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Malaria has remained a major global health problem
and despite serious efforts for many years, a successful
malaria vaccine has remained elusive. Main reasons
among many are highly complex life cycle of the para-
site, extensive polymorphism of key malaria proteins
and lack of correlates for malaria immunity, and un-
availability of a suitable animal model. However, these
hurdles notwithstanding, many experimental malaria
vaccines have been developed for carrying out clinical
trials. Some of these trials have already shown prom-
ising results and there is a hope, more than ever be-
fore, that at least a partially effective malaria vaccine
may be available in the foreseeable future. Experi-
mental pre-erythrocytic and erythrocytic stage vac-
cines have been developed beyond the laboratory
research stage. Pre-clinical and efficacy studies in a
few cases have given a new hope for the development
of at least a partially protective vaccine.
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MALARIA is a disease caused in humans by four species of
parasites of genus Plasmodium, P. falciparum, P. vivax,
P. ovale and P. malariae. Malaria is one of the major
causes of mortality and morbidity worldwide, affecting
nearly 40% of the world’s population and accounting for
about 3-5 million deaths and more than 500 million new
cases annually'. Besides widespread drug resistance in
the parasite and insecticide resistance in the anopheles
mosquito vector, inadequate infrastructure measures for
delivery of control measures, uncontrolled population
growth and increased mobility of non-immune popula-
tions to endemic areas have also contributed to the alarm-
ing situation posed by malaria today’*. More recent
estimates suggest that under the present scenario, devel-
opment of either new anti-malarial drugs or of an effec-
tive vaccine that can generate parasite-specific protective
responses, are of utmost importance. Historically, vac-
cines have been one of the most cost effective and easily
administered means of controlling infectious diseases, but
no licensed vaccines exist yet for malaria. A multitude of
difficulties has hampered the development of vaccines for
malaria; complex multi-stage life cycle involving a vast
array of receptor—ligand interactions during invasion, in-
complete knowledge of the effector mechanisms involved
in malaria immunity, and last but not the least, lack of
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suitable experimental models to test the efficacy of new
vaccine strategies and extrapolatable in vitro correlates of
protection have all contributed significantly towards the
slower than desirable pace of malaria vaccine develop-
ment. Immunity to malaria takes several years exposure
of recurring infection and illness and this acquired immu-
nity is only partially effective and results in mild, some-
times asymptomatic infections with the persistence of
parasites™®. This immunity is short-lived and highly stage
and strain-specific, owing largely to the capability of the
parasite to alter critical antigenic structures rapidly”*. For
these reasons, development of malaria vaccines is a
highly complex exercise and although in recent times
much attention has been paid to this field, the progress in
malaria vaccine development has been slow.

Understanding the life cycle of the parasite is funda-
mental to all efforts to develop malaria vaccines. Parasite
species that cause malaria are transmitted inclusively by a
few mosquito species of the genus Anopheles and the
prevalence and capacity of the disease to spread are
closely related to the biology of the vector’. The parasite
undergoes a complex process of differentiation and growth
inside the mosquito. Thus, following a blood meal from
an infected human in which female mosquito ingests
gametocytes, fertilization occurs in the mosquito midgut
leading to the formation of zygote. This zygote further
differentiates into an ookinete that penetrates the midgut
wall and develops into an oocyst. Thousands of sporo-
zoites are produced within the oocyst, which make their
way to the salivary glands where they mature. The trans-
mission cycle is completed when an infected mosquito
prepares for its next blood meal and injects sporozoites
into the human host and in less than 30 min, the sporo-
zoites enter hepatocytes'”!!. A single sporozoite can de-
velop over the next 5-8 days into 30,000-40,000 mero-
zoites and maintain the erythrocytic stages. The parasite
develops inside the red cell over a period of 48 h and
ranging from 6 to 24 merozoites develop inside each of
red cell. Following the rupture of the infected red cell,
each merozoite can continue the life cycle by invading
another red cell. All clinical manifestations of malaria
occur during erythrocytic stages of the parasites. The
sexual stage is initiated when some erythrocytic parasites
differentiate into male and female gametocytes, which are
then taken up by the mosquito during a blood meal, to
begin another round of life cycle.

Pre-erythrocytic vaccines are designed to target sporo-
zoites or schizont-infected liver cells and thus prevent the
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release of primary merozoites from infected hepatocytes.
Preclinical studies in rodents and humans immunized
with radiation-attenuated sporozoites indicated that this
may be achieved by antibodies that target sporozoites and
block their ability to infect liver cells or by cell-mediated
responses that kill parasite-infected hepatocytes before
the release of infectious merozoites'* . Relative to the
number of circulating blood stage parasites that result in
clinical disease, the number of sporozoites or liver stage
schizonts is quite small; however, the window of oppor-
tunity to interrupt the pre-erythrocytic stages must be
99% effective to translate into sterile immunity in non-
immune individuals. A single sporozoite that evades vac-
cine-induced immunity can, in principle, lead to full
fledged infection. Blood stage and gametocyte stage vac-
cines are mostly based on production of antibodies to
proteins exposed on the surface of the parasite.

Although scientists have been working for long to de-
velop a malaria vaccine, and have shown that such an ef-
fort has a scientific rationale, many complex challenges
need to be addressed, well beyond the scope and capabili-
ties of individual scientists or one scientific group.
A Malaria Vaccine Technology Road map developed af-
ter extensive inputs from experts has set out the strategic
goal of developing a malaria vaccine by 2025 that is more
than 80% efficacious against the clinical disease and lasts
longer than four years, and as a landmark, to develop and
license a first generation malaria vaccine by 2015 with a
protective efficacy of more than 50% against severe dis-
ease and death, and lasts for at least one yearlG.

The Road Map has particularly emphasized the need of
developing standard immunological assays and reagents
so that immune response to experimental vaccines can be
compared meaningfully. The need for standardizing vac-
cine clinical trial design with a hope to compare data re-
sulting from different trials, possible determination of
protection correlates, use of modern tools to characterize
the biological function of proteins, identification of novel
potential vaccine candidates and to better understand
host—parasite interactions are highlighted as some of the
other critical issues in the development of a malaria vac-
cine. For the vaccine development, per se, malaria scien-
tists still do not have a methodology for choosing the
most appropriate vaccine candidate antigen, and there-
fore, there is an urgent need for providing a robust ration-
ale platform for this purpose. Other issues like the ability
of producing stable and pure form of vaccine candi-
date(s), formulation of antigen(s) with available adju-
vants, ability to scale-up production process and the kind
and duration of the immune response produced are no
less important. Clearly, if these are the current major con-
cerns of the malaria vaccine community then it also
becomes apparent that the present malaria vaccine devel-
opment efforts are essentially empirical. Organizationally,
preclinical and clinical trial studies are tedious jobs
which, when possible, require very different effort and
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skills that usually are not available with the malaria sci-
entists. That being so, a recent WHO review of the port-
folio of candidate malaria vaccines currently in develop-
ment has identified as many as 80 vaccines at the
preclinical development stage out of which more than 30
malaria vaccines have entered clinical testing and at least
three have gone as far as phase IIb trials'’.

Since it is not practical to produce malaria parasites on
a scale required for a live or attenuated vaccine, almost
all efforts in malaria vaccine development are focused on
the design and delivery of subunit vaccines. However,
subunit vaccines based on a single antigen or a few B and
T cell epitopes have several inherent problems, like low
immunogenicity of the target proteins, quality, quantity
and duration of the immune responses need, for an ap-
propriate adjuvant (most recombinant malaria proteins
are poor immunogens) and stringent requirements for
quality control in the production of the recombinant vac-
cines. In this regard, DNA-based vaccines are exciting
prospects, in which several of the above issues are a lot
simpler to deal with'®. Several viral vectors which can be
used to deliver a DNA vaccine construct and many DNA
and recombinant viral subunit vaccines have been devel-
0ped19’21. However, while the DNA-based vaccines have
been found to induce high T-cell immune responses, the
antibody responses in humans have been generally
poor! 822,

As mentioned earlier, a number of subunit vaccines
have been developed against the pre-erythrocytic stage,
blood stage and sexual stage of the parasite. In addition,
an altogether different anti-disease vaccine, based on the
well-characterized P. falciparum malaria toxin, glyco-
phosphatidyl inositol (GPI) supposed to be responsible
for the clinical disease, has also been developed and
tested in human®’, The malaria vaccine development area
has been the focus of several excellent reviews' %,
The present review is not intended to re-review the vari-
ous efforts in malaria vaccine development, but rather the
focus here will be on the vaccine candidates that have
progressed to and beyond the design, production and pre-
clinical studies. Also, since the transmission-blocking
vaccines are subject of a separate review in this issue
(page 1535), this review will focus mainly on the pre-
erythrocytic and the blood-stage vaccines.

Pre-erythrocytic vaccines

These vaccines are expected to target sporozoites or
schizont-infected liver cells and thereby prevent the re-
lease of primary merozoites from infected hepatocytes.
There is evidence that antibodies against sporozoites can
block their entry into liver cells and that cell-mediated re-
sponse can kill specifically infected hepatocytes. Protective
immune response against pre-erythrocytic stages must be
entirely foolproof, since escape of a single or a few
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sporozoites will lead to establishment of malaria infection.
Of the many characterized sporozoite stage proteins, the
circumsporozoite protein (CS)**** and thrombospondin-
related adhesive protein (TRAP, also known as sporo-
zoite surface protein 2 (SSP-2) are the two most well-
characterized vaccine target antigens against which im-
mune responses are most clearly associated with protec-
tion’>*°. Several candidate vaccines based on these two
antigens have been designed, produced and taken to clini-
cal trials and are at various stages of further development
but two of these have made it to phase II field trials and
will be discussed here in some detail.

The RTS,S/AS02 vaccine

The most advanced malaria vaccine in clinical develop-
ment is the RTS,S/AS02 vaccine, jointly developed by
Glaxo-SmithKline (GSK) and Water Reed Army Institute
of Research (WRAIR)**™**, The ability of hepatitis B sur-
face antigen (HBsAg) to form particles was central to the
design of RTS,S, in which DNA encoding the well-
characterized sequences of the CS, including a part of the
central repeats (NANP) and other B and T cell epitopes
from the C-terminal part of the protein, were fused to
hepatitis B surface antigen DNA. Co-expression of the
fused DNA with unfused HBsAg in yeast, followed by
purification of the product from yeast cells, provided
spontaneously assembled multimeric particles (RTS,S),
which are adjuvanted with AS02, an adjuvant formulation
containing an oil in water emulsion of de-acylated mono-
phosphoryl lipid A and QS 21. Formulations of RTS,S
with other adjuvants were also developed and tested but
were not found as effective as with ASO2.

A large number of adult volunteers were vaccinated
with RTS,S/AS02, both malaria-naive and malaria-
exposed and showed no significant abnormalities* . Most
of the reported symptoms were mild and transient and in
general terms the RTS,S/AS02 vaccine was found to be
safe for further human trials*****°, The RTS,S$/AS02 vac-
cine induced strong humoural response against the CS
epitopes as well as against induced HBsAg. The vaccine
also elicited a strong lympho-proliferative response and
CD4" T cells specific to both CS and HBsAg epitopes.
Initial efficacy studies with RTS,S/AS02 were carried out
in malaria-naive individuals using the sporozoites chal-
lenge model*” in which the immunized individuals are
subjected to bites of infectious mosquito carrying the
parasites of the same strain as the one from which the CS
sequence is derived. In these controlled phase II studies,
RTS,S/AS02 showed an efficacy of 30-85% against the
homologous challenge. In a phase IIb, randomized con-
trolled field trials with RTS,S semi-immune adult males
in Gambia, the overall efficacy was 34% (P = 0.014) dur-
ing the 15-week follow-up period. However, estimated
efficacy which was 71% during the first nine weeks of

CURRENT SCIENCE, VOL. 92, NO. 11, 10 JUNE 2007

follow-up decreased rapidly to 0% in the last 6 weeks of
the surveillance period. However, the vaccine efficacy
was not strain-specific’'?,

Further trials in children in Gambia and Mozambique
showed the vaccine to be safe and led to a phase IIb proof
of concept efficacy study in children in Southern Mo-
zambique. First six months follow-up showed that immu-
nization with RTS,S/AS02 provided with 29.9% (p = 0.004)
reduction in the risk of clinical malaria, delayed time to
first infection by 45% (p < 0.0001) and reduced incidence
of severe malaria by 57.7% (P = 0.019). A further fol-
low-up study of this trial showed that the partial protec-
tion observed during the first six months continued to last
for at least 18 months™. This is a significant finding that
addressed the crucial issue of the durability of protective
immune response as a result of vaccination with a subunit
candidate vaccine, and confirms the potential of malaria
vaccines as one of the control tools for public health. It
has been planned to produce large batches of this vaccine
for further development, alone or combination with other
candidate vaccines.

Pre-erythrocytic subunit DNA vaccines

There is clear evidence from a large number of studies
that T-lymphocytes are involved in controlling pre-
erythrocytic malaria infection in the host™ ®°. In humans,
there is evidence that HLA class I-restricted T cells are
linked with protection from severe malaria® ¢!, Also, the
well established irradiated sporozoite induced immunity is
essentially associated with cellular responses'*'®. Based
on several studies in animal models, most efforts in de-
veloping pre-erythrocytic stage vaccine have mainly fo-
cused on inducing cellular immune responses to specific
malaria antigens. Also, since DNA-based vaccines are
generally considered more suitable for inducing cellular
responses, a number of DNA viral vector-based malaria
vaccines have been designed and studied'®'***®  The
major advantages of different DNA-based vaccines are
the ease of production, stability and the fact that no adju-
vant is necessary for DNA vaccinations'®, As it seems,
DNA vaccines are efficient in priming the host but they
do not boost efficiently. To overcome this, a heterologous
prime-boost approach in which, vaccination is carried out
at first with DNA, followed by vaccine viral vectors, en-
coding the same antigen, has been suggested®”®. The two
viral vectors used in DNA-based malaria vaccines are
modified vaccinia virus Ankara (MVA) and attenuated
poxvirus (FP9)**¢,

A vaccine termed as ME-TRAP has been developed
and tested in humans®®®’. This vaccine consists of full
length P. falciparum TRAP of strain T9/95, fused to a
string of 20 previously characterized T-cell and B-cell
epitopes. Epitopes but not the full-TRAP was recoded to
a mammalian codon bias and a series of sequential small
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clinical trials in healthy malaria-naive adult volunteers
indicated that (i) vaccines were well tolerated and, (ii) no
antinuclear antibodies were detected after vaccination.
Also, the prime-boost (DNA-MVA) immunization pro-
duced 5-10 fold higher than the T-cell responses induced
by the DNA vaccine or the recombinant vaccine alone.
Importantly, some degree of efficacy was also observed
following a sporozoite-challenge model®®. However, ran-
domized controlled trial of the efficacy of DNA and ME—
TRAP followed by MVA and ME-TRAP, carried out in
372 adult volunteers in Gambia, showed no evidence for
the efficacy of this vaccine®’. The lack of efficacy ob-
served in field trials with a vaccine that showed partial
protection in a laboratory-based challenge assay suggests
that it will be risky to develop any experimental vaccine
for clinical trials, if it has not shown complete protection
in laboratory-based challenge assays.

Notable among other CS-based vaccine is the one be-
ing developed by Apovia Inc. that also uses the ability of
hepatitis B surface antigen to assemble as particles®® .
Out of the several constructs that were designed and
tested for immunogenicity in small animals, the one that
contains three NANP repeats, and a CS-based universal
T-cell epitope attached to HBsAg, and assembles as virus
particles during expression in E. coli, was found to be
most suitable for phase I clinical trials carried out in the
USA and Europe. This vaccine, named as ICC-1132, for-
mulated in alum and Montanide ISA 720, was found to be
safe and well tolerated and is being developed further®.

A number of DNA vaccines based on pre-erythrocytic
antigens have been developed and phase [ trial conducted,
but it seems that no attempt was made to assess their pro-
tection ability by using the sporozoite-challenge model’".
DNA vaccines consisting of a single antigen like CS and
its combination with other pre-erythrocytic stage antigens
like TRAP, LSA-1, LSA-3 and EXP-1 (MuStDOS5) have
been developed at the Naval Medical Research Centre,
USA’?. Results of clinical trials showed that while these
DNA vaccines are safe and well tolerated, they induced
no detectable antibody response to any of the antigens.
Although most volunteers did show T-cell responses, there
was no evidence of any protection by the vaccines upon
homologous sporozoite challenge’’*. A totally synthetic
polyoxime malaria vaccine containing B-cell and a univer-
sal T-cell epitope was found to elicit immune responses in
volunteers of diverse HLA types”. A malaria vaccine con-
sisting of a long synthetic peptide containaing B-cell epi-
topes in an oil-based adjuvant induced CD 8(+) and CD
4(+) T-lymphocyte responses in humans’®"’. However, in
none of these studies was any evidence of protection
against the sporozoite challenge reported and it is not clear
if these constructs are being pursued further with vigour.

Besides the CS and TRAP, several other liver stage an-
tigens, including LSA-1, LSA-3 and exported antigen 1
(EXP-1) have been characterized as vaccine candidate an-
tigens. This has enabled researchers to carry out prime-
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boost studies using different combinations of these anti-
gens alone or with the CS protein’. Vaccine constructs
based on both LSA-1 and LSA-3 have been developed
but have not moved beyond phase I trials.

Blood stage vaccines

There are two lines of arguments that build rationality for
a blood stage vaccine. First, individuals living in endemic
areas do develop immunity to malaria infection upon re-
peated exposures, and second, transfer of antibodies from
those living in endemic area to malaria-naive individuals
protected them from infection®. However, the exact na-
ture of the target antigens of these immune responses and
immunological correlates of protection in the blood stage
are far from being clear”*’. These factors and unavail-
ability of a suitable animal model of human malaria and
the lack of an established human challenge model for the
blood stages are major impediments in the development
of a blood stage vaccine.

Merozoite surface, as a major interface between host
and pathogen, is an obvious target for the development of
a blood stage malaria vaccine. Proteins on the merozoite
surface are exposed to the immune system (although only
for a short time), before and during invasion of erythro-
cyte. A number of merozoite surface proteins have been
characterized and almost all of them are being considered
as potential vaccine candidates'>>*"**"" Merozoite surface
protein-1 (MSP-1), a large 200 kDa protein, is found on
the surface of the merozoites of all malaria species. MSP-
1 has been shown to undergo proteolytic processing and
to be involved in the invasion of erythrocytes by mero-
zoite. The C-terminal fragments remain attached to the
merozoite surface through a GPI-anchor, and a 19 kDa
fragment has been located inside the invaded erythrocyte.
MSP-1 and, in particular, its C-terminal fragments have
been the basis for the design of several blood stages vac-
cines’’. However, it has been shown that some antibodies
to MSP-1 can block the ability of malaria protective anti-
bodies to the same antigen’®"””. Studies involving the in-
hibitory monoclonal antibodies and immunization experi-
ment with recombinant proteins have suggested that the
C-terminal fragments of MSP-1 are the targets for protec-
tive immune responses, and therefore both, a 42 kDa
(MSP-14,) and 19 kDa (MSP-1,y), are being developed as
vaccine candidates by several workers'’. Prominent among
other merozoite-surface proteins are MSP-2, MSP-3,
MSP-4, MSP-5, MSP-9, AMA-1, Pf, EMP-1, EBA-175,
etc. which are also being developed as vaccine candi-
dates! 25283080

Synthetic peptide vaccine SpF66

The first blood stage vaccine to be tested in humans,
based on polymeric synthetic peptides, consisting of a
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number of epitope sequences from the blood as well as
sporozoite stage protein, called SPf66, was developed in
Columbia. A number of field trials carried out in Colum-
bia, Equador and Tanzania indicated a significant reduc-
tion in malaria morbidity but further trials of the same
vaccine failed to reduce clinical disease in different loca-
tions in Latin America and Africa resulting in termination
of its further development®' . The development and tri-
als with SPf66 highlighted the complex nature and vari-
ability in field trials of malaria vaccine. Although SPf66
did not finally show the efficacy that was reported from
earlier trials, it certainly showed that subunit malaria vac-
cines can be designed, produced and taken to field trials
and in many ways paved the way for future design and
field trials of malaria vaccine.

A combination blood stage vaccine (MSP-1,
MSP-2, RESA)

A blood stage vaccine based on three recombinant blood
stage malaria antigens, namely, MSP-1, MSP-2 and a
portion of the Ring Infected Erythrocyte Surface Antigen
(RESA, also known as Pf155), adjuvanted with Mon-
tanide ISA 720 has been developed®*®®. Results of two
phase Ia vaccine trials conducted to test safety and im-
munogenicity revealed that all the three antigens elicited
both antibody and T-cell responses. No antigenic compe-
tition was observed and the volunteers receiving a mix-
ture of antigens showed similar response to those receiving
three antigens at separate sites (ASI). Phase-I safety trials
in adult male volunteers living in a highly endemic area
of Papua New Guinea showed that the vaccine combina-
tion B formulation was safe in an already immune popu-
lation and that it induced significant cellular responses,
especially for MSP-1 and RESA®*’. The combination-B
vaccine was then tested in children of 5-9 years of age. In
this study, a careful de-escalation design was introduced
since neither the adjuvant nor the antigens had been pre-
viously tested in children. The results of this double
blind, placebo-controlled trial provided evidence of the
tolerability and safety of the vaccine in children living in
malaria-endemic areas. However, adverse events were
frequently observed (more than 60%) but most of them
were local and mild. The fact that there were no serious
or severe adverse events in these trials suggested that a
potent adjuvant like Montanide ISA 720 could be consid-
ered safe. Although the study was not designed to seri-
ously investigate mechanisms of protection, the results of
immunogenicity showed an enhanced antibody response
to all the three antigens in the vaccine®®. Considering the
safety and efficacy in reducing parasite density, further
efficacy studies using different combinations of the three
proteins in children are being planned. These results are
significant in that they show that different antigens pro-
duced by recombinant methods cannot only be made, but
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also that they can be mixed to make a cocktail vaccine,
without any interference with immune responses to the
individual components.

MSP-1-based vaccines

The main strategy of MSP-1-based vaccine is to achieve
the goal of production of antibodies directed against the
C-terminal of MSP-1 (refs 77, 89-99). As mentioned ear-
lier, most efforts in this direction have been focused on
the production of recombinant MSP-14, or MSP-1,4 in
their correctly folded confirmations; the C-terminal re-
gion of MSP-1 contains a number of disulphide linkages
and their correct folding is crucial for obtaining protec-
tive immune responses79. Immunization with MSP-1,4,
and MSP-1,5 provides protection in mice and mon-
keys’™7® A substantial population of antibodies gener-
ated through immunization with MSP-1,, is directed
towards MSP-1,9 portion of MSP-1,,, and invasion-
inhibiting activity in human immune serum is associated
with anti MSP-14 antibodies, and in vitro these antibod-
ies inhibit invasion of erythrocytes by merozoites’ ”.
The exact mechanism of invasion of inhibition by these
antibodies is not clearly understood and it is known that
some anti MSP-1 antibodies can interfere with the protec-
tive effect. It seems that the fine specificity of anti MSP-
115 is crucial in determining their protective ability and
may well be an issue in the design of MSP-1-based sub-
unit vaccines’”*,

There has been a lot of debate on the choice of the two
C-terminal fragments of MSP-1 (MSP-14, and MSP-1,4)
but both are being developed as vaccine candidates’ ™’
The issue with MSP-14, is that it is polymorphic and ex-
ists in two distinct allelic forms and the concern is that
one form of MSP-14, may not provide protection against
the other. A vaccine that utilizes a combination of the two
major allelic forms (CFVO and 3D7 forms) has been de-
veloped and its formulation in alum has been taken to
phase I trial. A recombinant MSP-14,-based vaccine de-
veloped at the WRAIR in collaboration with GSKbio and
formulated with AS02, was found safe in two phase Ia
clinical trials”’. However, a phase Ila challenge study
failed to show any protection from infection in humans
vaccinated with this MSP-14,-based vaccine. Phase I and
phase II clinical trials with the same vaccine in Kenya
have also been completed and the results of these efficacy
trials are keenly awaited.

Immunization with MSP-1,4 in mice and monkeys has
provided complete protection even though it has been ar-
gued that MSP-1;9 contains lesser number of T-cell epi-
topes than MSP-1,,. However, MSP-1,is highly conserved
and antibody response to MSP-1,, immunization is pri-
marily focused on the MSP-1,, region, suggesting that it
is anti MSP-1,4 antibody response that is crucial for pro-
tection’'*®. Methods to prepare correctly folded MSP-1,o
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have been developed at the International Centre for Ge-
netic Engineering and Biotechnology (ICGEB) and Uni-
versity of Hawaii’®®’. A vaccine based on the full length
MSP-1 is also being developed at the University of Hei-

delberg'®.

MSP-3 and GLURP

Merozoite surface protein-3 (MSP-3) and glutamate-rich
protein (GLURP) have been characterized as the two pro-
teins that are targeted by human IgG antibodies which can
inhibit parasite growth in a monocyte-dependent manner,
both in in vitro and in vivo conditions”'*"'%% Levels of
MSP-3 and GLURP-specific cytophilic IgG1, and IgG3
antibodies were shown to be associated with a reduced
risk of malaria infection'®>'”’, The major B-cell epitopes
that are targets of human cytophilic antibodies have been
identified in MSP-3 and it is remarkable that immuno
dominant, both B- and T-cell epitopes, in MSP-3 are highly
conserved'**'%_ A vaccine based on a long synthetic pep-
tide containing three B-cell epitopes and three T-cell epi-
topes from MSP-3, formulated and adjuvanted with alum
and Montanide ISA 720 was shown to be safe and well
tolerated in human in a phase I trial. Interestingly, alum
was as effective as Montanide ISA 720 in the induction
of antibody-dependent cellular inhibitor (ADCI) mediat-
ing antibody response. The antibodies developed in hu-
man volunteers in response to immunization, inhibited
parasite growth in in vitro and in vivo assays'®. Based on
a similar strategy, a 128 amino acid synthetic peptide
vaccine containing well characterized B- and T-cell epi-
topes has been developed as a vaccine construct and
phase I trials with both alum and Montanide 720 have
been completed. A fusion protein derived from GLURP
and MSP-3 has been produced in Lactococus lactis and
its immunogenicity tested in small animals and saimiri
monkeys. In animals, antibody response to both the con-
stituent proteins was observed'®”'°®. Clinical trials with
MSP-3-GLURP hybrid proteins are being planned'**'%.

Apical membrane protein-1

AMA-1 is another prominent blood stage antigen that is
being considered as a vaccine candidate. Exact function
of this microneme-associated, transmembrane protein is
unclear but immunization with recombinant AMA-1 has
provided protection in mice and monkeys''™''". Even
though AMA-1 is significantly polymorphic, vaccine
constructs based on an octodomain have been de-
signed"'®'"" A recombinant AMA-1 vaccine, adjuvanted
with ASO2 has been developed by WRAIR together with
GSKbio and taken to phase I clinical trials'"*°, A chi-
meric fusion protein of PFAMA-1 and PfMSP-1,y, called
P. falciparum chimeric protein 2 (PfCP-2.9), has been
developed at the Second Military Medical University,
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Shanghai. The fusion protein, produced in high yields in
yeast (P. pastoris), elicited antibodies to both the compo-
nents in small animals and monkeys. Following immuno-
genicity experiments in animals, phase I trials have been
undertaken with a Montanide 720 formulation'”.

Malaria vaccine development at ICGEB,
New Delhi

The Malaria Group at ICGEB, New Delhi has undertaken
efforts to develop vaccines for both P. vivax and P. falcipa-
rum malaria. Given that P. vivax and P. falciparum account
for around 50% of malaria cases each, vaccines for both
parasite species will be needed to tackle the problem of ma-
laria in India effectively. P. vivax is absolutely dependent
on binding the Duffy antigen receptor for chemokines
(DARC) on human red cells for invasion''”. The receptor-
binding domains of Plasmodium vivax Duff Binding Pro-
tein (PvDBP) have been mapped to its N-terminal con-
served cysteine-rich region referred to as region II
(PVRID'". Antibodies against PyRII are expected to block
the parasite invasion of erythrocytes. Methods to produce
recombinant PvRII in its correctly folded conformation
have been developed''*''®. The process has been trans-
ferred to an industrial partner for production of clinical
grade recombinant PvRII under ¢cGMP for use in human
clinical trials to test the safety, immunogenicity and eftfi-
cacy of a vaccine based on PvRII.

P. falciparum primarily uses sialic acid residues on
glycophorin A as receptors for invasion''?. Interaction
with sialic acid/glycophorin A is mediated by the
175 kDa erythrocyte binding antigen, EBA-175 (ref. 112).
Receptor-binding residues for sialic acid/glycophorin A lie
in the N-terminal conserved cysteine-rich region, referred
to as PfF2, which shares homology with PvRII (ref. 11).
Antibodies raised against PfF2 have been shown to block
erythrocyte invasion in vitro and immunization in non-
human primate models has yielded partial protection
against blood stage challenge''’"'"?. Both PFMSP1,, and
PfF2 are leading candidates for malaria vaccine develop-
ment. The vaccine for P. falciparum malaria being devel-
oped at ICGEB contains a physical mixture of
recombinant PfMSP1,, and PfF2. Immunogenicity stud-
ies in small animals have demonstrated that immunization
with the recombinant PIMSP1 4 and PfF2 mixture elicits
high titre invasion inhibitory antibodies against both anti-
gens with no evidence for suppression of immune re-
sponses against either antigen (Chitnis and Chauhan,
unpublished results). Methods to produce recombinant
PfMSP1,, and PfF2 have been developed. Both proteins
are expressed in E. coli. While recombinant PIMSP1,, is
soluble and correctly folded when expressed in E. coli,
recombinant PfF2 accumulates in inclusion bodies and
requires refolding into its native conformation. Methods
to produce recombinant PfMSP1,4 and PfF2 have been
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developed and transferred to an industrial partner for pro-
duction of the vaccine antigens under cGMP conditions.
The safety, immunogenicity and efficacy of the vaccine
will be tested in a series of phase I and II trials in the next
few years.

Conclusion

Malaria vaccine development is a complex and rigorous
process which begins with the identification of candidate
antigen(s) through basic research, including the methods
for preparation of the antigen, adjuvant selection and
immunogenicity and toxicity in animals. This follows
GMP grade manufacture planning for preclinical and
clinical trials, which are carried out in different phases.
Clinical trials are complex, require careful planning and
are expensive. Most malaria vaccines are being devel-
oped in countries, where there is no malaria but the clini-
cal trials necessarily need to be carried out in malaria-
endemic areas, making the logistics of these trials even
more demanding; developing countries like India may be
more relevant. It might be more relevant and rewarding in
the long term, to create infrastructure for development,
production and field trials of vaccines for diseases like
malaria, in developing but disease-endemic countries like
India, among others.

An ideal malaria vaccine would promise to be safe,
highly effective and provide long-term immunity. It
would also be stable, easy to administer, inexpensive to
manufacture and affordable in poor malaria-endemic
countries. However, from the existing knowledge and ex-
perience, it is more likely that the first generation malaria
vaccine will be partially protective, although safe but not
entirely free of small side effects and provide protective
immunity for a limited period of time. These vaccines
will be expensive to manufacture and not easily afford-
able by those who will need them the most, without the
help of donor funds.

Even though malaria vaccine development is complex
and a long-drawn affair, the last ten years or so have seen
substantial increase in financial support and enhanced
coordination in vaccine production and field trials. This
being so, the situation is far from satisfactory, let alone
ideal. Most malaria researchers in academic settings are
realizing that malaria subunit protein-based vaccines
would require strong, human compatible adjuvants, other
than alum, since most malaria antigens produced so far
have shown poor immunogenicity in alum. Lack of suit-
able and readily available adjuvants is a problem that
needs to be addressed urgently; the adjuvants developed
by private companies may not always be easily available.
With the P. falciparum genome now being available, it is
believed that many more novel antigens can be character-
ized. While this may be true, it is also almost certain that
this alone will not hasten the process of malaria vaccine
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development. The real hurdles are GMP grade production
of vaccine antigens, lack of challenge models, complex
nature of clinical trials and, last but not the least, huge
costs involved in field trials. However, with some of the
major donor agencies/governments providing the required
financial support, clinical trials with several vaccine can-
didates will be planned and carried out. It is hoped that at
least partially efficacious malaria vaccine will be avail-
able in the next 10 years and that it will form the basis for
the development of other more effective malaria vac-
cines.

1. WHO. Malaria — A Global Crisis, World Health Organisation,
Geneva, 2000.

2. Hemingway, J., Field, L. and Vontas, J., An overview of insecti-
cide resistance. Science, 2002, 298, 96-97.

3. Martens, P. and Hall, L., Malaria on the move: Humans popula-
tion movement and malaria transmission. Emerg. Infect. Dis.,
2000, 6, 103-109.

4. Guerin, P. J. et al., Malaria: current status of control, diagnosis,
treatment, and a proposed agenda for research and development.
Lancet Infect. Dis., 2002, 2, 564-573.

5. McGregor, I. A., Mechanisms of acquired immunity and epide-
miological patterns of antibody responses in malaria in man. Bull.
WHO, 1974, 50, 259-266.

6. Cohen, S., McGregor, I. A. and Carrington, S., Gamma globulin
and acquired immunity to malaria. Nature, 1961, 192, 733-737.

7. Bouharoun-Tayoun, H., Attanath, P., Sabchareon, A., Chong-
suphajaisiddhi, T. and Druilhe, P., Antibodies that protect hu-
mans against Plasmodium falciparum blood stages do not on their
own inhibit parasite growth and invasion in vitro, but act in co-
operation with monocytes. J. Exp. Med., 1990, 172, 1633-1641.

8. Megregor, I. A., Malaria immunity: current trends and prospects.
Acta Trop. Med. Parasitol., 1987, 81, 647-656.

9. Richman, A. M. and Fotis, K. C., Malaria: In the belly of beast.
Nature Med., 1998, 4, 552.

10. Rosenberg, R., Wirtz, R. A., Schneider, I. and Burge, R., An es-
timation of the number of malaria sporozoites ejected by a feed-
ing mosquito. Trans. R. Soc. Trop. Med. Hyg., 1990, 84, 209-212.

11. Ponnudurai, T., Lensen, A. H., van Gemert, G. J., Bolmer, M. G.
and Meuwissen, J. H., Feeding behaviour and sporozoites ejec-
tion by infected Anopheles stephensi. Trans. R. Soc. Trop. Med.
Hyg., 1991, 85, 175-180.

12. Clyde, D., Immunity to falciparum and vivax malaria induced by
irradiated sporozoites: A review of the University of Maryland
studies, 1971-75. Bull WHO, 1990, 68 (suppl), 9-12.

13. Egan, J., Humoral immune responses in volunteers immunized
with irradiated Plasmodium falciparum sporozoites. Am. J. Trop.
Med. Hyg., 1993, 49, 166-173.

14. Rieckmann, K. H., Beaudoin, R. L. and Cassells, J. S., Use of attenu-
ated sporozoites in the immunization of human volunteers against
Jalciparum malaria. Bull. WHO, 1979, 57 (suppl 1), 261-265.

15. Hoffman, S. L. et al., Protection of humans against malaria by
immunization with radiation attenuated Plasmodium falciparum
sporozoites. J. Infect. Dis., 2002, 185, 1155-1164.

16. Malaria Vaccine Technology Road Map, www.malariavaccine
roadmap.net, August, 2006.

17. WHO. Portfolio of candidate malaria vaccines currently in devel-
opment. March 2005.

18. Gurunathan, S., Klinman, D. M. and Seder, R. A., DNA vaccines:
immunology, application and optimization. Annu. Rev. Immunol.,
2000, 18, 927-974.

19. Ulmer, J. B. et al., Heterologous protection against influenza by
injection of DNA encoding a viral protein. Science, 1993, 259,
1745-1749.

1531



SPECIAL SECTION: MALARIA

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

1532

Li, S. et al., Priming with recombinant influenza virus followed
by administration of recombinant vaccinia virus induces CD8" T-
cell mediated protective immunity against malaria. Proc. Natl.
Acad. Sci. USA, 1993, 90, 5214-5218.

Wang, R. et al., Induction of antigen-specific cytotoxic T lym-
phocytes in humans by malaria DNA vaccine. Science, 1998, 282,
476-480.

Paoletti, E., Applications of pox virus vectors to vaccination: an
update. Proc. Natl. Acad. Sci. USA, 1996, 93, 11349-11353.
Schofield. L. et al., Synthetic GPI as a candidate anti-toxic vac-
cine in a model of malaria. Nature, 2002, 418, 785-789.

Nardin, E. H. and Nussenzweig, R. S., T-cell response to pre-
erythrocytic stages of malaria: Role in protection and vaccine de-
velopment against pre-erythrocytic stages. Annu. Rev. Immunol.,
1993, 11, 687-727.

Good, M. F., Kaslow, D. C. and Miller, L.. H., Pathways and
strategies for developing a malaria blood-stage vaccine. Annu.
Rev. Immunol., 1998, 16, 57-87.

Miller, L. H. and Hoffman, S. L., Research toward vaccines
against malaria. Nature Med., 1998, 4, 520.

Good, M., Towards a blood-stage vaccine for malaria: are we fol-
lowing all the leads. Nature Rev., 2001, 1, 117-125.

Chauhan, V. S. and Bhardwaj, D., Current status of malaria vac-
cine development. Adv. Biochem. Eng./Biotechnol., 2003, 84,
143-182.

Moorthy, V. S., Good, M. F. and Hill, A. V. S., Malaria vaccine
developments. Lancet, 2004, 363, 150-156.

Cohen, J. D. et al., Update on the clinical development of candi-
date malaria vaccines. Am. J. Trop. Med. Hyg., 2004, 71 (Suppl
2), 239-247.

Ballou, W. R., Malaria vaccines in development. Exp. Opin.
Emerg. Drugs, 2005, 10, 489-503.

Hill, A. V., Pre-erythrocytic malaria vaccines: towards greater ef-
ficacy. Nature Rev. Immunol., 2006, 6, 21.

Tsuji, M. et al., CD4"* cytolytic T cell clone confers protection
against murine malaria. J. Exp. Med., 1990, 172, 1353-1357.
Tsuji, M. et al., Gamma delta T cells contribute to immunity
against the liver stages of malaria alpha beta T-cell-deficient
mice. Proc. Natl. Acad. Sci., 1994, 91, 345-349.

Good, M. and Doolan, D. L., Immune effector mechanism in ma-
laria. Curr. Opin. Immunol., 1999, 11, 412-419.

Nardin, E. et al., Pre-erythrocyic malaria vaccine: mechanisms of
protective immunity and human vaccine trial. Parassitologia,
1999, 41(1-3), 397-402.

Potocnjak, P., Yoshida, N., Nussenzweig, R. S. and Nussenzweig,
V., Monovalent fragments (Fab) of monoclonal antibodies to a
sporozoite surface antigen (Pb44) protect mice against malarial
infection. J. Exp. Med., 1980, 151, 1504-1513.

Nardin, E. H. et al., Circumsporozoite proteins of human malaria
parasites Plasmodium falciparum and Plasmodium vivax. J. Exp.
Med., 1982, 156, 20-30.

Robson, K. J. et al., A highly conserved amino-acid sequence in
thrombospondin, properdin and in proteins from sporozoites and
blood stages of a human malaria parasite. Nature, 1988, 335, 79.
Rogers, W. O. et al., Characterization of Plasmodium falciparum
sporozoite surface protein 2. Proc. Natl. Acad. Sci. USA, 1992,
89, 9176.

Sijwal, P. S., Malhotra, P., Puri, S. K. and Chauhan, V. S., Clon-
ing and sequence analysis of the thrombospondin-related adhe-
sive protein (TRAP) gene of Plasmodium cynomolgi bastianelli.
Mol. Biochem. Parasitol., 1997, 90, 371.

Sharma, P., Bhardwaj, A., Bhasin, V. K., Sailaja, V. N. and
Chauhan, V. S., Antibodies to a conserved-motif peptide se-
quence of the Plasmodium falciparum thrombospondin-related
anonymous protein and circumsporozoite protein recognize a 78-
kilodalton protein in the asexual blood stages of the parasite and

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

inhibit merozoite invasion in vitro. Infect. Immun., 1996, 64,
2172.

Wizel, B. et al., Irradiated sporozoite vaccine induces HLA-BS-
restricted cytotoxic T lymphocyte responses against two overlap-
ping epitopes of the Plasmodium falciparum sporozoite surface
protein 2. J. Exp. Med., 1995, 182, 1435.

Khusmith, S., Sedegah, M. and Hoffman, S. L., Complete protec-
tion against Plasmodium yoelii by adoptive transfer of a CD8" cy-
totoxic T-cell clone recognizing sporozoite surface protein 2.
Infect. Immun., 1994, 62, 2979.

Schneider, J. et al., Enhanced immunogenicity for CDS8' T cell
induction and complete protective efficacy of malaria DNA vac-
cination by boosting with modified vaccinia virus Ankara. Nature
Med., 1998, 4, 397-402.

Stoute, J. A. et al., A preliminary evaluation of a recombinant
circumsporozoite protein vaccine against Plasmodium falciparum
malaria. RTS,S Malaria Vaccine Evaluation Group. N. Engl. J.
Med., 1997, 336, 86-91.

Kester, K. E. et al., Efficacy of recombinant circumsporozoite
protein vaccine regimens against experimental Plasmodium falci-
parum malaria. J. Infect. Dis., 2001, 183, 640-647.

Lalvani, A. et al., Potent induction of focused Thl-type cellular
and humoral immune responses by RTS,S/SBAS2, a recombinant
Plasmodium falciparum malaria vaccine. J. Infect. Dis., 1999,
180(5), 1656-1664.

Doherty, J. F. et al., A phase I safety and immunogenicity trial
with the candidate malaria vaccine RTS,S/SBAS2 in semi im-
mune adults in the Gambia. Am. J. Trop. Med. Hyg., 1999, 61(6),
865-868.

Stoute, J. A. et al., Long term efficacy and immune response fol-
lowing immunization with RTS,S malaria vaccine. J. Infect. Dis.,
1998, 178, 1139-1144.

Bojang, K. A. et al., Efficacy of RTS/S/AS02 malaria vaccine
against Plasmodium falciparum infection in semi-immune adult
men in The Gambia: a randomized trial. Lancet, 2001, 358, 1927—
1934.

Alloueche, A. et al., Protective efficacy of the RTS/S/AS02
Plasmodium falciparum malaria vaccine is not strain specific.
Am. F. Trop. Med. Hyg., 2003, 68, 97-101.

Alonso, P. L. et al., Efficacy of RTS,S/AS02A vaccine against
Plasmodium falciparum infection and disease in young African
children: randomized controlled trial. Lancet, 2004, 364, 1411-
1420.

Alonso, P. L. et al. Duration of protection with RTS, S/AS02A
malaria vaccine in prevention of Plasmodium falciparum disease
in Mozambican children: Single blind extended follow-up of a
randomised controlled trial. Lancet, 2005, 366, 2012-2018.
Schofield, L. et al., Gamma interferon CD8" T cells and antibod-
ies required for immunity tomalaria sporozoites. Nature, 1987,
330, 664-666.

Rodrrigues, M. M. er al., CD8" cytolytic T cell clones derived
against the Plasmodium yoelii circumsporozoite protein protect
against malaria. Int. Immunol., 1991, 3, 579-585.

Weiss, W. R. et al., Cytotoxic T cells recognize a peptide from
the circumsporozoite protein on malaria-infected hepatocytes. J.
Exp. Med., 1990, 717, 763-773.

Good, M. F. et al., Human T cell recognition of the circumsporo-
zoite protein of Plasmodium falciparum: Immunodominant T-cell
domains map of the polymorphic regions of the molecule. Proc.
Natl. Acad. Sci. USA, 1988, 85, 1199-1203.

Hill, A. V. et al., Molecular analysis of the associateion of HLA-
B53 and resistance to severe malaria. Science, 1992, 360, 434—
439.

Gilbert, S. C. et al., Association of malaria parasite population
structure, HLA, and immunological antagonism. Science, 1998,
279, 1173-1177.

CURRENT SCIENCE, VOL. 92, NO. 11, 10 JUNE 2007



SPECIAL SECTION: MALARIA

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Herrington, D. et al., Common West African HLA antigens are
associated with irradiated malaria sporozoites: humoral and cellu-
lar responses of the protected individuals. Am. J. Trop. Med. Hyg.
1991, 45, 539-547.

Raz, E. et al., Systemic immunological effects of cytokine genes
injected into skeletal muscle. Proc. Natl. Acad. Sci. USA, 1993,
90, 4523.

Donnelly, J. J., Ulmer, J. B. and Liu, M. A., Protective efficacy
of intramuscular immunization with naked DNA. Ann. N. Y.
Acad. Sci., 1995, 772, 40.

Boyer, J. D. et al., Protection of chimpanzees from high-dose
heterologous HIV-1 challenge by DNA vaccination. Nature Med.,
1997, 3, 526.

Schneider, J. et al., Induction of CD8" T cells using heterologous
prime-boost immunization strategies. Immunol. Rev., 1999, 170,
29-38.

Moorthy. V. S. et al., Safety of DNA and modified vaccinia virus
Ankara vaccines against liver-stage P. falciparum malaria in non-
immune volunteers. Vaccine, 2003, 21, 2004-2011.

McConkey. S. et al., Enhanced T-cell immunogenicity in humans
of plasmid DNA vaccines boosted by recombinant modified vac-
cinia virus Ankara. Nature Med., 2003, 9, 729-735.

Chulay, J. D. et al., Malaria transmitted to humans by mosquitoes
infected from cultured Plasmodium falciparum. Am. J. Trop.
Med. Hyg., 1986, 35, 66—68.

Birkett, A. et al., A modified hepatitis B virus core particle con-
taining multiple epitopes of the Plasmodium falciparum cir-
cumsporozoite protein provides a highly immunogenic malaria
vaccine in preclinical analyses in rodent and primate hosts. Infect.
Immun., 2002, 70, 6860—6870.

Milich, D. R. et al., Conversion of poorly immunogenic malaria
repeat sequences into a highly immunogenic vaccine candidate.
Vaccine, 2002, 20, 771-778.

Doolan, D. L. and Hoffman, S. L., DNA-based vaccines against
malaria: status and promise of the multi-stage malaria DNA vac-
cine operation. Int. J. Parasitol., 2001, 31, 753-762.

Richie. T. L. et al., Safety, immunogenicity and efficacy of
MuStDOS3, a five gene sporozoite/hepatic stage Plasmodium fal-
ciparum DNA vaccine combined with human GM-CSF DNA
(conference abstract). Am. F. Trop. Med. Hyg., 2001, 65 (suppl):
230.

Wang, R. et al., Simultaneous induction of multiple antigen-
specific cytotoxic T lymphocytes in nonhuman primates by im-
munization with a mixture of four Plasmodium falciparum DNA
plasmids. Infect. Immun., 1998, 66, 4193-4202.

Le, T. P. et al., Safety, tolerability and humoral immune re-
sponses after intramuscular administration of a malaria a DNA
vaccine to healthy adult volunteers. Vaccine, 2000, 18, 1893—
1901.

Nardin, E. H. et al., A totally synthetic polyoxime malaria vac-
cine containing Plasmodium falciparum B cell and universal T
cell epitopes elicits immune responses in volunteers of diverse
HLA types. J. Immunol., 2001, 166, 481-489.

Lopez, J. A. et al., A synthetic malaria vaccine elicits a potent
CDS8(+) and CD4(+) T lymphocyte immune response in humans:
implications for vaccination strategies. Eur. J. Immunol., 2001,
31, 1989-1998.

Holder, A. A. et al., Merozoite surface protein 1, immune eva-
sion, and vaccines against asexual blood stage malaria. Parassi-
tologia, 1999, 41, 409-414.

Guevara Patino, J. A., Holder, A. A., McBride, J. S. and Black-
man, M. J., Antibodies that inhibit malaria merozoite surface pro-
tein-1 processing and erythrocyte invasion are blocked by
naturally acquired human antibodies. J. Exp. Med., 1997, 186,
1689-1699.

Uthaipibull, C. et al., Inhibitory and blocking monoclonal anti-
body epitopes on merozoite surface protein-1 of the malaria para-

CURRENT SCIENCE, VOL. 92, NO. 11, 10 JUNE 2007

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

site Plasmodium falciparum. J. Mol. Biol., 2001, 307, 1381-
1394.

Yazdani, S. S., Mukherjee, P., Chauhan, V. S. and Chitnis, C. E.,
Immune responses to asexual blood-stages of malaria parasites.
Curr. Mol. Med. 2006, 6(2), 187-203.

Amador, R. et al., The first field trials of the chemically synthe-
sized malaria vaccine SPf66: Safety, immunogenicity and protec-
tivity. Vaccine, 1992, 10(3), 179-184.

Amador, R. et al., Safety and immunogenicity of the synthetic
malaria vaccine SPf66 in a large field trial. J. Infect. Dis., 1992,
166(1), 139-144.

Sempetegui, F. et al., Safety, immunogenicity and protective ef-
fect of the SPf66 malaria synthetic vaccine against Plasmodium
falciparum infection in a randomized double blind placebo-
controlled field trial in an endemic area of Ecuador. Vaccine,
1994, 12(4), 337-342.

Alonso, P. L. et al., Randomised trial of efficacy of SPf66 vac-
cine against Plasmodium falciparum malaria in children in south-
ern Tanzania. Lancet, 1994, 344(8931), 1175-1181.

Urdaneta, M. et al., Evaluation of SPf66 malaria vaccine efficacy
in Brazil. Am. J. Trop. Med. Hyg., 1998, 58(3), 378-385.

Saul, A. et al., Human phase I vaccine trails of 3 recombinant
asexual stage malaria antigens with Montanide ISA 720 adjuvant.
Vaccine, 1999, 17, 3145-3159.

Genton, B. et al., Safety and immunogenicity of a three-
component blood-stage malaria vaccine in adults living in an en-
demic area of Papua New Guinea. Vaccine, 2000, 18, 2504-2511.
Genton, B. et al., Safety and immunogenicity of a three-
component blood-stage malaria vaccine (MSP1, MSP2, RESA)
against Plasmodium falciparum in Papua New Guinea children.
Vaccine. 2003, 22, 30—-41.

Hirunpetcharat, C. et al., Complete protective immunity induced
in mice by immunization with the 19-kilodalton carboxyl-
terminal fragment of the merozoite surface protein-1 (MSP1) of
Plasmodium yoelii expressed in Saccharomyces cerevisiae: corre-
lation of protection with antigen-specific antibody titer, but not
with effector CD4* T-cells. J. Immunol., 1997, 159, 3400-3411.
Ling, I. T., Ogun, S. A. and Holder, A. A., Immunization against ma-
laria with a recombinant protein. Parasite Immunol., 1994, 16, 63-67.
O’Donnell, R. A., Saul, A., Cowman, A. F. and Crabb, B., Func-
tional conservation of the malaria vaccine against MSP-1,9 across
distantly related Plasmodium species. Nature Med., 2000, 6, 91—
95.

Egan, A. F., Blackman, M. J. and Kaslow, D. C., Human antibod-
ies to the 19 kDa C-terminal fragment of Plasmodium falciparum
merozoite surface protein 1 inhibit parasite growth in vitro. Para-
site Immunol., 1999, 21, 133-139.

Nwuba, R., Sodeinde, C., Omosun, A. Y., Odaibo, O. A., Holder,
A. and Nwagwu, M., The human immune response to Plasmo-
dium falciparum includes both antibodies that inhibit merozoite
surface protein I secondary processing and blocking antibodies.
Infect. Immun., 2002, 70, 5328-5331.

Okech, B. A. et al., Fine specificity of serum antibodies to Plas-
modium falciparum merozoite surface protein, PfMSP-1,,, pre-
dicts protection from malaria infection and high density
parasitemia. Infect. Immun., 2004, 72(3), 1557-1567.

Angov, E. et al., Development and pre-clinical analysis of a
Plasmodium falciparum merozoite surface protein-1(42) malaria
vaccine. Mol. Biochem. Parasitol., 2003, 128, 195-204.
Sachdeva, S., Ahmad, G., Malhotra, P., Mukherjee, P. and Chauhan,
V. S., Comparison of immunogenicities of recombinant Plasmo-
dium vivax merozoite surface protein 1, 19- and 42-kilodalton
fragments expressed in Escherichia coli. Infect. Immun., 2004,
72(10), 5775-5782.

Sachdeva, S., Mohmmed, A., Dasaradhi, P. V., Crabb, B. S.,
Katyal, A., Malhotra, P. and Chauhan, V. S., Immunogenicity and
protective efficacy of Escherichia coli expressed Plasmodium

1533



SPECIAL SECTION: MALARIA

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

falciparum merozoite surface protein-1(42) using human com-
patible adjuvants. Vaccine. 2006, 15(12), 2007-2016.

Chang, S. P. et al., A recombinant baculovirus 42-kDa C-terminal
fragment of Plasmodium falciparum merozoite surface protein 1
protects Aotus monkeys against malaria. Infect. Immun., 1996, 64,
253-261.

Garraud, D. et al., Different Plasmodium falciparum recombinant
MSP-1,, antigens differ in their capacities to stimulate in vitro
peripheral blood T lymphocytes in individuals from various en-
demic areas. Scand. J. Immunol., 1999, 49, 431-440.

Pan, W., Ravot, E., Tolle, R., Frank, R., Mosbach, R., Tur-
bachova, I. and Bujard, H., Vaccine candidate MSP-1 from Plas-
modium falciparum: A redesigned 4917 bp polynucleotide enables
synthesis and isolation of full-length protein from E. coli and
mammalian cells. Nucleic Acids Res., 1999, 27, 1094-1103.
Oeuvray, C. et al., Merozoite surface protein-3: a malaria protein
inducing antibodies that promote Plasmodium falciparum Xkilling
by cooperation with blood monocytes. Blood, 1994, 84, 1594—602.
Dodoo, D. et al., Naturally acquired antibodies to the glautamate
rich protein are associated with protection against Plasmodium
falciparum malaria. J. Infect. Dis., 2000, 181, 1202-1205.
Oeuvray, C., Theisen, M., Rogier, C., Trape, J. F., Japsen, S. and
Druilhe, P., Cytophilic immunoglobulin responses to Plasmodium
falciparum glutamate-rich protein are correlated with protection
against clinical malaria in Dielmo, Senegal. Infect. Immun., 2000,
68, 2617-2620.

Huber, W. et al., Limited sequence polymorphism in the Plasmo-
dium falciparum merozoite surface protein-3. Mol. Biochem.
Parasitol., 1997, 87, 231-234.

McColl, D. J. and Anders, R. F., Conservation of structural mo-
tifs and antigenic diversity in the Plasmodium falciparum mero-
zoite surface protein-3 (MSP-3). Mol. Biochem. Parasitol., 1997,
1-12(90), 21-31.

Druilhe, P. ef al., A malaria vaccine that elicits in humans anti-
bodies able to kill Plasmodium falciparum. PLOS Med., 2005,
2(11), 1135-1144.

Theisen, M. et al., A Plasmodium falciparum GLURP-MSP3
chimeric protein; expression in Lactococcus lactis, immunogenic-
ity and induction of biologically active antibodies. Vaccine, 2004,
22,1188-1198.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Carvalho, L. M. et al., Immunization of Saimiri sciureus mon-
keys with Plasmodium falciparum merozoite surface protein-3
and glutamate-rich protein suggests that protection is related to
antibody levels. Scand. J. Immunol., 2004, 59, 363-372.
http://www.emvi.org/files/Annual Reports/Report Annual 2005.pdf.
Hodder, A. N., Crewther, P. E. and Anders, R. F., Specificity of
the protective antibody response to apical membrane antigenl.
Infect. Immun., 2001, 69, 3286-3294.

Anders, R. F. et al., Immunisation with recombinant AMA-1 pro-
tects mice against infection with Plasmodium chabaudi. Vaccine.
1998, 16, 240-247.

Chitnis, C. E., Molecular insights into receptors used for erythro-
cyte invasion by malaria parasites. Curr. Opin. Hematol., 2001,
8, 85-91.

Chitnis, C. and Miller, L. H., Identification of the erythrocyte
binding domains of Plasmodium vivax and Plasmodium knowlesi
proteins involved in erythrocyte invasion. J. Exp. Med., 1994,
180, 497-507.

Singh, S. et al., Biochemical, biophysical and functional charac-
terization of bacterially expressed and refolded receptor binding
domain of Plasmodium vivax Duffy binding protein. J. Biol.
Chem., 2001, 276, 17111-17116.

Yazdani, S., A high cell density fermentation strategy to produce
recombinant malarial antigen in E. coli. Biotechnol. Lett., 2004,
26, 1891-1895.

Yazdani, S. et al., Improvement in yield and purity of a recombi-
nant malaria vaccine candidate based on the receptor-binding
domain of Plasmodium vivax Duffy binding protein by codon op-
timization. Biotechnol. Lett., 2006, 28, 1109-1114.

Blackman, M. J. et al., A single fragment of a malaria merozoite
surface protein remains on the parasite during red cell invasion
and is the target of invasion-inhibiting antibodies. J. Exp. Med.,
1990, 172, 379-382.

Pandey, K. C. et al., Bacterially expressed and refolded receptor
binding domain of Plasmodium falciparum EBA—-175 elicits inva-
sion inhibitory antibodies. Mol. Biochem. Parasitol., 2002, 123,
23-33.

Pattnaik, P. et al., Immunogenicity of a recombinant malaria vac-
cine based on receptor binding domain of Plasmodium falciparum
EBA-175. Vaccine, 2007, 25, 806—813.

1534

CURRENT SCIENCE, VOL. 92, NO. 11, 10 JUNE 2007



