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Cytoadherence of Plasmodium falciparum-infected erythrocytes (PRBC) to endothelial cells causes severe
clinical disease, presumably as a of result perfusion failure and tissue hypoxia. Cytoadherence to endothelial
cells is increased by endothelial cell activation, which is believed to occur in a paracrine fashion by mediators
such as tumor necrosis factor alpha (TNF-�) released from macrophages that initially recognize PRBC. Here
we provide evidence that PRBC directly stimulate human endothelial cells in the absence of macrophages,
leading to increased expression of adhesion-promoting molecules, such as intercellular adhesion molecule 1.
Endothelial cell stimulation by PRBC required direct physical contact for a short time (30 to 60 min) and was
correlated with parasitemia. Gene expression profiling of endothelial cells stimulated by PRBC revealed
increased expression levels of chemokine and adhesion molecule genes. PRBC-stimulated endothelial cells
especially showed increased expression of molecules involved in parasite adhesion but failed to express
molecules promoting leukocyte adhesion, such as E-selectin and vascular cell adhesion molecule 1, even after
challenge with TNF-�. Collectively, our data suggest that stimulation of endothelial cells by PRBC may have
two effects: prevention of parasite clearance through increased cytoadherence and attenuation of leukocyte
binding to endothelial cells, thereby preventing deleterious immune reactivity.

Endothelial cells play a key role during the course of infec-
tion with the human malarial pathogen Plasmodium falcipa-
rum. Erythrocytes (RBC) infected with P. falciparum (PRBC)
bind via P. falciparum erythrocyte membrane protein 1 to a
number of host endothelial cell receptors, such as intercellular
adhesion molecule 1 (ICAM-1), vascular cell adhesion mole-
cule 1 (VCAM-1), platelet endothelial cell adhesion molecule
1 (PECAM-1), P-selectin, E-selectin, CD36, thrombospondin,
and chondroitin sulfate A (2, 3, 18, 19, 26). Cytoadherence of
PRBC to endothelial cells is considered an escape mechanism
for P. falciparum to evade clearance of PRBC by phagocytosing
macrophages in secondary lymphoid tissues like the spleen (5).
At the same time, binding of PRBC to microvessels in different
organs is responsible for microvessel obstruction and subse-
quent perfusion deficits and may lead to development of organ
failure. Binding of PRBC to microvessels bears similarities to
the interaction between circulating leukocytes and resident
endothelial cells and in part depends on the same key mole-
cules expressed by endothelial cells (10).

Importantly, cytoadherence of PRBC or leukocytes to en-
dothelial cells is believed to increase following activation of
endothelial cells by paracrine proinflammatory mediators, and
tumor necrosis factor alpha (TNF-�) is the most prominent

factor (20). Monocytes/macrophages, as well as dendritic cells,
have been shown to release TNF-� after contact with PRBC
(31) and thus to contribute through paracrine endothelial cell
activation to both immune-mediated pathology and parasite
immune escape. However, a recent report demonstrated that
P. falciparum parasites impair the immunostimulatory function
of monocytes/macrophages, as well as dendritic cells, thus pre-
venting the release of proinflammatory mediators and full ac-
tivation of the immune response (38). This raises the question
of how endothelial cell activation and increased PRBC or
leukocyte binding are mediated in the absence of paracrine
proinflammatory mediators, as suggested in preliminary exper-
iments by Udeinya et al. (35, 37). Here we provide evidence
that P. falciparum-infected erythrocytes directly stimulate pri-
mary human endothelial cells. Endothelial cell stimulation re-
quired physical contact with PRBC and was correlated with
parasite numbers. Contact with PRBC induced increased ex-
pression of adhesion molecules, such as ICAM-1 and CD44,
and chemokines, such as CCL20 and CCL2. Gene expression
profiling of PRBC-stimulated endothelial cells revealed a com-
plex pattern of up-regulated gene expression that is compatible
with a proadhesive endothelial phenotype. We concluded that
endothelial cells, besides serving as a bystander cell popula-
tion, are directly involved in pathogenesis during P. falciparum
infection.

MATERIALS AND METHODS

Culture of P. falciparum and human cells. P. falciparum clones were cultured
in A� human erythrocytes and serum as described previously (32). The following
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P. falciparum clones were used in this study: FCR3 (29), 3D7 (39), ITO4-A4 (27),
and ItG-ICAM (18). Human umbilical vein endothelial cells (HUVEC) were
purchased from PromoCell (Heidelberg, Germany) and cultured as recom-
mended by the manufacturer. Cells and P. falciparum clones were free of Myco-
plasma contamination (Minerva Biolabs, Berlin, Germany).

Endothelial cell activation assays. Human primary endothelial cells (passages
5 to 7) were grown in 6- or 12-well plates for at least 2 to 4 days before cells were
subjected to experiments. Infected erythrocytes were purified by gelatin flotation
(12). In brief, 1 volume of RBC was resuspended in 9 volumes of 0.5% gelatin
type A from porcine skin (Sigma) in RPMI 1640 and incubated in a water bath
at 37°C for 1 h. Activation assays were performed with 5 � 106 gelatin-enriched
PRBC/ml in endothelial cell growth medium (without hydrocortisone and am-
photericin). FCR3 parasites were used in all experiments, unless specified oth-
erwise. As a negative control, noninfected erythrocytes were grown for at least 1
day in RPMI 1640–10% human serum–20 �g/ml gentamicin and treated with
gelatin. TNF-� (10 ng/ml) was used as a positive control for activation of endo-
thelial cells. Endothelial cells and infected erythrocytes were cocultured for 30
min to 22 h, and analysis was performed after 6 to 22 h. Supernatants were
collected, centrifuged, and stored at �20°C until analysis by an enzyme-linked
immunosorbent assay (ELISA). For flow cytometry, cells were detached by
gentle trypsin-EDTA treatment, washed with phosphate-buffered saline (PBS)
containing 2% fetal calf serum and 0.1% NaN3 (fluorescence-activated cell
sorting [FACS] buffer), and stained with the antibodies described below. For
microarray analysis cells were washed with Hanks balanced salt solution, frozen
in liquid nitrogen, and stored at �80°C.

Flow cytometry. Flow cytometry of human cells was carried out as previously
described (1). Pretreated HUVEC were screened for expression of endothelial
cell markers and P. falciparum adhesion receptors by FACS analysis using the
following antibodies: anti-ICAM-1, anti-VCAM-1, anti-E-selectin, and anti-
CD31/PECAM-1 (all from BD Biosciences, Heidelberg, Germany); anti-CD44
(Biodesign International, England); and anti-CD36 (Immunotech, France). Cells
were detached from the surface of 6- or 12-well plates by gentle trypsin-EDTA
treatment, washed, and stained for 30 min on ice in 100 �l of the recommended
dilution of primary antibody in FACS buffer. Cells were washed once in FACS
buffer and then incubated with streptavidin-phycoerythrin (diluted 1:300; BD
Biosciences) for 20 min at 4°C. Cells were washed as described above and fixed
in PBS containing 2% formaldehyde. FACS analysis of 104 cells was carried out
with a FACS Calibur using the CellQuest Pro software (BD Biosciences).

ELISA for determination of cytokine concentrations. A sandwich ELISA for
interleukin-6 (IL-6) in cell culture supernatants was performed according to the
standard procedure. Briefly, flat-bottom microtiter plates (Nunc, Wiesbaden,
Germany) were coated with antibody specific for IL-6 (clone MQ2-13A5; BD
Biosciences) at a concentration of 2 �g/ml at 4°C. After 4 h of incubation,
blocking was done with 1% bovine serum albumin–PBS. Three washing steps
with PBS–Tween 0.5% were carried out between incubation steps. Cell culture
supernatants were assayed in 100-�l (total volume) mixtures and incubated
overnight at 4°C. The second specific anti-IL-6 antibody (clone MQ2-29C3,
biotinylated; BD Biosciences) was used at a concentration of 2 �g/ml. Detection
of bound biotinylated antibody was performed with avidin-horseradish peroxi-
dase (1:1,000; Pierce). Recombinant IL-6 (R&D Systems) was used as a standard
to obtain quantitative results. After addition of TMB peroxidase substrate, the
optical density at 405 nm was determined with an ELISA reader from Thermo
Life Sciences (Egelsbach, Germany). Quantikine ELISA kits for human CCL2
(monocyte chemoattractant protein 1), CCL20 (macrophage inflammatory pro-
tein 3�), pro-MMP-1, and CXCL8 (IL-8) were obtained from R&D Systems and
used according to the manufacturer’s suggestions.

RNA isolation and microarray analysis. Cells were resuspended in 2 ml
TRIZOL reagent (LifeTechnologies, United States), and RNA was prepared
according to the manufacturer’s instructions. To remove genomic DNA contam-
ination, the remaining RNA was dissolved in diethyl pyrocarbonate-treated ster-
ile water and treated with RNase-free DNase I (Promega, United States) to-
gether with the manufacturer-supplied buffer (Promega, United States) for 30
min at 37°C. RNA was extracted sequentially with phenol-chloroform-isoamyl
alcohol (25:24:1) and chloroform before RNA was precipitated with ethanol.
RNA was collected by centrifugation (4°C, 30 min, 16,000 � g), air dried, and
resuspended in diethyl pyrocarbonate-treated sterile water. The RNA content
was determined spectrophotometrically, and RNA integrity was evaluated by
agarose gel electrophoresis. All RNA samples were isolated using the TRIZOL
reagent according to manufacturer’s instructions. In addition, the purified RNA
was treated with RNase-free DNase I to digest any potentially contaminating
DNA. Furthermore, the purity and integrity of the isolated RNA samples were
routinely analyzed by means of an Agilent RNA pano or pico chip. Although we

occasionally had to discard a sample due to a lack of RNA integrity, we never
found any sample that contained genomic DNA.

To screen for the influence of erythrocytes infected with P. falciparum on the
mRNA expression pattern of HUVEC, a microarray analysis was performed
using a custom-designed oligonucleotide-based “migration array chip.” This chip
contained duplicates of 611 genes encoding members of the families containing
chemokines and their receptors, adhesion proteins, lysophospholipid receptors,
matrix metalloproteinases, TNF and TNF receptors, and endothelial growth
factors, as well as housekeeping genes. Dual-channel hybridization was carried
out after amplification and labeling of 5 �g of DNase-free RNA of HUVEC
cocultivated with RBC infected with P. falciparum or HUVEC cocultivated with
noninfected erythrocytes with either UTP-cyanine 3 or UTP-cyanine 5 (1.25 mM;
Amersham Pharmacia Biotech) using the cDNA synthesis system (Roche, Ger-
many) together with a MEGAscript T7 kit (Ambion Inc., United States). One
hundred nanograms of each cDNA, synthesized according the manufacturer’s
instructions, was used during the labeling reaction with the MEGAscript T7 kit
system, following the manufacturer’s instructions but halving the volumes. Dur-
ing preparation of the labeled probes, cDNA and labeled RNA were purified
using a High Pure tissue kit (Roche, Germany) according the manufacturer’s
protocol. Ten micrograms of Cy5- and Cy3-labeled cRNAs obtained from mock-
treated HUVEC or HUVEC cocultured with RBC infected with P. falciparum
was mixed and hybridized to microarrays in hybridization solution (MWG Bio-
tech) at 42°C overnight and then washed sequentially in 2� SSC–0.1% sodium
dodecyl sulfate, 1� SSC, and 0.5� SSC (1� SSC is 0.15 M NaCl plus 0.015 M
sodium citrate). Hybridized arrays were scanned at maximal resolution for both
channels using an Affymetrix 428 scanner at variable PMT voltage settings to
obtain maximal signal intensities without probe saturation. Using the ImaGene
software (version 5.0; MWG-Biotech), the signal intensities for each spot and the
corresponding background were estimated. The local background corrected the
raw scanning data for each gene. After calculation of the mean of the two
replicated values for each gene on the chip at all PMT voltage settings (four to
seven) and logarithmic transformation, linear regression analyses were per-
formed to calculate the corrected signal intensity for each gene at the arbitrary
PMT voltage setting of 55. To normalize, first nonvariable genes were identified
by F-test statistic and equivalence analysis. Based on the mean intensities of
these nonvariable genes, each signal on the array was normalized, and subse-
quently, genes significantly differentially expressed in untreated HUVEC and
HUVEC cocultured with RBC infected with P. falciparum were determined by
using the “Significance Analysis of Microarray” (SAM) software (34). Further-
more, hierarchical clustering of genes identified by SAM as statistically signifi-
cantly differently expressed was performed using the Tiger software (version 2.2)
with the average linkage clustering method (distance metric, Euclidean) (6, 28).

RESULTS

P. falciparum-infected erythrocytes induce ICAM-1 and IL-6
gene expression in human endothelial cells. Human erythro-
cytes infected with parasites of the well-characterized P. falci-
parum clonal line FCR3 were incubated with HUVEC. Figure
1A demonstrates that erythrocytes infected with FCR3 para-
sites (PRBC) induced increased endothelial surface expression
levels of ICAM-1 but not of VCAM-1 or E-selectin, whereas
TNF-� stimulation of HUVEC led to increased expression of
all these molecules. In cultures of endothelial cells incubated
with PRBC no TNF-� was detected (data not shown), elimi-
nating the possibility of contamination of cell preparations
with macrophages. Erythrocytes alone did not alter the endo-
thelial expression levels of any of these molecules, and consti-
tutive PECAM-1 expression was not modified by soluble
TNF-� or PRBC (Fig. 1A). TNF-�-mediated endothelial cell
activation led to high and homogeneous expression levels of
ICAM-1, whereas the ICAM-1 surface expression induced by
PRBC was lower and more variable (Fig. 1A). As a further
marker for endothelial cell activation, we detected large con-
centrations of IL-6 in cell culture supernatants of HUVEC
incubated with PRBC (Fig. 1B). Interestingly, HUVEC re-
leased large amounts of IL-6 in response to PRBC (Fig. 1B).
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Similarly, P. falciparum clonal line 3D7 mediated comparable
levels of endothelial cell activation (Fig. 1B). Human lung
endothelial cells showed a similar reaction pattern with PRBC
(Fig. 1C and D), demonstrating that PRBC-induced activation
was not restricted to HUVEC.

P. falciparum-mediated activation of endothelial cells re-
quires direct and short physical contact. In order to charac-
terize whether soluble factors released from PRBC or direct
physical contact was required for endothelial cell activation, we

performed transwell experiments. HUVEC were cultured in
the bottom chamber, and PRBC were loaded into the top
chamber. Figure 2A clearly demonstrates that direct physical
contact with PRBC is required for increased endothelial ex-
pression of ICAM-1 and IL-6. There was no activation of
endothelial cells by PRBC at all if parasites were incubated in
the top chamber lacking contact with HUVEC (Fig. 2A).
However, soluble TNF-� induced endothelial cell activation
perfectly well (Fig. 2A). This further demonstrates that no
proinflammatory mediators were contaminating the PRBC
preparations. Trypsin treatment of PRBC prevented activation
of HUVEC (data not shown), demonstrating that parasite pro-
teins localized at the surface of infected erythrocytes were
involved in stimulation of the endothelial cells.

Endothelial cell activation through PRBC is a rapid phe-
nomenon. Six hours after the initial contact with PRBC, sig-
nificant concentrations of IL-6 were found in the supernatant
of endothelial cells, and the concentrations continued to in-
crease at 12 and 24 h after activation (Fig. 2B). The increase in
endothelial ICAM-1 surface levels occurred with slower kinet-
ics after contact with PRBC (Fig. 2C). Incubation with TNF-�,
however, led to a fast increase in ICAM-1 surface levels in
endothelial cells, which reached a maximum after 6 h (Fig. 2C).
However, the ICAM-1 surface levels induced by PRBC re-
mained elevated for prolonged periods, whereas TNF-�-in-
duced ICAM-1 expression quickly subsided after the stimulus
was removed (Fig. 2D). Prolonged expression of ICAM-1 on
PRBC-stimulated HUVEC may support cytoadhesion of sub-
sequent parasite generations. The endothelial cell reaction to
PRBC not only was fast but also required only short physical
contact. HUVEC were incubated with PRBC for 30, 60, and
120 min, the parasites were then removed by extensive wash-
ing, and IL-6 release was measured after 21 h (total time) of
incubation. Figure 2E reveals that even 30 min of incubation
with PRBC was sufficient to trigger endothelial cell activation.

To determine the sensitivity of endothelial cell activation, we
diluted PRBC with uninfected RBC and incubated HUVEC
with 7.2 � 106 RBC/ml. There was a direct correlation between
the percentage of PRBC in the total RBC suspension and
increased endothelial expression levels of ICAM-1 and IL-6. A
clear increase in ICAM-1 and IL-6 expression was observed
with parasitemia greater than 10% (Fig. 2F and G).

Gene expression profiling of HUVEC cultured together with
PRBC revealed a complex pattern of activation. To character-
ize the changes in PRBC-stimulated endothelial cells in more
detail, we performed gene expression profiling. Total RNA
from HUVEC that were either mock treated or incubated with
PRBC was analyzed twice in cross-checking microarray analy-
ses. By applying the SAM software after normalization with a
default � value of 2.17371, 45 genes were determined as genes
that were significantly differentially expressed in PRBC-treated
HUVEC compared to mock-treated controls (Fig. 3A).
Among the most strongly expressed genes were genes for che-
mokines (CXCL8, CCL20, CXCL1, and CCL2) and for CD44
(Fig. 3A).

We confirmed the results of gene expression profiling at the
protein level. PRBC induced increased endothelial release of
CCL20, CXCL8, and CCL2 from cell culture supernatant, as
determined by ELISA (Fig. 3B). As a negative control we
included pro-MMP-1, which did not show increased gene ex-

FIG. 1. P. falciparum-infected erythrocytes induce endothelial cell
activation. (A) Cell surface expression levels of ICAM-1, VCAM-1,
E-selectin, and PECAM-1 were determined by indirect immunostain-
ing on HUVEC after incubation for 20 h with medium alone (red line),
RBC alone (dark blue line), TNF-� (10 ng/ml) (green line), or PRBC
infected with P. falciparum clone FCR3 (light blue line). (B) HUVEC
were cultured in the presence of medium, RBC, TNF-�, or PRBC. Cell
culture supernatants were collected after 20 h, and the IL-6 concen-
tration was measured by the ELISA. IL-6 secretion by HUVEC
treated with TNF-� (P � 0.001, compared with the medium control; n
� 8) and with P. falciparum-infected erythrocytes (P � 0.001, com-
pared with the RBC control; n � 8) was significantly increased. (C and
D) Surface expression of ICAM-1 on human lung endothelial cells
(C) and cell culture supernatant concentration of IL-6 (D). Human
lung endothelial cells were treated as described above for panel A.
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pression levels. Similarly, increased CD44 surface expression
was found on HUVEC following contact with PRBC (Fig. 3C);
CD36 served as a negative control. Taken together, these re-
sults demonstrate that PRBC induced extensive activation of
endothelial cells that resulted in a proadhesive phenotype.
Interestingly, we found that PRBC-mediated activation led to
up-regulation of antiapoptotic genes (such as bclx), which may
explain why endothelial cells survived the contact with PRBC
in vitro even though this contact has been reported to lead to
endothelial cell apoptosis (22).

PRBC-stimulated HUVEC show a unique phenotype upon
restimulation. Given the reported influence of PRBC on the
immune function of macrophages and dendritic cells, we won-
dered whether activation of HUVEC by incubation with PRBC
subsequently altered endothelial cell function. To study this,
we exposed endothelial cells previously stimulated with PRBC
to a strong proinflammatory stimulus, such as TNF-�. (Pre)
treatment of endothelial cells for 20 h with PRBC led to in-
creased expression levels of ICAM-1 but not VCAM-1, as
shown in Fig. 1. Exposure of mock-treated endothelial cells to
TNF-� led to strong up-regulation of expression levels for
ICAM-1 and VCAM-1 within 6 h (Fig. 4). However, endothe-
lial cells previously exposed to PRBC failed to show TNF-�-
triggered increased expression levels for VCAM-1, whereas
the TNF-�-induced expression levels of ICAM-1 were similar
for RBC- and PRBC-treated endothelial cells (Fig. 4). These
results support the notion that PRBC stimulation leads to
functional alteration in endothelial cells characterized by the
failure to express molecules relevant for leukocyte recruitment
upon contact with TNF-�.

DISCUSSION

Cytoadherence of P. falciparum-infected erythrocytes to en-
dothelial cells is one of the key events in malaria pathophysi-
ology leading to sequestration and microvessel obstruction. So
far, endothelial cells have been regarded as bystander cells,
which require activation by soluble mediators in order to serve
as an adhesive platform for PRBC. In earlier experiments a
direct interaction between PRBC and endothelial cells was
observed (36, 37), and it was suggested that this interaction
increased adhesiveness of endothelial cells (35). In the present

FIG. 2. Characteristics of PRBC-mediated activation of HUVEC.
(A) HUVEC were cocultured with RBC or PRBC either in direct
physical contact or separated by a transwell system (pore size, 0.4 �m).
Cell surface expression levels of ICAM-1 on HUVEC were detected by
flow cytometry following incubation with medium (red line), RBC
alone (dark blue line), TNF-� (10 ng/ml) (green line), PRBC in the
transwell (light blue line), or PRBC in direct physical contact (purple

line). The IL-6 concentration was determined in cell culture superna-
tants by the ELISA. (B) Expression of IL-6 by HUVEC was deter-
mined after 6, 12, and 22 h of continuous incubation with medium,
TNF-�, RBC, or PRBC. (C) HUVEC were incubated as described in
the legend to Fig. 1A for 6, 12, and 22 h and were then analyzed for
ICAM-1 surface expression levels. (D) HUVEC were incubated for
22 h as indicated in the legend to Fig. 1A. Cells were either analyzed
for ICAM-1 surface expression levels or incubated in the absence of
stimulators for another 18 h, after which ICAM-1 surface expression
levels were determined. (E) HUVEC were incubated for different
times (30 min, 60 min, and 120 min) with medium, TNF-�, RBC, or
PRBC, and the IL-6 concentrations in cell culture supernatants were
determined after a total incubation time of 21 h. (F and G) To study
the correlation between parasite number and endothelial cell activa-
tion, HUVEC were cultured with 7 � 106 RBC/ml containing PRBC at
the percentages indicated, and the concentrations of IL-6 in cell cul-
ture supernatants (F) or the cell surface expression levels of ICAM-1
(G) were determined as described above.
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study, we demonstrated that P. falciparum-infected RBC di-
rectly activate endothelial cells of various organs not requiring
paracrine stimulation by proinflammatory mediators released
from PRBC-stimulated immune cells, and we characterized
the phenotype of PRBC-stimulated endothelial cells.

The encounter between PRBC and cells of the immune
system, such as monocytes, macrophages, and dendritic cells,
leads to activation and release of the prototypical proinflam-
matory mediator TNF-�, which exerts potent local and wide-
spread stimulatory effects on cells in the vicinity and on vas-
cular endothelial cells, respectively (9, 33). Binding of PRBC to
previously activated endothelial cells with a proadhesive phe-
notype is believed to represent an immune escape mechanism
that prevents parasite elimination in the spleen through se-
questration of parasites in the peripheral circulation. At the
same time, parasite sequestration represents a central patho-
physiological event that is responsible for deficits in blood
perfusion leading to tissue hypoxia and organ failure. Along
this line, excessive release of TNF-� has been linked to severe
malaria and a poor clinical outcome (17). Presumably, coevo-
lution of the host and parasite has occurred over time to ensure
parasite survival in the presence of a sufficient host immune

FIG. 3. Gene expression analysis of HUVEC after contact with PRBC. (A) RNA was isolated from RBC or PRBC-treated HUVEC and used
for hybridization as described in Materials and Methods. The corresponding FDR value was 0.19417. Hierarchical clustering of genes identified
by SAM as being statistically significantly differently expressed was performed using the Tiger software (version 2.2) with the average linkage
clustering method (distance metric, Euclidean). (B) Results of gene expression profiling were validated at the protein level. Cell culture
supernatants from HUVEC treated as described in the text were assayed for CCL20, CCL2, CXCL8, and pro-MMP-1 by specific ELISA. (C) Cell
surface expression levels of CD44 and CD36 on HUVEC were determined by immunofluorescent staining and flow cytometric analysis.

FIG. 4. Phenotype of PRBC-stimulated HUVEC after contact with
TNF-�. HUVEC were incubated for 20 h with medium (red line),
RBC alone (dark blue line), TNF-� (10 ng/ml) (green line), or PRBC
(light blue line), and cells were washed three times with medium and
cultivated for an additional 6 h with medium or with TNF-� (10 ng/ml).
Cells were analyzed by flow cytometry after indirect immunostaining
with antibodies recognizing ICAM-1, VCAM-1, and E-selectin. The
histograms show the expression levels of the surface molecules.
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response to control parasite expansion but not to drive im-
mune pathology. Consistent with this notion, P. falciparum is
known to employ a number of escape strategies to avoid acti-
vation of the immune system. In the absence of opsonizing
antibodies, CD36-mediated binding and uptake of parasites do
not lead to induction of TNF-� expression by monocytes/mac-
rophages (16, 30). Moreover, PRBC modulate the maturation
of dendritic cells and thereby hamper the development of a
parasite-specific immune response (38). This prompted us to
determine whether endothelial cells themselves are a target for
PRBC and are subsequently modulated in their functional
properties.

We show here that erythrocytes infected with different P.
falciparum clones directly activate endothelial cells to express
increased levels of ICAM-1. We did not observe significant and
strong cytoadherence of PRBC to naı̈ve endothelial cells in
vitro (data not shown), which may be explained by the absence
of suitable adhesion receptors, such as CD36, on the endothe-
lial cells used in our experiments (HUVEC). The P. falciparum
clonal lines used for this study have a polymorphic adhesion
phenotype, with predominantly CD36. Similar results were ob-
tained using Plasmodium strains ITO4-A4 and ItG-ICAM with
an ICAM-1 binding phenotype (data not shown). However,
endothelial activation by PRBC clearly required physical con-
tact, as shown in transwell experiments (Fig. 2A), a finding
similar to that of Udeinya et al. (35), who showed increased
adhesiveness to an unidentified receptor by direct contact of
PRBC (and TNF). The binding phenotype of the PRBC used
in the study of Udeinya et al. was not known, although it
appeared to be CD36 independent. Cytoadherence of PRBC
to endothelial cells in vitro is known to occur under flow
conditions typically found in postcapillary venules (41). More-
over, using human skin grafts on immunodeficient mice, the
interaction between microvascular endothelial cells and PRBC
was directly visualized, revealing that cytoadherence of PRBC
is a multistep process similar to adhesion of leukocytes (10).
Although experiments presented here were performed under
static conditions, we found that physical contact of PRBC for
30 min was sufficient to elicit strong endothelial cell activation
in vitro (Fig. 2). Further preliminary experiments using flow
conditions revealed that PRBC stimulated endothelial cells,
leading to increased cytoadhesion of PRBC infected with
FCR3-ICAM-1 (data not shown). These data indicate that
short-lived physical contact with PRBC may be sufficient to
induce endothelial activation in vivo.

Activation of endothelial cells was directly correlated with
the extent of parasitemia and led to increased endothelial
expression levels of ICAM-1 (Fig. 1), which is known to be
involved in cytoadherence of PRBC to endothelial cells under
physiological shear stress (5). Even though we detected in-
creased CD44 expression levels on HUVEC after contact with
PRBC, we could not determine whether it is a chondroitin
sulfate A-containing isoform of CD44 that was shown to be an
adhesion receptor for PRBC (23). The glycosaminoglycan
chondroitin sulfate A detected on HUVEC used in this study
could be attached to CD44 and/or thrombomodulin expressed
by HUVEC (8, 21; data not shown).

A detailed analysis of endothelial gene expression profiles
after contact with PRBC revealed the induction of a proadhe-
sive endothelial cell phenotype (Fig. 3A). Interestingly, a num-

ber of chemokine genes (the CCL2, CXCL,1 and CCL20
genes, as well as the CXCL8 gene) were strongly expressed in
PRBC-exposed endothelial cells. Not only are chemokines ex-
pressed by activated endothelial cells relevant for attraction
and binding of leukocytes (15), but CXCL8 in particular has
been demonstrated to be involved in RBC invasion (11). More-
over, activation of endothelial cells leads to increased chemo-
kine-dependent platelet binding (4), and endothelium-bound
platelets promote, via expression of CD36, strong cytoadher-
ence of PRBC to CD36-negative endothelial cells (40). Taken
together, our data demonstrate that endothelial cells are sen-
sitive to stimulation by PRBC, leading to increased expression
of molecules, which may be involved in parasite adhesion.

Stimulation of endothelial cells by PRBC, however, does not
mirror activation by the paracrine TNF-�. The ICAM-1 levels
determined after contact with PRBC were considerably lower
than those after activation with TNF-�. Molecules necessary to
trigger leukocyte adhesion to endothelial cells under shear
stress, such as E-selectin or VCAM-1, were not induced at all
in endothelial cells by incubation with PRBC (Fig. 1), in con-
trast to stimulation with TNF-�. Moreover, PRBC-activated
endothelial cells failed to up-regulate E-selectin and VCAM-1
expression following subsequent exposure to TNF-� (Fig. 4).
Exposure to PRBC apparently induces in endothelial cells a
particular refractory state to the action of the paracrine
TNF-�. These results support the notion that PRBC-mediated
stimulation of endothelial cells is incomplete and promotes
parasite sequestration in the peripheral vascular bed rather
than triggering local inflammation, which requires leukocyte
adhesion to activated endothelial cells. Endothelial responsive-
ness to TNF-� has been shown to be a determinant of pathol-
ogy during infections with a number of pathogens (7, 13, 14, 24,
25). It is intriguing to speculate that development of partial
anergy towards stimulation by the paracrine TNF-� as a result
of continuous exposure to PRBC contributes to the absence of
immune pathology and clinical disease during chronic malaria
infection, which is observed in individuals living in areas with a
high prevalence of infected mosquitoes who have a high bur-
den of circulating parasites. Temporary clearance or absence
of PRBC from the circulation (e.g., due to seasonal variations
in the number of infectious mosquito bites or long-term so-
journ outside areas where malaria is endemic) may render host
endothelial cells again susceptible to the paracrine TNF-� se-
creted from monocytes/macrophages during reexposure to P.
falciparum and may explain preferential development of clin-
ical disease in freshly infected individuals.

Taken together, our data demonstrate that human endothe-
lial cells, like monocytes/macrophages and dendritic cells,
serve as targets for P. falciparum and that contact with para-
sites modulates endothelial cell function. This interaction may
provide mutual benefits for the parasite and the host: immune
escape on the part of the parasite and prevention of immune
pathology in the host.
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