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Malaria has remained a major global health problem suitaple experimental models to tgst .the efficacy of new
and despite serious efforts for many years, a successful Vaccine strategies and egtrapolat'ahl.gnro correlates of
malaria vaccine has remained elusive. Main reasons Protection have all contributed significantly towards the
among many are highly complex life cycle of the para- Slower than desirable pace of malaria vaccine develop-
site, extensive polymorphism of key malaria proteins ment. Immunity to malaria takes several years exposure
and lack of correlates for malaria immunity, and un- of recurring infection and iliness and this acquirechu-
availability of a suitable animal model. However, these nity is only partially effective and results in mild, some-
hurdles notwithstanding, many experimental malaria times asymptomatic infections with the persistence of
vaccines have been developed for carrying out clinical parasite®. This immunity is short-lived and highly stage
trials. Some of these trials have already shown prom- 54 strain-specific, owing largely to the capability of the

:csmg trhestu”tsl andt therert_ls”a hf(;pet,_ mor:]e lthrqn ever_nbe- parasite to alter critical antigenic structures ragitlfor
ore, that at least a partially eflective malaria vaccine -, oo reasons, development of malaria vaccines is a

may be available in the foreseeable future. Experi- hiahl | . d althouah i :

mental pre-erythrocytic and erythrocytic stage vac- '9nly complex exercise and although lacenttimes

cines have been developed beyond the |aboratorymuch.attent|c')n has been paid to this field, the progress in
research stage. Pre-clinical and efficacy studies in a Malaria vaccine development has been slow.

few cases have given a new hope for the development Understanding the life cycle of the parasite is funda-
of at least a partially protective vaccine. mental to all &orts to developnalaria vaccines. Parasite

species that cause malaria are transmitted inclusively by a

Keywords: DNA vaccine,malaria, vaccine development. €W Mosquito species of the genAsophelesand the
prevalence and capacity of the disease to spread are

MALARIA is a disease caused in humans by four speciesifSe!Y related to the biology of the vecioThe parasite
parasites of genulasmodium, P. falciparum, P. vivax, undergoes a complex process of differentiation and growth
P. ovaleand P. malariae.Malaria is one of the major inside the mosquito. Thus, following a blood meal from
causes of mortality and morbidity worldwide, affecting®n infectéd human in which female mosquito ingests
nearly 40% of the world'’s population and accounting fogamgtocytes, fertlllzat'lon occurs in the'mosqwto midgut
about 3-5 million deaths and more than 500 million nelf2ding to the formation of zygote. This zygote further
cases annually Besides widespread drug resistance ififferentiates into an ookinete that penetrates the midgut
the parasite and insecticide resistance in the anophef¥dll and develops into an oocyst. Thousands of sporo-

mosquito vector, inadequate infrastructure measures f6?it€S are produced within the oocyst, which make their
delivery of control measures, uncontrolled populatioif@Y to the salivary glands where they mature. The trans-

growth and increased mobility of non-immune popu|ar_nission cycle is completed when an infected mosquito

tions to endemic areas have also contributed to the alarfi€Pares for its next blood meal and injects sporozoites
ing situation posed by malaria today More recent into the human host andlln Ie§s than 30 min, the sporo-
estimates suggest that under the present scenario, de¢@ftes enter hepatocytés”. A single sporozoite can de-
opment of either new anti-malarial drugs or of an effec/€/0P over the next 5-8 days into 30,000-40,000 mero-
tive vaccine that can generate parasite-specific protecti¢@it€S and maintain the erythrocytic stages. The parasite
responses, are of utmost importance. Historically, vad€velops inside the red cell over a period of 48 h and
cines have been one of the most cost effective and eadfj!9ind from 6 to 24 merozoites develop inside each of
administered means of controlling infectious diseases, J@d C€ll- Following the rupture of the infected red cell,
no licensed vaccines exist yet for malaria. A multitude g2Ch merozoite can continue the life cycle by invading
difficulties has hampered the development of vaccines fgf0ther red cell. All clinical manifestations of malaria
malaria; complex multi-stage life cycle involving a vasPeeur durlng'e.ry'Fhrocytlc stages of the pargsﬂes. The
array of receptor—ligand interactions during invasion, irseXual stage is initiated when some erythrocytic parasites
complete knowledge of the effector mechanisms involvedjfferentiate into male and female gametocytes, which are

in malaria immunity, and last but not the least, lack df'€n taken up by the mosquito during a blood meal, to
begin another round of life cycle.

Pre-erythrocytic vaccines are designed to target sporo-
e-mail: virander@icgeb.res.in zoites or schizont-infected liver cells and thus prevent the
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release of primary merozoites from infected hepatocyteskills that usually are not available with the malaria sci-
Preclinical studies in rodents and humans immunizeghtists. That being so, a recent WHO review of the port-
with radiation-attenuated sporozoites indicated that thfelio of candidate malaria vaccines currently in develop-
may be achieved by antibodies that target sporozoites amént has identified as many as 80 vaccines at the
block their ability to infect liver cells or by cell-mediatedpreclinical development stage out of which more than 30
responses that kill parasite-infected hepatocytes befarelaria vaccines have entered clinical testing and at least
the release of infectious merozoites® Relative to the three have gone as far as phase IIb ttHals
number of circulating blood stage parasites that result inSince it is not practical to produce malaria parasites on
clinical disease, the number of sporozoites or liver stagescale required for a live or attenuated vaccine, almost
schizonts is quite small; however, the window of oppoll efforts in malaria vaccine development are focused on
tunity to interrupt the pre-erythrocytic stages must bine design and delivery of subunit vaccines. However,
99% effective to translate into sterile immunity in nonsubunit vaccines based on a single antigen or a few B and
immune individuals. A single sporozoite that evades vad- cell epitopes have several inherent problems, like low
cine-induced immunity can, in principle, lead to fullimmunogenicity of the target proteins, quality, quantity
fledged infection. Blood stage and gametocyte stage vaand duration of the immune responses need, for an ap-
cines are mostly based on production of antibodies pyopriate adjuvant (most recombinant malaria proteins
proteins exposed on the surface of the parasite. are poor immunogens) and stringent requirements for
Although scientists have been working for long to deguality control in the production of the recombinant vac-
velop a malaria vaccine, and have shown that such an e@fies. In this regard, DNA-based vaccines ardtexg
fort has a scientific rationale, many complex challenggeospects, in which several of the above issues are a lot
need to be addressed, well beyond the scope and capabiliapler to deal witlf. Several viral vectors which can be
ties of individual scientists or one scientific groupused to deliver a DNA vaccine construct and many DNA
A Malaria Vaccine Technology Road map developed aénd recombinant viral subunit vaccines have been devel-
ter extensive inputs from experts has set out the strategiwed® %% However, while the DNA-based vaccines have
goal of developing a malaria vaccine by 2025 that is mokeen found to induce high T-cell immune responses, the
than 80% efficacious against the clinical disease and laststibody responses in humans have been generally
longer than four years, and as a landmark, to develop apaor'®%2
license a first generation malaria vaccine by 2015 with a As mentioned earlier, a number of subunit vaccines
protective efficacy of more than 50% against severe dibave been developed against the pre-erythrocytic stage,
ease and death, and lasts for at least oné%ear blood stage and sexual stage of the parasite. In addition,
The Road Map has particularly emphasized the needarf altogether different anti-disease vaccine, based on the
developing standard immunological assays and reagemisli-characterizedP. falciparummalaria toxin, glyco-
so that immune response to experimental vaccines candieosphatidyl inositol (GPI) supposed to be responsible
compared meaningfully. The need for standardizing vater the clinical disease, has also been developed and
cine clinical trial design with a hope to compare data réested in humaii. The malaria vaccine development area
sulting from different trials, possible determination ohas been the focus of several excellent reviéfis®
protection correlates, use of modern tools to characteriZde present review is not intended to re-review the vari-
the biological function of proteins, identification of novelous efforts irmalaria vaccine development, but rather the
potential vaccine candidates and to better understafatus here will be on the vaccine candidates that have
host—parasite interactions are highlighted as some of theogressed to and beyond the design, production and pre-
other critical issues in the development of a malaria vaclinical studies. Also, since the transmission-blocking
cine. For the vaccine development, per se, malaria scieraccines are subject of a separate review in this issue
tists still do not have a methodology for choosing théage 153%, this review will focus mainly on the pre-
most appropriate vaccine candidate antigen, and theerythrocytic and the blood-stage vaccines.
fore, there is an urgent need for providing a robust ration-
ale platform for this purpose. Other issues like the abilit . i
of producing stable and pure form of vaccine Cand%re-erythrocytlc vaccines
date(s), formulation of antigen(s) with available adju-
vants, ability to scale-up production process and the kinhese vaccines are expected to target sporozoites or
and duration of the immune response produced are schizont-infected liver cells and thereby prevent the re-
less important. Clearly, if these are the current major cotease of primary merozoites from infected hepatocytes.
cerns of the malaria vaccine community then it alsdhere is evidence that antibodies against sporozoites can
becomes apparent that the present malaria vaccine dewsbck their entry into liver cells and that cell-mediated re-
opment efforts are essentially empirical. Organizationallgponse can kill specifically infected hepatocytes. Protective
preclinical and clinical trial studies are tedious jobsmmune response against pre-erythrocytic stages must be
which, when possible, require very different effort anentirely foolproof, since escape of a single or a few
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sporozoites will lead to establishment of malaria infectiorfollow-up decreased rapidly to 0% in the last 6 weeks of
Of the many characterized sporozoite stage proteins, ttiee surveillance period. However, the vaccine efficacy
circumsporozoite protein (C8y*®and thrombospondin- was not strain-specifit>2

related adhesive protein (TRAP, also known as sporo- Further trials in children in Gambia and Mozambique
zoite surface protein 2 (SSP-2) are the two most welshowed the vaccine to be safe and led to a phase Ilb proof
characterized vaccine target antigens against which imf concept efficacy study in children in Southern Mo-
mune responses are most clearly associated with proteembique. First six months follow-up showed timatnu-
tion*2~*° Several candidate vaccines based on these twization with RTS,S/AS02 provided with 29.9%%% 0.004)
antigens have been designed, produced and taken to cli@duction in the risk of clinical malaria, delayed time to
cal trials and are at various stages of further developmdirst infection by 45%1§ < 0.0001) and reduced incidence
but two of these have made it to phase Il field trials anaf severe malaria by 57.7% € 0.0195°. A further fol-

will be discussed here in some detail. 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 montA% This is a significant finding that
addressed the crucial issue of the durability of protective

. L - immune response as a result of vaccination with a subunit
The most advanced malaria vaccine in clinical develop-

ment is the RTS,S/AS02 vaccine, jointly developed bcandldate vaccine, and confirms the potential of malaria

i Siing (G5 a0 i R ey a1 20 0 cord ol o ul el
of Research (WRAIRJ™8 The ability of hepatitis B sur- P P 9

face antigen (HBsAgQ) to form particles was central to th?é;nfgirégg Sz\égilr?ggnem’ alone or combination with other
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 epitopdare-erythrocytic subunit DNA vaccines
from the C-terminal part of the protein, were fused to
hepatitis B surface antigeDNA. Co-expression of the There is clear evidence from a large number of studies
fused DNA with unfused HBsAg in yeast, followed bythat T-lymphocytes are involved in controlling pre-
purification of the product from yeast cells, providederythrocytic malaria infection in the hd3t®. In humans,
spontaneously assembled multimeric particles (RTS,Sere is evidence that HLA class I-restricted T cells are
which are adjuvanted with AS02, an adjuvant formulatiolinked with protection from severe malatiz’™. Also, the
containing an oil in water emulsion of de-acylated monawell established irradiated sporozoite induced immunity is
phosphoryl lipid A and QS 21. Formulations of RTS,®ssentially associated with cellular respofts Based
with other adjuvants were also developed and tested lart several studies in animal models, mdsires in de-
were not found as effective as with AS02. veloping pre-erythrocytic stage vaccine have mainly fo-
A large number of adult volunteers were vaccinatedused on inducing cellular immune responses to specific
with RTS,S/AS02, both malaria-naive and malariamalaria antigens. Also, sind@NA-based vaccines are
exposed and showed no significant abnormafitiédost generally considered more suitable for inducing cellular
of the reported symptoms were mild and transient and iesponses, a number of DNA viral vector-basetlaria
general terms the RTS,S/AS02 vaccine was found to baccines have been designed and stuéi€d?°> The
safe for further human trid%*°°% The RTS,S/AS02 vac- major advantages of different DNA-based vaccines are
cine induced strong humoural response against the @f ease of production, stability and the fact that no adju-
epitopes as well as against induced HBsAg. The vaccivant is necessary for DNA vaceitions®. As it seems,
also elicited a strong lympho-proliferative response andNA vaccines are efficient in pning the host but they
CD4" T cells specific to both CS and HBsAg epitopesdo not boost efficiently. To overcome this, a heterologous
Initial efficacy studies with RTS,S/AS02 were carried ouprime-boost approach in which, vacation is carried out
in malaria-naive individuals using the sporozoites chast first with DNA, followed by vaccine viral vectors, en-
lenge modél’ in which the immunized individuals are coding the same antigen, has been sugg®sted he two
subjected to bites of infectious mosquito carrying theiral vectors used in DNA-basemalaria vaccines are
parasites of the same strain as the one from which the @8dified vaccinia virus Ankara (MVA) andttenuated
sequence is derived. In these controlled phase Il studipsxvirus (FP9Y°°,
RTS,S/AS02 showed an efficacy of 30-85% against the A vaccine termed as ME-TRAP has been developed
homologous challenge. In a phase llb, randomized coand tested in humaffe”. This vaccine consists of full
trolled field trials with RTS,S semi-immune adult maledength P. falciparumTRAP of strain T9/95, fused to a
in Gambia, the overall efficacy was 34% £ 0.014) dur- string of 20 previously characterized T-cell and B-cell
ing the 15-week follow-up period. However, estimate@pitopes. Epitopes but not the full-TRAP was recoded to
efficacy which was 71% during the first nine weeks oh mammalian codon bias and a series of sequential small

The RTS,S/AS02 vaccine
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clinical trials in healthy malaria-naive adult volunteer®oost studies using different comhbtions of these anti-
indicated that (i) vaccines were well tolerated and, (ii) ngens alone or with the CS prot&nVaccine constructs
antinuclear antibodies were detected after vaccinatiobhased on both LSA-1 and LSA-3 have been developed
Also, the prime-boostiNA-MVA) immunization pro- but have not moved beyond phase | trials.

duced 5-10 fold higher than the T-cell responses induced

Iby the DNA vaccine or the reco_mblnant vaccine alon%ﬂ]ood stage vaccines
mportantly, some degree of efficacy was also observe

following a sporozoite-challenge moffelHowever, ran- There are two lines of arguments that build rationality for

domized controlled trial of the efficacy DINA and ME~— a blood stage vaccine. First, individuals living in endemic
TRAP followed by MVA and ME-TRAP, carried out in 9 ine. First, als fiving

: : : areas do develop immunity to malaria infection upon re-
372 adult volunteers in Gambia, showed no evidence f%ated exposures, and second, transfer of antibodies from
the efficacy of this vaccifé The lack of efficacy ob- © P ’ ’

served in field trials with a vaccine that showed partiaﬂﬂlose living in endemic area to malaria-naive individuals

S rotected them from infectibn However, the exact na-

protection in a laboratory-based challenge assay suggests : .

o . X Y ture of the target antigens of these immune responses and
that it will be risky to develop any experimental vaccine . L

. . 2 . immunological correlates of protection in the blood stage
for clinical trials, if it has not shown complete protection . 57 _
. are far from being cledt?’. These factors and unavail-
in laboratory-based challenge assays.

Notable among other CS-based vaccine is the one ability of a suitable animal model of human malaria and

ing developed by Apovia Inc. that also uses the ability %le lack of an established human challenge model for the

hepatitis B surface antigen to assemble as particiés ood stages are major impediments in the development
of a blood stage vaccine.

Out of the several constructs that were designed and : L
; S . Merozoite surface, as a major interface between host
tested for immunogenicity in small animals, the one that

contains threlANP repeats, and a CS-based universeﬁnd pathogen, is an obvious target for the development of

T-cell epitope attached to HBsAg, and assembles as vir%sblOOd stage malaria vaccine. Proteins on the merozoite

particles during expression B. coli, was found to be surface are exposed to the immune system (although only

i - . . . for a short time), before and during invasion of erythro-
most suitable for phase I clinical trials carried out in the : .
. . cyte. A number of merozoite surface proteins have been

USA and Europe. This vaccine, named as ICC-1132, for: . . .
. . characterized and almost all of them are being considered

mulated in alum and Montanide ISA 720, was found to bé

R as potential vaccine candiddtes?"2%"" Merozoite surface
safe and well tolerated and is being developed futther rotein-1 (MSP-1), a large 200 kDa protein, is found on
A number of DNA vaccines based on pre-erythrocyt|ﬁ1 surface of the merozoites of all malaria species. MSP-

antigens have been developed and phase | trial conduc (ﬁas been shown to undergo proteolytic processing and
but it seems that no attempt was made to assess their Rrot

tection ability by using the sporozoite-challenge mbdel 0 be involved in the invasion of erythrocytes by mero-

DNA vaccines consisting of a single antigen like CS anzdplte' The C-terminal fragments remain attached to the

. e ) ) .~ merozoite surface through a GPIl-anchor, and a 19 kDa
'FS combination with other pre-erythrocytic stage antlger’f?agment has been located inside the invaded erythrocyte.
like TRAP, LSA-1, LSA-3 and EXP-1 (MuStDOS) have,, <, and, in particular, its C-terminal fragments have

been developed at the Naval Medical Research Centfe . .
72 L : ; €en the basis for the design of several blood stages vac-

USA’“. Results of clinical trials showed that while these. 7 . - .

cines’. However, it has been shown that some antibodies

DNA vaccines are safe and well tolerated, they mduceig MSP-1 can block the ability of malaria protective anti-

no detectable antibody response to any of the antigey, ;¢ 11 the same antigé@r®. Studies involving the in-

Although most volunteers did Shc.)W T-cell responses, theﬁ?bitory monoclonal antibodies and immunization experi-
was no evidence of any protection by the vaccines upgon

homologous sporozoite challed@& A totally synthetic ment with recombinant proteins have suggested that the

) . . e - C-terminal fragments of MSP-1 are the targets for protec-
polyoxime malaria vaccine containing B-cell and a univer:

sal T-cell epitope was found to elicit immune responses tiR\;Ie Immune responses, and therefore both, a 42 kDa
volunteers of diverse HLA typ&s A malaria vaccine con- t SP-Ly) and 19 kDa (MSP-), are being developed as

o . . o vaccine candidates by several workérBrominent among
sisting of a long synthetic peptide containaing B-cell epi- her merozoite-surface proteins are MSP-2, MSP-3

topes in an oil-based adjuvant induced CD 8(+) and C SP-4, MSP-5, MSP-9, AMA-1, Pf, EMP-1, EBA-175,

4(+) T-lymphocyte responses in hum&r$ However, in . ! : .
: : .etc. which are also being developed as vaccine candi-

none of these studies was any evidence of protecti M 1od.25.28,30,80

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 a8ynthetic peptide vaccine SpF66
tigens, including LSA-1, LSA-3 and exported antigen 1
(EXP-1) have been characterized as vaccine candidate @he first blood stage vaccine to be tested in humans,

tigens. This has enabled researchers to carry out prinb&xsed on polymeric synthetic peptides, consisting of a

1528 CURRENT SCIENCE, VOL. 92, NO. 11, 10 JUNE 2007



SPECIAL SECTION: MALARIA

number of epitope sequences from the blood as well also that they can be mixed to make a cocktail vaccine,
sporozoite stage protein, called SPf66, was developedwithout any interference with immune responses to the
Columbia. A number of field trials carried out in Colum-individual components.

bia, Equador and Tanzania indicated a significant reduc-

tion in ma_larla morbidity _bu_t furt_her trlals qf the SaM& 1< p_1.pased vaccines

vaccine failed to reduce clinical disease in different loca-

tions in Latin America and Africa resulting in terration

of its further developmeBt® The development and tri- The main strategy of MSP-1-based vaccine is to achieve

the goal of production of antibodies directed against the

als_ Wit.h S.Pf66 highlighted t_he com_plex nature and Vark terminal of MSP-1 (refs 77, 89—99). As mentioned ear-
ability in field trials of malaria vaccine. Although SPf66Iier most efforts in this dire(;tion have been focused on

did not finally show the efficacy that was reported from ; . i
earlier trials, it certainly showed that subunélaria vac- the production of recombinant MSRlor MSP-1 in

cines can be designed, produced and taken to field trizElPseir correctly folded confirmations; the C-terminal re-
9 P ion of MSP-1 contains a number of disulphide linkages

and in many ways paved the way for future design a and their correct folding is crucial for obtaining protec-

field trials of malaria vaccine. tive immune respons€s Immunization with MSP-

and MSP-1y provides protection in mice and mon-
A combination blood stage vaccine (MSP-1, keys? 9798 A substantial population of antibodies gener-
MSP-2, RESA) ated through immunization with MSPylis directed

towards MSP-1y portion of MSP-1,, and invasion-
A blood stage vaccine based on three recombinant blowthibiting activity in human immune serum is associated
stage malaria antigens, namely, MSP-1, MSP-2 andwith anti MSP-14 antibodies, anth vitro these antibod-
portion of the Ring Infected Erythrocyte Surface Antigeres inhibit invasion of erythrocytes by merozoife$.
(RESA, also known as Pf155), adjuvanted with MonThe exact mechanism of invasion of inhibition by these
tanide ISA 720 has been developetf Results of two antibodies is not clearly understood and it is known that
phase la vaccine trials conducted to test safety and isnme anti MSP-1 antibodies can interfere with the protec-
munogenicity revealed that all the three antigens elicitatve effect. It seems that the fine specificity of anti MSP-
both antibody and T-cell responses. No antigenic compgrg is crucial in determining their protective ability and
tition was observed and the volunteeeseaiving a mix- may well be an issue in the design of MSP-1-based sub-
ture of antigens showed similar response to theseiving unit vaccine$**
three antigens at separate sites (ASI). Phase-| safety trial¥here has been a lot of debate on the choice of the two
in adult male volunteers living in a highly endemic are€-terminal fragments of MSP-1 (MSRyland MSP-1)
of Papua New Guinea showed that the vaccine combinaut both are being developed as vaccine canditfatés
tion B formulation was safe in an already immune popuFhe issue with MSP4kis that it is polymorphic and ex-
lation and that it induced significant cellular responsessts in two distinct allelidorms and the concern is that
especially for MSP-1 and RESA The combination-B one form of MSP-, may not provide protection against
vaccine was then tested in children of 5-9 years of age.tlme other. A vaccine that utilizes a combination of the two
this study, a careful de-escalation design was introducethjor allelic forms (CFVO and 3D7 forms) has been de-
since neither the adjuvant nor the antigens had been pveloped and its formulation in alum has been taken to
viously tested in children. The results of this doublphase | trial. A recombinant MSR»lbased vaccine de-
blind, placebo-controlled trial provided evidence of theeloped at the WRAIR in collaboration with GSKbio and
tolerability and safety of the vaccine in children living informulated with AS02, was found safe in two phase la
malaria-endemic areas. However, adverse events wealiical trials”®>. However, a phase lla challenge study
frequently observed (more than 60%) but most of thefailed to show any protection from infection in humans
were local and mild. The fact that there were no seriowaccinated with this MSP;Xbased vaccine. Phase | and
or severe adverse events in these trials suggested thatase Il clinical trials with the same vaccine in Kenya
potent adjuvant like Montanide ISA 720 could be considhave also been completed and the results of these efficacy
ered safe. Although the study was not designed to setiials are keenly awaited.
ously investigate mechanisms of protection, the results ofImmunization with MSP- in mice and monkeys has
immunogenicity showed an enhanced antibody respongeovided complete protection even though it has been ar-
to all the three antigens in the vac&heonsidering the gued that MSP-} contains lesser number of T-cell epi-
safety and efficacy in reducing parasite density, furthéopes than MSP;1 However, MSP-Lis highly conserved
efficacy studies using different combinations of the threend antibody response to MSE-Iimmunization is pri-
proteins in children are being planned. These results anarily focused on the MSPdregion, suggesting that it
significant in that they show that different antigens prds anti MSP-14 antibody response that is crucial for pro-
duced by recombinant methods cannot only be made, hettior’*°¢ Methods to prepare correctly folded MSR-1
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have been developed at the International Centre for G&hanghai. The fusion protein, produced in high yields in
netic Engineering and Biotechnology (ICGEB) and Uniyeast(P. pastori$, elicited antibodies to both the compo-

versity of Hawai®°%. A vaccine based on the full lengthnents in small animals and monkeys. Following immuno-
MSP-1 is also being developed at the University of Hegenicity experiments in animals, phase | trials have been

delberd®. undertaken with a Montanide 720 formulatian
MSP-3 and GLURP Malaria vaccine development at ICGEB,
New Delhi

Merozoite surface protein-3 (MSP-3) and glutamate-rich

protein (GLURP) have been characterized as the two prgre \Malaria Group at ICGEB, New Delhi has undertaken
teins that are targeted by human IgG antibodies which cgfrts to develop vaccines for bdth vivaxandP. falcipa-
inhibit parasite growth in a monocyte-dependent manng{,, majaria. Given tha. vivaxandP. falciparumaccount
both inin vitro andin vivo conditions'™®"% Levels of o around 50% of malaria cases each, vaccines for both
MSP-3 and GLURP-specific cytophilic 19G1, and 19G3,5rasijte species will be needed to tackle the problem of ma-
X At 09103 : . €ffia in India effectively.P. vivaxis absolutely dependent
risk of malaria infectiof’?*°3 The major B-cell epitopes on binding the Duffy antigen receptor for chemokines
that are targets of human cytophilic antibodies have beBﬂARC) on human red cells for invasidh The receptor-
identified in MSP-3 and it is remarkable that immun%inding domains oPlasmodium vivaDuff Binding Pro-
dominant, both B- and T-cell epitopes, in MSP-3 are highly;, (PvDBP) have been mapped to its N-terminal con-
conserved” "% A vaccine based on a long synthetic pepseryeq cysteine-rich region referred to as region |I
tide containing three B-cell epitopes a_nd three T-_ceII epd'PvR“)na_ Antibodies against PVRII are expected to block
topes from MSP-3, formulated and adjuvanted with alufiye parasite invasion of erythrocytes. Methods to produce
and Montanide ISA 720 was shown to be safe and wWell.ompinant PvRII in its correctly folded conformation

tolerated in human in a phase | trial. Interestingly, alufj,ve peen developt 1% The process has been trans-
was as effective as Montanide ISA 720 in the inductiopreq o an industrial partner for production of clinical

of antibody-dependent cellular inhibitor (ADCI) mediat-grade recombinant PvRII under cGMP for use in human
ing antibody response. The antl_bodles_de\(elop_ed in h8inical trials to test the safety, immunogenicity and effi-
man volunteers in response to immunization, |nh|b|tegaCy of a vaccine based on PVRII

parasite growth iin vitro andin vivoassay¥™. Basedon p’ falciparumprimarily uses sialic acid residues on
a similar strategy, a 128 amino acid synthetic peptiq@y qnhorin A as receptors for invasidh Interaction
vaccine containing well characterized B_- and T-cell epiith sialic acid/glycophorin A is mediated by the
topes has been developed as a vaccine construct §hg \pa erythrocyte binding antigen, EBA-175 (felf2).

phase | trials with both alum and Montanide 720 havgg enior-binding residues faakic acid/glycophorin A lie
been completed. A fusion protein derived from GLURP

X , in the N-terminal conserved cysteine-rich region, referred
and MSP-3 has been producedLiactococus lactiind 14 545 pfF2, which shares homology with PVRII (ref. 11).

its immunogenicity tested in small animals and saimirAntinodies raised against PfF2 have been shown to block
monkeys. In animals, antlbodylrotzqun_se to both the cogrythrocyte invasiorin vitro and immunization in non-
stituent proteins was obser\_}éﬂ - Clinical trials ngh human primate models has yielded partial protection
MSP-3-GLURP hybrid proteins are being plantf&d® against blood stage challer§&™® Both PIMSP1, and
PfF2 are leading candidates for malaria vaccine develop-
Apical membrane protein-1 ment. The vaccine fd?. falciparummalaria being devel-
oped at ICGEB contains a physical mixture of
AMA-1 is another prominent blood stage antigen that isscombinant PIMSR} and PfF2. Immunogenicity stud-
being considered as a vaccine candidate. Exact functiges in small animals have demonstratedithatunization
of this microneme-associated, transmembrane proteinvigth the recombinant PIMSRdand PfF2 mixture elicits
unclear but immunization with recombinahllA-1 has high titre invasion inhibitory antibodies against both anti-
provided protection in mice and monk&ys't Even gens with no evidence for suppression of immune re-
though AMA-1 is significantly polymorphic, vaccine sponses against either antigen (Chitnis and Chauhan,
constructs based on an octodomain have been dspublished results). Methods to produce recombinant
signed'®*? A recombinant AMA-1 vaccine, adjuvantedPfMSP1,, and PfF2 have been developed. Both proteins
with AS02 has been developed by WRAIR together withre expressed iB. coli. While recombinant PfIMSR4is
GSKbio and taken to phase | clinical tridl¥. A chi- soluble and correctly folded when expressedEircoli,
meric fusion protein of PFAMA-1 and PfMSP] called recombinant PfF2 accumulates in inclusion bodies and
P. falciparumchimeric protein 2 (PfCP-2.9), has beemequires refolding into its native conformation. Methods
developed at the Second Military Medical Universityto produce recombinant PIMSRJand PfF2 have been
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developed and transferred to an industrial partner for prdevelopment. The real hurdles are GMP grade production
duction of the vaccine antigens under cGMP condition®f vaccine antigens, lack of challenge models, complex
The safety, immunogenicity and efficacy of the vaccineature of clinical trials and, last but not the least, huge

will be tested in a series of phase | and Il trials in the negbsts involved in field trials. However, with some of the

few years.

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

Conclusion

least partially efficacious malaria vaccine will be avail-

able in the next 10 years and that it will form the basis for

Malaria vaccine development is a complex and rigoroubke

development of other more effective malaria vac-

process which begins with the identification of candidateines.

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. 3.
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 recessarily need to be carried out in malaria-
endemic areas, making the logistics of these trials evers.
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 7.
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 g
would also be stable, easy to administer, inexpensive to
manufacture and affordable in poanalaria-endemic 9.
countries. However, from the existing knowledge and ex-
perience, it is more likely that the first generatinalaria 1%
vaccine will be partially protective, although safe but not
entirely free of small side effects and provide protective; 1.
immunity for a limited period of time. These vaccines
will be expensive to manufacture and not easifgrd-
able by those who will need them the most, without the12
help of donor funds.

Even though malaria vaccine development is complex
and a long-drawn affair, the last ten years or so have sean.
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 vacciness.
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 thaty.
needs to be addressed urgently; the adjuvants developed
by private companies may not always be easily availabl€s-
With theP. falciparumgenome now being available, it is
believed that many more novel antigens can be characteys
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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