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Plasmodium falciparum merozoite surface protein (MSP3) is a main target of protective immunity against
malaria that is currently undergoing vaccine development. It was shown recently to belong, together with
MSP6, to a new multigene family whose C-terminal regions have a similar organization, contain both homol-
ogous and divergent regions, and are highly conserved across isolates. In an attempt to rationally design novel
vaccine constructs, we extended the analysis of antigenicity and function of region-specific antibodies, previ-
ously performed with MSP3 and MSP6, to the remaining four proteins of the MSP3 family using four
recombinant proteins and 24 synthetic peptides. Antibodies to each MSP3 family antigen were found to be
highly prevalent among malaria-exposed individuals from the village of Dielmo (Senegal). Each of the 24
peptides was antigenic, defining at least one epitope mimicking that of the native proteins, with a distinct IgG
isotype pattern for each, although with an overall predominance of the IgG3 subclass. Human antibodies
affinity purified upon each of the 24 peptides exerted an antiparasite antibody-dependent cellular inhibition
effect, which in most cases was as strong as that of IgG from protected African adults. The two regions with high
homology were found to generate a broad network of cross-reactive antibodies with various avidities. A first
multigenic construct was designed using these findings and those from related immunogenicity studies in mice
and demonstrated valuable immunological properties. These results indicate that numerous regions from the
MSP3 family play a role in protection and provide a rationale for the tailoring of new MSP3-derived malaria
vaccines.

Malaria vaccine development is both urgently needed and
remarkably challenging in scientific terms, particularly in the
choice of concepts determining which path(s) should be fol-
lowed to achieve this end. The criteria used in the decision-
making process obviously affect the choice of a candidate among
the 5,300 Plasmodium falciparum proteins, i.e., the vaccine
discovery process, but they also markedly affect the type of
construct, expression system, or formulation chosen, as well as
the selection of candidates to be included in vaccine combina-
tions (18).

Given the uncertainties related to experimental animal mod-
els, particularly their relevance to human malaria (10), we have
made the choice to base our research orientations on clinical
observations, since we trust they are the most reliable. Accord-
ing to this strategy, animal models come into play only in a
second step, mainly for detailed immunogenicity studies that
obviously cannot be conducted initially in humans. For vaccine
discovery, immunity was passively transferred into P. falcipa-
rum-infected recipients (3, 31) by human IgG from protected
African adults. This led us to compare nonprotective with
protective antibodies upon each parasite isolate and to identify

a novel defense mechanism that had not been foreseen by
research in models, in which the effective antibodies act in a
monocyte-dependent manner. This antibody-dependent cellu-
lar inhibition (ADCI) of parasite multiplication (3, 5) was in
turn used to identify merozoite surface protein 3 (MSP3) as a
main target of protective antibodies (25). Its C-terminal region
was found to be fully conserved across P. falciparum isolates, in
contrast to most other vaccine candidates (30).

Studies in exposed populations show that MSP3 induces
antibody responses that are strongly associated with clinical
protection against disease (28, 30, 36). A detailed antigenic
analysis of the C-terminal portion of MSP3 highlighted the
importance of three antigenic determinants targeted by cyto-
philic antibodies induced by natural infection and able to in-
hibit parasite growth in functional in vitro ADCI assays (32).
This information was instrumental in the design of the MSP3-
LSP (long synthetic peptide) construct that was taken into the
clinics (1) and which induced in human volunteers antibodies
that inhibited P. falciparum multiplication both in vitro and in
vivo (12).

We have recently reported that msp3 belongs to a multigene
family, differing in its features from other P. falciparum gene
families (34). Indeed, the six msp3 genes are transcribed simul-
taneously, and the corresponding proteins are expressed in all
isolates investigated at late schizont stage. Their C-terminal
portions share a similar organization and include regions with
sequence homologies flanked by regions that markedly differ

* Corresponding author. Mailing address: Biomedical Parasitology
Unit, Institut Pasteur, 25 Rue du Dr Roux, 75724 Paris Cedex 15, France.
Phone: 331 45 68 85 78. Fax: 331 45 68 86 40. E-mail: druilhe@pasteur.fr.

† Supplemental material for this article may be found at http://iai
.asm.org/.

� Published ahead of print on 2 November 2009.

486



from one protein to the other and yet are very well conserved
among isolates. The original msp3 was renamed as msp3.1,
msp6 (41) was renamed as msp3.2, and the remaining genes
were renamed msp3.3, msp3.4, msp3.7, and msp3.8 (see Fig. S1
in the supplemental material). In view of the unique features of
this MSP3 family, particularly the high degree of conservation
of homologous and divergent sequences implying that they had
a role for parasite survival, we thought it valuable to develop a
polyantigenic construct combining carefully chosen regions
among the most immunologically relevant from these six pro-
teins.

A detailed immunological study combining immunogenicity
and antigenicity data provides a means to design malaria vac-
cines based on the new knowledge resulting from this analysis,
where immunogenicity and antigenicity studies are complemen-
tary. Indeed, immunogenicity studies analyze the responses in-
duced by a given vaccine formulation in experimental models
but have the great limitation of doing so in animals, whose
relevance to humans is not evident (10). In contrast, antige-
nicity studies have the paramount advantage of identifying
immune responses developed by the target population, human
beings, although these responses have been induced by expo-
sure to the whole parasite. However, our first-generation MSP3-
LSP vaccine readily induced in naive European volunteers an
immune response with the same characteristics (cytophilicity, ti-
ter, and fine epitope specificity) as the immune response observed
in exposed populations with an acquired protection (10).

In the present detailed antigenicity study we characterize the
antibody responses of humans naturally exposed to malaria to
recombinant antigens and to a series of overlapping peptides
spanning the C-terminal portions of MSP3.3, MSP3.4, MSP3.7,
and MSP3.8 and assessed the biological antiparasite activity
of the corresponding antibodies. The data obtained were com-
pared to the results previously obtained with MSP3.1 and
MSP3.2 (32, 33). The antigenicity data of all six members of
the MSP3 family, combined with the detailed study of the
immunogenicity of the C-terminal portion of MSP3.1 (7), led
to the design of the first multi-antigenic vaccine construct
based on the MSP3 family of proteins, which was shown to
have valuable immunological features.

MATERIALS AND METHODS

Recombinant antigens. The current gene identification numbers of the P.
falciparum MSP3 family proteins in the PlasmoDB (www.plasmodb.org) release
5.5 database are PF10_0345, PF10_0346, PF10_0347, PF10_0348, PF10_0352,
and PF10_0355 for MSP3.1, MSP3.2, MSP3.3, MSP3.4, MSP3.7, and MSP3.8,
respectively. The set of six recombinant His6-tagged proteins that were designed
to cover the related C-terminal regions of these MSP3 proteins are MSP3.1191-354,
MSP3.2161-371, MSP3.3228-424, MSP3.4508-697, MSP3.7214-405, and MSP3.8537-762

(34). The overall percent homology of the MSP3 family proteins were analyzed
by using EMBOSS pairwise sequence alignments (www.ebi.ac.uk/Tools/emboss
/align/).

Peptide design. Multiple sequence alignments for the MSP3 antigens were
generated through CLUSTAL W2 (www.ebi.ac.uk/Tools/clustalw2) and DIALIGN2
(mobyle.pasteur.fr). The scheme of alignments and further manual refinements
were used to direct the design of six overlapping peptides (see Fig. S2 in the
supplemental material), from 21 to 61 amino acids in length, covering the C-
terminal portion (excluding the glutamic acid-rich region) for each of the four
MSP3 proteins MSP3.3, MSP3.4, MSP3.7, and MSP3.8. They were designed in
order to fit those previously synthesized for MSP3.1 and MSP3.2 (32, 33) and
were named “a,” “b,” “c,” “d,” “e,” and “f,” as was the case for the latter. (For
the positions and sequences of the peptides, see Table S1 and Fig. S2 in the

supplemental material.) Peptide synthesis was carried out through standard
stepwise solid-phase peptide synthesis (GenScript Corp., Piscataway, NJ).

ELISAs. The immunoepidemiological studies aimed at determining the preva-
lences and IgG subclass distributions were performed with serum samples from
the inhabitants of Dielmo, a village located in an area of Senegal, West Africa,
where malaria is holoendemic (40). These samples were collected during a
cohort prospective follow-up study designed to identify and analyze all malaria-
associated episodes of morbidity (40). The detection of total IgG and IgG
subclasses was performed by enzyme-linked immunosorbent assay (ELISA) as
described previously (4, 9), using secondary monoclonal antibodies originally
selected as reacting with African subclass dominant allotypes. Mouse monoclo-
nal antibodies specific for human IgG subclasses (clones NL16 [IgG1; Boehr-
inger Mannheim, Meylan, France], HP6002 [IgG2; Sigma-Aldrich, Steinheim,
Germany], and Zg4 and RJ4 [IgG3 and IgG4, respectively; Immunotech, Mar-
seilles, France] were used at final dilutions of 1/2,000, 1/10,000, 1/10,000, and
1/1,000, respectively). For the total IgG detection, the horseradish peroxidase-
conjugated goat anti-human (Caltag/Invitrogen, Carlsbad, CA) was used at a
1/3,000 dilution. For each antigen (peptides or recombinant proteins), the results
were expressed as optical density (OD) ratios, or arbitrary units, calculated by
dividing the OD of each serum sample over the mean OD � three standard
deviations (SD) of five control serum samples (30). These control sera were
randomly selected among French blood donors without exposure to malaria, and
their antibody reactivities were assumed to be normally distributed. Therefore,
the mean OD � 3 SD covered all of the negative control responses.

Affinity purification of specific antibodies. The antibodies specific for the 24
overlapping peptides covering the C-terminal sequence of MSP3.3, MSP3.4,
MSP3.7, and MSP3.8 were affinity purified from a pool of sera derived from 333
rural African adults from Ivory Coast, West Africa, who had reached a state of
premunition, i.e., a pool similar to that used to prepare the IgG used in a
passive-transfer experiment (31).

Antibodies specific to either peptides or recombinant antigens were prepared
as described previously (6, 32). Briefly, plain polystyrene beads (mean diameter,
10 �m; Polysciences, Eppelheim, Germany) were coated with antigens in a 5%
(wt/vol) phosphate-buffered saline (PBS) suspension and washed thoroughly in
PBS. The coated beads were incubated for 2 h at room temperature with the pool
of African sera mentioned above diluted 1/10 and then washed twice in PBS–
0.01% Tween 20. The antibodies captured on the beads were eluted by using a
0.2 M glycine buffer (pH 2.5) and immediately neutralized with the required
volume of 2 M Tris buffer (pH 11.2). The antibodies eluted were dialyzed
extensively against PBS, followed by RPMI, and then concentrated by centrifu-
gation using the molecular sieve Vivaspin2 (30,000 MWCO PES; Sartorius Ste-
dim, Göttingen, Germany). They were stored at 4°C after addition of 1% Albu-
maxI (Gibco/Invitrogen). The specificity of affinity-purified antibodies was
ascertained by ELISA on each peptide, using bovine serum albumin and the
peptide SALSA-1 from the sporozoite and liver stage antigen 1 (2), as negative
controls. The purity of antibodies preparation was ascertained in SDS-PAGE
using a 10% polyacrylamide gel.

Indirect immunofluorescence assays (IFA) were performed according to pre-
viously described techniques (3) in order to assess recognition of the native
parasite proteins by affinity-purified antibodies. Air-dried acetone-fixed thin
smears from the P. falciparum clone 3D7 at the mature schizont stage were
incubated with serial dilutions of affinity-purified antibodies and using a 1/200
dilution of fluorescein-labeled goat anti-human IgG (Alexa Fluor 488; Invitro-
gen, Carlsbad, CA) as a second antibody.

Functional ADCI assays. The P. falciparum 3D7 clone (MRA-102, MR4;
ATCC, Manassas, VA) was cultivated in complete medium, i.e., RPMI 1640
supplemented with 0.5% AlbumaxI (both from Gibco/Invitrogen), as described
earlier (21). Schizont enrichment by flotation on 1% (wt/vol) gelatin (Sigma-
Aldrich, Steinheim, Germany) (21) was performed 48 h before initiating the
ADCI-based functional assays.

IgG was extracted from the same pool of sera derived from Ivory Coast
adults used for affinity purification by ion-exchange chromatography on DEAE
Ceramic HyperD F (Pall BioSepra, Cergy-Saint-Christophe, France) and named
PIAG (for pool of immune African globulins). In the ADCI assays performed to
evaluate the biological activity of antibodies specific to each antigen, two positive
controls were used: PIAG and antibodies affinity purified on MSP3.1-Cterm. The
negative control was IgG from a pool of French donors with no malaria history
(N-IgG). Peripheral blood mononuclear cells (PBMC) from healthy French
donors were prepared and cryopreserved as previously described (20). For the
ADCI assay, PBMC were rapidly thawed at 37°C and assessed for viability by
trypan blue exclusion. Cell suspensions were adjusted to a concentration of 107

cells per ml with RPMI 1640, and 200 �l/well was distributed in flat-bottom
96-well plates (TPP, Trasadingen, Switzerland), followed by incubation for 1 h at
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37°C and 5% CO2. The nonadherent cells were removed by two washing steps
with RPMI 1640, and then the cell appearance and the relative homogeneity of
the distribution of the adherent cells in the different wells were checked by
observation under an inverted microscope. Antibodies affinity purified upon the
different peptides or recombinant antigens were tested at a final concentration,
yielding a 1/20 IFA titer, and the N-IgG and PIAG were used at 2 mg/ml (ca.
10% the IgG concentration in the sera from African adults). To each well were
added 50 �l of the test antibody and 50 �l of a schizont-infected red blood cell
suspension at final hematocrits of 2.5 and 0.5% parasitemia, both in complete
medium. The control wells consisted of either monocytes alone, monocytes with
N-IgG or parasites with antibodies but without monocytes, or parasites alone (8,
25). At 48 and 72 h, 50 �l of complete medium was added to each well. After
cultivation for 96 h, the level of parasitemia was determined on Giemsa-stained
thin smears from each well by microscopic examination of at least 50,000 eryth-
rocytes. The specific growth inhibitory index (SGI), which takes into account the
possible inhibition induced by monocytes or antibodies alone, was calculated as
follows: SGI � 100 � [1 � (parasitemia with monocytes and test IgG/parasitemia
with test IgG)/(parasitemia with monocytes and N-IgG/parasitemia with
N-IgG)], where parasitemias are expressed as the percentage of infected red
blood cells. The ADCI assays were performed in duplicate for each affinity-
purified antibody, using monocytes showing �10% direct nonspecific inhibition
of parasite growth. Based on previous experience, the threshold of positivity of
the ADCI assay was considered to be �30% of the positive control (12).

Cross-reactivity studies. In a first set of experiments, the cross-reactivity of
antibodies was assessed toward the sequence of the peptides “b,” which are
quasi-identical for MSP3.1, MSP3.2, and MSP3.7. The competition ELISA was
performed as described elsewhere (14), with competing antigen at concentra-
tions ranging from 0 to 800 �g/ml. The results, expressed as the percent reac-
tivity, were calculated as follows: [(mean OD values with the competing antigen
at a given concentration)/(mean OD values without the competing antigen)] �
100. To control the specificity of the competition between antigen and antibody,
the nonrelevant antigen SALSA-1 was added at the same concentration as the
competing antigen.

The second set of experiments, performed to characterize the overall cross-
reactivity network among the MSP3 family, were based on the reactivity of
antibodies specific to the peptide “d.” Indeed, the sequences of the “d” peptides
are highly homologous among the MSP3 family. The ELISA reactivity of anti-
bodies specific to each peptide “d” upon all of the six recombinant MSP3-Cterm
antigens was determined.

Avidity studies. The binding strength of antibodies induced in mice by a first
MSP3 polyantigenic construct (7) was evaluated by ELISA toward each MSP3
recombinant C terminus protein as described elsewhere (29). Briefly, antibodies
affinity purified upon the polyantigenic construct from a pool of sera from
immunized mice were tested on microplates coated with each of the six MSP3
recombinant proteins. After allowing the formation of antigen-antibody com-
plexes, the latter were dissociated with increasing concentrations of the chao-
tropic ion ammonium thiocyanate (NH4SCN) from 0.25 to 4 M. After a wash
step, the remaining antibodies were quantified. The percent reactivity was cal-
culated as follows: [(mean OD values with a given concentration of NH4SCN)/
(mean OD values without NH4SCN)] � 100. The avidity index was estimated as
the molar concentration of NH4SCN required to reduce the initial OD by 50%.

RESULTS

Antibodies specific for the six MSP3 antigens are highly
prevalent in subjects living in areas where malaria is endemic.
IgG antibodies specific for all of the six MSP3 antigens were
detected in serum samples from adults living in the village of
Dielmo, Senegal. Prevalences, i.e., percentages of individuals
with a positive response, were very high, ranging from 89 to
95%, even though IgG levels varied from one antigen to the
other (Table 1). The high antibody reactivity obtained with
MSP3.2 was similar to that obtained with MSP3.4 or with MSP3.1.
The lowest reactivity was with MSP3.7, which was in the same
range as those of MSP3.8 and MSP3.3. Given the role of
cytophilic antibodies in parasite killing and their association
with protection against malaria, we performed IgG cytophilic
subclass analysis (IgG1 and IgG3) of responses to the six MSP3
antigens using sera from a cohort of 76 malaria-exposed indi-
viduals of all ages (0.9 to 80.4 years) from the same village (Fig.
1). The results confirm the high prevalence of responses, since
for each antigen except MSP3.8 the prevalences were �80%
for IgG1 or IgG3. Although IgG3 antibodies were dominant in
the case of MSP3.2, MSP3.4, and MSP3.7, the responses to the
three remaining antigens were balanced between IgG1 and
IgG3.

The C-terminal regions of the six MSP3 antigens contain
highly homologous sequences flanked by nonhomologous ones.
In addition to their overall structural homology, the proteins of

FIG. 1. Cytophilic IgG subclasses responses to the C-terminal por-
tion of the six MSP3 antigens in serum samples of individuals of all age
groups (n � 76; range, 0.9 to 80.4 years; mean age, 14.4 years) from
Dielmo, Senegal. To calculate the prevalence values, antibody re-
sponses were considered positive when the net OD value of each
serum sample was greater than the mean OD � 3 SD of control serum
samples. The mean of net OD values represents the mean responses of
the positive serum samples. Bars indicate the standard errors of the
mean.

TABLE 1. IgG responses of the C-terminal portion of the six
MSP3 family proteins in hyperimmune serum samples

from 45 adults from Dielmo, Senegala

Protein
OD Prevalence

(%)Mean � SEM Range

MSP3.1-Cterm 2.2 � 1.2 0.2–3.8 91.1
MSP3.2-Cterm 2.5 � 1.0 0.2–3.8 88.9
MSP3.3-Cterm 1.9 � 1.0 0.1–3.6 93.3
MSP3.4-Cterm 2.3 � 1.1 0.2–4.1 95.6
MSP3.7-Cterm 1.3 � 0.8 0.1–3.4 91.1
MSP3.8-Cterm 1.8 � 0.9 0.2–3.6 91.1

a To calculate the prevalence values, antibody responses were considered
positive when the net OD value of each serum sample was greater than the mean
OD � 3 SD of control serum samples. The prevalence values were not statisti-
cally different (Pearson’s �2 test). The mean net OD values represent the mean
responses of the positive serum samples.
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the MSP3 family share sequence similarities in their C-termi-
nal portions. The overall percent homology, which is between
32 and 49% for the full-length protein, increases to 43 to 57%
for the C-terminal portions (Fig. 2A). The first conserved mo-
tif, made of 11 amino acid residues centered on three glycine
residues (Fig. 2B, box I), is included in the peptides called “b.”
The sequences upstream and downstream are unique for each
antigen, which directed the design of peptides “a” and “c,”
respectively (see Table S1 in the supplemental material). No-
ticeably, the MSP3.1a sequence has the unique feature of hep-
tad repeats. For each MSP3 antigen the peptide “d” located
upstream of the glutamic acid rich region is characterized by a
stretch of 20 amino acids with high position-specific scoring,
i.e., identical or homologous residues being conserved for a
given position (Fig. 2B, box II). The “e” peptides are located
downstream of the Glu-rich region and, finally, the homolo-
gous leucine zipper-like pattern is displayed in the “f” peptides
(Fig. 2B, box III).

The 24 peptides from MSP3.3, MSP3.4, MSP3.7, and
MSP3.8 are all antigenic and predominantly targeted by cyto-
philic antibodies. The detailed analysis of the IgG subclass
distribution among a cohort of malaria-exposed individuals of
all age groups, versus the 24 peptides covering the C-terminal
regions of these four antigens, showed that each of them was
recognized by antibodies from sera from areas of endemicity,
i.e., all of them were antigenic. The prevalence of specific
antibodies was high; indeed, 	60% of the individuals had
antibodies reacting with two-thirds of the peptides (Fig. 3). For
all of them, the antibodies belonged predominantly to the
IgG1 and IgG3 subclasses, and only one (MSP3.8b) was tar-
geted by a noncytophilic IgG2 response. In most cases, the
IgG1 and IgG3 levels were of similar magnitude, but a trend,
although not significant, toward a predominance of IgG3 was
observed against some peptides (MSP3.3a, MSP3.4b, and
MSP3.7e) or of IgG1 for others (e.g., MSP3.3b and MSP3.7d)
(Fig. 3).

The present results, together with those previously reported
for MSP3.1 and MSP3.2 (32, 33), show that the subclass pat-
terns of responses to the homologous peptides “b,” “d,” or “f”
from the six antigens of the MSP3 family differ markedly. This
suggests that the flanking regions, defining T-helper cell

epitopes (31), may play an important role in the modulation of
the IgG1-to-IgG3 balance. Additional differences in antigenic-
ity emerge for the various “a” peptides: in contrast to the low
prevalence and low levels of antibodies previously observed to
peptide MSP3-1a, high prevalences and levels are observed for
MSP3-3a and MSP3-8a. Conversely, responses to the various
“b” peptides, which is a major target of ADCI for MSP3-1, are
high in five of the six proteins (i.e., all except MSP3-7).

Multiple targets of antibodies triggering ADCI are found
throughout the MSP3 family. Human antibodies affinity puri-
fied upon each of the 24 peptides of MSP3.3, MSP3.4, MSP3.7,
and MSP3.8 recognized both the corresponding peptide and
the recombinant C-terminus region (data not shown). More
importantly, these affinity-purified antibodies were all able to
recognize the parasite native proteins as determined by IFA,
indicating that each synthetic peptide mimicked at least one
natural parasite epitope.

In order to allow comparisons in ADCI assays, these anti-
bodies were adjusted according to their IFA titers. The ADCI
assay measures the intraerythrocytic killing effect of mediators
released by monocytes and the resulting reduction of parasite
density. As shown in Fig. 4, each of the 24 peptides from the
four antigens was found to be a target of human antibodies
with potent monocyte-dependent antiplasmodial activity in the
ADCI assay. For a few of them (anti-3.3c, anti-3.3f, anti-3.4c,
and anti-3.7c) the ADCI effect was only marginal and yet
significant, whereas for the majority it was comparable to that
of the PIAG, i.e., the IgG of protected African adults. The
antiplasmodial effect mediated by some of them, such as anti-
3.3e, anti-3.4b, and anti-3.8d antibodies, was even higher than
that observed using the PIAG. This strong effect is remarkable
since each peptide specific antibody corresponds to a very
minor subset of total malarial antibodies and a small subset of
antibodies directed to the six MSP3 family proteins. Although
antibodies specific to the recombinant antigens were all effi-
cient in ADCI (Fig. 4), the antibodies specific to several pep-
tides (MSP3.3a, MSP3.3e, MSP3.4a, MSP3.4b, MSP3.7a,
MSP3.8a, MSP3.8b, MSP3.8d, MSP3.8e, and MSP3.3f) medi-
ated an effect stronger than that observed with the correspond-
ing recombinant antigen. These results differ from those ob-
tained previously with MSP3.1, where only three of the six

FIG. 2. (A) Matrix of overall percent homology (identity and similarity) of the C-terminal sequences of the six MSP3 proteins obtained with
EMBOSS pairwise alignments. (B) Truncated multiple sequence alignment of the MSP3 proteins family showing the three regions with common
linear motifs present in the C-terminal portion. Conserved residues are highlighted in boldface.
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peptides were the target of biologically active antibodies (32).
They are in keeping with results obtained using MSP3.2 pep-
tide-specific antibodies, which all had a strong inhibitory effect
(33). Thus, the present data complement those obtained in our
two previous studies to characterize a very large series of new
targets for antibodies mediating the killing of P. falciparum
parasite through the ADCI mechanism.

Cross-reactions among MSP3 family members. As men-
tioned above, a stretch of 11 amino acids is quasi-identical in
the “b” peptides derived from MSP3.1 and MSP3.2 and highly
homologous in MSP3.7b, which suggests that antibodies spe-
cific to these peptides may be cross-reactive. Indeed, in com-
petition ELISAs, the MSP3.2b peptide at a concentration of
200 �g/ml was able to decrease by 80% the binding of anti-
MSP3.1b antibodies to MSP3.1-Cterm. Similarly, the binding
of anti-MSP3.7b was decreased by 60% by the competing
MSP3.1b peptide (Fig. 5). These findings extend the cross-
reactivity observed previously between MSP3.1b and MSP3.2b
(33). The competition was less efficient between MSP3.1b and

MSP3.7b than between MSP3.1b and MSP3.2b (Fig. 5), most
probably due to the fact that, within the highly conserved
stretch of 11 amino acids of MSP3.7b, there are substitutions in
the first three positions—YFA versus ILG—and in the sixth
position F/I, whereas MSP3.1b and MSP3.2b only differ by a
V/A substitution in the tenth position (Fig. 2B, box I).

The cross-reactivity was also assessed among the second
group of homologous peptides, i.e., the “d” peptides (Fig. 2B,
box II), using antibodies immunopurified on each peptide. The
cross-reactivity network summarized in Fig. 6 indicates that
naturally occurring human antibodies specific to peptide “d” of
each MSP3 protein cross-reacted with at least one other anti-
gen of the MSP3 family. Anti-MSP3-8d presented cross-reac-
tivity with only one other member of the gene family, whereas
anti-MSP3.1d and anti-MSP3.2d presented cross-reactivities
with each of the remaining five proteins, i.e., they reacted with
all six MSP3 proteins. On the other hand, MSP3.4-Cterm and
MSP3.8-Cterm appeared as the “most antigenic” since they
were recognized by antibodies immunopurified on each of the

FIG. 3. Prevalences (A) and titers (B) of IgG subclasses distribution in 24 peptides derived from MSP3.3, MSP3.4, MSP3.7, and MSP3.8 in
serum samples of malaria-exposed individuals (n � 25; age range, 2 to 54 years; mean age, 16.86 years) from Dielmo village. Bars indicate the
standard errors of the mean.
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six “d” peptides. Conversely, these results indicate that the
limited point mutations occurring in the highly conserved motif
of the peptides “d” can also induce true antigenic divergence
despite a high level of sequence homology. In this manner, the
various homologous sequences generate a large number of

FIG. 4. Antibody-dependent cellular inhibitory effect of human antibodies affinity purified upon the 24 peptides and the four recombinant
antigens covering the C-terminal regions of MSP3 proteins. f, Positive controls; , anti-MSP3.3 peptides; �, anti-MSP3.4 peptides; o,
anti-MSP3.7 peptides; u, anti-MSP3.8 peptides. Each of the affinity-purified antibodies was tested in duplicate at a concentration corresponding
to a 1/20 final IFA titer. The PIAG and antibodies affinity purified upon recombinant MSP3.1-Cterm were used as positive controls in each
experiment. The SGI values are expressed as a percentage of the effect of PIAG (100%); values of 	30% are considered significant.

FIG. 5. Antibody cross-reactivities between “b” peptides of the
MSP3 proteins family. �, Binding of anti-MSP3.1b specific antibodies
upon the recombinant antigen MSP3.1-Cterm in the presence of in-
creasing concentrations of the MSP3.2b peptide; f, binding of anti-
MSP3.7b specific antibodies upon the recombinant antigen MSP3.7-
Cterm in the presence of increasing concentrations of the MSP3.1b
peptide. Affinity-purified antibodies were preincubated with different
amounts of peptides before being tested by ELISA.

FIG. 6. Pattern of cross-reactivity of antibodies to “d” peptides
from the MSP3 proteins family. Binding patterns of antibodies specific
to the “d” peptides of the six MSP3 proteins were deduced from their
ELISA reactivities against the different recombinant antigens. Note
that the reactivity to the homologous protein (e.g., anti-MSP3-8d pep-
tide with MSP3-8 Cterm protein) was present for each of them; how-
ever, it is not shown for the sake of clarity. A significant cross-reactivity
corresponds to OD values of �0.2.
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distinct antibody species with a wide pattern of reactivity to the
six proteins.

An MSP3 multigenic construct induces in mice antibodies
that cross-react with each antigen of the MSP3 family. The
studies described above show that sequence homologies among
MSP3 proteins generate a large network of cross-reactions,
despite sequence divergences, particularly among the flanking
regions. Based on the combination of data from immunoge-
nicity studies (7) and the present antigenicity data, a first MSP3
polyantigenic construct covering the “b-c-d” peptide sequences
was designed and used to immunize mice. The mouse antibod-
ies affinity purified upon the MSP3 multigenic construct re-
acted with each of the six antigens of the MSP3 family. How-
ever, they differently recognized each MSP3 antigen since the
avidity indexes were estimated to be 0.4, 0.5, 0.7, 0.9, 2.6, and
2.8 M for MSP3.1, MSP3.4, MSP3.7, MSP3.8, MSP3.3, and
MSP3.2, respectively. Therefore, the avidities of these antibod-
ies were high for MSP3.3 and MSP3.2, medium for MSP3.8
and MSP3.7, and low for MSP3.4 and MSP3.1 (Fig. 7).

Our results indicate that the antigens of the MSP3 family are
the targets of a family of cross-reactive antibodies, with wide
differences in terms of avidity and specificity.

DISCUSSION

In order to design a multisubunit MSP3 vaccine based on a
sound immunological rationale, we performed a detailed im-
munological study of the remaining four members of the MSP3
family of proteins to complement the data previously obtained
on the other two, MSP3.1 and MSP3.2 (32, 33). As a comple-
ment to the immunogenicity study reported elsewhere (7), we
performed here a detailed antigenicity analysis of the homol-
ogous C-terminal portions of these proteins and evaluated the
biological activity of the corresponding antibodies. As in our
previous studies with MSP3.1 and MSP3.2, we used both re-
combinant proteins and peptides corresponding to homolo-
gous or divergent regions, in order to select, based on the

immune responses from exposed individuals, those to include
in vaccine constructs.

Using sera from subjects spanning all ages living in a ho-
loendemic region of Senegal, we found that the conserved
C-terminal regions of the six MSP3 proteins were all antigenic
and that a large majority of subjects harbored antibodies to
each of them. A more detailed analysis of MSP3.3, MSP3.4,
MSP3.7, and MSP3.8 was performed using for each of them six
overlapping peptides covering their C-terminal portion. Each
of these 24 peptides was antigenic, in accordance with what
had previously been observed for the 12 peptides from MSP3.1
and MSP3.2. This shows that each synthetic peptide defines at
least one B-cell epitope in the correct conformation. The rec-
ognition of the parasite native protein by anti-peptide antibod-
ies, demonstrated by IFA assays and indirectly confirmed by
ADCI assays, is an additional proof of the similarity of the
peptides’ epitopes to those of the native proteins.

Besides their overall structural homology, the six C-terminal
MSP3 proteins share highly homologous sequences displayed
on the “b” and “d” (and “f”) peptides. The sequence ILGWE
FGGGAP from the “b” peptide is well conserved among
MSP3.1, MSP3.2, and MSP3.7 and was therefore found to be
targeted by antibodies that are fully cross-reactive to these three
antigens. The antibodies directed to the various “d” peptides
presented a broad range of cross-reactivities on each of the six
MSP3 proteins, a finding consistent with the occurrence of
single-point amino acid changes among the homologous se-
quences. A malaria vaccine combining these antigens would
thus not only have the advantage of inducing antibodies to an
increased number of targets of ADCI but would presumably
also broaden the types of antibody species raised against these
proteins.

Twenty of the twenty-four peptides analyzed reacted with
antibodies that displayed an IgG subclass pattern with domi-
nant cytophilic responses. This was also found to be the case
for four of the six MSP3.1 peptides and all of the six MSP3.2
peptides tested previously (32, 33). The IgG3 type of response
was more prevalent than the IgG1 response, whereas the levels
of both were equivalent. The importance of this finding is
related to previous studies showing that IgG antibodies either
mediating parasite killing in vitro or associated with protection
in vivo are restricted to the IgG1 and IgG3 subclasses (4, 16,
20, 30). In agreement with this, all 24 peptides were indeed
found to define antigenic determinants able to trigger the an-
tiparasitic ADCI mechanism. The ADCI antiparasite activity
of peptide-specific antibodies was, for more than half of them,
as effective as or more effective than the total IgG from pro-
tected African adults. Therefore, these antibodies constitute a
large series of novel valuable targets able to trigger the ADCI
mechanism in addition to the nine targets previously described
in the other two members of the MSP3 family (32, 33). They
also add to epitopes identified in unrelated proteins such as
GLURP, SERP (35, 39) and, more recently, MSP1-Block2
(15).

The multiple targets of in vitro inhibitory antibodies, found
in all six members of the MSP3 family of proteins, suggest that
they may play, in addition to MSP3.1, a role in protection. The
additional, and most unusual, full sequence conservation
among several field isolates of the C-terminal portion of each
MSP3 gene (34) suggests that the conservation of differences in

FIG. 7. Avidity of antibodies induced in mice after immunization
with an MSP3 family multigenic construct. The curves represent the
reactivity on the MSP3 multigenic construct itself and on the different
MSP3 antigens in the presence of increasing concentrations of chao-
tropic ion, i.e., ammonium thiocyanate (NH4SCN).
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both homologous and nonhomologous regions has a critical
function. Within the regions of highest homology, the cross-
reactive B-cell epitopes generate a wider diversity in the affinity
and fine specificity of the antibody repertoire than would a
single antigen. Conversely, the conservation of these regions
suggests a minimal selective advantage to random mutations.
Antibodies elicited by any member could still cross-react with
other nonmutated members and mediate parasite inhibition.
Within nonhomologous regions, sequence differences from
one gene to the other may be related to the T-helper function,
which was documented in MSP3.1 (7, 32), each sequence being
better fitted to a given major histocompatibility complex (MHC)
class II subset. The conservation of the diversity would provide
improved T-cell help in individuals with diverse MHC class II
genetic backgrounds so as to generate the same essential an-
tibodies directed to the conserved cross-reactive B-cell epitopes.
These features open new perspectives on the role of MSP3
antigens in the natural host-parasite interaction. Their func-
tion might be to maintain the homeostasis between P. falcipa-
rum and human beings by contributing to control parasite
densities through an indirect, nonsterilizing, defense mecha-
nism (11).

Our findings also have practical consequences for vaccine
development. Indeed, they pave the way toward the rational
design of a multisubunit vaccine construct based on a family of
proteins with both homologous and divergent sequences that
are highly conserved. This combination strategy differs from
constructs combining different polymorphic antigens (13, 17,
19, 23, 24, 27, 38). The C-terminal sequences being conserved,
a polyantigenic MSP3 vaccine avoids antigen polymorphism, a
recognized bottleneck for vaccine development (18, 22, 26, 37).

Finally, the present antigenicity data has to be combined
with results from immunogenicity studies (7) to design im-
proved constructs. Indeed, the latter suggest that certain re-
gions are involved in the regulation of the intensity of immune
responses. This was expected, since one of the remarkable
characteristics of malaria infection in African children is the
overwhelming number of parasites harbored over childhood
and adolescence. The corresponding massive amounts of ma-
larial antigens repeatedly stimulate their immune system for
years. That the antibody titers to MSP3 and other antigens
remain very moderate in children as in adults implies that
malarial antigens must contain regulatory regions to prevent
the induction of high immune responses that could otherwise
eradicate the parasite. Such regions were identified in the
immunogenicity study (7), where it was found that removing
the “e-f” region from MSP3.1 resulted in an increase by 2
orders of magnitude of antibodies to the ADCI-relevant “b-d”
region. In this manner the immunity induced by a carefully
designed immunogen should be more effective than natural
exposure to the parasite.

Our first polyantigenic construct indeed capitalizes on both
sets of available data to include only the “b-d” regions of the
six MSP3 antigens. The resulting multicomponent fusion pro-
tein was strongly immunogenic in mice, inducing biologically
active antibodies and cross-reacting with the six MSP3 family
proteins with various avidities (7; the present study). However,
the combination of data emerging from detailed antigenicity
and immunogenicity studies can be exploited in diverse ways,
i.e., to design various constructs, so as to best fit the general

strategy of a multicomponent vaccine based on the conserved
MSP3 family antigens aimed at triggering more efficiently the
ADCI mechanism on diverse human genetic backgrounds.
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