 melanoma cells, the lines FCR3S/b
and FCR3S1/b were generated, both showing greatly increased
adhesion (5- to 10-fold) to C32 and CD36-transfected CHO
cells (Table 1). These two independently selected parasites
were devoid of rosetting, autoagglutinating, or endothelial cell-
binding capacity. By using the microagglutination assay, it was
determined that FCR3S/b and FCR3S1/b were of distinct ag-
glutination serotypes, different from the one common to the
multiadhesive rosetting parasites of the FCR3S lineage and, in
all likelihood, were two different antigenic variants (Table 2).
The results underline the uniqueness of the rosetting-driven
comodulation of adhesive phenotypes, including adherence to
melanoma and CD36-transfected CHO cells. They also point
to CD36 adhesion as a relatively conserved and constitutive
property of the intraerythrocytic parasite, which may or may
not occur in conjunction with other binding specificities and
occur independently from changes in surface variant antigens.
Numerous observations indicate that most parasites isolated in
the field or laboratory adhere to CD36 (15, 24, 28), suggesting
that this may be a characteristic of a majority of P. falciparum
variant antigenic types. It should be noted that the parasites
selected on melanoma cells displayed minor levels of adhesion
to ICAM-1-transfected CHO cells (Table 1). This new binding
specificity, not detected in the parent lines, could presumably
have arisen by antigenic variation and residually coselected on
melanoma cells expressing a restricted number of ICAM-1
receptors (17).

Modulation of binding phenotypes and antigen expression
on the PRBC surface. A radioiodination analysis of intact
PRBC was used to monitor the expression of polypeptides on
the infected RBC surface upon selection or cloning of FCR3S
parasites with different adhesive phenotypes. Antigens with the
characteristics of PFEMP1 were modulated together with the
adhesion phenotype of the cell (Fig. 2). A trypsin-sensitive and
Triton X-100-insoluble polypeptide with an M, of 285,000 was
readily '*°I labeled on RBC infected with mature FCR3S par-
asites but not on ring-infected or uninfected RBC. The expres-
sion of the M, 285,000 PfEMP1 was stable and enhanced on

RBC infected with the cloned FCR3S1 parasites enriched for
rosetting binding or the highly adhesive subclone FCR3S1.2.
In contrast, the M, 285,000 PFEMP1 was not detected either
in FCR3S/a parasites, derived from FCR3S by selection for
decreased rosetting, or in clones devoid of rosetting or other
binding phenotypes, e.g., FCR3S1.6, or in parasite lines
FCR3S/b and FCR3S1/b, which lost most of their binding
phenotypes, including rosetting, but expressed new PFEMP1
antigens (M, 320,000 to 350,000) after selection for adher-
ence on melanoma cells (Fig. 2 and data not shown). In
general, PFEMP1 polypeptides were not readily '*°I labeled
on nonbinding parasites. Additional labeled polypeptides
with low molecular weights (M, 31,000 to 38,000) were de-
tected on RBC carrying adhesive parasites of the FCR3S
lineage but generally not on nonbinding PRBC. Subsequent
analysis indicated that these small polypeptides were not fur-
ther associated with rosetting or linked adhesive phenotypes of
FCR3S parasites (data not shown). Taken together, the results
suggested the following. (i) The M, 285,000 PEEMP1 was likely
to have a functional relationship with rosetting and/or linked
adhesive phenotypes of the FCR3S lineage. (ii) Selected or
cloned nonbinding parasites did not express PPEMP1 or did so
at low copy number. This is in keeping with the microaggluti-
nation data, showing a narrower antigenic display on FCR3S/a

TABLE 2. Agglutination of FCR3S lines and clones with serum
from asymptomatic individuals with repeated
exposures to P. falciparum

Agglutination® for patient:

Parasite
011 039 080 118 209
FCR3S 3+ 3+ 2+ 2+ —
FCR3S1 3+ 1+ 3+ - —
FCR3S1.2 2+ - 2+ - —
FCR3S1.6 — - — — _
FCR3S/a - - 2+ 2+ —
FCR3S/b - - - 2+ —
FCR3S1/b 1+ - — - -

“Scored 1+ to 5+ as described in Materials and Methods.
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FIG. 2. Surface radioiodination analysis of RBC infected with FCR3S lines
and clones. Parasite cultures were radiolabeled with Na'?’I, fractionated on
Percoll gradients, detergent solubilized, and separated by SDS-PAGE in 5.0 to
8.5% acrylamide gradient gels as described in Materials and Methods. Labeled
polypeptides were detected by phosphorimaging. The M, 285,000 PfEMP1 of
FCR3S, FCR3S1, and FCR3S1.2 is indicated by the arrows. The variant PAEEMP1
of FCR3S1/b is marked by the asterisk. RBC «/B spectrin (bands between the
200-kDa molecular mass marker and PfEMP1) and two or three polypeptides
with Ms of 120,000 to 150,000 were faintly labelled in some experiments. Mo-
lecular sizes are indicated in kilodaltons.

and FCR3S1.6 PRBC (Table 2). (iii) The appearance of phe-
notypic variants, e.g., exclusive CD36 binders, and new forms
of PfEMP1, occurred simultaneously.

Considerable evidence demonstrates that PFEEMP1 is a vari-
ant antigen that mediates the adhesion of PRBC to host re-
ceptors (4, 35). The expression of variant-specific PIEMP1
proteins or its gene, var, correlates with the capacity of the
PRBC to bind to various cell adhesion receptors, including
CD36 and ICAM-1 (7, 21, 34). Fragments of PFEMP1 can bind
in vitro to soluble CD36, TSP, or ICAM-1 (5). PEEMP1 has
been identified as the parasite ligand in a rosetting clone (31).
In our laboratory, a var gene, FCR3S1.2 var 1, has been cloned
which codes for a PFEMP1 polypeptide with an estimated mo-
lecular mass of 260 kDa. This PEEMP1 is exported and ex-
pressed on the outer membrane of PRBC infected with mature
stages of the multiadhesive clone FCR3S1.2, and it mediates
rosetting through binding to heparan sulfate or a heparan
sulfate-like receptor (12).

The data presented here, showing a comodulation of adhe-
sive phenotypes linked to rosetting and the expression of
PfEMP1 variants on the PRBC surface in the FCR3S lineage,
raised the following question: is the M, 285,000 PFEMP1 the
parasite ligand responsible for all the binding specificities of
the multiadhesive FCR3S parasites?

Trypsin sensitivity of PFEEMP1 and binding phenotypes. To
investigate the role of PFEMP1 in rosetting-linked multibind-
ing, we compared the effect of proteolytic treatment on the M,
285,000 polypeptide and on each one of the adhesive pheno-
types of FCR3S1 parasites (Fig. 3). When intact '*I-labeled
PRBC were digested with serial dilutions of trypsin, the M,
285,000 PfEMP1 band was no longer evident at 1 wg of the
protease per ml (Fig. 3A). The sensitivity of the M, 285,000
band correlated with a loss in the capacity of the digested
PRBC to form rosettes, to spontaneously autoagglutinate, to
bind Igs, and, to a large extent, to adhere to the CD36 receptor
(Fig. 3B). Cytoadherence to HUVEC was, in contrast, a rela-
tively less trypsin-sensitive phenotype of FCR3S1 than were
the other binding features of this parasite. Similar results were

PAN-ADHESION IN P. FALCIPARUM 2973

obtained in experiments where chymotrypsin was used for di-
gestion of PRBC (data not shown).

The results provide evidence that the variant antigen,
PfEMP1, mediates the various adhesive features linked to ro-
setting in the FCR3S lineage and are consistent with a multi-
valent molecule carrying binding sites of distinct specificity, as
well as variant antigenic epitopes. Binding to the rosetting re-
ceptors on O and A RBCs and the related autoagglutinating
phenotype displayed the highest sensitivity to trypsinization, in
line with previous data, mapping the rosetting ligand to the
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FIG. 3. Trypsin sensitivity of PFEMP1 and binding phenotypes. (A) '*I-
labeled PRBC containing FCR3S1 parasites at the trophozoite stage were en-
zyme digested for 10 min at 37°C, and the Triton X-100-insoluble fraction was
analyzed by SDS-PAGE in 5.0 to 8.5% acrylamide gradient gels. The radioac-
tivity associated with trypsin-sensitive polypeptides comodulating with adhesion
was normalized to values in trypsin-resistant bands and assessed by phosphorim-
aging. (B) Treated cells were washed in PBS, resuspended in culture medium
supplemented with 10% AB™ serum, and either mixed with uninfected RBC of
blood group O at a final hematocrit of 5% (except in experiments performed with
group A RBC), and allowed to re-form rosettes and autoagglutinates for 45 min
or incubated for 3 h on ice to bind serum Igs or assayed for cytoadherence on
monolayers of CHO-CD36 transfectants or HUVEC as described in Materials
and Methods. Assessment of autoagglutinate re-formation was carried out with
clone FCR3S1.2. Results represent the mean * standard deviation for three
experiments.
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distal first Duffy binding-like domain (DBL-1) (12, 31), with
the highest concentration of potential trypsin cleavage sites in
the FCR3S1.2 PfEMP1 (data not shown) and, presumably, the
most exposed part of the molecule. Interestingly, binding of
serum Igs to the PRBC surface was at least as sensitive to
trypsin as rosetting was. The adhesion by trophozoite-infected
erythrocytes of Igs in sera from individuals never exposed to
malaria is a trait expressed by most but not all rosetting par-
asites as well as by some nonrosetting strains and isolates (33).
By electron microscopy, it has been shown that bound Ig lo-
calizes to electron-dense complexes on the surface of K* or
K™ PRBC in the same way as PFEMP1 does (4, 32). Deposition
of Igs on PRBC of some rosetting strains and, in particular,
IgM binding by PRBC of rosetting FCR3S lines and clones has
a positive effect on the rosette formation capacity of the par-
asite (32). Considering the data together, we propose the ex-
istence of an Ig binding domain(s) in the PFEMP1 molecule.
This putative semiconserved region would typically be located
in the relative vicinity of the rosetting ligand domain and would
be subjected to primary structure variability. However, al-
though band 3 was not altered by trypsinization (not shown), a
role in Ig binding for a parasite-modified, perhaps senescent
form of band 3, or another undefined molecule, remains a pos-
sibility.

Cytoadherence to the CD36 receptor is presumably the most
highly conserved adhesive phenotype of intraerythrocytic
P. falciparum. This could make an appealing case for a con-
served ligand (13), rather than a variant molecule. Our data, in
agreement with the work by others (5, 16), suggest that a
binding site(s) in PFEMP1 mediates most, if not all, of the
binding to this receptor. Adhesion to the CD31 receptor on
HUVEC was, on the other hand, distinctly affected by limited
trypsinization of PRBC. At present we cannot conclude wheth-
er a CD31 binding ligand, located proximally between the ro-
setting domain and the PRBC membrane, exists in PFEEMP1 or
whether another molecule, e.g., the M, 35,000 rosettin, ac-
counts for cytoadherence to HUVEC in FCR3S and its prog-
eny. The first alternative presupposes that the incorporation of
label during radioiodination occurs N-terminal relative to the
putative CD31 ligand domain and that a trypsin cleavage site of
reduced sensitivity exists C-terminal to the proposed ligand.
We favor this interpretation for two reasons. First, a majority
of the tyrosine residues present in the FCR3S1.2 var/PfEMP1
are clustered in the N-terminal portion of the molecule (12).
Second, analysis of the deduced amino acid sequence of this
gene predicts a second DBL domain mapping to the suggested
location for the CD31 ligand.

Our data show that through cloning of FCR3S, followed by
selection for the rosetting phenotype and subcloning of roset-
ting PRBC, a singular parasite has been isolated, displaying
multiple binding phenotypes at unusually high rates, including
rosetting. We argue that this rosetting-linked P. falciparum
pan-adhesion is an exceptional event rather than a general
phenomenon, originated by the appearance of a member of the
var/PfEMP1 family carrying a particular set of ligand specific-
ities. Whether additional parasite factors can enhance adhe-
sion, by a direct involvement or through modifications of the
RBC surface environment, is unknown.

In clinical studies, the virulence of P. falciparum correlates
with a propensity of parasitized cells to bind uninfected eryth-
rocytes. It has been a matter of conjecture whether rosetting
represents a surrogate marker for another adhesive interaction
or itself contributes to the pathologic changes by exacerbating
microvascular obstruction. Although the data presented here
does not support either alternative, it demonstrates the occur-
rence of a cluster of adhesive phenotypes in rosetting parasites
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that express a unique PFEMP1 variant carrying an array of bind-
ing sites for host molecules. A parasite endowing its host cell
with concurrent sticky features such as binding to the post-
capillary endothelium and tight aggregation with infected
and uninfected RBCs is likely to increase the chances of being
retained and accumulated in the cerebral microvasculature.
The results encourage the further study of pan-adhesion as a
potentially important parasite phenotype in the pathogenesis
of the severe form of malaria associated with the ability of
P. falciparum to form rosettes.
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