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The malaria parasite remains a scourge on human civi-
lization and in recent years the incidence of the disease
has been increasing. It is estimated that 1.5–2.5 million
people die each year from malaria — mostly young
children and pregnant women. Although most of these
deaths occur in sub-Saharan Africa, no country is with-
out malaria — either through endemic transmission or
through importation of cases from endemic regions of
the world.

It is now more than 120 years since the French
physician Charles Louis Alphonse Laveran first
observed malaria parasites under the microscope, and
more than 100 years since Ronald Ross and Giovanni
Grassi identified the vector of malaria transmission.
Malaria is not, therefore, a newly described disease.
Since then, there have been many significant develop-
ments in malaria research, which have included:
unravelling the complex life cycle of the parasite; the
development of anti-malarial drugs and insecticides;
the discovery of ‘malaria therapy’ for tertiary syphilis
(in which the fever associated with malaria killed the
heat-sensitive Treponema pallidum organism responsi-
ble for syphilis); the development of drug resistance;
the cloning of malaria genes (by Kemp and Anders
and colleagues in Melbourne, and by Ellis, Godson and

the Nussenzweig’s group in New York); and now early-
phase vaccine trials (BOX 1). Although there are dozens
of species of malaria parasites, those that infect humans
are limited to Plasmodium falciparum, P. vivax, P. ovale
and P. malariae. P. falciparum and P. vivax are the
most common, and P. falciparum is responsible for
most of the malaria deaths. Multiple strains of each
species exist, differing at crucial antigenic determi-
nants. Although some degree of immunity can devel-
op between strains, there is generally thought to be no
inter-species immunity.

Malaria vaccine development
Vaccination is a successful method of disease control
and there have been numerous success stories — the
most notable being the eradication of smallpox and
the virtual elimination of polio. Many factors conspire
to make the development of a malaria vaccine an
incredibly difficult challenge. An important factor
impeding vaccine development is the complex biolo-
gy of the life cycle of the parasite, which exists in dif-
ferent forms (and each form with a different pattern
of antigen expression) in different tissues of the body
and the mosquito (FIG. 1). In these various forms the
parasite is susceptible to immune attack, although 
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Most of the vaccines that have been developed for
various diseases have relied on the ‘simple’ approach of
presenting the entire antigenic compartment of the
organism in the form of killed or living, but attenuated,
organisms5. Such an approach is not possible at present
for malaria as the organisms grow within red blood cells
(RBCs) in the mammalian host (FIG. 1), and although 
in vitro culture is possible (for example, for P. falciparum,
the most virulent of the human plasmodia), a source of
RBCs is required. However, it is simply impractical and
potentially unsafe to consider growing a vaccine in
human RBCs for a disease for which 40% of the world’s
population is potentially at risk. Malaria vaccine devel-
opment has therefore focused on the development of a
subunit vaccine.

The purpose of this review is to discuss the differ-
ent strategies for developing a vaccine to the blood
stage of malaria. Why is it important to target the
blood stage of the parasite? There are different phases
in the life cycle of the parasite (FIG. 1): the stage inside
the Anopheline mosquito vector, the ‘pre-erythrocytic
stage’ and the erythrocytic or blood stage. The pre-
erythrocytic stage, during which the sporozoites travel
in the blood after inoculation, and then invade and
develop within hepatocytes, is perhaps the best under-
stood in terms of immunity6,7, and vaccine development
is further advanced for this stage than others. The
mechanism of immunity required to block parasite
transmission by the mosquito is also well understood —
antibodies taken up by the mosquito during its blood
meal can prevent gamete fertilization or zygote devel-
opment8. This type of vaccine protects only at the pop-
ulation level and does not protect the vaccinee from
malaria, and it will be suitable for only certain popula-
tions. The blood stage is the stage for which immunity
is least well understood and which arguably presents
the greatest challenges in terms of vaccine develop-
ment. It is also the stage that is responsible for all the
symptoms and pathology of malaria, the most serious
of which are anaemia and cerebral malaria9, and is
therefore an important target for vaccine develop-
ment. In spite of much effort, a blood-stage malaria

the type of immune response required is very different
for each form. Several vaccine strategies, therefore,
need to be used.

A second factor that impedes vaccine development
is the ability of the malaria parasite to alter itself. ANTI-

GENIC VARIATION and ALLELIC POLYMORPHISM are important
obstacles to SUBUNIT VACCINE development, especially
given that many of the sequence alterations in malaria
proteins occur in regions that are crucial to immunity.
Other factors impeding malaria vaccine development
include: immunological non-responsiveness of cer-
tain individuals (depending on their human leukocyte
antigen and other antigens) to proteins that might
comprise a vaccine1; CLONAL IMPRINTING or ORIGINAL ANTI-

GENIC SIN influenced by stochastic events and prior
exposure to other, perhaps crossreactive antigens2–4;
the difficulties encountered in properly folding
recombinant subunit vaccines so as to maintain their
immunogenic properties; the lack of suitably potent
adjuvants necessary to induce high-titre antibody
responses; and the lack of animal/parasite systems
which adequately model the situation with humans
and malaria parasites in terms of disease pathogenesis
and immunological responses.

Box 1 | Dates in malaria research

• 1880 Discovery of the malaria parasite by Charles Louis Alphonse Laveran108.

• 1897–1898 Discovery of the malaria insect vector and life cycle by Ronald Ross109

and Giovanni Grassi110.

• 1922 Malaria therapy for syphilis by Julius Wagner von Jauregg111.

• 1939 DDT (1,1,1-trichloro-2,2-bis-(p-chlorophenyl)-ethane) discovered as an 
insecticide by Paul Muller112.

• 1943 Chloroquine discovered.

• 1947 Exoerythrocytic stage of parasite life cycle described by Fairley113.

• 1957 Chloroquine resistance first developed.

• 1983 Malaria antigens cloned by Kemp et al.114 and Nussenzweig and 
co-workers115.

• 1986 The first human vaccine trials underway.

• 2001 Sequence of malaria genome (near completion).

Table 1 | Blood-stage malaria vaccines trialled and in development

Name Type Status

SPf66 Synthetic peptide Multiple trials completed, not progressing

NYVAC-Pf7 antigen Viral-vector-encoding parasite Not progressing

CSP.MSP2 Recombinant protein Not progressing

MSP1/MSP2/RESA Multicomponent recombinant protein Phase I and II trials in Australia and PNG
adults and children (continuing)

AMA1 Recombinant protein Phase I complete (continuing)

MuStDO15 DNA, multi-gene Under development

FALVAC-1,-2 Recombinant protein, multi-epitope Under development

MSP119 Recombinant protein Under development

MSP142 Recombinant protein Under development

MSP3–5 Recombinant protein Under development

RAP2 Recombinant protein Under development

AMA1, apical membrane antigen 1; MSP, merozoite surface-protein; PNG, Papua New Guinea; RAP2, rhoptry-associated protein 2;
RESA, ring-infected erythrocyte surface antigen. See REFS 33,75,76.

ANTIGENIC VARIATION

The antigenic changes that 
can occur within a parasite
clone through switching 
the expression of different
‘variant’ genes.

ALLELIC POLYMORPHISM

Multiple forms of a gene at 
a single genetic locus.

SUBUNIT VACCINES

Vaccines comprising only 
a small part of the entire
organism, typically a
recombinant protein.

CLONAL IMPRINITNG/ORIGINAL

ANTIGENIC SIN

Prior exposure to one strain
diverts the antibody response
following exposure to a second
strain to shared epitopes.
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Theoretically, a vaccine could mimic, but accelerate,
this process. Non-natural immunity refers to immune
mechanisms that might not be induced to any great
extent by natural exposure, but that could theoretically
be induced by a vaccine, and that could be highly effec-
tive. Examples are given below in which these different
approaches are being taken.

Variant antigens
Natural immunity and variant antigens. Several years
ago Marsh and Howard observed that the sera of con-
valescent children were able to agglutinate the strains
of P. falciparum parasite to which the child was recent-
ly exposed, but not other strains circulating in the
same village11. By contrast, sera from immune adults in
the same village were mostly able to agglutinate all
strains. It was subsequently shown that only one strain
was present within each agglutinate12. These data indi-
cated that ‘natural’ immunity (as held by adults in a
malaria-endemic setting) was due to the development
of AGGLUTINATING ANTIBODIES that could recognize each of
the different strains in a community. Because each agglu-
tinate contained only parasites of the one strain, it
seemed that the immune antibodies within an individual
consisted of multiple specificities, as opposed to a mono-
specific antibody recognizing an antigenic determinant
shared by all strains. It is not surprising, therefore,
that ‘natural’ immunity takes several years of endemic
parasite exposure to develop13.

During infection of humans with P. falciparum there
is a cyclic recrudescence of parasites to peak levels
approximately every 20 days (FIG. 2; W. E. Collins and 

vaccine remains elusive, although several vaccines have
been trialled or are now in clinical trials (TABLE 1).

What do we want a blood-stage vaccine to do?
Because the level of parasitaemia is in general propor-
tional to the severity of disease9, a vaccine must limit
parasite growth. Most would argue, however, that it is
not necessary to induce sterile immunity after vaccina-
tion (that is, no parasites present within a vaccinated
individual). It is well recognized that most adults in
malaria-endemic settings are clinically immune (that is,
they do not suffer symptoms associated with malaria,
but they nevertheless have parasites at low density in
their blood). The challenge for developing a malaria
vaccine might be less if sterile immunity is not required,
but until the immunological and other factors that
control parasite growth are properly understood, and
until their potential is tested in vaccine trials, it is too
early to say what type of immunity (sterile or other-
wise) should be the goal. Certainly, if sterile immunity
could be achieved, then transmission of malaria
between individuals would cease.

Immunity to malaria
Before considering the current approaches for develop-
ment of a subunit vaccine, it is instructive to consider
what we know (or think we know) about immunity to
malaria. When considering what we know, it can be
helpful to distinguish between ‘natural’ immunity and
‘non-natural’ immunity. Natural immunity is induced
by multiple exposure to parasites and takes many
years of endemic exposure to develop, although in
some populations this period can be shortened10.

AGGLUTINATING ANTIBODIES

Antibodies directed to parasite-
encoded antigens that are
expressed on the surface of the
red blood cell and lead to
clumping of infected red cells.

Figure 1 | Life cycle of the malaria parasite. The life cycle in the mammalian host commences with the inoculation of
sporozoites by an infected anopheline mosquito that travel by the circulation to the liver. After about 1 week (depending on the
species of malaria) parasites have multiplied intracellularly and merozoites rupture from infected hepatocytes to invade red blood
cells (RBCs). For Plasmodium falciparum and P. vivax there is a 48-hour period inside the RBCs during which merozoites multiply
and approximately 16 fresh merozoites are released from ruptured RBCs to invade fresh cells. Sexual forms (gametocytes)
develop within RBCs and are taken up by the mosquito. These emerge in the gut of the mosquito as gametes, which fuse to
form an oocyst, and sporozoites develop. Sporozoites are released and travel to the salivary gland of the mosquito.
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defined as ‘cryptic’19. Although crytpic epitopes are
poorly immunogenic after infection, they can be rec-
ognized by antibodies (or T cells) raised artificially to
the isolated epitope. Examples of such epitopes are
found in malaria20,21 and other organisms22–25. Because
cryptic epitopes are only immunogenic when present-
ed out of context in a non-native form (for example, as
peptides), variants would not be selected by immune
pressure, and they often have conserved sequences. Of
interest is the observation that immune responses to
cryptic epitopes can often recognize the native protein
or organism21. Recently described PfEMP1-specific
monoclonal antibodies that can agglutinate multiple
strains26 are likely to be targeting cryptic epitopes. Such
epitopes could be the basis for an exciting approach to
malaria vaccine development, which could induce a
form of non-natural immunity.

Merozoite surface proteins
Most blood-stage vaccine research is focused on anti-
gens that are expressed not on the surface of the infected
RBC, but on the surface of the MEROZOITE27. Merozoites
are released from a rupturing RBC and quickly invade
other RBCs. Merozoite surface-protein (MSP)-specific
antibodies therefore have only a brief period of time in
which to be active. The most studied MSPs are MSP1
(REFS 28,29) and apical membrane antigen 1 (AMA1)30–32.
Both antigens are highly polymorphic and have com-
plex folding patterns. Immunization with antigens from
P. falciparum or their homologues from monkey or
rodent malaria parasites have been shown to protect
animals from challenge with a defined strain of the par-
asite33–39. Both MSP1 and AMA1, or parts of them, are
being used in clinical trials (TABLE 1).

AMA1 appears on the merozoite surface after its
release from organelles of the parasite, referred to as
rhoptries. There is extensive allelic diversity of the pro-
tein as a result of point mutations, although some
regions are conserved. The external amino-terminal
domain of the protein has a complex folding pattern.
Purified native and recombinant proteins from simian
and rodent malaria parasites have been shown to pro-
tect against challenge with homologous strains. An
extensive review of AMA1 studies has been published33.

P. falciparum MSP1 is a large protein of ~200
kDa28,29,40. During release from infected RBCs, the pro-
tein undergoes a series of proteolytic digestions, such
that only the small 19-kDa carboxy-terminal tail, MSP1

19

(with a conserved sequence) is carried on the surface of
the merozoite into fresh RBCs41. MSP1

19
and a precursor,

MSP1
42

, are the principal MSP1-derived vaccine targets,
although a larger amino-terminal fragment, 190L, has
shown promise in monkey trials42 and early-stage
human vaccine trials43,44. An amino-terminal peptide
epitope from MSP1 (not MSP1

19
or MSP1

42
) was also a

component in a multideterminant synthetic vaccine
(SPf66), which underwent extensive human trials, result-
ing overall in negative results — some trials showing effi-
cacy and the more convincing showing none45–49. It has
been shown that invasion-inhibitory antibodies can pre-
vent MSP1

19
processing and invasion, and that blocking

G. M. Jeffrey, unpublished observations referred to in
REF 9). This waxing and waning of parasite density in the
blood is likely to be due to the selective pressure on the
surface of infected RBCs by antibodies to ‘variant’ anti-
gens that arise when a single clone changes phenotype
as a result of gene switching14. The principal antigen is 
P. falciparum erythrocyte membrane protein (PfEMP1)
(REFS 15–17), for which there are ~50 variant copies repre-
sented in the genome. It is generally believed, but techni-
cally unproven, that after one of the variant antigens is
clonally expressed, antibodies develop against the
expanding clone, which is then eliminated. However, a
different variant, not recognized by the antibodies,
emerges and the cycling continues. This provides a
partial explanation at the molecular level for the
above-mentioned observations11. However, the peaks of
parasitaemia with each wave gradually diminish, indicat-
ing that other immunological responses (other antigens
or other types of immune response) also contribute to
the development of natural immunity. The relative 
contribution of each of these is yet to be determined.

The fact that natural immunity to malaria (as
acquired by individuals living in malaria-endemic
regions) takes several years to develop is thought to
depend largely on the time taken to acquire antibodies
to the multiple PfEMP1 variants. Antibodies to PfEMP1
prevent adherence of the more mature forms of the par-
asite to the small blood vessels of various organs and tis-
sues, and promote agglutination of parasitized RBCs.
Many of the circulating parasites are thought to be
removed from the blood in the spleen.

Non-natural immunity and variant antigens. One
approach to vaccine development would be to identify
and combine multiple variant epitopes of PfEMP1,
analogous with one of the approaches being taken to
develop a vaccine for Streptococcus pyogenes18. A related,
but distinct, approach is to define a conserved epitope
on PfEMP1 that is not normally recognized after infec-
tion, but which nevertheless could be a target for
agglutinating antibodies. Such an epitope would be

MEROZOITE

The form of the parasite that
emerges from infected liver cells
and red blood cells (RBCs) and
invades fresh RBCs.

Figure 2 | Fluctuation of Plasmodium falciparum in the
blood after infection by mosquito inoculation. The
sequential peaks in parasite density over the course of an
infection are shown. The waning of each peak is thought to be
largely due to antibodies to variant antigens expressed on the
red-cell surface. However, other factors might contribute to this
and the gradual diminution in the height of the parasite peaks
over time. Adapted with permission from REF. 9 © (1994)
American Association for the Advancement of Science.
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larger MSP1 molecule seems to be mediated, at least in
part, by T cells. Furthermore, the ability of cultured 
T-cell clones and polyclonal populations (cell lines) to
adoptively transfer protection is well known (see below),
although the antigenic targets of these protective T cells
have not been defined.

MSP1
19

-specific antibodies at the time of challenge
are required to reduce parasite burden; however, in the
mouse at least, such antibodies seem incapable of
eradicating all parasites. Passively transferred antibod-
ies, even at very high titre, seem incapable of eradicat-
ing all parasites in recipient mice that lack either CD4+

T cells, B cells or both62. The observation that such
antibodies can both reduce parasite burden and clear
all parasites from immunocompetent mice indicates
that an active immune response involving both B cells
and CD4+ T cells is required for protection even in mice
that contain high-titre MSP1

19
-specific antibodies at the

time of challenge. The principal effect that MSP1
19

vac-
cination has is likely to be the induction of antibodies
that significantly reduce, but do not eliminate, parasite
burden post-challenge (FIG. 3) This would provide the
vaccinee with the additional time necessary to mount a
protective immune response to the parasite indepen-
dent of the vaccine. The specificity of the immune
response that develops post-challenge is not known,
but it need not be to MSP1 (REF. 62). Recent data indi-
cate that it might target multiple antigens (W. Zhang
and M.F.G., unpublished observations).

It is not yet known whether the requirements for
immunity observed in the mouse will also be relevant in
humans. Although some population-based studies have
argued for an association between natural immunity and
immune responses to MSP1 (REFS 63–65), others have
not66. The association would seem less than that between
natural immunity and the presence of antibodies to sev-
eral variants67. As mentioned above, however, there is
evidence for inhibitory and blocking antibodies with
specificity for MSP1. The different studies that have
examined the correlation of protection with the presence
of MSP1-specific antibodies have not looked at the fine
specificity of these antibodies, and the discrepancies in
the data might possibly be explained by the presence of
antibodies of different fine specificities in the different
populations. It is of interest, also, that antibodies to
MSP1

19
seem to be an important component of the

invasion-inhibitory repertoire of malaria parasite-
specific antibodies. Elegant studies with transgenic par-
asites have shown that immune sera (human or rodent)
were significantly less capable of blocking invasion of
parasites that expressed heterologous versus homolo-
gous MSP1

19
sequences68. Although a strong correlation

between invasion-inhibitory antibodies and clinical
immunity has not been proven, there is reason to think
that such antibodies must contribute to a reduction in
parasite load, and as such this study highlights the
potential importance of MSP1

19
-specific antibodies.

As mentioned earlier, data from mouse models 
for MSP1

19
indicate that very high antibody levels

might be required39. If that applies to humans, then
novel adjuvants, such as SBAS2 (REFS 69,70), or novel

antibodies can inhibit these antibodies28,29,50. Epitopes for
inhibitory and blocking monoclonal antibodies could be
defined on MSP1, and mutagenized proteins that bound
inhibitory but not blocking antibodies could be
designed, providing a novel, non-natural approach to
malaria vaccines based on MSP1 (REF. 51). An additional
region of MSP1 (block 2) has also been identified as a
potential target of protective antibodies52. Although
MSP1

19
is considered highly conserved in nature, there

are several defined point mutations in the molecule
(reviewed in REF. 53), and it is not known what effect, if
any, these will have on the efficacy of an MSP1

19
vaccine

based on a single strain. The molecule has a complex
folding pattern40,54 with two epidermal growth factor
(EGF)-like domains. Proper folding is essential to the
ability of a recombinant MSP1

19
to induce immunity36.

Rodent studies indicate that for MSP1
19

, high-titre
antibodies present at the time of challenge are required
for immunity37,39,55. This is not surprising given that
such antibodies have to act quickly during the inter-
RBC phase in the life cycle. Anti-MSP1

19
-specific anti-

bodies do not require Fc function for activity, as shown
by the ability of transferred antibodies to reduce para-
site density in Fc receptor-deficient mice56,57 and by the
ability of recombinant single light-chain antibodies to
delay parasite growth (P.Vukovic, M. Foley and M.F.G.,
unpublished observations). Although Fc function might
be important for some malaria-specific antibodies58,59,
this does not seem to be the case for MSP1

19
. Although

earlier studies with the native MSP1 molecule indicated
that antibody-independent cell-mediated immunity is
important in protection (that is, immunity mediated by
T cells in the absence of antibodies)60, it has been shown
that vaccination with recombinant MSP1

19
cannot pro-

tect B-cell-deficient mice, nor can defined synthetic
helper CD4+ T-cell epitopes from the molecule induce
any protection in normal mice39,61. It is curious and
unexplained why MSP1

19
does not seem to be a target of

protective T cells, whereas immunity induced by the

Figure 3 | Schematic representation of the effect of antibodies specific for MSP119 in
normal and immunodeficient mice. The main effect of MSP119-specific antibodies is to
delay the prepatent period of immunity (the period after infection when parasitaemia is so low
that parasites cannot be detected by microscopy). In normal mice, that were passively
transfused with MSP119-specific antibodies and later challenged with Plasmodium yoelii
parasites, the parasitaemia rises and then eventually declines, indicating the induction of an
active immune response at a time post-challenge. MSP119, 19-kDa carboxy-terminal tail of
merozoite surface-protein 1.
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Although this section has focused primarily on MSP1
and AMA1, several other merozoite vaccine candidates
are progressing towards clinical trial. Many of these are
referred to in TABLE 1 and in other references33,75,76.

Cellular immunity and vaccine strategies
A third general strategy for developing a vaccine for
malaria is to identify and use antigens that are targets
for antibody-independent cell-mediated immunity.
This term refers to the ability of CD4+ T cells that
express αβ T-cell receptors to act, in the absence of
antibody, and limit parasite growth and is referred to
from here on as ‘T-cell immunity’. Early studies ele-
gantly showed the importance of T cells in malaria
immunity and indicated that T-cell responses can be
effective in controlling parasite densities in the absence
of B cells (in mice treated with anti-µ-chain
antibodies77). These experiments have now been
repeated and extended using B-cell-deficient mice78,79.
Data from several papers show that CD4+ T cells, in
the apparent absence of antibody, can significantly
limit parasite growth; although, in some situations at
least, parasite eradication was not achieved79.
Adoptive-transfer studies with CD4+ T-cell lines and
clones also show that effector T cells of limited anti-
genic specificity are able to reduce parasite density
and, in some cases, to eradicate parasites80–82.

Research into vaccines that stimulate T-cell immunity
to malaria has been impeded, however, by two factors: a
lack of clear understanding of how T cells could kill
parasites that are hidden inside RBCs that lack expres-
sion of major histocompatibility complex (MHC)
molecules; and lack of information of the target anti-
gens of T cells. The most generally accepted model of
how parasites might be killed is outlined in FIG. 4, com-
mencing with activation of CD4+ T cells in the spleen,
after antigen presentation by dendritic cells (DCs) and
ending with the death of parasites (probably intracel-
lularly) after phagocytosis by macrophages and by
small inflammatory molecules (oxygen and nitric
oxide radicals) in the spleen81,83,84. Evidence from ele-
gant rodent studies indicates that T-cell immunity is
regulated by interleukin-12 (IL-12), involves further
cytokines (IFN-γ and TNF-α), and might operate
finally through nitric oxide83,85. Human studies also
support a role for IFN-γ in resistance to malaria86.
Immunity to malaria is largely species specific, even
though there is obviously no specificity in the action of
molecules such as nitric oxide. It would seem that
memory CD4+ T cells are reactivated specifically after
reinfection, but the parasites are then killed non-specif-
ically. The activation of T cells by parasites, however,
might be far more complex. A recent study87 showed
that parasitized RBCs might inhibit the maturation of
immature DCs, possibly by interaction of CD36 and
PfEMP1.The size of the population of already matured
DCs at the time of infection might be crucial to the
outcome. A further population of γδ T cells (those
expressing γδ T-cell receptors) might also be important
in immunity, possibly independently of αβ CD4+

T cells and antibody88,89.

vaccine-delivery schedules, such as those targeting
DNA-based vaccines to antigen-presenting cells71,
might enable human vaccinees to generate significantly
higher titre antibodies following vaccination and be
protected from challenge. Human clinical trials with
MSP1

19
have not yet been undertaken. However, a

recent trial of a trivalent falciparum vaccine that com-
bines MSP1 (190L), RESA (ring-infected erythrocyte
surface antigen) and MSP2 (REF. 33) has recently been
completed. There was a reported 62% reduction in par-
asite densities in the blood of vaccinated children33,44.
Although the correlates of immunity have not been
defined, it is entirely possible that the type of immunity
induced by MSP1

19
will be different to that induced by

the large amino-terminal fragment of MSP1, 190L.
Other multicomponent vaccines are also under

development (for example, see REFS 72,73). A multicom-
ponent vaccine would offer theoretical advantages over
a single-component vaccine: the percentage of
immunological non-responders would be reduced and
the effect of antigenic polymorphism would also be
reduced. However, a drawback to a multicomponent
recombinant protein vaccine will be the difficulty in
producing and properly folding each of the component
parts. The cost of such a vaccine would obviously be sig-
nificantly greater than for a single-component vaccine.
However, multicomponent DNA vaccines for malaria74

would be far less expensive. A challenge with DNA-
based vaccines will be to induce a sufficiently high-titre
antibody response to the encoded antigens71. Another
challenge relates to whether the encoded polypeptide
folds appropriately, which might be affected by the
ordering of the epitopes on the DNA vaccine.

Figure 4 | Schematic of a possible mechanism of action of antibody-independent cell-
mediated immunity. Some of the factors that are thought to give rise to antibody-
independent (T-cell) immunity are shown. This commences with the activation of CD4+ T cells
by mature dendritic cells leading to macrophage activation, phagocytosis of parasitized red
blood cells (pRBC), and elaboration of cytokines and small inflammatory molecules (such as
nitric oxide and oxygen redicals). T-cell immunity is thought to occur largely, but not entirely, in
the spleen. IFN-γ, interferon-γ; IL-12, interleukin-12; MHC II, major histocompatibility complex
class II; TCR, T-cell receptor; TNF-α, tumour-necrosis factor-α.
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whether cells are expanded in number or deleted from
the recipient as a result of infection. We found that
infection specifically deletes CD4+ T cells that are spe-
cific for the parasite, although it spares CD4+ T cells
specific for an irrelevant antigen, ovalbumin (REF. 106

and H. Xu et al., unpublished observations). The epi-
demiological data with respect to HIV/AIDS and
malaria might reflect a possible deletion of malaria-
specific effector CD4+ T cells after exposure to malaria,
which would not be further affected by infection with
HIV. An alternative explanation for the lack of a pro-
nounced worsening of malaria resistance (in the non-
pregnant human) in the face of HIV exposure is that
severe disease in malaria might, in part, be T-cell medi-
ated107. However, this is a controversial area, and it is
difficult at this stage to reconcile all the epidemiological
and experimental data.

If effector CD4+ T cells do not contribute greatly to
natural immunity to malaria then antigens that would
otherwise be targeted by these cells might not be under
immune pressure. Antigenic variation and allelic poly-
morphism are the hallmarks of target antigens on the
surface of infected RBCs or merozoites recognized by
protective antibodies (see above). If target antigens of
T cells could be defined they could be ideal vaccine
candidates for a vaccine designed to stimulate a non-
natural form of immunity. By boosting the number of
parasite-specific CD4+ effector T cells, the ability of the
parasite to multiply might be severely impeded. CD4+

T cells might get the ‘upper hand’ before the parasite
leads to their apoptotic deletion. Evidence to support
this concept comes from studies in rodents in which it
has been shown that it is possible to passively transfer
immunity to malaria (that is, lower parasite densities
in the blood after challenge) with clones or lines of
cultured T cells80–82.

The future
So the question that is posed in the title of this article
remains — are we following all the leads? We are, but
progress is slow. When malaria antigens were first
cloned, there was a belief that it would be a relatively
short time until a vaccine was produced. The ‘average’
vaccine takes 10–15 years to develop. Against the many
challenges, there have been some very optimistic signs.
The resilience and dedication of the scientific commu-
nity to pursue this vaccine are noteworthy. Over the
years we have therefore accumulated a lot of knowledge
about the pathogenesis of malaria and the nature of
immunological responses. The P. falciparum genome
sequence is now nearly complete (see link to PlasmoDB:
The Plasmodium Genome Resource) and this will pro-
vide new insights into pathogenesis and vaccine devel-
opment. Governments are continuing to invest in the
more basic aspects of malaria vaccine research and
important philanthropic organizations (such as the Bill
& Melinda Gates Foundation) have pledged significant
funding to further study vaccine development and to
enable trials of the main vaccine candidates to pro-
ceed.With continuing perseverance, an effective vaccine
will be developed.

When considering the role of CD4+ T cells in human
malaria immunity it is instructive to consider the
impact of human immunodeficiency virus (HIV)/AIDS
on malaria prevalence. Data from several earlier stud-
ies90–97 indicated that HIV infection was not associated
with a loss of malaria immunity. A recent comprehen-
sive study by Whitworth et al.98, however, found a statis-
tically significant association between the HIV status of
adults (mean age 35 years) and the presence of parasites
in the blood, and between HIV status and clinical
malaria. However, the reported parasite densities were
low throughout the study and there were no deaths due
to malaria. The overall effects, although statistically sig-
nificant, would seem small. Furthermore, as noted by
Verhoef et al.99, the regression lines of parasite density
versus CD4+ T-cell count were not parallel in the HIV-
positive cohort and the HIV-negative cohort, as would
be expected if HIV was acting directly through a mecha-
nism that involves CD4+ T cells. An earlier study in
Malawi100, however, found a significant association
between HIV status and the presence of parasitaemia in
multigravida women during pregnancy and at delivery.
However, little or no difference was observed between
parasite burdens of primigravidae with and without
HIV. Furthermore, and in contrast with the Whitworth
et al.98 study, the prevalence and density of malaria par-
asitaemia in women more than 60 days after delivery
did not differ significantly by HIV status or gravidity.
The pregnancy data indicate that HIV specifically inter-
feres with the development of pregnancy-specific
immunity, which is thought in large part to be due to
the development of antibodies to PfEMP1 epitopes that
bind receptors on the placenta101–103. The impact of
HIV on non-pregnancy-associated malaria immunity
is, however, still a controversial area, and further studies
are required to clarify the situation and provide insight
into the role of T cells in human malaria immunity.

It is difficult to reconcile the existing epidemiological
data with the data from animal models that indicate
that T cells can be highly efficacious in their anti-parasite
effect. A possible explanation is that effector T cells are
not activated during infection with P. falciparum, or that,
if activated, they are quickly deleted. There is evidence to
support this in humans with data showing apoptosis of
mononuclear cells taken from patients with acute malar-
ia and placed in vitro104. The specificity of these T cells,
however, could not be determined. An alternative
hypothesis is that lymphopaenia observed in malaria
patients might be due to reallocation of CD4+ T cells
to other sites, particularly during severe malaria105.
However, we have examined the effect of malaria
infection on adoptively transferred CD4+ T cells
labelled with a fluorescent dye and specific for whole
rodent parasites (P. berghei, P. yoelii or P. chabaudi).
This dye labels cytoplasmic proteins and enables one
to track and enumerate the labelled cells in recipient
mice and to estimate the number of cellular divisions
that have occurred (judged by the sequential halving
of the fluorescent signal at each division). This tech-
nique, in conjunction with other methodologies to
quantify cells and cell death, enables one to determine
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