
INFECTION AND IMMUNITY, Dec. 2007, p. 5967–5973 Vol. 75, No. 12
0019-9567/07/$08.00�0 doi:10.1128/IAI.00327-07
Copyright © 2007, American Society for Microbiology. All Rights Reserved.

Characterization of the Antibody Response against Plasmodium falciparum
Erythrocyte Membrane Protein 1 in Human Volunteers�†

Darren R. Krause,1,2 Michelle L. Gatton,1 Sarah Frankland,3 Damon P. Eisen,4
Michael F. Good,5 Leann Tilley,3 and Qin Cheng1,2*

Malaria Drug Resistance and Chemotherapy, Infectious Diseases and Immunology Division, The Queensland Institute of
Medical Research, Post Office Royal Brisbane Hospital, Qld 4029, Australia1; Drug Resistance and Diagnostics,

Australian Army Malaria Institute, Gallipoli Barracks, Enoggera, Qld 4051, Australia2; Department of Biochemistry,
La Trobe University, Melbourne, Victoria 3086, Australia3; Victorian Infectious Disease Service,

Royal Melbourne Hospital, Victoria, Australia4; and Molecular Immunology, Infectious Diseases and
Immunology Division, The Queensland Institute of Medical Research,

Post Office Royal Brisbane Hospital, Qld 4029, Australia5

Received 1 March 2007/Returned for modification 27 April 2007/Accepted 4 September 2007

The immune response against the Plasmodium falciparum variant surface antigen P. falciparum erythrocyte
membrane protein 1 (PfEMP1) is a key component of clinical immunity against falciparum malaria. In this
study, we used sera from human volunteers who had been infected with the P. falciparum 3D7 strain to
investigate the development, specificity, and dynamics of anti-PfEMP1 antibodies measured against six dif-
ferent strain 3D7 Duffy binding-like domain 1� (DBL1�) fusion proteins. We observed that a parasitemia of
20 to 200 infected erythrocytes per �l was required to trigger an antibody response to DBL1� and that
antibodies against one DBL1� variant cross-react with other DBL1� variants. Both serum and purified
immunoglobulin Gs (IgGs) were able to agglutinate infected erythrocytes, and purified anti-DBL1� IgGs
bound to the live infected red blood cell surface in a punctate surface pattern, confirming that the IgGs
recognize native PfEMP1. Analysis of sera from tourists naturally infected with P. falciparum suggests that the
anti-PfEMP1 antibodies often persisted for more than 100 days after a single infection. These results help to
further our understanding of the development of acquired immunity to P. falciparum infections.

Children living in regions of Africa where malaria is endemic
experience decreasing numbers of clinical malaria episodes
with increasing age (4, 30, 31), indicating the development
of acquired immunity against malaria. The parasite protein
Plasmodium falciparum erythrocyte membrane protein 1
(PfEMP1) is thought to be essential for the development of
acquired clinical immunity to falciparum malaria (7, 12, 22)
since agglutinating antibodies, mostly against PfEMP1, corre-
late with clinical protection against disease (7, 22).

PfEMP1 is expressed on the surface of infected red blood
cells (IRBCs) and has been shown to mediate adherence to a
range of host receptors located on the endothelial lining of
specific organs and on uninfected RBCs (1, 2, 5, 16, 39, 40, 47,
48). PfEMP1 is encoded by a family of var genes, with each
parasite genome containing approximately 60 different var
genes (19, 45). Based on chromosomal location, gene orienta-
tion, and the 5� flanking sequences in P. falciparum strain 3D7,
var genes have been grouped into five distinct groups com-
monly called A, B, C, D, and E (19, 26, 49), with two possible
intermediate groups (B/A and B/C) (28). PfEMP1 undergoes
antigenic variation (41) caused by a switch in transcription
between var genes. Each PfEMP1 molecule consists of a vari-

able number of structurally unique domains. There are three
types of domains: DBL, CIDR, and C2. Within the DBL cat-
egory, there are six sequence classes (DBL-�, -�, -�, -�, -ε, and
-X), while there are only two CIDR sequence classes (CIDR-�
and CIDR-�), and the C2 domain is conserved (19). While the
tertiary structure of PfEMP1 is still to be elucidated, the dif-
ferent domains appear to have conserved but different func-
tions: CIDR-� binds CD36 (2, 42), DBL-� binds to chondroitin
sulfate A (5, 18, 37), and DBL-� is involved in rosetting (8, 40).

The diversity of the PfEMP1 repertoire of parasites in a
given geographic area is a key factor in the development of
clinical immunity. Other factors that may also be important in
determining the development and maintenance of clinical im-
munity are (i) the parasite density required to trigger an anti-
PfEMP1 antibody response, (ii) the specificity and affinity of
the anti-PfEMP1 immune responses, and (iii) the longevity of
these antibodies. At present, none of these factors is well
defined.

In a setting with endemic disease and with high parasite
diversity, many infections may be needed to develop clinical
immunity. However, it appears that an immune response
against a specific parasite may start to develop after a single
infection (10). Convalescent-phase sera collected from patients
living in regions of endemicity appear to have some cross-
reactivity since the antibodies agglutinate not only the parasite
isolate infecting the patient but also other parasite isolates (7,
20). However, it is unclear from these studies if this cross-
reactivity is due to multiple reactivities of specific antibodies or
previous exposure to the same (or highly similar) parasites
boosting a memory response. In the absence of reexposure to
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P. falciparum, antibody levels decline over time, and the lon-
gevity of protective immune responses has been disputed, with
both short-lived (17, 35) and long-term responses being re-
ported (11, 13).

In an effort to better define these key factors, we have used
a collection of serum and plasma samples stored from several
previous vaccine studies to investigate the development, spec-
ificity, and longevity of anti-Duffy binding-like domain 1�
(DBL1�) antibodies in well-monitored P. falciparum infec-
tions. The DBL1� domain of PfEMP1 was selected for analysis
since antibodies directed against variable epitopes of this re-
gion correlate with the level of exposure to malaria (33), sug-
gesting that it may play a role in clinical immunity. The results
indicate that anti-PfEMP1 antibodies can develop after a sin-
gle infection, provided the parasitemia is sufficient. Addition-
ally, these antibodies cross-react with other PfEMP1 variants
in both denatured and native conditions, and PfEMP1 anti-
bodies can persist for at least as long as antibodies to other
malaria antigens. These results provide a unique insight into
anti-PfEMP1 antibody production after limited exposure to
the parasite.

MATERIALS AND METHODS

Sera from volunteers. Stored serum/plasma samples from 27 volunteers
involved with previous P. falciparum strain 3D7 infection studies (9, 29, 36)
and from one laboratory-infected individual (D1) were used in this study
(Table 1). All serum/plasma samples were stored at �80°C. Ethics approval
for the use of these stored samples was granted by the QIMR human research
ethics committee.

Sera from tourists. Serum samples from Australian residents who contracted
falciparum malaria overseas but became symptomatic upon returning to Austra-
lia were collected at the Royal Brisbane and Princess Alexandra Hospitals in
Brisbane, Australia (14), and used in this study. Serum samples were taken at the
time of treatment and several months thereafter.

Negative and positive control sera. Sera from healthy anonymous blood do-
nors were obtained from the Australian Red Cross blood service. Pools of 10 to
12 individual sera were used as negative controls. The positive control was a
stored serum sample from a hyperimmune individual living in Papua New
Guinea.

Expression and purification of recombinant DBL1�. Recombinant fusion
proteins encoded by the DBL1� domains of six var genes with different structures
and genomic locations (26, 28) were expressed in Escherichia coli. The genes
selected also had different transcript abundances in parasite samples (3D7B1 and

3D7B2) from two of the infected volunteers (34). Four of the DBL1� domains
were from group B var genes: PFC0005w, PF11_0007, MAL6P1.1, and
PF10_0406 had been detected as major transcripts, corresponding to AFBR13,
-16, -28, and -41, respectively, in the 3D7B1 and 3D7B2 samples (34). The
remaining two fusion proteins were from group A (PF13_0003 [AFBRNT1]) and
group C (PF07_0051 [AFBRNTL]), and neither was a dominant transcript in
either 3D7B1 or 3D7B2.

The DBL1� regions of the selected variants were PCR amplified using gene-
specific primers (see Table S1 in the supplemental material) and cloned into the
TOPO vector pET160 (Invitrogen, CA). The recombinant plasmid was trans-
fected into BL21Gold E. coli cells and induced to express protein with 0.1 mM
isopropyl-�-D-thiogalactopyranoside in a total volume of 400 ml LB medium for
4 h. The E. coli cells were pelleted, washed in phosphate-buffered saline (PBS),
and frozen at �70°C overnight before being sonicated (1 min of pulsing two
times) in guanidinium lysis buffer (6 M guanidinium hydrochloride, 20 mM
sodium phosphate, pH 7.8, 500 mM sodium chloride) at 4°C. The lysate was
centrifuged at 15,000 � g for 30 min at 4°C, and the supernatant was applied to
washed nickel-agarose beads (Invitrogen, CA) for affinity binding. After the
binding, the beads were put into a column and washed with buffer A (20 mM
sodium phosphate, 6 M urea, 500 mM sodium chloride, 1% Triton X-100, 1 mM
mercaptoethanol, pH 7.8). For on-column refolding, a linear gradient of a de-
creasing concentration of urea was applied to the 2-ml column over 40 min at a
flow rate of 1.5 ml/min using increasing amounts of buffer B (20 mM sodium
phosphate, 500 mM sodium chloride, 1% Triton X-100, 1 mM mercaptoethanol,
pH 7.8). After the column was washed with 10 volumes of buffer B, the refolded
fusion proteins were eluted from the nickel-agarose using 10 ml of 1 M imidazole
(pH 7.8). The proteins were dialyzed, concentrated using iCON concentrators
(Pierce, IL), and boiled in sodium dodecyl sulfate sample buffer before being
loaded onto a 12% polyacrylamide gel electrophoresis gel for protein separation.

Parasite protein extraction and anti-PfEMP1 antibodies. Strain 3D7-infected
RBCs (3D7-IRBCs) were cultured in vitro under standard conditions (46), sor-
bitol synchronized (27), harvested at late trophozoite/early schizont stages, and
extracted as previously described (44). To extract full-length native PfEMP1, we
followed the method of Beeson et al. (3) and used 3D7B2 parasites which had
been cultured for 23 days or the same number of uninfected RBCs as the control.

Western blot analysis. The recombinant protein and the parasite protein
extract were separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and then transferred onto nitrocellulose membranes. The membranes
were cut into strips and blocked with 5% skim milk in PBS–0.05% Tween 20 (5%
MPBST) for 1 h. The strips were incubated with plasma/serum samples diluted
1/200, 1/600, 1/900, or 1/2,700 in 5% MPBST for at least 1 h at room temperature.
After being washed three times with PBST, the membranes were incubated with
1/2,000 horseradish peroxidase-conjugated goat anti-human immunoglobulin G
(IgG) or IgM and washed three times in PBST. The rabbit anti-acidic terminal
segment (anti-ATS) antibody directed against the conserved cytoplasmic region
of the PfEMP1 protein was kindly provided by Stephen Rogerson and was used
at a 1 in 200 dilution in 5% MPBST. Signals were developed using enhanced

TABLE 1. Summary of infection characteristics and antibody responses in human volunteersa

Volunteer(s)
(referenceb)

Results for first 3D7 infection Results for second or other 3D7 infection

Peak
parasitemia
(IRBC/	l)

Serum sample
collection
time(s)c

Titer at which response occurred to:d Peak
parasitemia
(IRBC/	l)

Serum sample
collection
time(s)c

Titer at which response occurred to:d

IgM IgG IgM IgG

B1 (9) 18 Pre, 26, 42 Neg Neg 
1 Pre, 16 Neg, 1/200 Neg, Neg
B2 (9) 210 Pre, 18, 41 Neg, 1/900, 1/900 Neg, Neg, 1/900 
1 Pre, 14, 46 Neg, 1/900, 1/900 Neg, 1/900, 1/900
C3 and C4 (29) 
1 14 Neg Neg � � � �
C5–C19 (29) �10 �40 Neg Neg � � � �
C20 (29) 8 32 1/200 Neg � � � �
C21 (29) 10 34 1/200 Neg � � � �
D1 5,000 14, 60 1/600, Neg Neg, Neg � � � �
G1–G4 (36) �1 NA NA NA �1 40e � Neg
E1 and E2 �10 NA NA NA �10 14f Neg Neg

a Neg, no detectable antibodies; �, only infected once; NA; not available.
b Studies describing the infection protocol for volunteers are indicated where such information has been published.
c Pre indicates sample collected preinfection. Numbers indicate days postinfection (number of days excluding liver stages) of sample collection.
d Antibody responses were measured against PF11_0007DBL1� fusion protein using Western blotting.
e Serum sample taken 40 days after the fourth infection.
f Serum sample taken 14 days after the third infection.
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chemiluminescence (Amersham Bioscience) and captured on autoradiography
film.

Enzyme-linked immunosorbent assays (ELISAs). Ninety-six-well plates were
coated with 1 	g/well (in 100 	l PBS) of refolded recombinant DBL1� overnight
at room temperature, washed three times for 1 min in PBS, and blocked in 5%
MPBST for 1 h. Sera (diluted 1/100 to 1/1,000 in 5% MPBST) were added to
wells and incubated for 1 h. After the wells were washed with 2.5% MPBST
(three times for 3 min), horseradish peroxidase-conjugated goat anti-human IgG
(1/2,000 dilution in 5% MPBST) was added to the wells and incubated for 1 h.
The plate was washed three times with 2.5% MPBST, developed using TMB One
solution (Promega), and then read at 415 nm.

Live cell imaging. Parasites originating from volunteer B2 were cultured in
intact erythrocytes for 23 days to mid-stage pigmented trophozoites prior to
analysis. The cells were washed three times in PBS supplemented with 1% bovine
serum albumin (PBSA) and centrifuged for 3 min at 140 � g. The cells were
resuspended to a 7.5% hematocrit (5 � 108 cells/ml). Two microliters of purified
IgG from volunteer B2 (human anti-PF11_0007DBL1�) was added to 25 	l of
cells and incubated at 37°C for 1 h with gentle mixing every 30 min. The cells
were then washed three times in PBSA (3 min at 140 � g) and incubated for 1 h
with rabbit anti-human IgG at a dilution of 1/50 in PBSA. The cells were again
washed three times as described above and then incubated with fluorescein
isothiocyanate-conjugated swine anti-rabbit IgG (DAKO) diluted 1/50 in PBSA
for 1 h at 37°C. The cells were again washed three times in PBSA. Samples were
viewed with an inverted Leica TCS0SP2 confocal microscope using 100� oil
immersion objectives (numerical aperture, 1.4). A helium-neon laser (543-nm
line) equipped with the appropriate dichroics was used for excitation.

Purification of DBL1� variant-specific IgGs. Two recombinant fusion pro-
teins, PF11_0007DBL1� and PF07_0051DBL1�, were cross-linked to separate
columns using a Sulfolink kit (Pierce, IL). Serum from volunteer B2 was loaded
onto the protein columns, rocked gently for 1 h at room temperature, and then
washed with PBS to remove unbound IgGs. Bound IgGs were eluted using 10 ml
of 100 mM glycine (pH 4.5), followed by 10 ml of 100 mM glycine (pH 2.5). The
1-ml eluted IgG fractions were neutralized using 1 M Tris (pH 7.2) and used for
Western blot analysis.

Agglutination. IRBCs from volunteers B1 and B2 which were collected at the
time of treatment of the first infection were thawed and cultured in vitro for 21
days. These cultures, along with IRBCs from long-term cultures of strain 3D7,
were resuspended at a 5% hematocrit in RPMI 1640 containing ethidium bro-
mide (final concentration of 10 	g/ml). Amounts of 20 	l of the cell suspensions
were incubated with 5 	l of control serum, sera from individuals who had no
IgGs against DBL1� fusion proteins (B1, C3, C4, and G1), serum from volunteer
B2, or IgG purified from serum from volunteer B2. Reactions were conducted in
round-bottomed 96-well plates for 60 min with gentle rotation at room temper-
ature. The control serum plus the four samples with nondetectable anti-DBL1�
IgGs were used as negative controls. To score the agglutination, cells were
examined using wide-field fluorescence microscopy (40� objective), with 25
fields being counted. Only agglutinates of more than three IRBCs were counted
and scored (6).

Disruption of rosette formation in P. falciparum R29. The R29 parasite line
which had been selected for rosette formation (38) was used for rosette disrup-
tion analysis. The R29 trophozoite- or schizont-infected erythrocytes were incu-

bated for 1 h at 37°C in the presence of serum from volunteer B2, as well as four
different controls (blood bank serum and three other sera which had no anti-
DBL1� IgGs), at a 1/10 dilution. Dextran sulfate (0.1 mg/ml) was used as a
disruption positive control. Three rosette disruption experiments were con-
ducted, each in triplicate.

Statistical analysis. Differences in the peak parasitemia between individuals
with and without a positive IgM response against recombinant DBL1� were
analyzed using the Mann-Whitney test. Binary logistic regression was used to
estimate the parasitemia required to produce a positive IgM response after one
infection.

RESULTS

Antibodies against the DBL1� region were detected in vol-
unteers with parasitemia above a threshold. The DBL1� re-
gions’ six PfEMP1 variants were expressed in E. coli, purified
to near homogeneity, and used to screen for any immunore-
active IgM and IgGs in sera collected from 28 individuals
(Table 1). After a single infection, two individuals, volunteers
B2 and D1, developed IgM responses with titers of 1/900 and
1/600, respectively, while two other volunteers (C20 and C21)
developed weak but detectable IgM responses at a titer of
1/200 to PF11_0007DBL1�. The peak parasitemia experienced
by this group of four individuals was significantly higher than
that in the remaining 24 volunteers who did not develop an
IgM response (P � 0.01). The level of parasitemia that best
distinguished between individuals with or without a positive
IgM response was 19.4 infected erythrocytes/	l (P � 0.001;
Nagelkerke R2 � 0.558).

Eight individuals experienced a second infection. Following
the second infection, volunteer B1 developed a weak IgM
response (titer of 1/200) to PF11_0007DBL1� but did not show
any IgG reactivity against any of the six fusion proteins (Table
1). Volunteer B2 developed a significant IgG response to
PF11_0007DBL1� fusion protein, with a titer of 1/900 (Table
1 and Fig. 1), and a similar response to the other five fusion
proteins (data not shown). The remaining six volunteers did
not develop a detectable IgM response to PF11_0007DBL1�
or an IgG response to any of the six fusion proteins after this
and further infections (Table 1). The IgG response to DBL1�
in serum from volunteer B2 was confirmed by a positive re-
sponse in an ELISA plate assay using refolded PF11_0007
DBL1� (data not shown).

FIG. 1. IgG antibody reactivity to PF11_0007DBL1� in sera from volunteers B1 and B2 collected prior to (Pre) and at the indicated number
of days after the first and second infections (Infn.), excluding the liver stages. Con1 and Con2 represent two different pools of Red Cross sera used
as negative controls. Hyper, hyperimmune sera used as a positive control. His, anti-His antibody used to reveal protein loadings. A molecular size
marker is shown on the right.
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Antibodies against one DBL1� variant cross-react with
other DBL1� variants. To assess the affinity and specificity of
the anti-DBL1� response in serum from volunteer B2, IgGs
against one specific variant, PF11_0007DBL1�, were affinity
purified on the refolded recombinant of this variant and tested
for reactivity to it and the other five variants. The purified
anti-PF11_0007DBL1� IgGs (eluted from the column at pH
2.5) reacted with the PF11-0007DBL1� fusion protein (group
B) at dilutions of 1/30, 1/90, and 1/270; with PF07_0051DBL1�
(group C) at dilutions of 1/30 and 1/90; and with PF10_
0406DBL1� (group B) at a 1/30 dilution only (Fig. 2). The
IgGs failed to recognize PF13_0003DBL1� (group A) (Fig. 2).
The purified IgGs also reacted with recombinant proteins of
PFC0005wDBL1� (group B) and MAL6P1.1DBL1� (group B)
at 1/90 dilution (data not shown). This indicates that IgGs
purified on the PF11_0007DBL1� column had a high affinity to
the PF11_0007DBL1� fusion protein and cross-reacted with
the fusion proteins of other variants from groups B and C,
albeit at lower dilutions.

IgGs against a second fusion protein, PF07_0051DBL1�
(group C), were also purified from serum from volunteer B2
and tested in the same manner. The purified IgGs reacted with
all fusion proteins tested; however, the response to the
PF07_0051DBL1� fusion protein was much stronger than to
the other five fusion proteins (data not shown). The hyperim-
mune serum was strongly reactive towards 3D7 DBL1� at a
1/300 dilution (Fig. 1) and possessed a titer of 1/900, which was
the same as that of the serum from volunteer B2.

Reactivities of volunteers’ sera against malaria proteins.
Serum and purified IgGs from volunteer B2 after the second
infection recognized several proteins of more than 200 kDa in
extracts from 3D7B2 parasites that had been cultured in vitro
for 23 days (Fig. 3). An anti-ATS antibody recognized a broad
band of a similar molecular weight, which is expected for
full-length PfEMP1. These results indicate that IgGs from vol-
unteer B2 may recognize native PfEMP1. Serum from volun-
teer B2 also appears to recognize other high-molecular-weight
parasite proteins. Sera from volunteer B1 after boosting and
from volunteer B2 after the first infection did not have any
detectable IgG response to malarial proteins of more than 200
kDa but recognized several bands of less than 200 kDa.

Serum from volunteer B2 and purified anti-DBL1� IgGs
agglutinate IRBCs and recognize surface PfEMP1. Agglutina-

FIG. 2. Reactivities of IgGs, purified on a PF11_0007 affinity col-
umn, to DBL1� fusion proteins. (A) Human IgG was detected in the
following fractions by Western blotting using anti-human IgG: U,
unbound IgG; W, wash; pH 4.5 elution; and pH 2.5 elution (lanes 1 to
8) from the PF11_0007DBL1� column. A molecular size marker is
shown on the right. (B) Reactivity of serially diluted IgG in fraction 5
of the pH 2.5 elution to fusion proteins PF11_0007DBL1�,
PF10_0406DBL1�, PF13_0003DBL1�, and PF07_0051DBL1�. �-His,
anti-His antibody.

FIG. 3. Serum from volunteer B2 and purified IgGs recognize full-
length PfEMP1 on Western blot of parasite extract and on the live
IRBC surface. (A) A Western blot of 3D7B2-IRBCs (day 23 in cul-
ture) was probed with preimmune serum from volunteer B2 (Pre-B2),
postinfection serum from volunteer B2 (B2), or IgGs purified on the
PF11_0007DBL1� column. Anti-ATS antibody was used as a positive
control for PfEMP1, as it is a rabbit antibody against the cytoplasmic
C-terminal ATS region of PfEMP1. For each blot, lane 1 represents
3D7B2 extract and lane 2 represents extract from the same number of
uninfected RBCs. Molecular size markers are shown on the right.
(B) Two images of live, intact 3D7-IRBCs surface labeled with IgG
from volunteer B2 purified on the PF11_0007DBL1� column. The
three panels show a differential interference contrast image, an immu-
nofluorescence image, and the merged image. The arrows point to
Plasmodium falciparum-infected RBCs.
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tion assays were performed to test whether the detected anti-
bodies recognize native proteins. Serum from volunteer B2
collected 21 days after the second infection agglutinated par-
asites that caused the first infection in this volunteer and also
agglutinated parasites originating from the first infection of
volunteer B1. However, the same serum from volunteer B2
failed to agglutinate long-term-culture strain 3D7 parasites.
Control sera and preinfection and post-first-infection sera
from volunteer B2, as well as postinfection sera from volunteer
B1, did not agglutinate IRBCs from either volunteer B1 or
volunteer B2 or the long-term-cultured 3D7. IgGs purified
against both PF11_0007DBL1� and PF07_0051DBL1� fusion
proteins were able to agglutinate parasites originating from
both volunteers but not parasites from the long-term culture.
Sera from volunteers C3, C4, and G1 were also not able to
agglutinate any of the 3D7-IRBCs tested (data not shown).
These results indicate that the ability of serum from volunteer
B2 to recognize DBL1� on a Western blot mirrors its ability to
agglutinate 3D7B2-IRBCs.

Further evidence that IgGs from volunteer B2 can recognize
native PfEMP1 was obtained by surface labeling 3D7B2-
IRBCs with purified IgGs from serum from volunteer B2. Figure
3B shows that IgGs eluted from the PF11_0007DBL1� column
labeled the surface of intact IRBCs in a punctate ring pattern,
as reported for other antibodies that recognize surface-ex-
posed epitopes on PfEMP1 (15). Uninfected RBCs did not
show any staining with the IgGs from volunteer B2 (Fig. 3B).

Serum from volunteer B2 inhibits rosetting. We also tested
the abilities of sera from volunteers to disrupt the rosette
formation of strain R29. In the presence of control sera,
30% 
 4.6% (mean 
 standard deviation) of R29-IRBCs
bound two or more RBCs. This value was reduced to 6% 

1.5% when dextran sulfate or post-second-infection serum
from volunteer B2 was added to the culture. No reduction in
rosette formation was observed when control or preinfection
serum from volunteer B1 or volunteer B2 was tested.

3D7 DBL1� variants were recognized by sera from tourists
infected with P. falciparum. To further characterize the cross-
reactivity of human IgGs against DBL1� and analyze the lon-
gevity of the response, we assessed the immune reactivities to
the 3D7 DBL1� fusion proteins of serum samples from 19
tourists. Sera from 8 of the 19 tourists (42%) showed reactivity
against PF10_0406DBL1�, PF11_0007DBL1�, and MAL6P1.
1DBL1� in a Western blot assay (data not shown), suggesting
the presence of cross-reactive antibodies in these individuals.
Five of these eight tourists had no previous P. falciparum
infection. However, tourist gg had lived in a country in which
malaria was endemic. Convalescent-phase serum samples
taken from these five patients 31 to 281 days postdiagnosis
had detectable antibody responses to the 3D7 DBL1� fusion
protein (Table 2). Only one convalescent-phase serum sam-
ple returned a negative result; tourist qq converted from
being reactive on day 31 to negative on day 143 postdiag-
nosis (Table 2).

DISCUSSION

The host immune response against PfEMP1 is a key com-
ponent in the development of clinical immunity to falciparum
malaria (7, 12, 22). However, the diversity of this protein within

and between parasites, combined with antigenic switching be-
tween variants, makes studying the development of PfEMP1-
specific immunity difficult. We have investigated three key
parameters defining the IgG immune response to PfEMP1: the
trigger (parasite biomass) required to generate a response, the
cross-reactivities of anti-PfEMP1 antibodies, and the longevity
of the antibodies. Many of the experimental results presented
are based on data from Western blot analysis which primarily
measures IgM or IgG reactivity to denatured proteins. We
chose Western blot analysis over ELISA because Western blot
analysis can discriminate for reactivity against contaminating
E. coli proteins. We subsequently demonstrated that antibod-
ies against fusion proteins were able to recognize native
PfEMP1, as indicated by the agglutination of parasites express-
ing native PfEMP1 and live-cell staining of 3D7B2-IRBCs.

The trigger for an immune response to PfEMP1 is depen-
dent on the overall parasite biomass and the proportions of
parasites expressing different PfEMP1 variants. In this study,
serum samples from 28 individuals who were infected with P.
falciparum strain 3D7 parasites were analyzed and their natural
progression of infection was monitored. Therefore, this study
provides a unique opportunity to assess the development of
immune responses to PfEMP1. Of the samples tested, an anti-
DBL1� IgM response was detected in samples from four in-
dividuals after a single infection. As a group, these volunteers
had significantly higher peripheral parasitemia than the volun-
teers who did not develop an anti-DBL1� IgM response. One
of these four volunteers (volunteer B2) developed a significant
anti-DBL1� IgG response after a second infection, suggesting
that the response was triggered during the first infection and
boosted upon reexposure. In contrast, the five volunteers (B1,
G1, G2, G3, and G4) who did not have detectable IgM re-
sponses after the first infection but received subsequent infec-
tions did not develop a detectable anti-DBL1� IgG response,
indicating that the response was not triggered during the first
infection. The results suggest that the presence of an IgM
response is an indicator for the trigger of an IgG response.

We hypothesize that the parasite threshold required to stim-
ulate an IgG response to PfEMP1 in 3D7 parasites is between
20 and 200 parasites/	l, based on the peak parasitemia during
the first infection in volunteers who were infected on multiple
occasions and on the detection of an IgM response. The actual
number of parasites expressing a given PfEMP1 variant that
are required to stimulate a response to that variant is un-
known, as we were not able to determine the actual number of

TABLE 2. Longevity of reactivities of antibodies from travelers
infected with P. falciparum against strain 3D7 DBL1�

fusion proteins

Patient
Parasitemia at

diagnosis
(IRBC/	l)

Infection acquired in:
Serum sample

collection
time(s)a

Reactivityb

aa 326,000 Thailand 91 �
cc 14,484 Papua New Guinea 281 �
gg 7,040 Pakistan 176 �
mm 2,600 Papua New Guinea 187 �
qq 215,000 Papua New Guinea 31, 143 �, �

a Days postdiagnosis.
b Reactivity of convalescent-phase serum to 3D7 DBL1�. Reactivity was positive

on day 31 postdiagnosis and negative on day 143 postdiagnosis.
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parasites expressing each variant. Parasitemias below this
threshold did not appear to trigger an anti-PfEMP1 IgG re-
sponse even after repeated infection with the same parasites.
In contrast, IgG antibodies to other falciparum proteins were
detected in volunteers who did not develop an anti-DBL1�
IgG response, suggesting a lower trigger for other parasite
proteins. This difference may be due to differences in the
antigenicities of various proteins and to the fact that only a
subpopulation of parasites express a specific PfEMP1 variant.

Immune responses developed against parasite surface anti-
gens, including PfEMP1, have been shown to correlate with
protection against malaria infections in a variant-specific man-
ner (7, 32). In this study, the antibodies generated by volunteer
B2 were able to detect multiple forms of DBL1�. While spe-
cific anti-DBL1� antibodies to multiple variants are likely to
have developed due to exposure to various PfEMP1, we dem-
onstrated that several DBL1� fusion proteins were recognized
by antibodies purified on the PF11_0007DBL1� and PF07_0051
DBL1� columns. This cross-reactivity could be due to the se-
quence and structural homology between the variant DBL1�
domains. Overall, this observation, combined with the fact that
42% of tourist serum samples recognized 3D7 DBL1�, sug-
gests the existence of antibody cross-reactivity.

While reports from field studies indicate the presence of
cross-reactive antibodies against PfEMP1 (7, 24), this is the
first time that cross-reactivity has been reported for variant-
specific IgGs after well-defined clinical infections. Further ev-
idence of cross-reactivity came from the rosette disruption
experiment. The serum from volunteer B2 disrupted rosette
formation in the R29 P. falciparum strain. These results indi-
cate that there is cross-reactivity between different PfEMP1
variants within the same parasite and between different para-
sites as opposed to reactivity resulting from previous expo-
sures. The results also suggest that antibodies developed
against one P. falciparum strain may have some functionality
against different parasite lines. This is consistent with the re-
cent report that a single P. falciparum infection is sufficient to
induce antibodies reactive to PfEMP1 of heterologous strains
(14). However, whether the cross-reactivity is sufficient and has
the longevity to offer protection against heterologous infec-
tions or influences the number of exposures required to induce
clinical immunity remains to be elucidated.

It has been proposed that the maintenance of antibody re-
sponses to malaria is dependent on frequent or persistent
infection (23), with agglutinating antibodies reported to last
from a few months to a year in the absence of boosting (21, 23).
We investigated the longevity of anti-DBL1� antibodies using
convalescent-phase sera from tourists. Since it is highly un-
likely that any of the tourists were infected with the 3D7
parasite strain, our analysis was based on detecting cross-reac-
tive antibodies. Even so, the majority of tourists had detectable
antibodies for more than 100 days, consistent with the duration
reported in Kenyan children (25) and suggesting that anti-
PfEMP1 antibodies persist longer than IgGs against merozoite
surface proteins (43).

This unique study has shown that an antibody response to
the DBL1� domain of PfEMP1 can be triggered by a para-
sitemia above 20/	l and can be boosted significantly by expo-
sure to the same parasite at a much lower parasitemia; an
antibody class switch from IgM to IgG accompanies this boost-

ing. We have demonstrated that antibodies against one
PfEMP1 variant cross-react with other variants and that the
levels of cross-reactivity may differ between certain groupings
of PfEMP1. These antibodies agglutinate parasite-infected
erythrocytes and bind to the surface of IRBCs and disrupt
rosette formation and, therefore, may play an important role in
modulating the clinical presentation of malaria and its poten-
tial to develop severe complications.

ACKNOWLEDGMENTS

The project was funded by an NIH grant (5R01AI047500-04/05) and
Department of Defense, Australia. D.R.K. also received a travel grant
from the Australian ARC/NHMRC parasitology network.

We thank Chris Ockenhouse for providing sera from mosquito-
infected volunteers, David Roberts for providing R29 parasites, An-
thony Stowers for advice on protein expression, Allan Saul for con-
structive discussion, and Dennis Shanks, Katharine Trenholm, James
McCarthy, and Michelle Wykes for critical review of the manuscript.
We acknowledge Kathy Davern, Tim Byrne, and Graham Brown for
providing the rabbit anti-ATS antibody, and we also thank Nanhua
Chen for parasite culture and Jennifer Peters for sequence alignment
and database searches. We thank the Australian Red Cross blood
services, Brisbane, for providing the human red blood cells and sera
used in this study.

The opinions expressed herein are those of the authors and do not
necessarily reflect those of the Defense Health Service or any extant
policy of Department of Defense, Australia.

REFERENCES

1. Barragan, A., V. Fernandez, Q. Chen, A. von Euler, M. Wahlgren, and D.
Spillmann. 2000. The duffy-binding-like domain 1 of Plasmodium falciparum
erythrocyte membrane protein 1 (PfEMP1) is a heparan sulfate ligand that
requires 12 mers for binding. Blood 95:3594–3599.

2. Baruch, D. I., X. C. Ma, H. B. Singh, X. Bi, B. L. Pasloske, and R. J. Howard.
1997. Identification of a region of PfEMP1 that mediates adherence of
Plasmodium falciparum infected erythrocytes to CD36: conserved function
with variant sequence. Blood 90:3766–3775.

3. Beeson, J. G., E. J. Mann, T. J. Byrne, A. Caragounis, S. R. Elliott, G. V.
Brown, and S. J. Rogerson. 2006. Antigenic differences and conservation
among placental Plasmodium falciparum-infected erythrocytes and acquisi-
tion of variant-specific and cross-reactive antibodies. J. Infect. Dis. 193:721–
730.

4. Bruce-Chwatt, L. J. 1952. Malaria in African infants and children in southern
Nigeria. Ann. Trop. Med. Parasitol. 46:173–200.

5. Buffet, P. A., B. Gamain, C. Scheidig, D. Baruch, J. D. Smith, R. Hernandez-
Rivas, B. Pouvelle, S. Oishi, N. Fujii, T. Fusai, D. Parzy, L. H. Miller, J.
Gysin, and A. Scherf. 1999. Plasmodium falciparum domain mediating ad-
hesion to chondroitin sulfate A: a receptor for human placental infection.
Proc. Natl. Acad. Sci. USA 96:12743–12748.

6. Bull, P. C., B. S. Lowe, M. Kortok, and K. Marsh. 1999. Antibody recogni-
tion of Plasmodium falciparum erythrocyte surface antigens in Kenya: evi-
dence for rare and prevalent variants. Infect. Immun. 67:733–739.

7. Bull, P. C., B. S. Lowe, M. Kortok, C. S. Molyneux, C. I. Newbold, and K.
Marsh. 1998. Parasite antigens on the infected red cell surface are targets for
naturally acquired immunity to malaria. Nat. Med. 4:358–360.

8. Chen, Q., A. Barragan, V. Fernandez, A. Sundstrom, M. Schlichtherle, A.
Sahlen, J. Carlson, S. Datta, and M. Wahlgren. 1998. Identification of
Plasmodium falciparum erythrocyte membrane protein 1 (PfEMP1) as
the rosetting ligand of the malaria parasite P. falciparum. J. Exp. Med. 187:
15–23.

9. Cheng, Q., G. Lawrence, C. Reed, A. Stowers, L. Ranford-Cartwright, A.
Creasey, R. Carter, and A. Saul. 1997. Measurement of Plasmodium falcip-
arum growth rates in vivo: a test of malaria vaccines. Am. J. Trop. Med. Hyg.
57:495–500.

10. Collins, W. E., and G. M. Jeffery. 1999. A retrospective examination of
secondary sporozoite- and trophozoite-induced infections with Plasmodium
falciparum: development of parasitologic and clinical immunity following
secondary infection. Am. J. Trop. Med. Hyg. 61:20–35.

11. Curtin, P. D. 1994. Malarial immunities in nineteenth-century west Africa
and the Caribbean. Parassitologia 36:69–82.

12. Dodoo, D., T. Staalsoe, H. Giha, J. A. Kurtzhals, B. D. Akanmori, K. Koram,
S. Dunyo, F. K. Nkrumah, L. Hviid, and T. G. Theander. 2001. Antibodies to
variant antigens on the surfaces of infected erythrocytes are associated with
protection from malaria in Ghanaian children. Infect. Immun. 69:3713–3718.

13. Dubois, P., P. Druilhe, D. Arriat, M. Jendoubi, and H. Jouin. 1987. Changes

5972 KRAUSE ET AL. INFECT. IMMUN.

 at U
niversity of M

elbourne Library on M
arch 13, 2008 

iai.asm
.org

D
ow

nloaded from
 

http://iai.asm.org


in recognition of Plasmodium falciparum antigens by human sera depending
on previous malaria exposure. Ann. Inst. Pasteur Immunol. 138:383–396.

14. Elliott, S. R., P. D. Payne, M. F. Duffy, T. J. Byrne, W. H. Tham, S. J.
Rogerson, G. V. Brown, and D. P. Eisen. 2007. Antibody recognition of
heterologous variant surface antigens after a single Plasmodium falciparum
infection in previously naive adults. Am. J. Trop. Med. Hyg. 76:860–864.

15. Frankland, S., A. Adisa, P. Horrocks, T. F. Taraschi, T. Schneider, S. R.
Elliott, S. J. Rogerson, E. Knuepfer, A. F. Cowman, C. I. Newbold, and L.
Tilley. 2006. Delivery of the malaria virulence protein PfEMP1 to the eryth-
rocyte surface requires cholesterol-rich domains. Eukaryot. Cell 5:849–860.

16. Fried, M., and P. E. Duffy. 1996. Adherence of Plasmodium falciparum to
chondroitin sulfate A in the human placenta. Science 272:1502–1504.

17. Fruh, K., O. Doumbo, H. M. Muller, O. Koita, J. McBride, A. Crisanti, Y.
Toure, and H. Bujard. 1991. Human antibody response to the major mero-
zoite surface antigen of Plasmodium falciparum is strain specific and short-
lived. Infect. Immun. 59:1319–1324.

18. Gamain, B., J. D. Smith, M. Avril, D. I. Baruch, A. Scherf, J. Gysin, and L. H.
Miller. 2004. Identification of a 67-amino-acid region of the Plasmodium
falciparum variant surface antigen that binds chondroitin sulphate A and
elicits antibodies reactive with the surface of placental isolates. Mol. Micro-
biol. 53:445–455.

19. Gardner, M. J., N. Hall, E. Fung, O. White, M. Berriman, R. W. Hyman,
J. M. Carlton, A. Pain, K. E. Nelson, S. Bowman, I. T. Paulsen, K. James,
J. A. Eisen, K. Rutherford, S. L. Salzberg, A. Craig, S. Kyes, M. S. Chan, V.
Nene, S. J. Shallom, B. Suh, J. Peterson, S. Angiuoli, M. Pertea, J. Allen, J.
Selengut, D. Haft, M. W. Mather, A. B. Vaidya, D. M. Martin, A. H. Fair-
lamb, M. J. Fraunholz, D. S. Roos, S. A. Ralph, G. I. McFadden, L. M.
Cummings, G. M. Subramanian, C. Mungall, J. C. Venter, D. J. Carucci,
S. L. Hoffman, C. Newbold, R. W. Davis, C. M. Fraser, and B. Barrell. 2002.
Genome sequence of the human malaria parasite Plasmodium falciparum.
Nature 419:498–511.

20. Giha, H. A., T. Staalsoe, D. Dodoo, I. M. Elhassan, C. Roper, G. M. Satti,
D. E. Arnot, L. Hviid, and T. G. Theander. 1999. Overlapping antigenic
repertoires of variant antigens expressed on the surface of erythrocytes
infected by Plasmodium falciparum. Parasitology 119:7–17.

21. Giha, H. A., T. Staalsoe, D. Dodoo, I. M. Elhassan, C. Roper, G. M. Satti,
D. E. Arnot, T. G. Theander, and L. Hviid. 1999. Nine-year longitudinal
study of antibodies to variant antigens on the surface of Plasmodium falci-
parum-infected erythrocytes. Infect. Immun. 67:4092–4098.

22. Giha, H. A., T. Staalsoe, D. Dodoo, C. Roper, G. M. Satti, D. E. Arnot, L.
Hviid, and T. G. Theander. 2000. Antibodies to variable Plasmodium falci-
parum-infected erythrocyte surface antigens are associated with protection
from novel malaria infections. Immunol. Lett. 71:117–126.

23. Giha, H. A., T. G. Theander, T. Staalso, C. Roper, I. M. Elhassan, H.
Babiker, G. M. Satti, D. E. Arnot, and L. Hviid. 1998. Seasonal variation in
agglutination of Plasmodium falciparum-infected erythrocytes. Am. J. Trop.
Med. Hyg. 58:399–405.

24. Gratepanche, S., B. Gamain, J. D. Smith, B. A. Robinson, A. Saul, and L. H.
Miller. 2003. Induction of crossreactive antibodies against the Plasmodium
falciparum variant protein. Proc. Natl. Acad. Sci. USA 100:13007–13012.

25. Kinyanjui, S. M., P. Bull, C. I. Newbold, and K. Marsh. 2003. Kinetics of
antibody responses to Plasmodium falciparum-infected erythrocyte variant
surface antigens. J. Infect. Dis. 187:667–674.

26. Kraemer, S. M., and J. D. Smith. 2003. Evidence for the importance of
genetic structuring to the structural and functional specialization of the
Plasmodium falciparum var gene family. Mol. Microbiol. 50:1527–1538.

27. Lambros, C., and J. P. Vanderberg. 1979. Synchronization of Plasmodium
falciparum erythrocytic stages in culture. J. Parasitol. 65:418–420.

28. Lavstsen, T., A. Salanti, A. T. Jensen, D. E. Arnot, and T. G. Theander. 2003.
Sub-grouping of Plasmodium falciparum 3D7 var genes based on sequence
analysis of coding and non-coding regions. Malar. J. 2:27.

29. Lawrence, G., Q. Q. Cheng, C. Reed, D. Taylor, A. Stowers, N. Cloonan, C.
Rzepczyk, A. Smillie, K. Anderson, D. Pombo, A. Allworth, D. Eisen, R.
Anders, and A. Saul. 2000. Effect of vaccination with 3 recombinant asexual-
stage malaria antigens on initial growth rates of Plasmodium falciparum in
non-immune volunteers. Vaccine 18:1925–1931.

30. Lucas, A. O., R. G. Hendrickse, O. A. Okubadejo, W. H. Richards, R. A.
Neal, and B. A. Kofie. 1969. The suppression of malarial parasitaemia by
pyrimethamine in combination with dapsone or sulphormethoxine. Trans. R.
Soc. Trop. Med. Hyg. 63:216–229.

31. Marsh, K. 1992. Malaria—a neglected disease? Parasitology 104(Suppl.):
S53–S69.

32. Marsh, K., L. Otoo, R. J. Hayes, D. C. Carson, and B. M. Greenwood. 1989.
Antibodies to blood stage antigens of Plasmodium falciparum in rural Gam-
bians and their relation to protection against infection. Trans. R. Soc. Trop.
Med. Hyg. 83:293–303.

33. Oguariri, R. M., S. Borrmann, M. Q. Klinkert, P. G. Kremsner, and J. F.
Kun. 2001. High prevalence of human antibodies to recombinant Duffy
binding-like alpha domains of the Plasmodium falciparum-infected erythro-
cyte membrane protein 1 in semi-immune adults compared to that in non-
immune children. Infect. Immun. 69:7603–7609.

34. Peters, J., E. Fowler, M. Gatton, N. Chen, A. Saul, and Q. Cheng. 2002. High
diversity and rapid changeover of expressed var genes during the acute phase
of Plasmodium falciparum infections in human volunteers. Proc. Natl. Acad.
Sci. USA 99:10689–10694.

35. Playfair, J. H. 1982. Immunity to malaria. Br. Med. Bull. 38:153–159.
36. Pombo, D. J., G. Lawrence, C. Hirunpetcharat, C. Rzepczyk, M. Bryden, N.

Cloonan, K. Anderson, Y. Mahakunkijcharoen, L. B. Martin, D. Wilson, S.
Elliott, S. Elliott, D. P. Eisen, J. B. Weinberg, A. Saul, and M. F. Good. 2002.
Immunity to malaria after administration of ultra-low doses of red cells
infected with Plasmodium falciparum. Lancet 360:610–617.

37. Reeder, J. C., A. F. Cowman, K. M. Davern, J. G. Beeson, J. K. Thompson,
S. J. Rogerson, and G. V. Brown. 1999. The adhesion of Plasmodium falci-
parum-infected erythrocytes to chondroitin sulfate A is mediated by P. fal-
ciparum erythrocyte membrane protein 1. Proc. Natl. Acad. Sci. USA 96:
5198–5202.

38. Roberts, D. J., A. G. Craig, A. R. Berendt, R. Pinches, G. Nash, K. Marsh,
and C. I. Newbold. 1992. Rapid switching to multiple antigenic and adhesive
phenotypes in malaria. Nature 357:689–692.

39. Robinson, B. A., T. L. Welch, and J. D. Smith. 2003. Widespread functional
specialization of Plasmodium falciparum erythrocyte membrane protein 1
family members to bind CD36 analysed across a parasite genome. Mol.
Microbiol. 47:1265–1278.

40. Rowe, J. A., J. M. Moulds, C. I. Newbold, and L. H. Miller. 1997. P. falcip-
arum rosetting mediated by a parasite-variant erythrocyte membrane protein
and complement-receptor 1. Nature 388:292–295.

41. Smith, J. D., C. E. Chitnis, A. G. Craig, D. J. Roberts, D. E. Hudson-Taylor,
D. S. Peterson, R. Pinches, C. I. Newbold, and L. H. Miller. 1995. Switches
in expression of Plasmodium falciparum var genes correlate with changes in
antigenic and cytoadherent phenotypes of infected erythrocytes. Cell 82:101–
110.

42. Smith, J. D., G. Subramanian, B. Gamain, D. I. Baruch, and L. H. Miller.
2000. Classification of adhesive domains in the Plasmodium falciparum
erythrocyte membrane protein 1 family. Mol. Biochem. Parasitol. 110:293–
310.

43. Soares, I. S., M. G. da Cunha, M. N. Silva, J. M. Souza, H. A. Del Portillo,
and M. M. Rodrigues. 1999. Longevity of naturally acquired antibody re-
sponses to the N- and C-terminal regions of Plasmodium vivax merozoite
surface protein 1. Am. J. Trop. Med. Hyg. 60:357–363.

44. Stowers, A., D. Taylor, N. Prescott, Q. Cheng, J. Cooper, and A. Saul. 1997.
Assessment of the humoral immune response against Plasmodium falcipa-
rum rhoptry-associated proteins 1 and 2. Infect. Immun. 65:2329–2338.

45. Su, X. Z., V. M. Heatwole, S. P. Wertheimer, F. Guinet, J. A. Herrfeldt, D. S.
Peterson, J. A. Ravetch, and T. E. Wellems. 1995. The large diverse gene
family var encodes proteins involved in cytoadherence and antigenic varia-
tion of Plasmodium falciparum-infected erythrocytes. Cell 82:89–100.

46. Trager, W., and J. B. Jensen. 1976. Human malaria parasites in continuous
culture. Science 193:673–675.

47. Treutiger, C. J., A. Heddini, V. Fernandez, W. A. Muller, and M. Wahlgren.
1997. PECAM-1/CD31, an endothelial receptor for binding Plasmodium
falciparum-infected erythrocytes. Nat. Med. 3:1405–1408.

48. Udomsangpetch, R., J. Todd, J. Carlson, and B. M. Greenwood. 1993. The
effects of hemoglobin genotype and ABO blood group on the formation of
rosettes by Plasmodium falciparum-infected red blood cells. Am. J. Trop.
Med. Hyg. 48:149–153.

49. Voss, T. S., J. K. Thompson, J. Waterkeyn, I. Felger, N. Weiss, A. F.
Cowman, and H. P. Beck. 2000. Genomic distribution and functional char-
acterisation of two distinct and conserved Plasmodium falciparum var gene
5� flanking sequences. Mol. Biochem. Parasitol. 107:103–115.

Editor: J. F. Urban, Jr.

VOL. 75, 2007 ANTI-PfEMP1 RESPONSE IN HUMAN VOLUNTEERS 5973

 at U
niversity of M

elbourne Library on M
arch 13, 2008 

iai.asm
.org

D
ow

nloaded from
 

http://iai.asm.org

