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Abstract

The ability of Plasmodium falciparum parasitized RBC (pRBC) to form rosettes with normal RBC is linked to the virulence of
the parasite and RBC polymorphisms that weaken rosetting confer protection against severe malaria. The adhesin PfEMP1
mediates the binding and specific antibodies prevent sequestration in the micro-vasculature, as seen in animal models. Here
we demonstrate that epitopes targeted by rosette disrupting antibodies converge in the loop of subdomain 3 (SD3) which
connects the h6 and h7 a-helices of PfEMP1-DBL1a. Both monoclonal antibodies and polyclonal IgG, that bound to epitopes
in the SD3-loop, stained the surface of pRBC, disrupted rosettes and blocked direct binding of recombinant NTS-DBL1a to
RBC. Depletion of polyclonal IgG raised to NTS-DBL1a on a SD3 loop-peptide removed the anti-rosetting activity.
Immunizations with recombinant subdomain 1 (SD1), subdomain 2 (SD2) or SD3 all generated antibodies reacting with the
pRBC-surface but only the sera of animals immunized with SD3 disrupted rosettes. SD3-sequences were found to segregate
phylogenetically into two groups (A/B). Group A included rosetting sequences that were associated with two cysteine-
residues present in the SD2-domain while group B included those with three or more cysteines. Our results suggest that the
SD3 loop of PfEMP1-DBL1a is an important target of anti-rosetting activity, clarifying the molecular basis of the
development of variant-specific rosette disrupting antibodies.
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Introduction

The ability of P. falciparum parasitized RBC (pRBC) to form

rosettes, clustering of uninfected erythrocytes around pRBC, is an

adhesion property that varies in-between isolates which has also

been found associated with the virulence of the parasite

[1,2,3,4,5,6,7]. Rosetting is linked to cerebral malaria [2,7] and

other forms of severe disease [6,8,9,10], and experimental models

suggest that rosetting enhances microvascular obstruction [11,12],

thought to be a key pathological process in severe malaria. The

importance of rosetting is underlined by the fact that host

erythrocyte polymorphisms that weaken rosetting (blood group O,

low levels of CR1, HbS) also confer protection against severe

malaria [1,2,3,5,13,14]. Blood group O is associated with a 66%

reduction in the odds of developing severe malaria compared with

the non-O blood groups [6,8,9,10]. The vaso-occlusive effects of

rosetting have consequently been suggested to be important for the

development of severe malaria [15].

Rosetting is mediated by the interaction of the parasite ligand

Plasmodium falciparum erythrocyte membrane protein 1 (PfEMP1)

with serum-proteins and receptors on the human RBC surface

[6,7]. PfEMP1 polypeptides share a common structure with an N-

Terminal Sequence (NTS) followed by tandemly arranged Duffy

Binding Like domains (DBL) and Cysteine-rich InterDomain

Regions (CIDR) [16,17,18]. The N-terminal NTS-DBL1a-do-

main is central for binding to host RBC [3,19,20,21] and

antibodies to this domain both disrupt rosettes in vitro and protect

against the sequestration of pRBC in vivo targeting PfEMP1

[22,23,24,25]. Previous work has also suggested NTS-DBL1a to

be involved in the binding to the erythrocyte- and endothelial

receptor heparan sulfate and the related glycosaminoglycan

heparin has been found to disrupt rosettes in vitro and dislodge

already sequestered pRBC into circulation in vivo [12,20,21].

PfEMP1-variants linked to rosetting are consequently important

vaccine candidates.

Recent studies have shown that rosette disrupting antibodies are

variant specific [26], but cross-reactivity can be observed in-

between parasites of the same rosetting-variant with antibodies

raised against whole NTS-DBL1a domains [27]. To identify and

characterize structures in the NTS-DBL1a-domain of PfEMP1

critical for rosetting we have here generated sets of recombinant

NTS-DBL1a-proteins that mediate rosetting and antibodies that

disrupt rosettes. The reactivity of rosette-inhibitory mAbs was

found to be predominantly localized in the loop of subdomain 3
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(SD3) which connects the h6 and h7 a-helices of NTS-DBL1a,

establishing this part as a key-region of PfEMP1 for induction of

anti-rosetting antibodies and link it to protection against severe

malaria. Analysis of polyclonal IgGs and human sera supported

the importance of antibodies targeting these epitopes also during

the acquisition of protective immunity. Our results therefore

suggest the SD3-loop of NTS-DBL1a to be an immunodominant

site of the PfEMP1 molecule important for protection against

rosetting.

Results

Antibodies to the NTS-DBL1a-domain Recognize
Epitopes on Live pRBCs

To identify and characterize the structures in PfEMP1 that

mediate rosetting we expressed three different species of NTS-

DBL1a of the rosetting parasites FCR3S1.2 (expressing the

PfEMP1 encoded by the IT4var60 gene), R29 (expressing the

PfEMP1 encoded by the IT4var9 gene) and PaloAlto varO as

histidine-tagged proteins in E.coli. The solubilized proteins were

purified to homogeneity and used for the production of sera in

goats, from which the polyclonal IgGs (pIgG) were purified. The

pIgGs reacted in ELISA with the corresponding recombinant

protein and labeled the surface of live RBC, infected with the

homologous parasites, in flow cytometry while IgG from non-

immunized goats (nIgG) did not (Fig. 1A and Fig. S2A). The

reactive antibodies specifically labeled the pRBC-surface and

disrupted the rosettes of the homologous parasite in a concentra-

tion dependent manner (Fig. 1B).

Three groups of BALB/c-mice were subsequently immunized

with recombinant NTS-DBL1a to produce mAbs; two groups with

the recombinant protein from IT4var60 and one group with the

protein from IT4var9 (Table 1). The reactivity of the mAbs, which

were positive with the fusion-proteins in ELISA, was assessed with

the live pRBC surface in flow cytometry and in rosette disruption

assays (Fig. 1C and D and Fig. S2B). A total of nine surface

reactive mAbs were generated after immunizations with NTS-

DBL1a of IT4var60 while immunization with NTS-DBL1a of

IT4var9 resulted in one surface reactive mAb. Two different

functional groups could be distinguished among the surface

reactive antibodies: eight out of ten (80%) were found to dose-

dependently disrupt rosettes while two of them did not have anti-

rosetting activity (mAbV2–4 and mAb V2–16) (Fig. 1D). The Fab-

fragments of the corresponding mAbs were also found to disrupt

rosettes while a control mAb did not (Fig. 1E).

Antibodies Prevent the Binding of NTS-DBL1a to the RBC
Surface

The proteins were assayed for binding to erythrocytes, in order

to study how the antibodies influenced the interaction of the

recombinant NTS-DBL1a-domain with RBC receptors. 10 mM of

recombinant NTS-DBL1a was incubated with human O+ RBCs

and the bound protein was visualized by flow cytometry.

Concentration-dependent binding of the proteins was detected

with the recombinant NTS-DBL1a of IT4var60 and NTS-DBL1a
of IT4var9 (Fig. S1). While pre-incubation of the homologous

recombinant protein with two of the mAbs specific for FCR3S1.2

(mAbV2–14.1, mAbV2–17.1) efficiently and dose-dependently

prevented binding, the effects of mAbV2–6 and mAbV2–3 were

less prominent (Fig. 1F) possibly due to differences in the fine

specificities for the NTS-DBL1a (see below). There was no

significant inhibition of binding with the non-rosette disruptive

antibodies mAbV2–4, mAbV2–16, mAbV2-c20 or mAbV2-c21

(Fig. 1F) suggesting that the binding of the recombinant NTS-

DBL1a to RBCs mimics parasite rosetting. The pIgGs also

blocked binding of recombinant NTS-DBL1a domains of

FCR3S1.2 and R29 to RBCs (Fig. 1G). No or minor effects on

binding were seen with control antibodies.

Rosetting Epitopes are Spatially Conserved
There is currently little data available as to what epitopes are

targeted by anti-rosetting antibodies. We therefore developed

a peptide array holding seven complete NTS-DBL1-sequences

(Table S1). It covered 400–450 aa per NTS-DBL1 domain with

<100 overlapping 15-mer peptides per sequence. Ten of the

mAbs that showed surface reactivity and four surface-negative

mAbs were studied for binding in the arrays. Four distinct sets of

linear epitopes as well as two overlapping conformational epitopes

were identified for the mAbs tested (Fig. 2). Three antibodies that

showed surface- and rosette disruption activity with pRBC of

FCR3S1.2 (mAbV2–3, mAbV2–6, mAbV2–11) bound to the 15-

mer peptide TCQGYNNSGYRIYCS of IT4var60, a sequence

localized within the loop that connects the two a-helices h6 and h7

of subdomain 3 (SD3) of DBL1a (Fig. 2A and D and Fig. S3A).

This sequence is also part of Homology Block HB12, which is

partially conserved among DBLa and DBLc domains as recently

described by Rask et al. [28].

Four biologically active mAbs (mAbV2–14.1, mAbV2–13,

mAbV2–7 and mAbV2–17.1) could not be mapped for reactivity

in the linear peptide array indicating that they possibly recognize

conformational epitopes (Fig. S3A). However three of them

(mAbV2–14.1, mAbV2–13 and mAbV2–7) were found to bind

a 19aa loop-sequence (KVKDTCQGYNNSGYRIYCS) when

loop-peptides longer than 15aa were studied for binding (Fig. 2A

and Fig. S4C). One mAb (mAbV2–17.1) was found to react with

epitopes related to the SD3-loop as demonstrated by antibody

competition experiments with pRBCs of FCR3S1.2 (Fig. S4A and

S4B). The data suggested that the epitopes recognized by

mAbsV2–17.1 and mAbV2–14.1 were not identical to that of

the inhibitory mAbs that bind to the linear SD3 epitopes, but

spatially related.

A third group of mAbs (mAbV2–4 and mAbV2–16) displayed

surface-reactivity but did not disrupt rosettes and could not be

mapped in the linear peptide array (Fig. S3A and S4C) suggesting

a different epitope-specificity as compared to the mAbs of the first

group.

A fourth subset of mAbs (mAbV2-c20 and mAbV2-c21) did not

react with the pRBC surface and did not confer any anti-rosetting

activity (Fig. 1D and Fig. S2B). mAb-c20 reacted in the microarray

with a stretch of residues localized on the a-helix h7 (KWINKKQ-

GEFNKQKK; Fig. 2C and E and Fig. S3A). It also showed

reactivity with the homologous recombinant protein as well as

cross-reactivity with two other NTS-DBL1a domains in ELISA

(Table 1). The epitope corresponds to the second part of the HB5,

as defined by Rask et al. [28], and is predicted to be surface-

exposed [29]: we therefore explored the possibility that it is

shielded by serum-proteins [30,31,32]. However, no binding of

mAbV2-c20 to the pRBC surface could be detected, indepen-

dently if the cells were stripped of serum proteins or studied

directly after in vitro culture in the presence of 10% human serum

(Fig. S2C) indicating that this epitope appears to be hidden. The

epitope of the second mAb in this group (mAbV2-c21), was

mapped to 15aa present in SD3-loop (YCSGDGEDCTNILKQ;

Fig. 2C and E and Fig. S3A). This stretch of amino-acids

corresponds to HB7 [28] and is fairly conserved and predicted to

be only partially surface exposed, which is confirmed by our data

(Fig. 2F).

PfEMP1 Rosetting Epitopes

PLOS ONE | www.plosone.org 2 December 2012 | Volume 7 | Issue 12 | e50758



In a complementary set of experiments we studied mAbR29–

1.1, which binds to the surface of pRBC of R29, and two R29-

specific mAbs that did not (mAbR29-c3, mAbR29-c4). The

mAbR29–1.1epitope was mapped to the peptide RTYLKDNTI-

FIDLNC (Fig. S3B) that is localized in the SD3-loop of IT4var9-

DBL1a (Fig. 2B) indicating that the biologically active antibodies

described here target different variable regions within the same

loop structure. Similarly to mAbV2-c20, a surface negative mAb

(mAbR29-c3) bound to an amino acid stretch within h7 that is not

exposed at the pRBC surface (Fig. 2C). A third surface negative

mAb (mAbR29-c4) bound to the non-exposed, conserved

LARSFADIG motif present in subdomain 2 (SD2; Fig. 2C) and

was in addition cross-reactive with two other NTS-DBL1a
domains in ELISA.

SD3 of PfEMP1-DBL1a is the Target of Rosette-inhibitory
Antibodies

The importance of the SD3-loop as a target for biologically

active antibodies was established by the reactivity of the pIgG

generated towards the NTS-DBL1a-domain of IT4var60 as seen

in our peptide array. Among the 10 peptides showing the highest

Ab reactivity, only one represented the SD3 loop while the others

were derived from subdomain 1 (SD1; Fig. S3C). We therefore

absorbed the pIgG over NHS-activated agarose beads coupled to

the SD3-loop sequence and found that <70% of the anti-rosetting

effect was removed with a concurrent decrease of the ELISA

response towards the peptide, while the pRBC surface reactivity

remained unaltered (Fig. 3A). Absorption of the same pIgG on

a scrambled SD3-loop sequence (CTSSKDYIYVQGCNNR-

Figure 1. Characterization of antibodies towards the NTS-DBL1a-domain of rosette associated PfEMP1 molecules. A: Example of
surface reactivity of a pIgG (at 10 mg/ml) with FCR3S1.2 pRBC as detected by Alexa488-conjugated secondary antibody and visualized by flow
cytometry. pIgG and control nIgG are in blue and red respectively. B: Capacity of pIgG and sera to disrupt rosettes of the homologous parasite strain.
Antibodies were tested at different concentrations from 10 to 500 mg/ml. Presented are the rosetting levels relative to a control incubated with
100 mg/ml nIgG. Three different experiments were performed in duplicate and bars indicate 6 SD. C: Example of surface reactivity of a mAbs (at
20 mg/ml) towards the SD3-loop with FCR3S1.2 pRBCs as detected by Alexa488-conjugated secondary antibody and visualized by flow cytometry.
mAbV2–14.1 and control mAbSlyD are in blue and red respectively. D: Capacity of the mAbs to disrupt rosettes of the homologous parasite strain.
Antibodies were tested at different concentrations from 5 to 100 mg/ml. Presented are rosetting levels relative to a control incubated with 100 mg/ml
mAb SlyD. Three different experiments were performed in duplicate and bars indicate 6 SD. E: Capacity of Fab fragments and the corresponding
mAbs to disrupt rosettes of the homologous parasite strain. Antibodies were tested at different concentrations from 0.06 to 4 mM. Presented are
rosetting levels relative to a control incubated with 1 mMmAb SlyD. Three different experiments were performed in duplicate and bars indicate6 SD.
F: Inhibition of NTS-DBL1a-domain binding to RBC by mAbs. Recombinant NTS-DBL1a was incubated with different concentrations of mAbs and
thereafter assayed for its capacity to bind to human RBC. Binding was detected with anti-his mAb followed by Alexa488-conjugated secondary
antibody by flow cytometry. Binding is expressed as relative binding as compared to the control mAb SlyD. Three different experiments were
performed and bars indicate 6 SD. G: Inhibition of NTS-DBL1a-domain binding to RBC by homologous pIgG. Assays were carried out as described
under F. Three different experiments were performed and bars indicate 6 SD.
doi:10.1371/journal.pone.0050758.g001
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GYK) did not influence the rosette disruption activity and hence

confirmed the specificity and excluded possible unspecific absorp-

tion due to charge effects (Fig. 3A).

In order to investigate whether the SD3 of IT4var60

(FCR3S1.2) by itself could generate biologically active antibodies,

as does the complete NTS-DBL1a, we expressed the three distinct

subdomains (SD1, SD2 and SD3) of IT4var60 (FCR3S1.2var2) as

his-tagged fusion proteins and immunized rats. All the induced

Abs bound to the pRBC-surface but only SD3-specific Abs

disrupted rosettes to <50% (Fig. 3B and C) suggesting that the

SD3-loop of DBL1a is involved in the induction of anti-rosetting

responses.

Recognition of SD3-loop Peptides by Human Sera
Human sera diluted 1:1000 showed reactivity with the identified

SD3-peptides. The levels of IgG were measured by ELISA in sera

of 47 patients with uncomplicated malaria, 33 patients with severe

malaria, 40 malaria immune adults and 32 non-immune Swedish

controls (Fig. 4A). Anti-SD3-peptide antibody levels were high in

some children with severe malaria but these sera did not disrupt

rosettes while the IgG-levels were less pronounced in children with

mild disease (Fig. 4A). Mean IgG antibody-levels were still the

highest in sera of the immune adults for two of the SD3 peptides

but not for that of IT4var9, (p,0.0001). We also established that

the responses in the sera were co-correlated (R2 = 0.75, p,0.0001;

Fig. 4B).

Bioinformatics Analysis of NTS-DBL1a Sequences
Neighbor Joining distance trees were built based on amino acid

alignment of 144 SD1, SD2 or SD3 sequences (from NTS-h1

including the conserved LARSFADIG sequence, h2 to h5 or h6 to

h7 of NTS-DBL1a, respectively). The majority of PfEMP1-

DBL1a sequences from patients isolates available today lack the

sequence of the SD3 region. Therefore, only sequences of

laboratory parasites strains 3D7, IT4, Dd2 and HB3 were used

for the analysis. The sequences could be divided in two major

groups (Fig. 5 and Fig. S5A). This phylogenetic grouping was

found to be associated with the number of cysteine residues

present in SD2 of DBL1a, and resembles the previos grouping

obtained according to the SD2 sequence [33]. Of the 144 SD2-

sequences one had one cysteine residue, 34 sequences had 2, three

had 3, 101 had 4 and five had 5. The #2 cys (DBLa1) sequences

fell into one group (SD1 and SD3 group A) while sequences with

$3 cys fell into the second group (SD1 and SD3 group B).

Sequence signatures of the different groups are shown in Figure

S5B. Accordingly, <75% of sequences group into Group B, while

Figure 2. Identification a loop containing functionally important epitopes in subdomain 3 of the NTS-DBL1a-domain. A: Molecular
model of the NTS-DBL1a-domain of IT4var60, based on NTS-DBL1a-PAvarO crystal structure [29], showing the localization of epitopes targeted by
anti-rosetting antibodies (in red). B: Molecular model of the NTS-DBL1a-domain of IT4var9, based on NTS-DBL1a-PAvarO crystal structure [29],
showing the localization of epitopes targeted by anti-rosetting antibodies (in red). C: Molecular model of the NTS-DBL1a-domain of IT4var60, based
on NTS-DBL1a-PAvarO crystal structure [29], showing the localization of epitopes targeted by non surface reactive antibodies (in blue and green). D:
Representation of the molecular model of NTS-DBL1a-domain of IT4var60 with the three subdomains (SD) 1, 2 and 3 in black, brown and grey,
respectively. E: Two orthogonal views of the molecular model of NTS-DBL1a-domain of IT4var60 with surface exposed epitopes in red and non-
surface exposed epitopes in blue and green. F: Alignment of the SD3 sequences of three rosette-associated NTS-DBL1a-domains. The conserved
amino acid residues are in black. The recognition-sites of the mAbs mapped to this region are shown in color; epitopes in red are available on the
surface of pRBCs while the ones in blue and green are hidden. Arrows and dashed lines indicate cysteines and disulfide bridges, respectively.
doi:10.1371/journal.pone.0050758.g002
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<25% of sequences into Group A. Sequences of the rosetting

parasites IT4var60, IT4var9 and PAvarO studied herein, as well

as other sequences previously associated with severe parasite

phenotypes, all fall into SD1-SD3-group A.

Discussion

This study of erythrocyte-adhesive PfEMP1 polypeptides and

rosette-inhibitory antibodies employs multiple chemical- and

biological assays and presents two key findings: firstly, the

importance of the loop of SD3 of the NTS-DBL1a-domain,

a target of anti-rosetting activity and, secondly, the immunoge-

nicity of the SD3-loop in the induction of antibodies (Fig. S6).

These findings underline the importance of the SD3 domain in

molecular events linked to the rosetting phenomena.

We report the generation of a number of antibodies to distinct

NTS-DBL1a-domains that specifically bind to the surface of

pRBCs that disrupt rosettes or antibodies that only stain the

pRBC-surface. The specificities and the potencies of the mAbs

were confirmed by the fact that also Fab fragments specifically

reacted with the surface of the pRBCs and disrupted rosettes. The

epitopes recognized by the mAbs that were able to disrupt rosettes

were found to be localized in subdomain 3 and mainly within the

loop, despite displaying some heterogeneity in their fine specifi-

cities. Conformational epitopes recognized by additional function-

al antibodies were also localized closely to the SD3-loop since their

reactivities could be competed out with mAbs that bound to linear

epitopes within the loop. Furthermore we were able to reduce the

anti-rosetting activity of a pIgG directed to the whole NTS-

DBL1a domain by 70% by depleting the specific antibodies on

a SD3-loop peptide. Still, it is likely that several parts of the NTS-

DBL1a head-structure are involved in erythrocyte binding since

SD1 has previously been suggested to be involved in rosetting-

binding [29], and since our sera from the animals immunized with

SD3 could only partially disrupt rosettes. Recent reports argue

that SD3 of PfEMP1 VAR2CSA binds to CSA [34] but important

epitopes in VAR2CSA have also been found present outside of the

SD3-loop [35,36,37]. Whatever the case, the data presented here

Figure 3. Importance of the SD3 of PfEMP1-DBL1a in anti-rosetting response. A: Residual activity of pIgGIT4var60 after absorption on the
SD3-loop peptide of NTS-DBL1a of IT4var60 (KVKDTCQGYNNSGYRIYCS). ELISA plates were coated with 5 mg/ml of peptide and the absorption of the
pIgGs was verified by adding 10 mg/ml of the different pIgGs followed by ALP-conjugated secondary antibody. The peptide-absorbed/non-absorbed
pIgGs were tested for surface reactivity by flow cytometry at 10 mg/ml and for capacity to disrupt rosettes of the homologous parasite at 250 mg/ml.
As control pIgG were absorbed on the same peptide with scrambled sequence (CTSSKDYIYVQGCNNRGYK). All results are shown as relative reactivity
as compared to pIgG (set to 100%). Bars show the mean of six independent experiments 6 SD. B: pRBC surface reactivity of sera from rats on
FCR3S1.2/IT4var60 as detected by an Alexa488-conjugated secondary antibody and visualized by flow cytometry. The rats were immunized with
subdomain 1 (SD1; aa 1–119; brown), subdomain 2 (SD2; aa 120–272; light blue) or subdomain 3 (SD3; aa 273–393; dark blue) of IT4var60. Reactivity
of a pre-immune rat serum is shown in red. C: Rosette disruption activity of sera of rats immunized as described under A or with full length NTS
DBL1a (dilution 1:5). Presented are the rosetting levels relative to a control incubated with PBS. Six different experiments were performed in duplicate
and bars indicate SEM (Standard error of the mean). *** = p,0.001 as compared to pre-immune serum.
doi:10.1371/journal.pone.0050758.g003
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show that the loop located in SD3 of the DBL1a-domain is a highly

immunogenic part of PfEMP1 that is easily targeted by functional

Ab independently of the parasite strain and the animal species

used. In addition, the importance of the SD3 has recently been

pointed out in the P. vivax DBP (PvDBPII) DBL domain where the

SD3 is essential for PvDBPII binding to its receptor and mAbs

targeting residues in SD3 are able to inhibit this interaction [38].

Most of our mAbs reacted both with the pRBCs surface and

disrupted rosettes but two of them only bound to the pRBC

surface suggesting that mere binding of an antibody to PfEMP1

does not disrupt rosetting. It is also unlikely that our antibodies

sterically hinder the binding to the rosetting receptor at a distance

since the Fab fragments effectively inhibited rosetting. Taken

together with the pIgG peptide-absorption data and results from

immunizations with the three distinct subdomains (Fig. 3), this

argues that rosette-disruption is not due to distance-induced

conformational changes in PfEMP1 upon Ab binding but rather

receptor inhibition.

As reported for other pathogens and proteins [39,40,41]

antibodies commonly target immunodominant variable regions

located in proximity of conserved ligand binding-sites thus

inhibiting the interaction. Notably in the proximity of the SD3-

loop in h6, h7 and in the loop itself there are several basic residues

(arginine, histidine, lysine) that could be key for the interaction of

the NTS-DBL1a domain with the negatively charged erythrocyte

receptor heparan sulfate [20,29,42]. HB7 and HB12, which are

part of the SD3 loop, have also been suggested to carry motifs

specific for receptors adhesion [28]. Other studies also suggest that

receptor-binding sites are present in SD3 for DBL1a in the

binding to CR1 [43]. Yet different binding sites were identified for

the DBL domain of EBA-175-binding to Glycophorin A [44] and

for DBP-binding of P. vivax to DARC [45,46] but in the latter case

the SD3-loop was located in proximity of the RBC membrane

upon receptor binding suggesting a possible role in adhesion as

well.

The IgG levels of human sera to SD3-loop-peptides of

individuals living in areas where P. falciparum is endemic were

Figure 4. Individuals living in endemic areas acquire antibodies against SD3-loop sequences. A: IgGs levels in human sera (diluted
1:1000) against the NTS-DBL1a SD3-loop peptides from parasites IT4var60, IT4var9 and PAvarO as detected by ELISA. IgG levels were measured in 32
non-immune Swedish controls(C), 33 patients with severe malaria (SM), 47 patients with uncomplicated malaria (UM) and 40 immune adults (IM). B:
Correlation between patient-serum IgG reactivity as measured by ELISA with the SD3-loop peptides KVKDTCQGYNNSGYRIYCS (IT4var60),
DCTQTNLSHNQIFVDLDCP (PAvarO) and RTYLKDNTIFIDLNCPRCE (IT4var9). The sera were tested for reactivity towards the three distinct peptides in
ELISA (as described under B) and the correlation was tested using non-linear regression; R2 = 0.75, p,0.0001.
doi:10.1371/journal.pone.0050758.g004
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elevated, as compared to non-exposed adults. We found reactivity

with the three SD3-loop-peptides independently of the geo-

graphical origin of the sera for all the groups of patients

investigated. Unexpectedly, we measured higher antibody titers

in patients with severe disease as compared to patients with

uncomplicated malaria but the sera of the former group failed to

disrupt rosettes showing that the antibodies measured by ELISA

are not always functional. Although it is likely that only a fraction

of the IgG measured was protective, it is tempting to speculate that

human immunity is acquired in a stepwise manner where each

individual infection with rosetting-parasites boosts the antibody

response towards SD3-loop epitopes, protecting older children and

immune adults against severe malaria.

In a previous study, three rosetting parasite strains were found

to display variant specific surface epitopes and were grouped as

multiple serotypes [26]. Our data confirm this finding and suggests

that at least part of the molecular background to the serotypes is

found in variable sequences in the conserved location within the

SD3 of the DBL1a-domain. However, most sequence information

that is available to date covers only 80–150 aa tags produced with

primers located in the relatively conserved SD2 areas N-terminally

to the SD3-loop [47,48,49]. This part of the molecule is indeed

interesting since the number of cysteine residues present therein

has been found associated with the rosetting phenotype of the

parasite and the severity from malaria [48,49]. The bioinformatic

analysis presented here shows a similar clustering of the analyzed

sequences whether we consider just the DBL1a-tag (between

PoLV1 and PoLV4) of SD2 [48] or the SD3 part of DBL1a (from

a-helix h6 to a-helix h7) (Fig. 5) and suggests that determinants in

the SD3 sequence are also important and associated with disease

severity and rosetting. The analysis is corroborated by a previous

study by Rask et al. [28] where it is suggested that SD3 sequences

belonging to the DBLa1 class are well supported as a subgroup,

further subdividing it into two groups depending whether it is

followed by CIDRa or CIDRc. Further the authors demonstrated

the presence of a recombination hotspot between SD2 and SD3,

upstream of SD3-loop (HB7), hypothesizing independent function

of SD1+SD2 and SD3.

Development of variant specific anti-rosetting antibodies

appears to be the most common event in natural acquisition of

immunity to parasites [26], however cross-reactivity of anti-sera to

NTS-DBL1a in-between pRBC-surfaces of parasites was recently

reported by Ghumra et al [27]. The latter has been shown to be

extremely difficult to obtain in a laboratory and it is mainly

induced by immunizations with NTS-DBL1a from IgM-binding

parasites. Another possible rational design of a vaccine against

severe malaria could include minimal regions with biological

function. Our study now suggests a chimeric vaccine that could

include a number of SD3-loops derived from rosetting parasites

targeting different serological variants.

The data presented here support the notion that PfEMP1

sequences important for the acquisition of rosette-inhibitory

antibodies are localized within the SD3-loop of the DBL1a
domain. The efficacy of the Abs, the human serum-reactivity and

the ease with which we could induce biologically active Abs to

SD3 suggest this subdomain to be one of the major target for

protective antibodies that prevent the phenomenon of rosetting.

Materials and Methods

Ethics Statement
For the collection of human samples written informed consent

was obtained and the study was approved by Karolinska Institutets

Regional Ethical Review Board (permission 03/095) and the

Uganda National Council for Science and Technology (permission

MV 717). Animal immunizations were carried out commercially

by EMBL (Monterotondo, Italy) according to European Guide-

lines 86/609/EEC. Animal immunizations at Agrisera (Vännas,

Sweden) were approved by the animal ethical committee at Umeå

University (permissions A37–10 and A73–11) and followed the

Swedish Regulations (1988:534).

Parasite Cultures
P. falciparum laboratory strains were cultivated according to

standard methods [50], with modifications for patient isolates

[49,51]. The rosetting phenotype of FCR3S1.2 was maintained by

enrichment over a Ficoll-gradient [50], while enrichment on mAbs

was carried out as described for R29 and PAvarO [21].

Production of Recombinant Protein
NTS-DBL1 domains were PCR-amplified and cloned into the

pQE vector system (Qiagen) using specific primers (Table S2 for

all vectors and primers used in the study). While genomic DNA

was used for IT4var9 (R29var1) and SD3-IT4var60, E. coli codon-

optimized DNA was applied for PAvarO [21] and IT4var60

(FCR3S1.2var2) [52]. NTS-DBL1a-domains were expressed as C-

terminal 6x histidine-tagged recombinant proteins in the E. coli

strain BL21 DE3 (DslyD). Production of protein was induced at

OD600 = 0.6 with 0.1 mM IPTG. After 3 hours, the cells were

lysed by sonication. Inclusion bodies (IB) were sampled using high

speed centrifugation. The content of IB was solubilized in 6 M

Guanidine HCl, 50 mM Tris-HCl pH 8, 100 mM NaCl, 10 mM

EDTA pH 8, 10 mM DTT. All proteins were refolded by rapid

dilution using ice-cold 200 mM Tris-HCl pH 8, 10 mM EDTA

pH 8, 0.6 M L-arginine, 6.5 mM cysteamine, 3.7 mM cystamine.

Refolded NTS-DBL1a-domains were thereafter dialyzed and

concentrated using Amicon Ultracell centrifugal filter units

(Millipore). All proteins were purified by Immobilized Metal

Affinity Chromatography over Ni-NTA columns (Qiagen), eluted

with 500 mM imidazole and further purified to homogeneity using

size exclusion chromatography on a HiLoad 16/60 Superdex

75 pg column (GE-Healthcare). Correct folding was assessed by

circular dichroism.

Immunization of Animals and Generation of Monoclonal
and Polyclonal Antibodies

Mouse monoclonal antibodies were produced at EMBL Mono-

clonal Antibody Core Facility, Monterotondo, Italy (http://www.

embl.it/services/macf/index.html) as previously described [53].

Briefly, mice were immunized trice with 50 mg of recombinant

protein, at one month interval. Serum levels of antibodies were

measured in ELISA prior to fusion and a post fusion confirmatory

ELISA was carried out for selection of positive cell clones.

Monoclonality of the antibodies were either tested directly from

the obtained cell supernatants of antibody producing cell clones or

from purified from cell supernatants. After adjusting the pH to 7.4,

Figure 5. Phylogenetic tree of NTS-SD1 and SD3 sequences. The Neighbor Joining tree shows segregation of the NTS-SD1 (considered from
h1 to LARSFADIG) and SD3 (considered from h6 to h7) in two groups. Bootstrap support, after 1000 replicates, is only shown for the branches
separating different groups, black dots at nodes indicate bootstrap values above or equal to 50%. 1-cys sequences are colored in dark green, 2-cys in
green, 3-cys in pink, 4-cys in blue and 5-cys in yellow.
doi:10.1371/journal.pone.0050758.g005
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purification was performed over a ProteinG agarose column

(Pierce ThermoScientific, product#20399). Purified antibodies

were used in the experiments after being dialyzed against PBS and

subsequently concentrated. mAb SlyD, a mAb directed against an

E. coli heat-shock protein, was produced in the same way and used

as a control throughout the experiments.

Polyclonal antibodies were produced in goats and rats by Agrisera,

Umeå, Sweden. Briefly, animals were immunized intramuscularly

with 200 mg of protein four times at one month intervals; for the first

immunization the protein was emulsified in Freund’s complete while

incomplete Freunds adjuvant was used for the remaining three; final

bleed was carried out two weeks after the last immunization. From

eachgoatapproximatelyone literof serumwasobtainedandtheIgGs

were purified over ProteinG columns.

ELISA Assay
To assess the reactivity of each mAb with recombinant protein,

ELISA assays were carried out as described [19]; plates were

coated with 50 ml of 2.5 mg/ml protein overnight in carbonate

buffer pH 9.6, subsequently blocked and thereafter incubated with

100 ml antibody containing solution in two different dilutions

(mAbs cell supernatants 1:20 and 1:40; purified mAbs at 5 and

2.5 mg/ml). Reactivity was visualized using an anti-mouse IgG-

ALP (dilution 1:1000; Sigma-Aldrich) conjugated antibody; mAb

SlyD was used as a control. For peptide ELISA the same protocol

was used with the following modifications: 5 mg/ml of peptide was

used for coating of plates, human serum was used at 1:1000

dilution followed by anti-human IgG-ALP conjugated antibody

(dilution1:1000, Sigma-Aldrich).

Analysis of Surface Reactivity of pRBC by Flow Cytometry
Trophozoite infected RBCs of <24–30 h p.i. were incubated

with the pIgGs (final concentration 10 mg/ml), mAbs (final

concentration 20 mg/ml) or rat sera (final dilution 1:10) for

30 min in a volume of 50 ml. Non-immune goat IgG, mAb SlyD

or pre-immune sera were used as controls in all experiments at the

same concentrations. After incubation with the primary antibody,

three washes with 200 ml PBS/2% FCS were performed followed

by 30 min incubation with species-specific anti-IgG antibody

coupled to ALEXA488 (dilution 1:100, Invitrogen) in volumes of

50 ml. All antibodies were diluted in PBS/2% FCS. For nuclear

staining, ethidium bromide was added at final concentration

2.5 mg/ml and pRBC were finally washed three times with 200 ml

and resuspended in 200 ml PBS with 2% FCS. The cell acquisition

was done using flow cytometry (FACSCalibur, BD Bioscience,

http://www.bd.com) where 5000 pRBC were counted. The

analysis was performed using FlowJo software. pRBCs incubated

with the fluorophore-labelled secondary antibody only were used

to define the non-reactive cell population; the percentage of

positive cells was thereafter determined in all samples.

Rosette Disruption Assay
To test the capacity of the pIgGs and mAbs to disrupt rosettes of

the different parasite clones/strains 45 ml aliquots of well

synchronized parasite culture 28–36 h p.i. were transferred to

a 96 well plate and carefully mixed (using a pipette tip with wide

opening, in order to avoid mechanical disruption of rosettes) with

5 ml of antibody solution. For pIgGs concentrations of 50, 100,

250 and 500 mg/ml, for mAbs concentrations of 10, 25, 50 and

100 mg/ml and for rat sera final dilution of 1:5, 1:10, 1:20 and

1:40 were applied; nIgG, mAb SlyD or pre-immune rat sera was

analyzed at the same concentrations as control. Incubation was

carried out for 60 min at RT, parasites were afterwards stained

with Acridine Orange and the rosetting rate was counted in

a fluorescent microscope. PRBC filling the RBC 1/3 or more were

considered as potentially rosetting and included in the counting;

counting of rosettes was carried out covering different areas of the

slide to cover for unevenly spread rosettes [50].

Erythrocyte Binding Assay
In order to analyze the capacity of the recombinant NTS-

DBL1a-domains to bind RBCs the proteins were incubated for

30 min at RT with RBCs (O+) from Swedish donors in 50 ml PBS.

After three washes with 200 ml PBS/2% FCS the complex was

incubated with 50 ml mAb anti-his antibody (dilution 1:200,

Qiagen) for 30 min at RT. This step was followed by three washes

with 200 ml PBS with 2% FCS and 30 min incubation with 50 ml

goat-anti-mouse IgG antibody ALEXA488-conjugated (dilution

1:100, Invitrogen). The complex was washed three times with

200 ml and re-suspended in 200 ml PBS with 2% FCS. The cell

acquisition was done using flow cytometry (FACSCalibur, BD

Bioscience, http://www.bd.com) where 100.000 RBCs were

counted. The analysis was performed using FlowJo software. For

the erythrocyte binding inhibition assay the same protocol was

followed with an additional 30 min pre-incubation of recombinant

NTS-DBL1a-domains with different dilutions of the mAbs and

pIgGs before incubation with RBCs.

Biotinylation of mAbs and Competition Assay
mAbs were biotinylated using the EZ-Link NHS-PEG Solid-

Phase Biotinylation Kit (Pierce ThermoScientific, product

#21440) according to manufacturer’s instructions. Analysis of

surface reactivity was carried out as described above with the

following modifications: after 30 min incubation with unlabelled

mAb (50 ug/ml in 50 ml), pRBC were washed and incubated with

biotinylated mAb (50 ug/ml in 50 ml); Streptavidin-FITC (50 ml,

dilution 1:300, Invitrogen) was added for surface staining.

pIgG Absorption
Peptides were conjugated to NHS activated agarose (Pierce

ThermoScientific, product #26197) according to manufacturer’s

instructions. Briefly 1 mg/ml (455 mM) of peptide in PBS was

mixed with dry resin for 1 hour at RT followed by 30 minutes

incubation in Tris pH 8. After re-equilibration of the resin in PBS,

1 ml of pIgG, at 1 mg/ml concentration, was added and

incubated overnight at 4uC. After elution the flow-through was

re-incubated for 2 hours at RT. The final flow-through was

collected, concentrated, and absorption verified by ELISA on the

corresponding peptide.

Peptide Array
Peptide microarrays were manufactured by JPT (JPT Peptide

Technologies, Germany) with each slide containing three

identical subarrays of <100 overlapping, 15aa long, peptides for

each of seven NTS-DBL1a-sequences from various parasite

laboratory strains and isolates (Table S1). Slides were incubated

for 16 hours at 4uC with 5 mg/ml, 250 ml volume, of the antibody

of interest in PBS buffer containing 3% of FCS and 0.5% Tween

(TPBS). After washing twice with TPBS and trice with distilled

water, slides were incubated with species-specific Cy5-conjugated

secondary antibody (Jackson ImmunoResearch). Following wash-

ing steps, slides were scanned at 635 nm using a GenePix 4000B

microarray scanner (Axon Instruments, CA, USA) and images

analyzed using GenePixPro 7.0 software in combination with the

GAL file provided by JPT. The mean fluorescence intensities

obtained from the foreground minus the local background were
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used to calculate the antibody responses; data presented here

correspond to the average of the three subarrays.

Protein Modeling
The 3D structures of NTS-DBL1aIT4var60, NTS-DBL1aIT4var9

and NTS-DBL1a-CIDR1cIT4var60 were modeled using the Phyre2

server [54]. The crystal structure of NTS-DBL1a PAvarO (PDB

accession code 2XUO) [29] was used as a template. Structural

visualizations and high-resolution images were generated using

PyMol (The PyMOL Molecular Graphics System, Version 1.3,

Schrödinger, LLC.).

Bioinformatic Analysis
Sequences of 3D7 (52 sequences), IT4 (36 sequences), Dd2 (26

sequences), HB3 (22 sequences) and other parasites (8 sequences)

were obtained from GenBank [55], varDB [56] and VarDom [28]

databases. The multiple sequence alignments were performed

using ClustalW with default parameters and unrooted [57].

Phylogenic trees were built using the Neighbour-Joining method

using Molecular Evolutionary Genetic Analysis 5 (MEGA5) [58].

Trees were edited and visualized using Dendroscope [59].

Statistical Analysis
All values are expressed as mean 6 SD. Comparisons between

different groups were made using Students unpaired t test or

Mann-Whitney test (for non-normally distribuited samples). Non-

linear regression was used to correlate serum-IgG levels.

Supporting Information

Figure S1 Binding of the recombinant NTS-DBL1a
domains to RBCs. Recombinant NTS-DBL1a was incubated

at 25, 50 and 100 mg/ml (green, blue and yellow respectively) with

RBCs in PBS. Binding was detected with anti-his mAbs, followed

by secondary antibody Alexa488-conjugated, by flow cytometry.

In red is shown the binding of a control his-tagged recombinant

protein (NTS-DBL1a of TM284S2).

(TIF)

Figure S2 Activity of antibodies towards the NTS-
DBL1a-domain of rosette associated PfEMP1 molecules.
A: Surface reactivity of 10 mg/ml pIgG/1:5 serum, followed by

secondary antibody Alexa488-conjugated, with pRBC of the

homologous parasite strain/clone as visualized by flow cytometry.

nIgG and anti-NTS-DBL1a pIgGs/anti SD3-serum are in red

and blue respectively. B: Surface reactivity of mAbs (at 20 mg/ml)

with homologous pRBC as detected by Alexa488-conjugated

secondary antibody and visualized by flow cytometry. mAbs and

control mAbSlyD are in blue and red respectively. C: Surface

reactivity of mAbV2-c20 (at 20 mg/ml), with homologous pRBC

as detected by Alexa488-conjugated secondary antibody and

visualized by flow cytometry, in presence (+) or absence (–) of

human serum proteins. pRBCs were stripped using sodium citrate

(5) to remove bound serum proteins (including immunoglobulins)

prior to mAb labeling. mAbV2-c20 and control mAbSlyD are in

blue and red respectively.

(PDF)

Figure S3 Results of peptide microarrays. A: Reactivity of

the different mAbs on the NTS-DBL1aIT4var60 microarray. The

graphs indicate the reactivity of the mAbs towards the 15-mers

peptide covering the NTS-DBL1aIT4var60 sequence (peptide

sequences on the y-axis N-terminal to C-terminal, bottom to

top). B: Reactivity of the different mAbs on the NTS-

DBL1aIT4var9 microarray. The graphs indicate the reactivity of

the mAbs towards the 15-mers peptide covering the NTS-

DBL1aIT4var9 sequence (peptide sequences on the y-axis N-

terminal to C-terminal, bottom to top). C: Reactivity of the pIgGs

to IT4var60/FCR3S1.2 on the NTS-DBL1a microarrays. The

graphs indicate the reactivity of the pIgG (black line) and nIgG

(blue line) towards the 15-mers peptide covering the homologous

NTS-DBL1a sequence (peptide sequences on the x-axis N-

terminal to C-terminal, left to right). The area corresponding to

the SD3-loop is highlighted in red.

(PDF)

Figure S4 Recognition of SD3-loop by mAbs. A: Surface

labeling competition. Residual surface reactivity of biotinylated (B)

mAbs after pre-incubation with unlabeled mAbs. pRBC were pre-

incubated with 50 mg/ml unlabeled mAbs and subsequently

incubated with 50 mg/ml of biotinylated mAbs. Surface reactivity

was detected with Streptavidin-FITC by flow cytometry. Results

are shown as residual reactivity relative to biotinylated mAb pre-

incubated with PBS. Three different experiments were performed

and bars indicate 6 SD. B: Surface reactivity of biotinylated

mAbs with pBRCs, after pre-incubation with unlabelled mAbs, as

described under A, visualized by flow cytometry. Plots are

representative of typical results showing different degrees of

inhibition. Red: mAb SlyD, blue: B-var2–14.1, green: residual

reactivity of B-V-14.1 after pre-incubation of pBRCs with mAb as

indicated in the figure. C: ELISA reactivity of the V2-mAbs

towards the SD3-loop peptide (KVKDTCQGYNNSGYRIYCS).

ELISA plates were coated with 5 mg/ml of peptide and the

reactivity of the mAbs was verified by adding 25 mg/ml of the

different mAbs followed by ALP-conjugated secondary antibody.

The vertical black bar is the threshold for positivity as calculated

by the background binding of mAb-SlyD+2SD.

(TIF)

Figure S5 Multiple sequence alignment of SD3 se-
quences. A: Multiple sequence alignment of SD3 sequences,

used to build the phylogenetic tree in Fig. 4, generated using

ClustalW. Sequences from helix 6 to helix 7 were aligned. Protein

IDs are indicated in the first column while Cys type in the last

column (Cys1, Cys2, Cys3, Cys4 or Cys5). 144 unique protein

sequences have been used for the alignment and two protein

sequences (PFDG_03037 and XP_001351079) have been re-

moved. B: Consensus sequence generated from the multiple

alignments for the two distinct groups as seen in Fig. 4. The first

line indicates the amino acid number, the second line indicates the

consensus sequence: aa shaded in black have .99% conservation

while aa in grey have .80% consensus. The third line is the motif

logo generated using WebLogo.

(PDF)

Figure S6 Relative localization of the SD3-loop. Cartoon

suggesting possible binding mode of antibodies to the SD3-loop of

NTS-DBL1a, maintaining the correct relative sizes of the domains

as compared to IgG. The cartoon shows a possible structure of

PfEMP1 with the molecular model of NTS-DBL1a-CIDR1c
domains in the N-terminus. The localization of the SD3-loop (red)

and an antibody (blue) are indicated.

(TIF)

Table S1 PfEMP1 sequences on the peptide microarray.

(DOC)

Table S2 PCR-primers and vectors used to generate
NTSDBL1a-expression constructs.

(DOC)

PfEMP1 Rosetting Epitopes

PLOS ONE | www.plosone.org 11 December 2012 | Volume 7 | Issue 12 | e50758



Acknowledgments

We thank Sabin Antony and Christian Fasci at the EMBL Monterotondo

Campus for technical assistance, Prof. Odile Puijalon at the Institut Pasteur

for kindly providing us with the PAvarO parasite and Dr. Deborah Zamble

at the University of Toronto for the gift of E. coli strain BL21 DE3 (DslyD).

Author Contributions

Conceived and designed the experiments: DA AA MW KM. Performed

the experiments: DA LA KB MdPQ TA SMB KM. Analyzed the data: DA

LA MdPQ KM. Contributed reagents/materials/analysis tools: AS TS

AA. Wrote the paper: DA AA MW KM.

References

1. Miller LH, Baruch DI, Marsh K, Doumbo OK (2002) The pathogenic basis of

malaria. Nature 415: 673–679.

2. Carlson J, Helmby H, Hill AV, Brewster D, Greenwood BM, et al. (1990)

Human cerebral malaria: association with erythrocyte rosetting and lack of anti-

rosetting antibodies. Lancet 336: 1457–1460.

3. Rowe JA, Moulds JM, Newbold CI, Miller LH (1997) P. falciparum rosetting

mediated by a parasite-variant erythrocyte membrane protein and complement-
receptor 1. Nature 388: 292–295.

4. Fandeur T, Le Scanf C, Bonnemains B, Slomianny C, Mercereau-Puijalon O

(1995) Immune pressure selects for Plasmodium falciparum parasites presenting
distinct red blood cell surface antigens and inducing strain-specific protection in

Saimiri sciureus monkeys. The Journal of experimental medicine 181: 283–295.

5. Carlson J, Nash GB, Gabutti V, al-Yaman F, Wahlgren M (1994) Natural
protection against severe Plasmodium falciparum malaria due to impaired

rosette formation. Blood 84: 3909–3914.

6. Rowe JA, Shafi J, Kai OK, Marsh K, Raza A (2002) Nonimmune IgM, but not

IgG binds to the surface of Plasmodium falciparum-infected erythrocytes and

correlates with rosetting and severe malaria. American Journal of Tropical
Medicine & Hygiene 66: 692–699.

7. Treutiger CJ, Hedlund I, Helmby H, Carlson J, Jepson A, et al. (1992) Rosette

formation in Plasmodium falciparum isolates and anti-rosette activity of sera
from Gambians with cerebral or uncomplicated malaria. Am J Trop Med Hyg

46: 503–510.

8. Rowe A, Obeiro J, Newbold CI, Marsh K (1995) Plasmodium falciparum

rosetting is associated with malaria severity in Kenya. Infect Immun 63: 2323–

2326.

9. Heddini A, Pettersson F, Kai O, Shafi J, Obiero J, et al. (2001) Fresh isolates

from children with severe Plasmodium falciparum malaria bind to multiple
receptors. Infect Immun 69: 5849–5856.

10. Doumbo OK, Thera MA, Kone AK, Raza A, Tempest LJ, et al. (2009) High

levels of Plasmodium falciparum rosetting in all clinical forms of severe malaria
in African children. Am J Trop Med Hyg 81: 987–993.

11. Kaul DK, Roth EF, Jr., Nagel RL, Howard RJ, Handunnetti SM (1991)

Rosetting of Plasmodium falciparum-infected red blood cells with uninfected red
blood cells enhances microvascular obstruction under flow conditions. Blood 78:

812–819.

12. Vogt AM, Pettersson F, Moll K, Jonsson C, Normark J, et al. (2006) Release of

sequestered malaria parasites upon injection of a glycosaminoglycan. PLoS

pathogens 2: e100.

13. Fairhurst RM, Baruch DI, Brittain NJ, Ostera GR, Wallach JS, et al. (2005)

Abnormal display of PfEMP-1 on erythrocytes carrying haemoglobin C may
protect against malaria. Nature 435: 1117–1121.

14. Rowe JA, Handel IG, Thera MA, Deans AM, Lyke KE, et al. (2007) Blood

group O protects against severe Plasmodium falciparum malaria through the
mechanism of reduced rosetting. Proc Natl Acad Sci U S A 104: 17471–17476.

15. Dondorp AM, Ince C, Charunwatthana P, Hanson J, van Kuijen A, et al. (2008)

Direct in vivo assessment of microcirculatory dysfunction in severe falciparum
malaria. J Infect Dis 197: 79–84.

16. Gardner MJ, Hall N, Fung E, White O, Berriman M, et al. (2002) Genome
sequence of the human malaria parasite Plasmodium falciparum. Nature 419:

498–511.

17. Kraemer SM, Smith JD (2006) A family affair: var genes, PfEMP1 binding, and
malaria disease. Curr Opin Microbiol 9: 374–380.

18. Scherf A, Lopez-Rubio JJ, Riviere L (2008) Antigenic variation in Plasmodium

falciparum. Annu Rev Microbiol 62: 445–470.

19. Chen Q, Heddini A, Barragan A, Fernandez V, Pearce SF, et al. (2000) The

semiconserved head structure of Plasmodium falciparum erythrocyte membrane
protein 1 mediates binding to multiple independent host receptors. J Exp Med

192: 1–10.

20. Vogt AM, Barragan A, Chen Q, Kironde F, Spillmann D, et al. (2003) Heparan
sulfate on endothelial cells mediates the binding of Plasmodium falciparum-

infected erythrocytes via the DBL1alpha domain of PfEMP1. Blood 101: 2405–

2411.

21. Vigan-Womas I, Guillotte M, Le Scanf C, Igonet S, Petres S, et al. (2008) An

in vivo and in vitro model of Plasmodium falciparum rosetting and auto-
agglutination mediated by varO, a group A var gene encoding a frequent

serotype. Infect Immun 76: 5565–5580.

22. Carlson J, Wahlgren M (1992) Plasmodium falciparum erythrocyte rosetting is
mediated by promiscuous lectin-like interactions. J Exp Med 176: 1311–1317.

23. Baruch DI, Pasloske BL, Singh HB, Bi X, Ma XC, et al. (1995) Cloning the P.

falciparum gene encoding PfEMP1, a malarial variant antigen and adherence
receptor on the surface of parasitized human erythrocytes. Cell 82: 77–87.

24. Smith JD, Chitnis CE, Craig AG, Roberts DJ, Hudson-Taylor DE, et al. (1995)
Switches in expression of Plasmodium falciparum var genes correlate with

changes in antigenic and cytoadherent phenotypes of infected erythrocytes. Cell

82: 101–110.

25. Baruch DI, Gamain B, Barnwell JW, Sullivan JS, Stowers A, et al. (2002)

Immunization of Aotus monkeys with a functional domain of the Plasmodium

falciparum variant antigen induces protection against a lethal parasite line. Proc

Natl Acad Sci U S A 99: 3860–3865.

26. Vigan-Womas I, Guillotte M, Juillerat A, Vallieres C, Lewit-Bentley A, et al.

(2011) Allelic diversity of the Plasmodium falciparum erythrocyte membrane

protein 1 entails variant-specific red cell surface epitopes. PLoS One 6: e16544.

27. Ghumra A, Semblat JP, Ataide R, Kifude C, Adams Y, et al. (2012) Induction of

Strain-Transcending Antibodies Against Group A PfEMP1 Surface Antigens

from Virulent Malaria Parasites. PLoS pathogens 8: e1002665.

28. Rask TS, Hansen DA, Theander TG, Gorm Pedersen A, Lavstsen T (2010)
Plasmodium falciparum erythrocyte membrane protein 1 diversity in seven

genomes–divide and conquer. PLoS computational biology 6.

29. Juillerat A, Lewit-Bentley A, Guillotte M, Gangnard S, Hessel A, et al. (2011)
Structure of a Plasmodium falciparum PfEMP1 rosetting domain reveals a role

for the N-terminal segment in heparin-mediated rosette inhibition. Proc Natl

Acad Sci U S A 108: 5243–5248.

30. Barfod L, Dalgaard MB, Pleman ST, Ofori MF, Pleass RJ, et al. (2011) Evasion
of immunity to Plasmodium falciparum malaria by IgM masking of protective

IgG epitopes in infected erythrocyte surface-exposed PfEMP1. Proc Natl Acad

Sci U S A 108: 12485–12490.

31. Treutiger CJ, Scholander C, Carlson J, McAdam KP, Raynes JG, et al. (1999)

Rouleaux-forming serum proteins are involved in the rosetting of Plasmodium

falciparum-infected erythrocytes. Exp Parasitol 93: 215–224.

32. Scholander C, Treutiger CJ, Hultenby K, Wahlgren M (1996) Novel fibrillar
structure confers adhesive property to malaria-infected erythrocytes. Nat Med 2:

204–208.

33. Bull PC, Buckee CO, Kyes S, Kortok MM, Thathy V, et al. (2008) Plasmodium
falciparum antigenic variation. Mapping mosaic var gene sequences onto

a network of shared, highly polymorphic sequence blocks. Molecular

microbiology 68: 1519–1534.

34. Singh K, Gitti RK, Diouf A, Zhou H, Gowda DC, et al. (2010) Subdomain 3 of
Plasmodium falciparum VAR2CSA DBL3x is identified as a minimal

chondroitin sulfate A-binding region. The Journal of biological chemistry 285:

24855–24862.

35. Dahlback M, Rask TS, Andersen PH, Nielsen MA, Ndam NT, et al. (2006)
Epitope mapping and topographic analysis of VAR2CSA DBL3X involved in P.

falciparum placental sequestration. PLoS pathogens 2: e124.

36. Andersen P, Nielsen MA, Resende M, Rask TS, Dahlback M, et al. (2008)
Structural insight into epitopes in the pregnancy-associated malaria protein

VAR2CSA. PLoS pathogens 4: e42.

37. Pinto VV, Ditlev SB, Jensen KE, Resende M, Dahlback M, et al. (2011)

Differential induction of functional IgG using the Plasmodium falciparum
placental malaria vaccine candidate VAR2CSA. PloS one 6: e17942.

38. Siddiqui AA, Xainli J, Schloegel J, Carias L, Ntumngia F, et al. (2012) Fine

Specificity of Plasmodium vivax Duffy Binding Protein Binding Engagement of
the Duffy Antigen on Human Erythrocytes. Infection and immunity 80: 2920–

2928.

39. Wyatt R, Kwong PD, Desjardins E, Sweet RW, Robinson J, et al. (1998) The

antigenic structure of the HIV gp120 envelope glycoprotein. Nature 393: 705–
711.

40. Coley AM, Gupta A, Murphy VJ, Bai T, Kim H, et al. (2007) Structure of the

malaria antigen AMA1 in complex with a growth-inhibitory antibody. PLoS
pathogens 3: 1308–1319.

41. Wilson IA, Cox NJ (1990) Structural basis of immune recognition of influenza

virus hemagglutinin. Annual review of immunology 8: 737–771.

42. Barragan A, Kremsner PG, Wahlgren M, Carlson J (2000) Blood group A

antigen is a coreceptor in Plasmodium falciparum rosetting. Infect Immun 68:

2971–2975.

43. Mayor A, Bir N, Sawhney R, Singh S, Pattnaik P, et al. (2005) Receptor-binding
residues lie in central regions of Duffy-binding-like domains involved in red cell

invasion and cytoadherence by malaria parasites. Blood 105: 2557–2563.

44. Tolia NH, Enemark EJ, Sim BK, Joshua-Tor L (2005) Structural basis for the
EBA-175 erythrocyte invasion pathway of the malaria parasite Plasmodium

falciparum. Cell 122: 183–193.

45. Singh SK, Hora R, Belrhali H, Chitnis CE, Sharma A (2006) Structural basis for

Duffy recognition by the malaria parasite Duffy-binding-like domain. Nature
439: 741–744.

46. Batchelor JD, Zahm JA, Tolia NH (2011) Dimerization of Plasmodium vivax

DBP is induced upon receptor binding and drives recognition of DARC. Nature
structural & molecular biology 18: 908–914.

PfEMP1 Rosetting Epitopes

PLOS ONE | www.plosone.org 12 December 2012 | Volume 7 | Issue 12 | e50758



47. Taylor HM, Kyes SA, Harris D, Kriek N, Newbold CI (2000) A study of var

gene transcription in vitro using universal var gene primers. Mol Biochem
Parasitol 105: 13–23.

48. Kirchgatter K, Portillo Hdel A (2002) Association of severe noncerebral

Plasmodium falciparum malaria in Brazil with expressed PfEMP1 DBL1 alpha
sequences lacking cysteine residues. Mol Med 8: 16–23.

49. Normark J, Nilsson D, Ribacke U, Winter G, Moll K, et al. (2007) PfEMP1-
DBL1alpha amino acid motifs in severe disease states of Plasmodium falciparum

malaria. Proc Natl Acad Sci U S A 104: 15835–15840.

50. Moll K, Ljungström I, H P, Scherf A, M W (2008) Methods in Malaria
Research, 5th ed. MR4/ATCC Manassas, Virginia. http://wwwmr4org/

Publications/MethodsinMalariaResearch/tabid/333/Defaultaspx.
51. Blomqvist K, Normark J, Nilsson D, Ribacke U, Orikiriza J, et al. (2010) var

gene transcription dynamics in Plasmodium falciparum patient isolates. Mol
Biochem Parasitol 170: 74–83.

52. Albrecht L, Moll K, Blomqvist K, Normark J, Chen Q, et al. (2011) var gene

transcription and PfEMP1 expression in the rosetting and cytoadhesive
Plasmodium falciparum clone FCR3S1.2. Malaria Journal 10: 17.

53. De Masi F, Chiarella P, Wilhelm H, Massimi M, Bullard B, et al. (2005) High
throughput production of mouse monoclonal antibodies using antigen micro-

arrays. Proteomics 5: 4070–4081.

54. Kelley LA, Sternberg MJ (2009) Protein structure prediction on the Web: a case

study using the Phyre server. Nat Protoc 4: 363–371.

55. Benson DA, Karsch-Mizrachi I, Lipman DJ, Ostell J, Wheeler DL (2005)

GenBank. Nucleic acids research 33: D34–38.

56. Hayes CN, Diez D, Joannin N, Honda W, Kanehisa M, et al. (2008) varDB:

a pathogen-specific sequence database of protein families involved in antigenic

variation. Bioinformatics 24: 2564–2565.

57. Thompson JD, Higgins DG, Gibson TJ (1994) CLUSTAL W: improving the

sensitivity of progressive multiple sequence alignment through sequence

weighting, position-specific gap penalties and weight matrix choice. Nucleic

acids research 22: 4673–4680.

58. Tamura K, Peterson D, Peterson N, Stecher G, Nei M, et al. (2011) MEGA5:

molecular evolutionary genetics analysis using maximum likelihood, evolution-

ary distance, and maximum parsimony methods. Molecular biology and

evolution 28: 2731–2739.

59. Huson DH, Richter DC, Rausch C, Dezulian T, Franz M, et al. (2007)

Dendroscope: An interactive viewer for large phylogenetic trees. BMC

bioinformatics 8: 460.

PfEMP1 Rosetting Epitopes

PLOS ONE | www.plosone.org 13 December 2012 | Volume 7 | Issue 12 | e50758


