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Abstract

 

We have compared the adhesion of 

 

Plasmodium falci-

parum

 

–infected erythrocytes to human dermal microvascu-

lar endothelial cells (HDMEC) and human umbilical vein

endothelial cells (HUVEC) and have assessed the relative

roles of the receptors CD36 and intercellular adhesion mol-

ecule-1 (ICAM-1). HUVEC (a cell line that expresses high

levels of ICAM-1 but no CD36) mediate low levels of adhe-

sion, whereas HDMEC (which constitutively express CD36)

mediate high levels of adhesion even before ICAM-1 induc-

tion. ICAM-1 expression leads to yet greater levels of adhe-

sion, which are inhibited both by anti–ICAM-1 and CD36

mAbs, despite no increase in the expression of CD36. The

results indicate the presence of a substantial population of

infected cells that require the presence of both receptors to

establish adhesion. Synergy between these receptors could

be demonstrated using a number of parasite lines, but it

could not be predicted from the binding of these same para-

site lines to purified ICAM-1 and CD36. This phenomenon

could not be reproduced using either purified receptors pre-

sented on plastic, or formalin-fixed HDMEC, suggesting

that receptor mobility is important. This is the first study to

demonstrate receptor synergy in malaria cytoadherence to

human endothelial cells, a phenomenon necessary for para-

site survival and associated with disease severity. (

 

J. Clin.

Invest.

 

 1997. 100:2521–2529.) Key words: malaria 
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Introduction

 

The adhesion of erythrocytes infected with the human malarial
parasite, 

 

Plasmodium falciparum

 

, to postcapillary venular en-
dothelium is believed to be a major virulence factor (1, 2). Ad-
herence is due to specific interactions between high molecular

weight parasite-derived adhesins, located at the erythrocyte
membrane, termed 

 

P

 

fEMP-1 and encoded by the 

 

var

 

 gene
family (3–5), with endothelial molecules that are subverted as
receptors. Several host molecules have been shown to be used
in this way, including thrombospondin (6), CD36 (7–9), inter-
cellular adhesion molecule-1 (ICAM-1)

 

1

 

 (10), vascular cell ad-
hesion molecule-1 (VCAM-1) (11), E-selectin (11), and chon-
droitin-4-sulfate (12).

Evidence from postmortem studies links the organ specific
sequestration of 

 

P. falciparum

 

 to some forms of clinical disease
(1, 2). Given that the microvasculature is heterogeneous be-
tween different vascular beds (13), and expression of several, if
not all, the known receptors is modulated by local environ-
mental factors such as inflammatory cytokines (14–16), it is
likely that disease status depends on both the parasite binding
phenotype and the expression of receptors in the critical vascu-
lar beds. Recently, we have demonstrated that infected eryth-
rocytes (IEs) colocalize with endothelial ICAM-1 expression
(and to a lesser extent with CD36 and E-selectin) in the cere-
bral microvasculature of fatal cases of cerebral malaria (17).
Furthermore, in a study of IE sequestration in the placenta, it
has been shown recently that erythrocytes taken directly from
the placenta have a specific tropism for the adhesion recep-
tor chondroitin-4-sulfate, whereas those from the peripheral
blood have additional specificities (18). This may in part ex-
plain the failure of several other studies to demonstrate a rela-
tionship between endothelial receptor use and disease severity
by examining clinical isolates cultured from peripheral blood
(19–22).

Individual IEs can bind to more than one receptor (11).
The importance of multiple receptor interactions has been
demonstrated previously in other vascular intercellular adhe-
sive events. For example, three distinct types of molecular in-
teractions are involved in neutrophil–endothelial adhesion
(23). Initial selectin–carbohydrate interactions mediate effi-
cient capture of neutrophils from flow, allowing rolling along
the blood vessel. Neutrophil activation by chemokines leads to
high avidity interactions between the ICAM family of recep-
tors and 

 

b

 

2 integrins which can immobilize cells already
slowed down by prior rolling but are unable to capture neutro-
phils directly from flow. An interesting parallel exists between

 

P. falciparum

 

 and leukocyte adhesion in that ICAM-1 and
CD36, respectively, mediate rolling and static adhesion of IEs
(24). For these reasons, we were particularly interested in ex-
amining the effect of multiple endothelial receptor recognition
on IE adherence.

 

Address correspondence to Dr. A. Berendt, Adhesion and Infection
Laboratory, Nuffield Department of Medicine, Level 7, John Radcliffe
Hospital, Headington, Oxford OX3 9DU, United Kingdom. Phone:
44-1865-220279; FAX: 44-1865-220984; E-mail: tony.berendt@ndm.
ox.ac.uk Christopher J. McCormick’s current address is Department
of Biology, University of Leeds, Leeds LS2 9JT, United Kingdom.

 

Received for publication 24 April 1997 and accepted in revised

form 18 September 1997.

 

1. 

 

Abbreviations used in this paper:

 

 HDMEC, human dermal mi-
crovascular endothelial cells; HUVEC, human umbilical vein endo-
thelial cells; ICAM-1, intercellular adhesion molecule-1; IE, infected
erythrocyte; VCAM-1, vascular cell adhesion molecule-1.
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Previous models used to study IE adhesion in vitro include
purified protein immobilized on plastic (6, 7, 8, 11), cDNA-
transfected COS and CHO cells (9, 10), amelanotic melanoma
cells (7, 8, 25, 26), and human umbilical endothelial cells (HU-
VEC) (10, 27). None of these systems meets the requirement
for all the appropriate receptors to be expressed in a physio-
logically relevant and coordinately regulated fashion. Human
dermal microvascular endothelial cells (HDMEC) express
both CD36 (28) and ICAM-1 (29), the latter being modulated
by cytokines such as TNF. A study of the adhesion of two par-
asite lines to HDMEC demonstrated that both ICAM-1 and
CD36 were capable of mediating significant adhesion but did
not draw conclusions about their relative importance in se-
questration (30). Therefore, we isolated and characterized
HDMEC, and performed adhesion assays to HDMEC and
HUVEC with five different well-defined laboratory-adapted
parasite lines. Using mAbs to block different receptor interac-
tions, we examined the relative roles of ICAM-1 and CD36
and found that when coexpressed on intact endothelial cells,
these two receptors operate synergistically to mediate high lev-
els of cytoadherence.

 

Methods

 

Materials.

 

All chemicals were from Sigma Chemical Co. (Dorset,
UK), unless otherwise indicated; culture media (PBS, HBSS, M199,
RPMI 1640) and supplements (penicillin/streptomycin, gentamicin,
FBS, Hepes) were from Gibco Laboratories (Middlesex, UK); and
Falcon tissue culture plasticware were from Becton Dickinson (Ox-
fordshire, UK).

 

mAbs.

 

Anti–ICAM-1 mAbs used were 15.2 (IgG1) (a gift from
Dr. N. Hogg) and RR1.1 (IgG1) (a gift from Dr. R. Rothlein, Boeh-
ringer Ingelheim, Ridgefield, UK). Dr. J. MacGregor provided the
anti-CD36 mAbs 10/5 and 13/10 (both IgG2a) while 8A6, an anti-
CD36 IgG1 mAb, was a gift from Dr. J. Barnwell. Dr. D. Haskard
provided the anti–E-selectin mAb, 1.2B6 (IgG1), and the anti–
VCAM-1 mAb, 1.4C3 (IgG1). Control mAbs were 28.14.8S, an
IgG2a that recognizes mouse MHC I (a gift from Dr. A. Townsend,
IMM, Oxford, UK), 44, an IgG1 that recognizes CD11b (a gift from
Dr. N. Hogg), and anti–

 

Plasmodium chabaudi

 

 p195 antigen mAbs
No. 1 (IgG2a) and No. 3 (IgG1).

 

Proteins.

 

ICAM-1-Fc was a dimerized chimeric molecule consist-
ing of the five extracellular domains of ICAM-1 linked at the carboxy
terminus to the hinge region and the third and fourth domain of the
human IgG2a heavy chain. Purified CD36 was obtained from human
platelets using a previously described method (31).

 

Endothelial isolation and culture.

 

HUVEC were obtained using
an adaptation to a previously published method (32). Umbilical cords
were collected in M199 medium containing 50 U/ml penicillin, 50 mg/
ml streptomycin and stored at 4

 

8

 

C for up to 24 h before use. Each end
of the cord was cannulated with a Portex luerlock adaptor (Southern
Syringe Ltd., London, UK) and the adaptor was secured by tying fish-
ing line around the cord at the locations of these adaptors. The vein
was perfused with PBS to remove residual blood contents and the en-
tire vessel lumen was filled with M199 supplemented with 50 U/ml
penicillin, 50 mg/ml streptomycin, and 0.5 mg/ml collagenase type IA.
After a 20-min incubation at 37

 

8

 

C, a combination of squeezing and
rubbing the length of the cord between finger and thumb was used to
dislodge loosened endothelial cells. The resulting endothelial cell sus-
pension was collected, pelleted by centrifugation, resuspended in
growth medium (M199 medium supplemented with 50 U/ml penicil-
lin, 50 mg/ml streptomycin, 90 

 

m

 

g/ml heparin, 5 ng/ml recombinant
basic fibroblast growth factor, and 20% FBS), and allowed to attach
to a

 

 

 

gelatin-coated 25-cm

 

2 

 

tissue culture flask. Cells were fed every 2 d
and grown for up to three passages.

 

HDMEC were obtained from human foreskin tissue using an ad-
aptation to previously published methods (33–35). Human foreskin
tissue was obtained with local ethical committee approval from elec-
tive circumcisions performed at the John Radcliffe Hospital and
stored in M199 medium containing 400 U/ml penicillin, 200 mg/ml
streptomycin at 4

 

8

 

C for up to 24 h before use. Foreskins were washed
in HBSS, dissected into 2–3-mm

 

2

 

 sections and incubated at 4

 

8

 

C over-
night in M199 medium containing 400 U/ml penicillin, 200 mg/ml
streptomycin, and 1 mg/ml collagenase type 1A. Tissue segments
were washed three times in HBSS and the microvessels were released
by compression of the tissue segments using a sterile spatula. To re-
move large debris, vessel preparations were passed through a 100-

 

m

 

m
nylon mesh (Lockertex, Warrington, UK). The effluents were col-
lected, pelleted by centrifugation at 200 

 

g

 

 for 10 min, and the resulting
cell pellets were resuspended in growth medium (M199 medium sup-
plemented with 50 U/ml penicillin, 50 mg/ml streptomycin, 90 

 

m

 

g/ml
heparin, 10 ng/ml recombinant epidermal growth factor, 3.3

 

 3 

 

10

 

2

 

4

 

 M
3-isobutyl-1-methylxanthine, and 30% pooled human serum; Re-
gional Blood Transfusion Services, Oxford, UK) and allowed to at-
tach to a

 

 

 

gelatin-coated 25-cm

 

2

 

 flask. Cells were fed every 2 d and
passaged up to six times before freezing in 90% FBS, 10% dimethyl-
sulfoxide. On thawing, the cells were shown to maintain a differenti-
ated state for more than three passages and to express constitutive
endothelial markers CD31, von Willebrand factor, ICAM-2, and 

 

Ulex

europa

 

 lectin-specific carbohydrates. The cells also expressed activa-
tion-dependent endothelial characteristic markers VCAM-1 and E-selec-
tin after exposure to TNF (Genzyme Diagnostics, Kent, UK).

 

Parasite culture.

 

A4, C18, and C28 are parasite clones originating
from the Brazilian IT4/25/5 line (36). The ITG-ICAM parasite line is
also derived from IT4/25/5 but was generated by repeated selection
for binding to ICAM-1 (21) and was a gift from Dr. C. Ockenhouse.
FCR3A2 is a parasite clone originating from the African FCR-3 line
and was provided by Dr. K. Marsh. Parasites were cultured in human
group O erythrocytes using RPMI 1640 medium supplemented with
2 mM 

 

l

 

-glutamine, 37.5 mM Hepes, 10 mM glucose, 25 

 

m

 

g/ml gen-
tamicin, and 10% human serum, with the pH adjusted to 7.2 using
NaOH, and under a gas mixture of 96% nitrogen, 3% carbon dioxide,
and 1% oxygen (37). Parasites were synchronized twice a week by ei-
ther sorbitol lysis or gelatin floatation and used for experiments dur-
ing the later half of their intraerythrocytic life cycle.

 

Adhesion assays.

 

Adhesion to endothelium was studied using a
modified version of a previously described method (10). Endothelium
grown to confluence on 13-mm Thermanox coverslips was washed
and incubated in binding medium (RPMI 1640 medium without
HCO

 

3

 

2

 

, 10 mM glucose, 25 mM Hepes, 1% BSA, 0.05% NaN

 

3

 

).
Where specific receptor blocking was required, the binding medium
was also supplemented with saturating concentrations (2 

 

m

 

g/ml) of
anti–ICAM-1 and/or anti-CD36 adhesion blocking mAbs. After 30
min the coverslips were transferred to new 24-well plates containing
fresh binding medium via a series of two dip washes and a 250-

 

m

 

l vol-
ume of a 2% hematocrit, 3–10% parasitemia suspension was intro-
duced into each well. IE were incubated with the endothelial mono-
layers for a 60-min incubation at 37

 

8

 

C, during which time the red cells
were resuspended every 10 min. Unbound erythrocytes were re-
moved by a 1-h gravity wash and the remaining bound cells were
fixed for a minimum of 1 h in protein-free binding medium supple-
mented with 2% glutaraldehyde. Cells were stained with 5% Giemsa
for 20 min, dried, mounted on slides using DPX mountant (BDH
Laboratory Supplies, Leicester, UK), and the levels of binding were
assessed microscopically.

IE adherence to purified proteins was examined using a modified
version of an established method. Receptor solutions were placed as
2-

 

m

 

l spots on to the surface of Falcon 60

 

 3 

 

15 mm bacteriological
plastic petri dishes (Falcon 1007; Becton Dickinson). Dishes were
placed in a moist box for 1 h at 37

 

8

 

C to allow the receptors to adsorb
to the plastic surface. The receptor solutions were aspirated off and
the remaining sites on the plastic were blocked with Tris-buffered sa-
line supplemented with 1% BSA for 2 h at 37

 

8

 

C (or overnight at 4

 

8

 

C).
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The procedure was similar on occasions where receptor densities
were to be determined, except that 4-

 

m

 

l drops of receptor solution
were adsorbed to the petri dishes and duplicate spots were also ad-
sorbed to bacteriological plastic 96-well plates. Afterwards, the
blocking solution was removed by aspiration and the dishes were
washed twice with binding medium before introducing 1.25 ml of a
parasite suspension at 2% hematocrit and 3% parasitemia to each
dish. Binding was allowed to occur over 1 h at 37

 

8

 

C with resuspension
of red cells every 10 min. Unbound erythrocytes were removed by
three to five washes with 1.5 ml of binding medium and a final wash
with 1.5 ml of protein-free binding medium. The dishes were then
fixed with 1% glutaraldehyde in protein-free binding medium,
stained with 5% Giemsa for 20 min, and the levels of adhesion were
assessed microscopically.

 

Detection of endothelial antigens by ELISA.

 

A 96-well format was
used to detect surface expression of antigens. The primary mAbs
were diluted in wash buffer (PBS 

 

1

 

 2% [vol/vol] heat-inactivated
FBS, supplemented with 0.05% [wt/vol] NaN

 

3

 

), 50 

 

m

 

l of which was
added to each well and the plates left on ice. After 30 min, the anti-
body solution was removed by washing and 50 

 

m

 

l of wash buffer, con-
taining a 1:1,000 dilution of an alkaline phosphatase–conjugated goat
anti–mouse immunoglobulin, was added to each well. The plates
were left on ice for 60 min before unbound antibody was removed by
a further series of washes. A 200-

 

m

 

l solution of Sigma FAST buffer
(1 mg/ml 

 

p

 

-nitrophenyl phosphate, 0.2 M Tris buffer, pH

 

 . 

 

8.0 in
ddH

 

2

 

O) was added to each well and the plates were left in the dark at
room temperature for up to 1 h. Color development was terminated
by the addition of a further 50 

 

m

 

l of 3 M NaOH to each well and the
absorbance at 405 nm was determined using a microtiter plate reader.

 

Radioimmunoassay.

 

Antibodies (15.2, 10/5, 28.14.8S, 44) were
radiolabeled with 

 

125

 

I using Iodogen (1,3,4,6-tetrachloro-3,6-diphe-
nylglycoluril) (Pearce Chemicals, Chester, UK) according to a previ-
ously published technique (38) and unincorporated label was re-
moved using a Sephadex G25 column. Specific activity was calculated
from having determined the activity and amount of mAb present in a
given volume using trichloroacetic acid precipitation and SDS-
PAGE, respectively. Saturated binding of epitopes was shown to oc-
cur at 2 

 

m

 

g/ml for both radiolabeled anti-CD36 and anti–ICAM-1
mAbs. Site densities were determined on endothelium grown to con-
fluency on 13-mm Thermanox coverslips and on purified receptors
adsorbed to the bottom of Falcon bacteriological plastic 96-well
plates as described. Receptor-bearing surfaces were incubated at 4

 

8

 

C
in binding medium supplemented with 2 

 

m

 

g/ml of iodinated antibody.
After 30 min, unbound mAb was removed by repeated washes in ice-
cold binding medium. Bound antibody was then solubilized using 1%
SDS in PBS and the activity of the solution was determined. Site den-
sity was calculated assuming a 1:1 ratio of mAb to antigen after sub-
tracting nonspecific isotype control background.

 

Results

 

Characterization of HDMEC isolates and cytokine responses.

 

HDMEC cell lines formed monolayers, showed contact inhibi-
tion, and displayed a distinctive cobblestone morphology that
was noticeably altered on cytokine activation. By indirect im-
munofluorescence, 

 

.

 

 90% of the HDMEC expressed the
constitutive endothelial markers CD31 and the carbohydrates
recognized by 

 

Ulex europa

 

 lectin, as well as possessing intra-
cellular Wiebel-Pallade bodies containing von Willebrand fac-
tor (data not shown). Approximately 90% of the cells constitu-
tively expressed CD36. Levels of ICAM-1, E-selectin, and
VCAM-1 expression were negligible on unactivated HDMEC,
but were increased after activation with TNF or IL-1

 

b

 

, as de-
termined both by FACS

 

®

 

 and cell-based ELISA (Fig. 1).

 

Microvascular endothelial cells mediate higher levels of ad-

hesion than umbilical vein endothelium.

 

We compared the ad-

hesion to HDMEC and HUVEC of a parasite clone, A4, able
to bind to both ICAM-1 and CD36 (Fig. 2). Endothelial cells
were either used unactivated or after activation with 100 U/ml
TNF for 24 h. Endothelial cells from the two sources showed
marked differences in their ability to support IE binding. Ad-
hesion was considerably greater to HDMEC, irrespective of
activation status. On resting endothelium, A4 adhesion to
HDMEC approached levels nearly 10-fold higher than that
seen to HUVEC. TNF activation caused an increase in IE
binding to both endothelial cell lines which was much more
pronounced on HDMEC.

Figure 1. ELISA results showing the relative levels of surface expres-
sion of CD36 (open circles), ICAM-1 (closed triangles), VCAM-1 
(closed circles), and E-selectin (open triangles) on HDMEC over a 25-h 
time course, after activation with 100 U/ml TNF. Irrelevant anti–
P. chabaudi p195 mAbs of isotype IgG1 (closed squares) and IgG2a 
(open squares) were included as controls. Values represent the 
mean6SD of one of three experiments.

Figure 2. Adhesion of A4 to HDMEC and HUVEC. Binding was as-
sessed over a range of parasitemias to unactivated (open circles) and 
TNF-activated (closed circles) HDMEC, and compared with unacti-
vated (open triangles) and TNF-activated (closed triangles) HUVEC. 
The graph shows the mean6SD of a single experiment, the levels of 
adhesion being representative of those seen on numerous occasions 
when examining A4 adhesion to either HDMEC or HUVEC.
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Levels of adhesion correlate primarily with CD36 expres-

sion and only secondarily with ICAM-1 site density.

 

To estab-
lish whether differences in adhesion reflected differences in
levels of receptor expression, the site densities of ICAM-1 and
CD36 were determined for both endothelial cell lines (Table
I). On unactivated cells, CD36 was present on HDMEC at a
site density of 9

 

 3 

 

10

 

7

 

 mm

 

2

 

2

 

, but was only detectable on one of
the two HUVEC isolates examined quantitatively, where it
was at a site density 20-fold lower than seen on HDMEC. (On
numerous other isolates of HUVEC examined by FACS

 

®

 

 or
cell-based ELISA, CD36 expression was below the limits of
detection.) In contrast, the levels of ICAM-1 expression were
10-fold higher on HUVEC (6

 

 3 

 

10

 

7

 

 mm

 

2

 

2

 

) than on HDMEC
(6

 

 3 

 

10

 

6

 

 mm

 

2

 

2

 

) and so did not correlate with the relative levels
of IE binding.

On TNF-activated endothelium, the raised levels of adhe-
sion did not appear to be explicable by changes in CD36 ex-
pression since the site density of this receptor remained unal-
tered on HDMEC and undetectable on HUVEC. The increase
in adhesion did coincide with an increase in ICAM-1 expres-
sion. However, while the levels of ICAM-1 expression on acti-
vated endothelial cells were fivefold higher on HUVEC (9.6

 

 3

 

10

 

8

 

 mm

 

2

 

2

 

) than on HDMEC (1.6

 

 3 

 

10

 

8

 

 mm

 

2

 

2

 

), the increase in
IE adherence was greater for HDMEC.

 

A4 adhesion to HDMEC depends on both CD36 and

ICAM-1.

 

To establish the relative importance of CD36 and
ICAM-1, adhesion blocking mAbs to CD36 (mAb 8A6)
and ICAM-1 (mAb 15.2) were used to analyze the role of
these two receptors in attachment of A4 to HDMEC (Fig. 3).

On resting HDMEC the binding of A4

 

 

 

was markedly inhib-
ited by mAb 8A6, demonstrating that adhesion is almost en-
tirely CD36-dependent. Blocking with mAb 15.2 had no effect
on IE adherence, indicating that there is insufficient ICAM-1
to play a role in adhesion to resting HDMEC, consistent with
the ELISA and site density data.

On TNF-activated HDMEC, ICAM-1 made a significant
contribution to the adherence of A4. The substantial binding
increment induced by TNF activation was inhibited in the
presence of mAb 15.2 (91% inhibition of increment), indicat-
ing that ICAM-1 is entirely responsible for the enhanced adhe-
sion seen. As the residual level of adhesion in the presence of
mAb 15.2 was reduced to a negligible amount if the blocking
anti-CD36 mAb 8A6 was also included, it appears that ICAM-1
and CD36 account for virtually all A4 adhesion to activated

HDMEC. These two results also mean that when ICAM-1 is
unavailable thorough lack of expression or mAb inhibition,
CD36 accounts for the same level of adhesion on activated and
unactivated HDMEC. Therefore, it was surprising that the ad-
hesion of A4 to activated HDMEC, which is clearly ICAM-1–
dependent, was also dramatically reduced in the presence of
the CD36 mAb alone. The reduction was more than would be
expected if the levels of adhesion supported by CD36 on acti-
vated and unactivated HDMEC were the same. This implied
the presence of a population of IEs only able to bind when
both CD36 and ICAM-1 were available. The alternative expla-
nation that mAbs cause a nonspecific reduction in adhesion
can be ruled out because control mAbs to nonblocking
epitopes of ICAM-1 and CD36 had no effect on the adhesion
of A4 to either resting or activated HDMEC (data not shown).

Because the presence of a blocking antibody only reduces
IE adhesion by selectively preventing engagement of a single
receptor type, the level of binding of A4 to HDMEC sup-
ported by ICAM-1 and CD36 individually, and that supported
by the two receptors together, can be determined. The contri-
bution made by ICAM-1 and CD36 when presented together
is the difference between the levels of adhesion to unblocked
HDMEC and that seen when both receptors are blocked with
antibodies. To estimate the number of IEs able to adhere by
one receptor alone, binding is compared between HDMEC
when one receptor is blocked and when both are blocked. By
taking this approach, the level of adhesion supported by both
receptors presented together was 4,765 IEs mm

 

2

 

2

 

 and the lev-
els supported by ICAM-1 or CD36 alone were 524 and 1,951
IEs mm

 

2

 

2

 

, respectively. Thus, it appears that ICAM-1 and
CD36 are operating synergistically in enabling A4 adhesion
to HDMEC, with 

 

z

 

 50% of the cells adhering to activated
HDMEC by using both receptors.

 

Receptor synergy varies between strains and is not predicted

by adhesion to purified proteins.

 

To examine whether syner-
gistic adhesion to both receptors was a unique, rare, or ubiqui-

 

Table I. Determination of ICAM-1 and CD36 Site Densities on 
HDMEC and HUVEC Using [

 

125

 

I]-labeled Antibodies

 

Receptor site densities (

 

3

 

 10

 

6

 

 mm

 

2

 

2

 

)*

Endothelial cell lines CD36 ICAM-1

 

Resting HDMEC 86

 

6

 

14 6

 

6

 

3

24-h TNF-activated HDMEC 93

 

6

 

13 159

 

6

 

32

Resting HUVEC Not detected

 

‡

 

61

 

6

 

19

24-h TNF-activated HUVEC Not detected

 

‡

 

964

 

6

 

56

*Unless indicated otherwise, values represent the mean

 

6

 

SE of three

separate determinations. ‡On one of two occasions when the site density

of CD36 on HUVEC was examined, a low but just detectable level of

this receptor was found (4.2 3 106 mm22).

Figure 3. Assessment of the contributions that ICAM-1 and CD36 
make to A4 adhesion to HDMEC. Endothelium was either unacti-
vated (gray boxes) or TNF-activated (black boxes). mAbs 15.2 (anti–
ICAM-1) and 8A6 (anti-CD36) were used to block receptor engage-
ment. Values in parentheses represent individual and dual receptor 
contributions. Results show the mean6SE of five separate experi-
ments.
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tous phenomenon, four other parasite lines were chosen.
These lines had been characterized already in terms of high,
low, or absent adhesion to purified recombinant ICAM-1-Fc,
but less data were available on their adhesion to CD36 and no
direct comparisons had been made between all four. Thus, the
ability of these lines to adhere to ICAM-1-Fc and CD36 were
compared with the A4 parasite clone.

Of the five parasite lines, four showed variable levels of bind-
ing to ICAM-1-Fc, while one line, FCR3A2, completely lacked
the ability to adhere to this receptor (Table II). ITG-ICAM
showed the highest levels of adherence, binding to ICAM-1-Fc
at least eightfold more than did A4. The levels of ICAM-1-Fc
binding by the parasite lines C28 and C18 were similar, being
approximately fivefold lower than seen with A4.

IE adhesion to purified CD36 also varied between the five
parasite lines (Table II). However, this variation was much less
than that seen with adhesion to ICAM-1-Fc, there being at
most a two- to threefold difference. Having established the rel-
ative binding abilities of the four parasite lines to both ICAM-1
and CD36, their adhesion to HDMEC was examined, again
using mAbs to assess individual receptor contributions (Fig.
4, a–d).

All parasite lines showed considerably reduced attachment
to unactivated HDMEC in the presence of the anti-CD36
mAb 8A6, while the anti–ICAM-1 mAb 15.2 had no effect on
binding. Thus CD36 would appear to be the primary receptor
for the attachment of the four lines to resting HDMEC. How-
ever, higher background binding of IEs in the presence of

Table II. Adhesion of Parasite Lines to Purified ICAM-1-Fc and CD36

Receptor Coating conc.

IEs bound (mm22)*

A4 C18 C28 ITG-ICAM FCR3A2

ICAM-1-Fc 10 mg/ml NB NB NB 6056275 NB

40 mg/ml 1038697 220635 165644 80856578 NB

CD36 15 ng/ml 11836330 8256275 31356605 13896385 2338638

30 ng/ml 39746921 29436413 71786880 54866481 54736385

*Values represent the mean6SD for one of two experiments. NB, No binding.

Figure 4. Assessment of receptor contribu-
tions for adhesion of various parasite
lines to HDMEC. Adhesion of C18 (a), 
ITG-ICAM (b), C28 (c), and FCR3A2 (d) 
was examined to unactivated (gray boxes) 
and TNF-activated (black boxes) HDMEC. 
mAbs 15.2 (anti–ICAM-1) and 8A6 (anti-
CD36) were used to block receptor engage-
ment. The nonblocking anti–ICAM-1 
mAb, RR1.1, was used as a negative con-
trol. Results show the mean6SE of three 
separate experiments for each parasite line.
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blocking antibodies to both ICAM-1 and CD36 was noticeable
with lines FCR3A2, C28, and C18.

On activated HDMEC, the binding of all four lines was ele-
vated above resting levels. As with A4, the enhanced adhesion
of ITG-ICAM and C18 was completely inhibited by 15.2, indi-
cating that increased expression of ICAM-1 was responsible
(Fig. 4, a and b). Using the same criteria discussed previously,
the contributions that ICAM-1 and CD36 make to ITG-ICAM
and C18 adhesion to HDMEC can be determined, both for the
receptors when presented individually and when presented to-
gether. For ITG-ICAM, the calculated sum of the level of
binding provided by both receptors as individual entities is
2,142 IEs mm22, whereas the observed level of adhesion is
4,199 IEs mm22. For C18 these levels are 2,494 (expected) and
4,549 (observed) IEs mm22, respectively. Thus ICAM-1 and
CD36 interact synergistically in allowing ITG-ICAM and C18
adhesion to HDMEC.

In contrast to ITG-ICAM and C18, the increase in binding

of both C28 and FCR3A2 to activated HDMEC was unaf-
fected by the presence of mAb 15.2 (Fig. 4, c and d), indicating
that ICAM-1 is not required for the increase in binding of
these parasite lines to HDMEC. This is despite the fact that
the adhesion of C28 and C18 to ICAM-1-Fc is equivalent. As
with the other parasite lines, blocking CD36 on TNF-activated
HDMEC with mAb 8A6 substantially reduced the binding of
C28 and FCR3A2. In these instances the levels of binding were
similar to those seen on unactivated HDMEC in the presence
of the 8A6 mAb.

Presentation of ICAM-1 and CD36 on plastic is insufficient

for receptor synergy. We attempted to reproduce synergy be-
tween ICAM-1 and CD36 using purified receptors immobi-
lized on plastic. ICAM-1 and CD36 were coadsorbed on to an
inert plastic surface at site densities similar to those found on
TNF-activated HDMEC. Individual receptor contributions
were determined using two alternative strategies. The first was
as before, to use mAbs to prevent receptor engagement (Table

Table III. Parasite Adhesion to ICAM-1-Fc and CD36 when Presented Together on a Plastic Surface and Using mAbs to Assess 
Receptor Contributions

IEs bound (mm22)*

CD36 site density‡ ICAM-1 site density‡ Not blocked Anti–ICAM-1 Anti-CD36 Anti–ICAM-1 1 anti-CD36

5.960.2 23.663.6 42946403 2882697 21166161 95611

8.260.5 28.163.4 47126356 32676260 22706150 110615

*Values represent the mean6SE of three separate experiments. ‡Site densities were determined in parallel with adhesion assays and values represent

the mean (3 107 mm22)6SE.

Figure 5. Dual presentation of ICAM-1 
and CD36 on plastic only allows for addi-
tive receptor contributions to IE adhesion. 
IE adhesion to a known site density of 
ICAM-1-Fc and CD36 was compared with 
the levels of binding supported by the same 
site densities of receptors when presented 
individually (c), which in turn were esti-
mated from calibration curves of parasite 
binding versus CD36 (a) and ICAM-1-Fc 
(b) site density. Results are from one of 
two experiments and show the mean6SD 
of four and nine separate determinations 
for site density and IE adhesion, respec-
tively.
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III) and the second was to examine IE adhesion to known site
densities of individual receptors (Fig. 5). In contrast to our ob-
servations on intact endothelium, synergy between ICAM-1
and CD36 was not observed when receptors were immobilized
on plastic surfaces. Instead the two receptors appeared to make
an approximately additive contribution to parasite binding.

Endothelial receptor immobilization abolishes synergy on

HDMEC. The different results in these two systems implied
important differences in the two model systems. These may in-
clude receptor conformation, accessibility, mobility, or post-
translational modification. To examine the importance of mo-
bility we used two techniques to immobilize receptors within
the HDMEC membrane: prior fixation of HDMEC with for-
malin, and determination of IE binding at 48C. Neither proce-
dure destroyed IE binding to purified ICAM-1 or CD36 when
presented on plastic, nor did they destroy recognition of recep-
tor epitopes on HDMEC when examined using adhesion
blocking mAbs (data not shown). However, both means of im-
mobilizing receptors did alter IE adhesion to HDMEC (Table
IV). At 378C, formalin fixation caused a decrease in cytoad-
herence, reducing the level of adhesion supported by either
ICAM-1 or CD36 alone. In contrast, immobilizing membrane
receptors by carrying out IE adherence at 48C resulted in an
increase in the level of adhesion supported by either ICAM-1
or CD36 alone. Both techniques dramatically reduced the ex-
tent to which ICAM-1 and CD36 synergized on TNF-activated
HDMEC.

Discussion

We have studied the relative roles of two endothelial recep-
tors, CD36 and ICAM-1, in the adherence of P. falciparum IEs
to human microvascular endothelium under varying activation
conditions. We have demonstrated that when coexpressed on
endothelial cells, the two receptors act synergistically in medi-
ating the adhesion of a number of different parasite clones, in
a manner which appears to require membrane mobility.

Multiple receptor interactions are important for many ad-
hesion-dependent processes, conferring specificity, delivering
signals, and increasing the strength of adhesion. In the case of
leukocyte adhesion, selectin-mediated rolling is followed by
cellular activation through chemokines and possibly directly
by selectin engagement. Leukocyte activation leads to confor-
mational changes in integrins and the induction of high-affinity

and high-avidity binding to immunoglobulin superfamily ligands.
Binding may also be enhanced by soluble molecules able to act
as bridges between interacting cells. This appears to be the
case for the interaction of leukocytes with ICAM-1–expressing
endothelium, where fibrinogen binds to a site in the first do-
main of ICAM-1 and interacts with the leukocyte to enhance
b2-integrin–dependent binding (39, 40). Another example is
the requirement for phagocytic cells to possess both the vit-
ronectin receptor, avb3, and CD36 to confer competence for
the ingestion of apoptotic neutrophils in a process which re-
quires a third (soluble) molecule, thrombospondin (41).

We speculated that multiple receptor interactions would
play a role in the endothelial adherence of IEs, based on two
observations. First, most clinical isolates are known to bind to
more than one receptor and several lines of evidence indicate
that this is also a property of individual cells rather than
merely reflecting the presence of subpopulations within the
culture or isolate. Second, the deduced primary amino acid se-
quence of the P. falciparum var gene family indicates that the
PfEMP1 proteins contain multiple domains homologous to the
adhesive domains of the Duffy antigen–binding protein from
Plasmodium vivax and the erythrocyte-binding antigen of P.

falciparum, EBA-175. Thus the Duffy binding domain-like do-
mains within a PfEMP1 molecule are strong candidates as ad-
hesive modules with other specificities, and the presence of
multiple domains suggests there is selective advantage for a
single molecule to be capable of binding more than one host
receptor. Therefore, we have addressed the question of how
CD36 and ICAM-1 interact in mediating the adhesion of IEs
to endothelial cells.

We began by isolating and characterizing HDMEC. The
presence of constitutive and inducible markers identifies these
cells as endothelial (von Willebrand factor and CD31 expres-
sion, VCAM-1 and E-selectin induction by TNF). In previous
studies, adhesion of two parasite lines to HDMEC under flow
conditions was examined and a role for both ICAM-1 and
CD36 was demonstrated. No effect of TNF activation was
noted, but the presence of high levels of ICAM-1 on the cells
before activation indicates differences either in the population
of dermal endothelial cells isolated or in culture conditions.

Our data demonstrate that CD36 and ICAM-1 can syner-
gize in mediating the adherence to human microvascular en-
dothelium of IEs from multiple clones of parasite. They indi-
cate that populations of infected cells exist which are only

Table IV. Effect of Fixation and Temperature on the Receptor Dependency of A4 Adhesion to TNF-activated HDMEC

Temperature Fixation‡

IEs bound (mm22)*

Not blocked Anti–ICAM-1 Anti-CD36 Anti–ICAM-1 1 anti-CD36
Sum of individual

receptor contributions§

Level of binding supported by
presentation of both receptorsi

37°C 2 34376339 16106342 627627 163666 1911 3274

1 12866334 9886370 294661 124633 1034 1162

4°C 2 54686589 40086459 12816282 324675 4641 5144

1 27196281 22706218 4176190 147631 2393 2572

*Values represent the mean6SE of three separate experiments. ‡HDMEC cells were fixed for 30 min using a solution of PBS containing 1% formal-

dehyde. §Individual receptor contributions were calculated by subtracting the level of binding seen in the presence of both anti–ICAM-1 and anti-

CD36 mAbs from that seen in the presence of only one of the two mAbs. iCalculated by subtracting the level of binding seen in the presence of both

anti–ICAM-1 and anti-CD36 mAbs from that seen when no mAbs are present.
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competent to adhere when both adhesion receptors are
present. Although a formal possibility is that our observations
can be explained by the presence of independent clonal popu-
lations with nonoverlapping adhesive capabilities, the inhibi-
tion of the activation-dependent, ICAM-1–dependent adhe-
sion by anti-CD36 mAb would still indicate some form of
“help” between such hypothetical populations. However, we
have also seen synergy using a highly antigenically homoge-
nous parasite line selected from the A4 clone by direct pan-
ning on a surface coated with a variant-specific mAb, BC6 (4).
Indeed, levels of synergy with this parasite line are greater
than those observed with the less antigenically homogeneous
line A4 (data not shown). Thus, we conclude that synergy is a
property of parasites expressing particular var genes and the
degree of synergy seen is a function of the proportion of those
clones in the whole parasite population. This finding is in
keeping with our previous observations of the relationship be-
tween antigenic and phenotypic variation and the importance
of subpopulations in determining the overall population phe-
notype (35, 42). Our data are important for two reasons. First,
although we clearly show a major role for CD36 as a receptor,
we also demonstrate that in the presence of CD36, the induc-
tion of ICAM-1 expression exerts a major influence on bind-
ing. This has implications for the adherence of IEs in vivo,
since we have shown that both fatal and nonfatal malaria are
accompanied by endothelial activation and increased ICAM-1
expression. Synergy could strongly influence the pattern of se-
questration throughout the host, depending on the relative lev-
els of CD36 and ICAM-1 in different vascular beds. Second,
our data demonstrate important drawbacks to the study of ad-
hesion to individual receptors in environments outside the cell
membrane. The overall level of adhesion to endothelial cells
may be much greater than that predicted by studying individ-
ual receptors; indeed for one clone no significant adhesion was
detected to purified ICAM-1, yet synergy was demonstrated
on intact HDMEC. This is of particular importance when try-
ing to correlate the adhesion of infected cells to individual re-
ceptors with clinical syndromes, and the results of such studies,
including our own (43), must now be interpreted with caution.
This consideration has relevance beyond malaria, wherever at-
tempts are made to correlate adhesion to a single receptor with
behavior in a complex cell-based system.

The mechanism of receptor synergy remains to be eluci-
dated. Our data suggest that the phenomenon depends on re-
ceptor mobility within the endothelial cell membrane. Synergy
was almost completely abolished by formalin fixation or when
binding was carried out at 4oC. These interventions restrict the
mobility of receptors within membranes but do not affect mAb
epitopes nor IE binding to purified immobilized receptors.
Furthermore, synergy could not be reproduced using unfixed
purified immobilized receptors at 37oC at site densities equiva-
lent to those found on HDMEC. These data are compatible
with our earlier observations that adhesion of individual IEs
that were micromanipulated into contact with endothelial cells
showed a strength of association that increased with time, sug-
gesting an “adhesion-strengthening” event. We speculate that
this event primarily involves the recruitment of additional re-
ceptors to the area of cell–cell contact by lateral diffusion
within the endothelial cell membrane. This process would be
too slow to operate under flow conditions, which explains the
very efficient behavior of ICAM-1 as a rolling receptor, but
the relative ease with which cells adhering via ICAM-1 alone

can be removed from experimental assays by over vigorous
washing.

In conclusion, our observations in this and previous studies
provide two ways by which ICAM-1, or other as yet unidenti-
fied accessory receptors, can greatly increase the efficiency of
CD36-mediated adhesion; first by generating rolling adhesion
under flow conditions and second by acting in synergy once
the IE has come to rest. Further elucidation of these interac-
tions will require real-time flow-based observations of adhe-
sion to microvascular endothelium under carefully controlled
activation conditions using parasite clones and isolates with
well-defined adhesive capabilities.
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