










with HBEC-5i to be seen. Using the HBEC-adherent positive-
control parasites FCR3-CSA and HB3-HBEC, IE cocultured over-
night from ring stage bound to HBEC-5i at levels comparable to
those measured in the standard pigmented trophozoite start assay
(Fig. 1A, black bars) (no significant difference between ring start
and trophozoite start in each case; paired t test). Similarly, with the
negative-control parasite IT/Uns, incubating overnight from ring
stage with HBEC-5i did not significantly change the levels of ad-
hesion seen (Fig. 1A, black bars). However, overnight coincuba-
tion of IT/R29 IE and HBEC-5i cells allowed adhesion of IT/R29
to be detected and quantified (101.8 � 21.4 IE per mm2; n 
 4)
(Fig. 1, black bars). This was significantly higher than the adhesion
observed when the assay was started at pigmented trophozoite
stage (P 
 0.004 by paired t test). While the overall level of binding
of IT/R29 IE was lower than that of FCR3-CSA and HB3-HBEC,
the ability of IT/R29 to bind was consistent and reproducible. The
pattern of binding shown by IT/R29 IE differed from that of the
other two strains. For FCR3-CSA and HB3-HBEC, the bound IE
were evenly dispersed over the lawn of HBEC-5i (Fig. 1B and C,
white arrows). For IT/R29, most HBEC-5i showed no adherent IE;
however, occasional cells displayed a dense, clustered pattern of 10
to 20 adherent IE (Fig. 1D). During washing stages, rosette-like
clusters of cells were seen binding to HBEC-5i; however, after
fixation with glutaraldehyde, the uninfected erythrocytes were
mostly lost, and only IE remained adherent. The disintegration of
IT/R29 rosettes following treatment with glutaraldehyde has been
noted previously (J. A. Rowe, unpublished data).

Adhesion of IT/R29 IE was also tested in ring-stage start assays
with two primary endothelial cell lines, HPMEC and HBMEC.
Binding was seen with both primary cell lines (Fig. 1E), although
binding was significantly lower to HBMEC than to HBEC-5i (P 

0.009 by one-way ANOVA with Tukey’s post hoc test). With each
primary cell line, the bound IE occurred in clusters similar to those
seen with HBEC-5i.

Bound IT/R29 IE are recognized by antibodies against
IT4var09 domains. Rosetting IT/R29 IE express the PfEMP1 vari-
ant IT4var09 (Fig. 2A) (18) (called R29var1 in earlier publications
[15]) with the N-terminal domain (NTS-DBL1�) of this variant
mediating binding to erythrocytes (15). To determine if the
HBEC-5i-bound IE are indeed expressing IT4var09, the adherent
cells were tested by immunofluorescence assay (IFA) on fixed cells
with IT4var09-specific rabbit polyclonal IgG antibodies. The anti-
IT4var09 NTS-DBL1� antibody showed bright positive staining
of 100% of adherent IE (Fig. 2B, top row), while the negative-
control wells with nonimmunized rabbit IgG (Fig. 2B, middle
row) and antibodies to an irrelevant PfEMP1 (TM180var1 NTS-
DBL1� [28]) (Fig. 2B, bottom row) showed only faint diffuse
background staining of both HBEC-5i cells and IE. Antibodies to
the IT4var09 DBL2	 domain were also tested and gave positive
staining similar to that of the IT4var09 NTS-DBL1� antibodies
(not shown). The IT4var09 PfEMP1 antibodies gave a smoother
fluorescent pattern using fixed cells, as shown here, than the punc-
tate pattern seen previously using live cells (18, 28). It may be that
during the live cell IFA, PfEMP1 molecules become clustered due
to antibody cross-linking. Alternatively, in fixed cells the antibod-
ies may access internal as well as surface PfEMP1, giving a different
staining pattern. The data shown in Fig. 2 indicate that the HBEC-
5i-binding IE are expressing the IT4var09 variant, shown previ-
ously to mediate rosetting (15); therefore, IT4var09-expressing IE
are capable of both rosetting and endothelial cell adhesion.

Although not examined in detail, two other P. falciparum ro-
setting strains, TM284R� (expressing the TM284var1 variant
[32]) and IT/PAR� (expressing the IT4var60 variant [28]) were
examined in standard and ring-stage start adhesion assays with
HBEC-5i. For TM284R�, binding was seen in ring-stage start as-
says only, whereas for the knobless IT/PAR� strain, no binding
was seen in either assay.

Antibodies against IT4var09 can inhibit and reverse adhe-
sion to HBEC-5i. To determine whether PfEMP1 is responsible
for IT/R29 IE adhesion to HBEC-5i cells, rabbit polyclonal anti-
bodies against specific domains of the IT4var09 PfEMP1 variant
(Fig. 2A) were tested for their ability to both inhibit and reverse
adhesion. For adhesion inhibition (Fig. 3A), antibodies against
specific domains at 100 �g/ml of total IgG were added prior to the

FIG 2 Antibodies against the IT4var09 PfEMP1 variant recognize IE bound to
HBEC-5i. (A) Diagram of the IT4var09 PfEMP1 variant expressed by IT/R29
rosetting IE. The extracellular region is composed of multiple Duffy binding-
like (DBL) and cysteine-rich interdomain regions (CIDR). TM, transmem-
brane region; ATS, acidic terminal segment. (B) Immunofluorescence assay
(IFA) of IT/R29 IE adhering to HBEC-5i. Ring-stage IE at 5% parasitemia were
incubated overnight with HBEC-5i in 8-well chamber slides. The following
day the nonadherent IE were washed off and the slides fixed in acetone-meth-
anol prior to immunostaining. Rabbit polyclonal antibodies against the
IT4var09 NTS-DBL1� domain (anti-IT/R29) at 1:5,000 dilution were incu-
bated for 1 h and then washed prior to detection with Alexa Fluor 488 goat
anti-rabbit IgG at 1/1,000 dilution (green). The nuclei of the cells were stained
with 1 �g/ml 4,6-diamidino-2-phenylindole (DAPI; blue; large nuclei are
HBEC-5i, small nuclei are IE). Negative controls were IgG from a nonimmu-
nized rabbit (rabbit IgG) and rabbit polyclonal antibodies to the NTS-DBL1�
domain of an irrelevant PfEMP1 variant TM180var1 (anti-TM180) tested at
1/5,000 dilution. Slides were viewed with a 100� objective using a Leica DM
LB2 fluorescence microscope, and images were taken at consistent exposure
for all antibodies. Adherent IE staining with the IT4var09 antibodies are shown
by white arrows.

Cytoadherence of P. falciparum Rosetting Parasites

March 2014 Volume 82 Number 3 iai.asm.org 953

 on F
ebruary 24, 2014 by U

N
IV

E
R

S
IT

Y
 O

F
 E

D
IN

B
U

R
G

H
http://iai.asm

.org/
D

ow
nloaded from

 



assay and coincubated with both ring-stage IE and HBEC-5i cells
overnight. Antibodies against all domains were found to inhibit
adhesion to HBEC-5i, while antibodies to an irrelevant PfEMP1
variant from another strain (anti-TM180var1 [28]), added as a
negative control, failed to significantly alter the adhesion of IT/
R29 IE (Fig. 3A).

Antibodies were then tested for their ability to reverse existing
adhesion by adding them after 24 h of IT/R29 and HBEC-5i co-
culture (Fig. 3B). Both anti-NTS-DBL1� and anti-DBL2	 signif-
icantly reversed adhesion compared to the untreated control (P �
0.005 by one-way ANOVA with Tukey’s post hoc test), while anti-
bodies against the remaining domains DBL3ε, DBL4
, and
CIDR2� failed to significantly alter adhesion (Fig. 3B). The effects
of the anti-NTS-DBL1� and anti-DBL2	 antibodies were dose
dependent, and antibodies against the NTS-DBL1� domain in-
hibited and reversed adhesion at lower concentrations than the
anti-DBL2	 antibodies (Fig. 3C and D). The IT4var09 antibodies
did not agglutinate the IE under the conditions used in the assays
described above.

Adhesion of IT/R29 IE to HBEC-5i cells is heparan sulfate
dependent. Previous work had suggested that the glycosamino-

glycan heparan sulfate on endothelial cells can act as a receptor for
adhesion of parasite strain FCR3S1.2 (13). Furthermore, previous
experiments on IT/R29 rosetting parasites had demonstrated a
sensitivity to sulfated glycoconjugates, whereby rosettes were suc-
cessfully disrupted by soluble heparin, fucoidan, and curdlan sul-
fate but were not affected by CSA, CSB, or hyaluronic acid (20,
21). Therefore, the role of sulfated glycoconjugates in IT/R29
binding to HBEC-5i was investigated further. A panel of sulfated
glycoconjugates, including heparin, fucoidan, curdlan sulfate,
CSA, CSB, and hyaluronic acid, were tested for their ability to
reverse the adhesion of IT/R29 IE to HBEC-5i. Mirroring the ef-
fect of sulfated glycoconjugates on rosetting, we found that hepa-
rin, fucoidan, and curdlan sulfate all reversed IT/R29 IE binding to
HBEC-5i, whereas CSA, CSB, and hyaluronic acid had no effect on
binding (Fig. 4A).

Having shown that heparin inhibits IT/R29 HBEC-5i binding,
the role of the physiologically relevant endothelial cell heparan
sulfate proteoglycan was investigated (heparin is a highly sulfated
form of heparan sulfate found only in mast cells). The addition of
soluble heparan sulfate significantly reversed binding of IE, simi-
lar to the effect of heparin (Fig. 4B). To further investigate the role

FIG 3 IT4var09 antibodies inhibit and reverse IT/R29 IE adhesion to HBEC-5i. (A) Antibodies against IT4var09 domains at 100 �g/ml inhibited adhesion of
IT/R29 IE to HBEC-5i, whereas negative-control antibodies (nonimmunized rabbit IgG and TM180var1 antibodies) did not. (B) Antibodies against IT4var09
domains were tested at 100 �g/ml to determine their ability to reverse adhesion of IT/R29 IE to HBEC-5i. Only NTS-DBL1� and DBL2	 antibodies were capable
of significantly reversing adhesion. NTS-DBL1� and DBL2	 antibodies showed a dose-dependent effect in both inhibition (C) and reversal (D) experiments.
Data shown are the means and standard errors from three independent experiments in all cases. Statistical significance was determined by one-way ANOVA with
Tukey’s post hoc test. ***, P � 0.005.
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heparan sulfates play in mediating adhesion, HBEC-5i cells were
enzymatically treated to selectively cleave the heparan sulfate mol-
ecules from the surface of the cells. This treatment significantly
reversed the adhesion of IT/R29 IE by 84% (Fig. 4B), indicating
that heparan sulfate molecules are required for adhesion of IT/R29
IE to HBEC-5i. Adhesion of IT/R29 to HBEC-5i cells was not
significantly reduced after control treatment with the chondroiti-
nase ABC enzyme, which removes chondroitin sulfates (Fig. 4C).
To rule out the heparinase III enzyme eliciting an effect upon the
parasite and not the HBEC-5i cells, a control parasite line, HB3-
HBEC, selected for adhesion to HBEC-5i cells (24, 25), was pre-
treated with heparinase III or chondroitinase ABC before use in a
standard pigmented trophozoite-stage adhesion assay. Neither
enzyme was capable of significantly reducing adhesion of HB3-
HBEC to HBEC-5i cells (Fig. 4D).

The PfEMP1 variant IT4var09 possesses multiple heparin-
binding domains. The data described above suggest that IT/R29 IE
bind to HBEC-5i through an interaction with heparan sulfates and
show that antibodies to the NTS-DBL1� and DBL2	 domains of the
IT4var09 PfEMP1 reverse adhesion. The antibody reversal data sug-

gest that the NTS-DBL1� and DBL2	 domains of IT4var09 are di-
rectly involved in binding to heparan sulfate. To test this hypothesis,
heparin binding by each of the four DBL domains from the IT4var09
PfEMP1 variant (Fig. 2A) was tested by SPR. While the DBL3ε and
DBL4
 domains showed little or no binding to a heparin-coated sur-
face, both NTS-DBL� and DBL2	 bound strongly (Fig. 5A and B).
Equilibrium analysis of saturated responses due to binding of differ-
ent concentrations of NTS-DBL1� and DBL2	 showed half-maxi-
mal binding at a concentration of �0.5 �M in both cases. Attempts
were also made to fit kinetic data to a variety of binding models, but
the dissociation kinetics were complex and did not fit to a simple 1:1
model, as previously observed for chondroitin sulfate proteoglycan-
binding domains from other PfEMP1 proteins, suggesting the possi-
bility of multiple modes of binding (33).

To further compare the heparin binding of the IT4var09
DBL2	 domain shown by SPR to the adhesion capabilities of IT/
R29 IE, the ability of various sulfated glycoconjugates to block
heparin binding by DBL2	 IT4var09 was assessed (Fig. 5C). The
soluble compounds that block adhesion of IT4var09 DBL2	 to
heparin by SPR (heparin, fucoidan, and curdlan sulfate) mirror

FIG 4 Adhesion of IT/R29 IE to HBEC-5i is heparan sulfate sensitive. (A) The ability of sulfated glycoconjugate compounds to reverse IT/R29 IE adhesion to
HBEC-5i was tested by incubating cocultured IT/R29 IE and HBEC-5i for 1 h with 100 �g/ml of compound. Slides were then washed by gravity, fixed with 2%
glutaraldehyde, stained with Giemsa, and assessed by microscopy (10 fields, 40� objective). The sulfated glycoconjugate compounds were dissolved in PBS, and
the negative control was the addition of an equivalent volume of PBS alone with no added compound. (B) The ability of 100 �g/ml of heparin and heparan sulfate
to reverse IT/R29 IE adhesion was performed as described for panel A. The effect of heparinase III on adhesion reversal was studied by incubation of cells with
0.2 IU/ml of enzyme for 2 h to remove heparan sulfate residues. Cells were washed, stained, and assessed by microscopy as described for panel A. Data shown are
the means and standard errors from at least three independent experiments for panels A and B. (C) Soluble CSA (100 �g/ml for 2 h) and chondroitinase ABC
enzyme (0.5 IU/ml for 2 h) were tested for their ability to reverse IT/R29 adhesion as described for panels A and B. (D) Heparinase III (0.2 IU/ml for 2 h) and
chondroitinase ABC (0.5 IU/ml for 2 h) were tested for their effect on HB3-HBC adhesion. For panels C and D, the negative control was addition of an equivalent
volume of PBS alone with no added compound/enzyme, and in each case means and standard errors from 2 independent experiments are shown. Statistical
significance was determined by one-way ANOVA with Tukey’s post hoc test. ***, P � 0.005.
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those that also disrupt rosettes (20, 21) and reverse adhesion of
IT/R29 IE to HBEC-5i cells (Fig. 4A), whereas the nonblocking or
poorly blocking compounds (CSA, CSB, CSC, and hyaluronic
acid) have no reversal effect on rosetting (20) or HBEC-5i binding
of IT/R29 IE (Fig. 4A). These data suggest that the heparin binding
of the IT4var09 DBL2	 domain demonstrated by SPR is physio-
logically relevant to the binding capabilities of IT/R29 IE.

CR1 does not play a role in endothelial cytoadherence of IT/
R29 IE. Rosetting of IT/R29 parasites is dependent on CR1 on
uninfected erythrocytes (15, 19). To explore whether CR1 also
could play a role in endothelial cytoadherence, we tested the abil-
ity of a rosette-disrupting CR1 MAb, J3Bll, to inhibit adhesion of
IT/R29 IE to HBEC-5i. J3B11, the control MAb J3D3 (a non-
rosette-disrupting CR1 MAb), and an isotype control failed to
significantly inhibit adhesion of IT/R29 IE to HBEC-5i (Fig. 6),
indicating that CR1 does not play a role in IT/R29 cytoadherence.
These results are consistent with previous data showing that CR1
could not be detected on HBEC-5i or HPMEC (34).

DISCUSSION

Despite the importance of rosetting as a parasite adhesion pheno-
type linked to life-threatening malaria, the ability of rosetting IE to
contribute to P. falciparum sequestration by binding directly to
endothelial cells remains poorly understood. The data presented
here show that IE of the rosetting IT/R29 strain can bind to mi-
crovascular endothelial cells in vitro. Furthermore, we identified
both the host receptor (heparan sulfate) and the parasite ligand
(PfEMP1) and showed that two domains of the IT04var09
PfEMP1 variant (NTS-DBL1� and DBL2	) are involved in bind-
ing interactions. Adhesion of IT/R29 IE was only apparent when
the parasites were cocultured with HBEC-5i from ring stage (be-
fore rosetting begins), probably because at later stages, the pres-
ence of rosettes interferes with interaction of IE with the endothe-

lial cell surface. The pattern of adhesion observed was different
from that seen with other nonrosetting adherent parasite strains,
such as FCR3-CSA (which binds CSA) and HB3-HBEC (which
binds an unknown endothelial cell receptor). For the latter two
strains, IE bind in an even distribution over a lawn of endothelial
cells (Fig. 1B and C), while for IT/R29 binding was clustered, with
a small number of endothelial cells showing dense binding of mul-
tiple IE (Fig. 1D). It is unclear whether the clustered distribution
of IT/R29 IE is due to variation in heparan sulfate expression levels
or sulfation patterns on the HBEC-5i cells or is a “seeding” effect,
whereby one adherent IE attracts others, partly due to their inter-
actions with the HBEC-5i cells and partly due to the rosetting IE
binding other IE.

Previous work has identified the NTS-DBL1� domain of the
IT4var09 PfEMP1 variant as mediating rosetting via interactions
with CR1 on uninfected red cells (15, 19). Interestingly, our results
indicate that this PfEMP1 domain is also capable of mediating
adhesion to endothelial cells, as antibodies directed against it
could both inhibit and reverse adhesion in a dose-dependent
manner (Fig. 3), and direct binding of NTS-DBL1� to heparin was
demonstrated by SPR (Fig. 5). These data strongly suggest this
domain has a dual adhesive phenotype, in that it mediates both
rosetting and cytoadherence. However, rosetting of IT/R29 IE in-
volves CR1 as a receptor, whereas our data indicate that endothe-
lial cytoadherence occurs via heparan sulfate (Fig. 4) and does not
involve CR1 (Fig. 6). IT/R29 rosetting is not thought to involve
heparan sulfate-like molecules on erythrocytes, because treatment
of erythrocytes with heparinase enzyme does not reduce IT/R29
rosetting (35). Therefore, our data suggest that distinct PfEMP1
domains within a single variant can interact with different recep-
tors to bring about adhesion to alternative human cell types. It
remains possible that interactions with heparan sulfate-like mol-
ecules on erythrocytes contribute to strengthening IT/R29 ro-
settes, even if they are not essential for rosette formation.

Our investigations also identified a second PfEMP1 domain
involved in cytoadherence, the DBL2	 domain. In contrast to
NTS-DBL1�, antibodies raised against DBL2	 of IT4var09 did
not inhibit or reverse rosetting (18) but did successfully inhibit
and reverse adhesion to HBEC-5i cells (Fig. 3). These data suggest
that the DBL2	 domain is involved in mediating endothelial ad-
hesion but does not play a major role in rosetting. It is possible that
the DBL2	 antibody can reverse cytoadhesion but not rosetting,
because the binding of IE to endothelial cells is weaker than the
binding to uninfected erythrocytes in rosettes.

FIG 6 Adhesion of IT/R29 IE to HBEC-5i is not CR1 dependent. Mouse
monoclonal antibodies to CR1 were tested for their ability to inhibit adhesion
of IT/R29 IE to HBEC-5i, and no significant inhibition was seen. Data shown
are the means and standard errors from two independent experiments.

FIG 5 IT4var09 NTS-DBL1� and DBL2	 domains bind heparin, and the
binding is inhibited by sulfated glycoconjugates. (A) SPR signal for the binding
of IT4var09 NTS-DBL1� from a maximum concentration of 4 �M to a hepa-
rin-coated surface. (B) SPR signal for the binding of DBL2	 from a maximum
concentration of 4 �M to a heparin-coated surface. (C) Competition experi-
ments in which the IT4var09 DBL2	 domain was incubated with different
concentrations of glycoconjugates before assessment of binding to a heparin-
coated surface.
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It has been suggested previously that demonstration of binding
of individual PfEMP1 domains to sulfated glycoconjugate mole-
cules in vitro was not necessarily predictive of meaningful interac-
tions between native full-length PfEMP1 on the surface of IE and
sulfated glycoconjugates (36). In our study, the results from sin-
gle-domain SPR experiments showed that IT4var09 NTS-DBL1�
and DBL2	 domains bind heparin, and that the interaction is
inhibited by soluble heparin, fucoidan, and curdlan sulfate but not
by CSA, CSB, CSC, or hyaluronic acid. These results exactly mir-
ror the effect of sulfated glycoconjugates on IT/R29 rosette disrup-
tion (20) and IT/R29 binding to HBEC-5i (Fig. 4A), giving confi-
dence that in this case, the results of SPR with individual domains
are biologically meaningful. Given the distinct receptors involved
in IE cytoadherence to HBEC-5i and rosetting, it seems likely that
the cytoadherence-blocking effect of heparin and other sulfated
glycoconjugates (Fig. 4) is due to direct blockade of the receptor-
ligand interaction, whereas the rosette-inhibiting effects of these
compounds (20, 21) may occur due to steric or electrostatic ef-
fects, as suggested previously (37).

Our initial studies on rosetting IE interactions with endothelial
cells using standard assays with pigmented trophozoite-stage par-
asites were unsuccessful (Fig. 1), most likely due to the presence of
rosettes blocking interactions between IE surface molecules and
endothelial cell receptors. The inhibitory effect of preexisting
rosettes on adhesion is supported by previous work of Handun-
netti and colleagues, who used the CD36-dependent rosetting lab-
oratory parasite strain Malayan Camp and showed that IE could
bind to purified CD36 protein or C32 melanoma cells but only
adhered well if rosettes were disrupted prior to the assay (38).
However, most P. falciparum rosetting isolates are not CD36 de-
pendent (19, 39, 40), so the broader significance of the findings
reported with the Malayan Camp strain are unclear. The possibil-
ity of adhesion of rosetting IE to endothelial cells was also sug-
gested by Udomsangpetch et al., who demonstrated binding to
HUVEC via an unknown receptor (41). However, HUVECs show
many differences in receptor expression and biological functions
compared to microvascular endothelial cells (42), and the signif-
icance of these findings in terms of microvascular adhesion was
unclear. The more recent work by Vogt and colleagues (13) did
use a microvascular human lung endothelial cell line as well as
HUVEC, but as outlined in the introduction, it is likely that non-
rosettting IE were studied. Therefore, our report represents the
first clear demonstration, to our knowledge, that rosetting IE can
bind directly to microvascular endothelial cells.

Further experiments will be necessary to test the physiological
significance of the IE-endothelial cell interactions described here.
The interactions between IT/R29 IE and endothelial cells were
relatively weak, as gentle gravity washes were required to visualize
the binding. We did attempt to study IT/R29 IE interactions with
HBEC-5i under flow conditions and saw rolling of rosetting IE
with a low level of adhesion (3 to 4 per field of 200 �m2; data not
shown) at shear stresses similar to those found in the microvascu-
lature in vivo (0.5 to 1.0 dyn/cm2) (43). However, as described
above for the static assays, the flow experiments are complicated
by the presence of rosettes potentially blocking interaction be-
tween IE surface molecules and endothelial cells, especially as large
“multirosettes” form under flow conditions (44). Previous exper-
iments using rosetting parasites in an ex vivo model suggested that
rosettes are disrupted in the arterial side of the circulation (due to
high shear forces) but then would reform in the venous side of the

circulation, with rosetting and endothelial cytoadherence occur-
ring simultaneously in postcapillary venules (45). The variation in
vessel size and shear stresses experienced under pulsatile blood
flow in vivo is difficult to mimic in vitro, and further ex vivo exper-
iments may be required to explore more fully the potential of
rosetting parasites to contribute to sequestration via direct cy-
toadherence to endothelial cells. It may be that rosetting IE-endo-
thelial cell interactions are not a major primary cause of seques-
tration in vivo, but that such interactions could contribute to
cytoadherence in areas of low or stagnant flow secondary to se-
questration of nonrosetting IE. Another possibility is that roset-
ting IE make a major contribution to sequestration in vivo via
adhesion to other nonrosetting IE that are bound to endothelial
cells. Our attempt to use MACS-purified IE in adhesion assays was
unsuccessful because of the massive aggregates of IE that rapidly
occur when uninfected erythrocytes are removed from the culture
due to strong binding of rosetting IE to other IE. Clinical isolates
are usually multiclonal, and even within a single clone, multiple
different var genes are expressed, giving a parasite population with
diverse binding characteristics. It may be that in vivo, rosetting can
contribute to sequestration both via direct binding of rosetting IE
to microvascular endothelium in areas of stagnant flow and also
more widely via binding of rosetting IE to cytoadherent nonroset-
ting IE.

Although the precise way in which rosetting contributes to
sequestration is unknown, it remains clear that rosetting is a par-
asite phenotype linked to pathogenicity. Evidence includes the
consistent association between parasite rosette frequency and dis-
ease severity in sub-Saharan Africa (10–12), the virulence of ro-
setting parasites in an animal model (46), and the proven ability of
human erythrocyte polymorphisms that reduce the ability of P.
falciparum to form rosettes to confer significant protection against
life-threatening malaria (47, 48). The work done here emphasizes
the potential for rosette-disrupting interventions that could be
used as adjunctive therapies against severe malaria. Furthermore,
the findings that the same set of sulfated glycoconjugate com-
pounds successfully reverses both rosetting and adhesion to
HBEC-5i cells (Fig. 4) and that antibodies to the NTS-DBL1�
domain of IT4var09 reverse both rosetting and adhesion to
HBEC-5i cells (Fig. 3) suggest that it will be possible to identify
therapeutic agents that will disrupt both rosetting and endothelial
adhesion. A heparin derivative lacking anticoagulant effects (49) is
currently undergoing clinical trials, and the data presented here
support the potential of such compounds as adjunctive therapies
for severe malaria.

Taken together, the data shown here illustrate the importance
of the N terminus of the PfEMP1 molecule in adhesion of IT/R29
IE to endothelial cells, as well as rosetting as shown previously, and
support the identification of heparan sulfate as the host endothe-
lial cell receptor. This demonstration of the dual adhesion of
rosette-capable IE to endothelial cells further enhances the argu-
ment for the role of rosetting in severe malaria and pathogenicity.
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