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Malaria parasites are major human pathogens annually as-
sociated with 300 million to 500 million clinical cases world-
wide and 0.5 million to 3 million deaths, mostly among children
under the age of 5 years living in sub-Saharan Africa (50).
Human malaria is caused by four species of parasitic protozoa
of the genus Plasmodium: Plasmodium falciparum, P. vivax, P.
malariae, and P. ovale. The natural history of infection with P.
falciparum, which causes the most severe infections and nearly
all malaria-related deaths, has been well characterized in areas
of high endemicity in Africa (27). Children have a primary
malaria attack during their first year of life, while most toddlers
and juveniles have already developed resistance against severe
disease but still experience a few clinical episodes. African
adolescents and adults, in contrast, are often clinically im-
mune; they remain free of malaria symptoms, despite contin-
uous exposure to the parasite, but maintain low-grade infec-
tions throughout the transmission season. Clinical immunity is
usually lost during pregnancy, especially among primigravid
women, or after migration to areas where the disease is not
endemic. Life-long exposure to malaria parasites rarely leads
to sterile immunity; blood-stage infections remain detectable
by sensitive methods, such as PCR, in all age groups (71).

Much less is known at present about the acquisition of clin-
ical immunity to P. vivax, which accounts for 70 million to 80
million malaria infections each year in Asia, Oceania, and
South America but which is rare in most of Africa (73). Asymp-
tomatic P. vivax infections, however, occur after continuous
exposure to this species (3, 43, 95). Interestingly, cocirculation
of more than one species of human malaria parasites is a
common feature of most areas where malaria is endemic, cre-
ating complex patterns of interspecies interactions (15, 68).

The extensive diversity of malarial surface antigens is one of
the main reasons why clinical immunity develops only after
repeated infections with the same species over several years
(27). Antigenic diversity has a dual origin. One is the classical
genetic mechanism of nucleotide replacement and recombina-
tion that creates allelic polymorphism, the existence of genet-
ically stable alternative forms of antigen-coding genes. The
second mechanism is antigenic variation, whereby a clonal
lineage of parasites expresses successively alternate forms of an
antigen without changes in genotype. This minireview focuses
on the origins and patterns of allelic polymorphism and anti-
genic variation in natural parasite populations and their pos-
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sible implications for naturally acquired immunity and malaria
vaccine development.

The complex parasite biology. The life cycle of malaria par-
asites comprises morphologically and antigenically distinct
stages that are targeted by stage-specific immunity (Fig. 1). A
few (n = 5 to 20) sporozoites are inoculated by blood-feeding
female Anopheles mosquitoes. After 30 to 60 min in the blood-
stream, these uninucleate extracellular stages penetrate hepa-
tocytes and start intense mitotic activity and nuclear division.
The resulting mature, multinucleate liver-stage schizont bursts
within 9 to 16 days and releases thousands of free merozoites
into the bloodstream. Two of the human malaria parasite spe-
cies, P. vivax and P. ovale, produce dormant liver stages, known
as hypnozoites, that are the sources of relapses weeks or
months after the primary infection. Within 1 to 2 min of re-
lease, merozoites invade red blood cells (RBCs), in which, over
the next 48 or 72 h, they develop from early to late trophozoites
and undergo a further phase of mitotic division, which gener-
ates erythrocytic-stage schizonts. When infected RBCs rup-
ture, each mature schizont releases 8 to 32 merozoites, each of
which invades new erythrocytes. Fever paroxysms, the hall-
mark of malaria, occur when infected RBCs rupture and re-
lease parasite-derived molecules that stimulate the production
of proinflammatory cytokines by the host. After a few cycles,
some merozoites develop into sexual stages known as gameto-
cytes. When gametocytes are taken up by feeding Anopheles
mosquitoes, they mature into male and female gametes and
unite to form a zygote in the midgut of the vector. The zygote
is the sole diploid stage of malaria parasites; the only meiosis
event during this life cycle occurs within a few hours of zygote
formation, eventually generating infective sporozoites, which
migrate to the salivary glands.

The precise targets of protective immunity against malaria
remain unknown, although present evidence implicates about
20 candidate antigens, most of them polymorphic surface pro-
teins. Because structurally different antigens are expressed
during each part of the parasite’s life cycle, naturally acquired
immunity is mostly stage specific (12). Both antibodies and T
cells are required for naturally acquired immunity; CD4 " and
CD8" T-cell responses are particularly effective against intra-
cellular liver-stage parasites, while antibodies may block host
cell invasion by sporozoites and merozoites. In addition, anti-
bodies to variant antigens expressed on the surface of RBCs
may facilitate phagocytosis of infected cells and inhibit or re-
vert their adhesion to endothelial receptors. T-cell help is
essential for an effective antibody response, but relatively little
is known about the additional roles of cell-mediated immunity
in the clearance of blood-stage malaria parasites.
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FIG. 1. Simplified life cycle of malaria parasites in human hosts.
The parasite development within mosquito vectors is not represented.

REPETITIVE ANTIGENS AND ALLELIC
POLYMORPHISM

A notable feature of most malaria surface antigens is the
presence of tandem arrays of relatively short amino acid motifs
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(12). The circumsporozoite protein (CSP) (Fig. 2), an abun-
dant sporozoite surface antigen extensively investigated as a
target in vaccine development (79), was the first well-studied
example of a repetitive malarial antigen. The CSPs of all ma-
laria parasites studied so far comprise central tandem repeats
that form immunodominant B-cell epitopes (Fig. 2). The P.
falciparum CSP, for example, contains 37 to 50 copies of 4-mer
motifs (32, 91), but relatively short repetitive synthetic peptides
are thought to express the full antigenicity of this molecule
(121). Interestingly, different nucleotide motifs, termed repeat
allotypes, code for the same NANP and NVDP repeats in
natural P. falciparum isolates, indicating that conservation is
maintained at the amino acid level (putatively due to func-
tional constraints) but not at the nucleotide level (91). Differ-
ent nonapeptide repeats are found in P. vivax CSP variants
VK210 and VK247 (94) (Fig. 2); although these variants are
found in sympatric parasite populations, no example of a hy-
brid csp allele with both types of repeats is known. Monoclonal
antibodies to CSP repeats inhibit the infectivity of P. falcipa-
rum and P. vivax sporozoites in chimpanzees (78), but no clear
association has been found between the levels of naturally
acquired antibodies to CSP and human protection from ma-
laria in Africa (53) and Asia (119).

Merozoite surface protein type 1 (MSP-1) and MSP-2 are
additional examples of blood-stage vaccine-candidate antigens
with repetitive arrays (Fig. 2). MSP-2 has been characterized
so far only in P. falciparum and the closely related chimpanzee
parasite, P. reichenowi (29). The centrally located immuno-
dominant repeats of P. falciparum MSP-2 consist of variable
numbers of either relatively conserved 32-mer and 12-mer mo-
tifs, which characterize the allelic family FC27, or polymorphic
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FIG. 2. Schematic representation of three major malarial surface antigens. Amino acid sequences of CSP repeat motifs are shown for P.
falciparum and the two variants of P. vivax. MSP-1 of P. falciparum was divided into 17 blocks according to the levels of interallele sequence
divergence (111). MSP-1 of P. vivax was divided into 13 blocks (87). MSP-2 of P. falciparum was divided into five blocks (107); the central repeats

differ both between and within dimorphic families.
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2- to 10-mer GSA-rich motifs, which are typical of the allelic
family IC1 (54). These repeats are targeted by parasite-inhib-
itory antibodies (31, 34, 88) and contain T-cell epitopes (98).
Naturally acquired human antibodies to MSP-2 predominantly
recognize its variable domains (5, 30, 113) and are putatively
associated with clinical immunity from malaria (4, 5, 74, 112).

Direct repeats in P. falciparum MSP-1 are thought to be
restricted to the short domain known as block 2 (Fig. 2), and
some alleles display nonrepetitive sequences in this region
(20). However, cryptic repeats were recently described in other
variable blocks of P. falciparum MSP-1 (90); repetitive ele-
ments are also widespread in the MSP-1 homologue of P. vivax
(87) and the rodent parasites P. chabaudi and P. yoelii (58).
Most naturally acquired antibodies to MSP-1 recognize its
variable domains (55). Significantly, block 2 repeats are tar-
geted by P. falciparum-inhibitory monoclonal antibodies (66)
and naturally acquired antibodies associated with clinical im-
munity in humans (23, 85).

Repeat sequences and immune evasion. Polymorphisms in
repeats may enable parasites to evade immune responses elic-
ited by past exposure to diverse forms of the same antigen. In
addition, tandem repeats may stimulate T-cell-independent B-
cell responses (104) that fail to generate memory B cells or
somatic hypermutation, leading to antibody affinity maturation
(76). Moreover, cross-reactive epitopes on otherwise different
repetitive antigens may prevent the affinity maturation of an-
tibodies by causing an abnormally high proportion of mutated
B cells to be preserved during clonal expansion (6). A well-
known example of such a cross-reactive epitope is the pen-
tapeptide VTEEI, present in repeat arrays of unrelated blood-
stage (RESA and Pf332) and gametocyte (Pf11.1) antigens of
P. falciparum (2, 70).

Mutations and genetic recombination. Minor amino acid
diversity is created in malarial antigens by single-nucleotide
replacements. These point mutations are relatively rare events
(10~? replacements/nucleotide/replication) that occur at any
site, but they are often clustered in sequences coding for B- or
T-cell epitopes of malarial antigens. At the csp locus of P.
falciparum, for example, nearly all nonsynonymous nucleotide
replacements (i.e., those leading to amino acid replacements)
map to the T-cell epitopes Th2R and Th3R, located down-
stream of the central repeats (56), putatively due to the posi-
tive selection of novel polymorphisms associated with immune
evasion (24). In fact, amino acid replacements in the CSP
T-cell epitopes Th2R and Th3R abolish their recognition by
naturally exposed people (14, 49). Amino acid replacements
are found in other T-cell epitopes of malarial antigens, but
their impact on T-cell recognition and immune evasion re-
mains to be confirmed. Genetic recombination, however, ac-
counts for most variation seen in malarial antigens, since it
occurs several orders of magnitude more frequently than mu-
tations. In addition, a single event changes several nucleotides
at once. Recombination events comprise both exchanges of
blocks of homologous sequences during meiosis and rear-
rangements in repeat arrays during both mitosis and meiosis.
The extensive variation in CSP, MSP-2, and many other anti-
gens results primarily from insertions and deletions of repeat
motifs (12, 33, 54, 90). In contrast, both exchanges of nonre-
petitive sequences and rearrangements within repeat arrays
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seem to generate new msp-1 alleles in natural populations of
P. falciparum (35) and P. vivax (87).

Origin of allelic dimorphism. Allelic dimorphism, the occur-
rence of only two alternate forms at a given locus, characterizes
several malarial antigens. The dimorphic allelic families are
not necessarily homogeneous (i.e., there is some within-family
heterogeneity); members of different families, however, differ
at more than 30% of the amino acid residues in variable se-
quences (i.e., there is extensive between-family divergence).
Allelic dimorphism was originally described for the msp-1 locus
(111) and was later found in other blood-stage antigens of
P. falciparum, such as the merozoite surface proteins MSP-2
and MSP-3, the serine repeat antigen (SERA), and EBA-175,
a parasite molecule that binds to sialic acid and glycophorin A
during RBC invasion (22, 54, 99). The msp-1 locus of P. vivax
is also essentially dimorphic (48, 86, 87). How did the dimor-
phic regions develop in these antigens? The repetitive se-
quences in block 2 of the P. falciparum msp-1 gene may be
taken as an example: the proliferation of trinucleotide motifs
and fusion with nearby triplets, followed by several nucleotide
replacements, may explain the origin of the whole repertoire of
9-bp repeats of the dimorphic allelic families (42). Similar
processes have been postulated to operate at the msp-2 locus
of P. falciparum (33, 34, 90). Alternatively, dimorphic alleles
could arise by gene duplication followed by sequence diver-
gence between paralogous genes as a result of gene conversion
events (52). This process may readily explain the origin of
allelic dimorphism in EBA-175 and SERA, which are encoded
by members of multigene families. Nevertheless, it remains
unclear why only two of the several possible allelic families of
dimorphic blood-stage antigens are detected in natural iso-
lates.

Allelic polymorphism and immune recognition. Cross-reac-
tivity is a major factor driving the emergence and persistence
of novel antigenic variants of malaria parasite antigens in hu-
man populations; new variants are theoretically selected if
mutant parasites evade the host’s immunity (72). Thus, the
high recombination rate typically found in repeats, coupled
with the positive selection of non-cross-reacting variants, might
account for most of the antigenic diversity seen in natural
malaria parasite populations (90).

Whether rearrangements in the NANP and the NVDP re-
peat arrays affect the recognition of B-cell epitopes on P.
falciparum CSP remains unknown. This topic has elicited lim-
ited interest among vaccine-minded researchers, despite the
conformational nature of these epitopes (77, 100) and the
structural consequences putatively associated with changes in
the number of NANP repeats (32). On the other hand, there is
little antibody cross-reactivity between the P. vivax CSP vari-
ants VK210 and VK247 (94).

Naturally acquired immune responses discriminate between
antigenic variants belonging to different dimorphic families of
P. falciparum MSP-1 and MSP-2 (18, 19, 30, 113) and P. vivax
MSP-1 (69). Significantly, experimental immunization with a
multivalent vaccine prototype containing the 3D7 variant of
MSP-2 partially protected humans from infection with homol-
ogous (IC1-type) but not heterologous (FC27-type) parasites
(47). However, do insertions and deletions of repeat units
within dimorphic allelic families affect immune recognition
and favor immune evasion? The most plausible answer is yes:
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(i) narrowly specific antibodies to repetitive block 2 variants of
MSP-1 are found in subjects exposed to malaria (26, 59, 85),
and (ii) murine (66) and human (108) monoclonal antibodies
are able to discriminate between repeat variants within the
same dimorphic allelic family. The monoclonal antibody de-
scribed by Sowa and colleagues (108), for example, discrimi-
nates between the MAD20 and HB3 variants of block 2, which
differ only in the number of copies of the hexapeptide
SGGSVA.

Similar data are available for MSP-2: (i) deletions of 12-mer
repeats in FC27-type MSP-2 variants decrease their ability to
be recognized by naturally acquired antibodies (89); (ii) a mu-
rine monoclonal antibody discriminates between IC1-type an-
tigens that differ in the number of copies of the tetrapeptide
GGSA (34); and (iii) antibodies that discriminate between
MSP-2 variants within the same allelic family are found during
acute P. falciparum infections (60, 118) and in experimentally
immunized mice (115), although examples of extensive cross-
reactivity to structurally different MSP-2 variants have been
described in African children (39). Interestingly, several in-
stances of complete mismatch between the specificities of de-
tectable antibodies during acute infections and the MSP-2 type
in infecting parasites have been found in areas of endemicity
(30, 39, 60, 118). These results may be explained by a selective
unresponsiveness to MSP-2 variants expressed by infecting
parasites, by the presence of MSP-2 variants in infecting par-
asites that were missed during the typing procedure, or by
clonal imprinting. Recent data from a longitudinal study with
African children are consistent with the clonal imprinting hy-
pothesis, since infection with novel msp-2 variants frequently
boosted antibodies that cross-recognized relatively conserved
domains within local variants instead of eliciting antibodies
with new specificities (39).

ANTIGENIC VARIATION

The expression of variant antigens on the surface of infected
RBC:s is an additional strategy of immune evasion used by all
Plasmodium species so far studied. At a first glimpse, the ex-
pression of foreign antigens on RBCs, which are devoid of
major histocompatibility complex molecules and which thus
represent the ideal hideout for intracellular organisms, seems
a disadvantage for the parasite’s survival in the presence of a
competent immune system. However, this may be an intrahost
mechanism used to control parasite populations, since rapid
parasite multiplication would kill the host in a very short time,
decreasing the chances of transmission to mosquitoes (83,
101).

At least two P. falciparum variant antigens are expressed on
the surface of infected RBCs: P. falciparum erytrocyte mem-
brane protein 1 (PfEMP-1), encoded by var genes, and repet-
itive interspersed family proteins (RIFINs), encoded by rif
genes. Members of a third family of variant antigens, encoded
by stevor (subtelomeric variant open reading frame) genes,
were recently found to be associated with Maurer’s clefts, a
parasite-derived tubular network that is present in the cyto-
plasm of infected RBCs. These clefts are thus not directly
exposed on the RBC surface (61), although they may become
visible at the late schizont stage due to augmented access of
antibodies to the cytoplasmic structures of infected RBCs (57).
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These three proteins are encoded by multigene families, and
most members of each family are located in the subtelomeric
regions of chromosomes (45).

Cytoadherence, var gene transcription, and antigenic
switching. RBCs infected with very young P. falciparum tro-
phozoites (known as ring stages) circulate in the peripheral
blood, but nearly all RBCs containing mature trophozoites and
schizonts are sequestered in capillary vessels of different or-
gans (67), thus avoiding their clearance by the spleen. Large
parasite-encoded surface variant antigens were found in 1984
to be responsible for the binding of RBCs infected with mature
parasites to endothelial receptors; these proteins were origi-
nally named PfEMP-1 (64). Over the following years, PFEMP-1
proteins were found to bind to a wide range of endothelial
receptors, such as CD36 (82), intercellular adhesion molecule
1 (ICAM-1) (11), chrondroitin sulfate A (CSA) (93), platelet
endothelial cell adhesion molecule (PECAM) (80), vascular
cell adhesion molecule (VCAM) (80), hyaluronic acid (10),
heparan sulfate (116), and other molecules, such as comple-
ment receptor 1 (97), immunoglobulins G (37), and ABO
blood group antigens (8). The adherence of infected RBCs to
endothelial receptors is believed to be causally associated with
severe disease, although striking evidence for a direct connec-
tion between PfEMP-1 expression and pathology was shown
only for CSA-binding PfEMP-1 variants (41; for a review, see
reference 75). The var gene family was described in 1995 (9,
105, 109); each P. falciparum genome contains 40 to 60 differ-
ent var genes (38, 45, 105), mostly located in subtelomeric
regions of chromosomes (36, 114). The var gene alleles found
in different strains are so variable (38, 110) that the whole
repertoire of different var genes seems unlimited.

Most functional var genes share a two-exon structure (Fig.
3): exon 1 codes for highly variant domains exposed on the
surface of infected RBCs that bind to endothelial receptors,
while exon 2 codes for the more conserved acidic terminal
segment of PfEMP-1. This domain is attached to electron-
dense complexes of parasite-derived proteins known as
“knobs,” located in the inner RBC membrane, that confer the
mechanical stability required for adherence to the capillary
endothelium under flow conditions (25). A single PFEMP-1
gene seems to be expressed by parasites within each infected
RBC; var gene transcription is tightly controlled by a mutually
exclusive transcription mechanism that silences all but one or
a few var genes per genome (21, 103). This process, the details
of which have yet to be uncovered, is probably steered by
epigenetic processes. However, switching from one PfEMP-1
variant to another occurs at a certain rate (92; G. Wunderlich,
unpublished data), which may depend on which var gene is
initially transcribed (84). The frequent switch guarantees the
parasite’s survival under immune pressure and the constant
removal of RBCs expressing known PfEMP-1 variants.

The 200- to 400-kDa PfEMP-1 protein is a major target of
naturally acquired antibodies (16); recognition of a few com-
monly expressed antigenic determinants may protect against
severe disease (51). Human T-cell responses to PFEMP-1 have
not been investigated so far. Infection with parasites expressing
common PfEMP-1 variants is associated with severe disease in
childhood, but the acquisition of variant-specific immunity de-
creases the probability of severe outcomes with increasing age
(16). In fact, the number of different PFEMP-1 subdomains



VoL. 11, 2004

A

MINIREVIEWS 991

ATS

P. falciparum i
var o CIDR Y )
._'
rif/stevor E E
==

P. vivax vir

variant genes

TAREs

FIG. 3. (A) Structures of the different variant multigene families of P. falciparum and P. vivax. Var genes have two exons and code for a various
number of domains with different adhesive properties, termed Duffy binding-like domains («, B, v, 8, etc.) and cysteine-rich interdomain regions
(CIDR) (106). Vir genes have three exons. Probable (gray) or confirmed (black) regions coding for transmembrane domains are indicated with
helices. ATS, acidic terminal segment. (B) Proposed model of ectopic exchange of telomeres. Chromosome telomeres cluster in bouquet-like
structures at perinuclear regions. The similarity among the repetitive telomere elements (TAREs) and the var, stevor, and rif genes (represented
by boxes with different patterns) are believed to facilitate the recombination between chromosomes. Modified from reference 102 with permission

of the publisher.

recognized by antibodies from African adults correlates in-
versely with the probability that these subjects will develop
symptomatic malaria episodes during the next transmission
season (81). PfEMP-1 domains might be regarded as ideal
candidates for subunit vaccine development, since most com-
plications that characterize severe malaria are likely to be
prevented by antibodies that inhibit the PfEMP-1-mediated
binding of infected RBCs to specific endothelial receptors.
Although the extensive diversity in PEEMP-1 represents a ma-
jor obstacle for immunization, its motifs that bind to CD36 and
CSA are structurally conserved (44, 96), pointing to these
domains as attractive targets for vaccines aimed at the inhibi-
tion or reversal of cytoadherence (65, 120).

The second group of parasite-encoded antigens expressed
on the surface of P. falciparum-infected RBCs, RIFINs (63),
are encoded by the family of rif genes (Fig. 3), most of which
are located in subtelomeric regions of chromosomes, often in
tight proximity to var genes (45). Few data regarding their
transcription modes are available; but rif genes, in contrast to
var genes, appear to be transcribed only by immature tropho-
zoites for a very short period (62). It remains unknown whether

switching occurs and how many different RIFINs are coex-
pressed on the surface of a single infected RBC. RIFINs are
targets of naturally acquired antibodies, and the number of
different RIFIN variants recognized by antibodies correlates
with the strength of clinical immunity in Africans (1). More
than 200 rif genes are found per haploid P. falciparum genome,
indicating that the repertoire of rif genes is even larger than
that of var genes; recent sequence data from field samples
support this notion (G. Wunderlich, unpublished). RIFINs do
not mediate cytoadherence, and their role in parasite virulence
remains unknown.

The third family of variant proteins comprises STEVOR
antigens (117). Although stevor genes are located in tandem
with rif and var genes, they seem to be much more conserved
among strains than the rif and var genes (G. Wunderlich, un-
published). The stevor genes (30 to 40 copies per haploid ge-
nome) have, similarly to the rif genes, a two-exon structure
(Fig. 3) and code for 30- to 40-kDa proteins with a rather short
intracellular domain that are expressed over a brief period by
mature trophozoites and, possibly, by sporozoites and game-
tocytes as well (13). Their biological function remains unknown.
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Variant antigens of P. vivax. Sequence analysis of a P. vivax
chromosome telomere revealed the presence of a large family
of variant genes named vir genes (Fig. 3) (28). The VIR pro-
teins are exposed on the surface of infected RBCs but do not
mediate cytoadherence. VIR proteins are targets of naturally
acquired antibodies (28), but the repertoire of VIR proteins is
extraordinarily vast: at least 600 copies of vir genes are esti-
mated to exist per haploid genome. The genome of the rodent
species P. yoelii, which has a telomere structure similar to that
of P. vivax, also contains variant gene families, termed yir (17).

Generation of new alleles by ectopic recombination. New
insights into the origins of sequence diversity in subtelomeric
variant genes were recently provided by Freitas-Junior and
colleagues (40), who detected nonparental var gene alleles in
the progeny of a genetic cross between P. falciparum strains
HB3 and Dd2 much more frequently than expected from the
available estimates of meiotic recombination rates (Fig. 3). In
addition, the chromosome location of some parental var alleles
had changed in the progeny. Fluorescent in situ hybridization
experiments revealed that, in both trophozoites and gameto-
cytes, four to five heterologous telomeres cluster tightly to-
gether during mitosis, forming “bouquet”-like structures that
favor ectopic recombination events (Fig. 3B). Some questions,
however, remain to be addressed: (i) How frequent are ectopic
exchanges in natural parasite populations? (ii) Is chromosome
proximity in bouquet-like structures sufficient for the occur-
rence of ectopic exchanges of telomeres, or is a gametocyte-
specific recombinase required? Interestingly, if parasites are
capable of ectopic recombination during their asexual replica-
tion, transpositions of var genes from one chromosome to
another could putatively occur during long-term in vitro par-
asite culture and chronic human infections. These findings
imply that the huge antigenic diversity seen in PFEMP-1 (and
perhaps in other P. falciparum variant antigens) results from
both antigenic variation that involves no change in the para-
site’s genome and the generation of new alleles by frequent
ectopic recombination events during the asexual propagation
of the parasites.

CONCLUDING REMARKS

The notion that polymorphic antigens elicit variant-specific
clinical immunity is supported by the finding that most
PfEMP-1 variants expressed by parasites obtained during clin-
ical malaria episodes in African children are not recognized by
the child’s own preexisting antibodies (16). Clinical disease is
mostly caused by parasite variants corresponding to gaps in
the developing repertoire of variant-specific antibodies to
PfEMP-1, and the occurrence of placental malaria (accumula-
tion of infected RBCs in the intervillous space) has been as-
sociated with the lack of antibodies to PEEMP-1 variants that
are able to bind to CSA, the locally abundant receptor for
infected RBCs (16). We are testing whether gaps in the rep-
ertoire of antibodies to merozoite surface antigens may explain
the susceptibility to disease due to both P. falciparum and
P. vivax in areas of endemicity in Brazil.

Most malaria vaccine-candidate antigens are highly poly-
morphic surface proteins that elicit variant-specific immunity.
How do investigators deal with this fact in malaria vaccine
development? The conventional approach, which has been
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highly successful for common viral and bacterial infections,
consists of the tailoring of vaccines to match all or most local
variants (7) or those associated with the most severe disease
(51). As an alternative, evolutionary relationships might be
explored for the design of vaccines based on ancestral se-
quences, with the potential for inducing cross-protection against
a wide range of antigenic variants (46). Thus, understanding
the mechanisms and patterns of genetic recombination and
sequence variation may help in designing vaccines that repre-
sent the worldwide repertoire of polymorphic malarial surface
antigens.
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