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The humanmalaria is widely distributed in theMiddle East, Asia, the western Pacific, and Central and South America. Plasmodium
vivax started to have the attention of many researchers since it is causing diseases to millions of people and several reports of severe
malaria cases have been noticed in the last few years.The lack of in vitro cultures for P. vivax represents a major delay in developing
a functional malaria vaccine. One of the major candidates to antimalarial vaccine is the merozoite surface protein-1 (MSP1), which
is expressed abundantly on the merozoite surface and capable of activating the host protective immunity. Studies have shown that
MSP-1 possesses highly immunogenic fragments, capable of generating immune response and protection in natural infection in
endemic regions. This paper shows humoral immune response to different proteins of PvMSP1 and the statement of N-terminal to
be added to the list of potential candidates for malaria vivax vaccine.

1. Introduction

Malaria remains one major infectious disease that affects
most tropical regions of the world. Since the 1980s, the
world efforts for the development of vaccines were exclusively
directed for the most virulent malaria species (Plasmodium
falciparum), P. vivax produces around 80 to 300 million
clinical cases per year, and several reports of severe malaria
cases have been noticed in the last few years [1–5] by sim-
ilar complications and pathogenic mechanisms frequently
observed in malaria caused by P. falciparum [6, 7]. Drug
resistance of P. vivax to commonly used antimalarial drugs
has also been reported worldwide [1, 3, 8–16]. Therefore,
currently, the designation “malaria benign” is considered as a
mistake [17] challenging the current view of P. vivax as a less
harmful parasite and warranting development of an effective
vaccine.

Although the current investments are focused on
orthologs of P. falciparum, developing a vaccine for P. vivax
represents a major challenge especially considering the

lack of in vitro cultures and hence delays in identifying
and developing antigenic subunits for a functional malaria
vaccine.

In hopes of reducing morbidity and mortality caused by
P. vivax infection, the most important malaria vaccine candi-
dates are outlined in the preerythrocytic stage: CSP (Circum-
sporozoite protein) and SSP2/TRAP (Thrombospondin related
anonymous protein); asexual erythrocytic cycle: the subunits
of MSP-1 (42 kDa, 19 kDa, and a precursor molecule of
200 kDa),MSP-9, DBP-RII (Duffy binding protein receptor-2),
and AMA-1 (apical membrane antigen-1), and the antigens of
the sexual erythrocytic cycle, Pvs25 andPvs28.Other genes of
Plasmodium vivax asexual erythrocytic cycle that have been
identified as potential vaccine candidates are the PvMSP-3
family (pvmsp3a/3b/3g): PvMSP-4, PvMSP-5 and PvRBP-5
1/2 [18].

However, one of the major difficulties in developing
a malaria vaccine is the genetic diversity of highly poly-
morphic surface antigens of P. falciparum and P. vivax in
different geographic areas around the world. The problem
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of polymorphism tends to be more important for vaccines
based on blood stage targets of naturally acquired immunity
[19, 20].

2. A Target for Production of Vaccine

An effective vaccine against malaria has long been envisaged
as a valuable addition to the available tools for malaria
control. Nonetheless, extensive polymorphism and antigenic
variation of key parasite proteins hamper the development
of an effective vaccine to generate a long-lasting protection.
Unfortunately formany years, studies on the speciesPlasmod-
ium vivaxwere neglected and as a consequence only few anti-
genswere focus, such asDuffy binding protein (DBP) and cir-
cumsporozoite protein (CSP) [2]. The development of resis-
tance in P. vivax to several first-line antimalarial drugs and
severity of disease have been driven in a P. vivax vaccine [21].

Availability of the P. vivax genome has contributed to
antigen discovery, but new means to test vaccines in future
trials remain to be designed. In addition to the CSP, much
effort has been spent on other candidates in preclinical stud-
ies such as: the sporozoite surface protein 2 (SSP2/TRAP);
smaller fragments (i.e., the 19 and 42 kDa domains) and
whole of P. vivax MSP1 fragments (Pv200L); the parasite
ligand that contains the receptor-binding domain for Duffy
binding protein (DBP-RII); the apical membrane antigen 1
(AMA-1); the ookinete surface antigens (Pvs25 and Pvs28)
candidate to transmission blocking vaccines; and several
other genes from the asexual blood stages (e.g., MSP3, MSP4,
MSP5, MSP9, and the reticulocyte binding protein) that have
been identified and partially characterized [17, 18, 21].

The merozoite stage disrupts the erythrocytes and infects
again new erythrocytes in the bloodstream. MSP1 protein
demonstrated to have important role in the induction of
protective immune response in the test conducted using the
species P. chabaudi in challenge of infection in mice. The
study showed that the gene of MSP1 dominates the species-
specific protective immunity [22].

Individuals exposed to malaria develop immunity that
protects from the clinical manifestations of infection [23].
Based on this, efforts to produce vaccine have been directed
to the major merozoite antigen, the MSP1 complex.

During the invasion to erythrocytes, the processing of
precursor MSP-1 leads to production of four fragments of
82, 30, 38, and 42 kDa. The 42 kDa C-terminal fragment is
further cleaved into two fragments a 33 and 19 kDa, the latter
being the only remaining bound to themembrane, apparently
anchored via GPI. It has been described that proteolytic
processing of ortholog P. vivax MSP-1 is similar to that of P.
falciparum, which is necessary for parasite invasion of ery-
throcytes. Recently, it was demonstrated that a region of the
PvMSP1

19
might be an essential parasite adhesion molecule

in the P. vivaxmerozoite binding to erythrocytes [24].
These P. vivax MSP-1 fragments (MSP1

19
and MSP1

42
)

displayed strong immunogenicity in BALB/c mice and in
Aotus monkeys. In immunization experiments in mice with
formulations containingMSP1

19
andMSP1

42
fragments using

CFA as an adjuvant, aluminum and Montanide ISA 720

achieved better results with the highest levels of antibodies.
The pattern of IgG isotype was IgG1 with higher titles,
followed by IgG3 and IgG2 for both proteins [25].

Different recombinant proteins representing the
MSP1(19) of Plasmodium vivax were constructed with
addition of the T-cell Pan-allelic DR epitope (His6MSP1

19
-

PADRE) or transformed in the presence of a TLR5 agonist
(Toll-like receptors) from Salmonella typhimurium as an
adjuvant. As a result, a strong adaptive immune response
and long duration were gained in vaccinated mice [26, 27].

Another adjuvant tested was the gold nanoparticle (GNP)
used as a carrier of peptides, drugs, and others to target
tissues. According to tests conducted by Parween et al.
[28], there was production of antibodies in mice immunized
with the PvMSP1

19
and PfMSP1

19
fragments using GNP and

aluminum as an adjuvant.The adjuvant caused an increase of
immunogenicity when compared to aluminum and to GNP
alone.

The immunogenicity of recombinant PvMSP1
19

ex-
pressed in yeast containing two epitopes of tetanus toxin in a
formulation containing aluminum and copolymer P1005 was
found in Saimirimonkeys with an increase of IgG antibodies
after three immunizations and decrease in parasitaemia after
being challenged by infection of P. vivax [29].

Rhesus monkeys previously immunized with formula-
tions based on PvMSP1

42
had significantly lower parasite

burdens after challenge with Plasmodium cynomolgi (a phy-
logenetic species related to P. vivax) when compared to a
control group that received only adjuvant [30].

Primates immunized with a formulation containing a
fragment of theN-terminal extremity ofMSP-1 called pv200L
in Montanide ISA 720 showed vigorous antibody responses
that recognized parasite antigens in western blot and IFAT
assays. Immunized animals were partially protected against
P. vivax challenge, as determined by lower parasitemias,
reduced anemia, and spontaneous parasite clearance [31].

Studies on P. falciparum MSP1 as vaccines may provide
knowledge for the development of vaccines for P. vivax
[32–35]. That Phase I studies evaluated two formulations
of vaccines containing the portion PfMSP1

42
have shown

safety tolerability, and detectable antibodies of 74% and 81%
of individuals after 3 vaccinations. Although the protection
was species-specific, they were not immunogenic enough to
obtain a significant biological effect when performed in in
vitro test [36]. Phase 1B studies using other formulations
obtained immunogenicity, safety, and tolerability when tested
in children [37].

Development of an efficacious P. falciparum vaccine will
create optimism toward the likelihood of developing a mul-
tispecies vaccine. In addition, a growing number of antigens
are being added to the list of potential candidates and new
formulations must be tested to increase the immunogenicity
of vaccines using new adjuvants.

3. MSP1 Complex

In ultrastructural studies, the surface of the merozoite
appears as a thick fibrillar coat composed of integral and
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peripheral membrane proteins that have generally been
termed merozoite surface proteins (MSPs). It is thought
that MSPs are the important components in the erythrocyte
invasion mediating the relatively weak and reversible initial
interactions between the parasite and RBC [43–45].The Plas-
modiummerozoite antigens have been proposed as targets for
blood stage vaccines [18].

Amongst this family of molecules, the MSP1 has been
studied intensively because of the need to understand the
mechanisms involved in erythrocyte invasion by parasites
and its importance as an antigen capable of activating the
host protective immunity [39, 46]. MSP1 is a polymorphic
protein expressed abundantly on the merozoite surface and
is part of a complex in which proteins are associated with
MSP6 and MSP7, which bind to merozoite surface anchor
by glycosylphosphatidylinositol (GPI) and mediate initial
interactions between the parasite and the erythrocyte [44].

The ortholog of Plasmodium falciparum MSP1 complex
that contains two other parasite proteins, MSP6 and MSP7,
is likely to be an important component in the erythrocyte
invasion and it has been the focus of much research as a
vaccine candidate [44]. This complex undergoes two pro-
cesses cleavages, where the first processing performed by the
protease subtilisin-like (SUB1) [43] generates four fragments
of approximately 83, 30, 38, and 42 kDa, known as, MSP1

83
,

MSP1
30
, MSP1

38
, and MSP1

42
[46, 47].

MSP1 is a glycoprotein abundant on the surface and
essential formerozoite development due to its involvement in
erythrocyte invasion [47].The gene described in Plasmodium
falciparum MSP1 (PfMSP1) encodes a protein of 190 kDa
divided into 17 blocks classified as conserved, semiconserved,
and variables [48]. Many studies have used the polymorphic
regions of MSP1 as genetic markers to determine the genetic
diversity. Based on Block 2, PfMSP1 allelic variants fall
under three major types: MAD-20, K1, and RO33, but their
frequency varies in different geographical areas, even in
neighboring villages [49].

The primary structure of ortholog of (200-kDa) Plasmod-
ium vivax MSP1 glycoprotein (PvMSP1) was based on two
studies [39, 40] (Figure 1(a)). At first, the original division
was represented in interspecies conserved blocks (ICB) by
comparison of the MSP1 of P. vivax (strain isolated from
belem) between MSP-1 of P. falciparum, P. vivax, and P. yoelii.
According to this, PvMSP-1 consisted of seven highest amino
acid similarities betweenMSP-1 of the speciesP. falciparum,P.
vivax, and P. yoelii (ICB1, ICB2, ICB4, ICB5, ICB6, ICB8, and
ICB10). In three regions calling them CB conserved blocks,
amino acid similarity was even higher among P. falciparum,
P. vivax (CB3, CB7, and CB9), and also extensions called
polymorphic blocks, where the amino acid similarity was less
than 45% [39].

The second was based only on sequences of Plasmodium
vivax, and currently accepted pvmsp1 gene consists of 13
blocks, being seven conserved blocks (blocks 1, 3, 5, 7, 9, 11 and
13) flanked by six variable blocks called polymorphic blocks
(2, 4, 6, 8, 10 and 12) [40]. The extensive sequence divergence
in variable domains of orthologs msp1 has been maintained
by balanced selection over five million years, most likely as a
result of variant-specific immune pressure [50].

4. Advantage of Studying the N-Terminus
MSP1 as Candidate Vaccine

A large body of evidence indicates that MSP1 is highly
immunogenic in natural malarial infections and often asso-
ciated with parasite exposure. Humoral immune response
against PvMSP1 has been shown to be mostly against the
polymorphic domains [51–56]. Using recombinant proteins
representing different portions of PvMSP1, several studies
showed that conserved regions are weakly immunogenic
and, contrariwise increasing natural humoral response was
observed when stretches of amino acids of polymorphic
blocks were constructed between the ICBs [51, 53, 57]. The
serological surveys conducted in different regions of Brazilian
Amazon (Amazonas, Rondonia, and Belem) showed high
prevalence of IgG to ICB2-5 and denominated N-terminus
of the PvMSP-1 [42, 51, 54, 58]. Seroepidemiological studies
conducted in various tropical areas of the world also showed
higher levels of IgG against N-terminal PvMSP1 in individu-
als previously exposed to the parasite or in P. vivax-infected
patients [42, 53, 55, 56, 58].

Despite that recombinant ICB2-5 contains long stretches
of amino acids that are conserved among the P. vivax haplo-
types (Belem and Salvador), it has been well-established that
these antibodies primarily recognize the variable domains
(Blocks 2 and 4) of ICB2-5 [38, 39]. According toValderrama-
Aguirre [31], acquisition of natural IgG antibodies against a
panel of allelic variant proteins of major polymorphic blocks
of PvMSP1 showed that the Block 2 was poorly immunogenic
although it had been themost recognized by subjects exposed
to malaria in western Brazilian Amazon indicating that the
acquisition of variant-specific response requires successive
boosting of these polymorphic blocks [38].

In a prospective 1-year longitudinal study of a human
population in the Brazilian Amazon Basin in which asymp-
tomatic P. vivax patients had been previously, identified
high levels of antibodies against the N-terminus of Pv-
MSP1 were observed in individuals clinically protected from
malaria.Thiswas the first study to demonstrate an association
of clinical protection and reduced risk of infection with
naturally acquired IgG antibodies against a P. vivax antigen,
PvMSP1 [54].

In another study, three hundred thirteen residents of the
Rio Pardo rural settlement (Amazonas State, Brazil) were
evaluated in a cross-sectional and longitudinal follow-up over
two months (on site), wherein thick blood smear and rRNA
gene-based nested real-time PCR were used to discrim-
inate symptomless Plasmodium vivax-infected individuals
who did not develop clinical symptoms during two months
[42]. Assessing the acquired immune response against N-
terminus PvMSP1, levels of IgG3 anti-ICB2-5 were higher in
symptomless in Plasmodium vivax infected individuals than
those of subjects who had acute malaria or those uninfected
ones, raising importance of the N-terminus PvMSP1 to the
rationale of malaria vaccine designs [42].

To assess the acquisition of antibodies against ICB2-5
after an episode of acute malaria, a retrospective search was
performed on SIVEP-malaria database. Total IgG levels of
individuals who had an acute malaria ninety days before
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Figure 1: Schematic representation of the protein PvMSP1 according to two classifications adapted from Bastos et al. [38]. (a) Diagram
showing the division of PvMSP-1 into interspecies conserved blocks (ICBs) among P. falciparum, P. vivax, and P. yoelii (blank), blocks
conserved between P. falciparum and P. vivax (in gray), and polymorphic blocks (black), by Del Portillo et al. [39]. Another scheme showing
the division of PvMSP-1 in 13 blocks, 7 conserved blocks (blank), and six polymorphic blocks (black) by Putaporntip et al. [40]. (b) Location
and amine acids sequences of three recombinant proteins correspondent to Block-2 variants of PvMSP-1; (P1) conserved region located
upstream of Block2; (P2) corresponding to the repeats of haplotype belem; and (P3) corresponding to the repeats of another haplotype of
Pv-MSP1 Block 2 circulating in Manaus [41].

one cross-sectional follow-up were not different from symp-
tomless P. vivax-infected individuals (Figure 2(a)). However,
IgG3 anti ICB2-5 levels were very low (𝑃 < 0.05) in individ-
uals who have had malaria in the last 90 days corroborating
the idea of poor immunogenicity of Block 2 and requirement
of consecutive boosting for variant-specific humoral response
(Figure 2(b)).

When a panel of recombinant proteins of three Block 2
variants of PvMSP1 (Figure 1(b)) was tested against symp-
tomatic versus asymptomatic sera, IgG3 from symptomless P.
vivax-infected individuals reacted against most of the Block-
2 variants of PvMSP-1 and with higher levels of antibodies.
The results indicated prevalence of subclasses IgG reducing
the effect of genetic diversity of PvMSP1 [41].

Accomplishing retrospective study, individuals who had
malaria in the last 90 days showed a restricted humoral
response to the same panel of proteins (Figure 3). In addition,
the predominance of IgG3 against most of the Block-2

variants of PvMSP-1 confirms findings that these antibodies
were induced against repetitive polymorphic sequences [42].

5. Prospects for the Future

Thepotentiality of ICB2-5 as a potential subunit candidate for
malaria vaccine development was based on findings that high
levels of IgG3 antibodies against the N-terminus of Pv-MSP1
in asymptomatic individuals infected with Plasmodium vivax
were associated with clinical protection and reduced risk of
infection with Plasmodium vivax [42, 54].

Similarly, significant persistence of effective antibodies of
IgG3 anti N-terminal of P. falciparum MSP1 was associated
with prolongation time without malaria [59]. According to
the authors, the presence of IgG3 anti P. falciparum MSP1
Block 2 of the individuals who would be held by asymp-
tomatic infection confers a protective effect for extended
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Figure 2: Comparison of total IgG and IgG3 levels against ICB2-5. Comparison of antibodies of individuals from study [42] separated
according to subjects who have had acute malaria in last 90 days and symptomless P. vivax-infected individuals. Median of antibodies against
ICB2-5 was compared by Kruskal Wallis. (a) Total IgG; (b) IgG3.
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Figure 3: Frequencies of subclasses IgG responders agains a panel
of variants of PvMSP1 Block 2. Percentages of subclasses responders
agains ICB2-5 and a panel of major allelic variants of Block 2
expressed as recombinant proteins are shown between subjects who
have had malaria in last 90 days and symptomless P. vivax-infected
individuals from Rio Pardo, an agricultural settlement of Rio Pardo,
Presidente Figueiredo municipality, northeast region of Amazonas
State, Brazil [42].

periods. As such, it has considerable potential as a candidate
target for vaccine design and/or clinical trials [60, 61].

These studies allow us to conclude that for the progress
of a vaccine for malaria, a deeper understanding repertoire
of variable domains of candidates and demand strategies to
sustain the levels of specific IgG3 regularlymay be a new issue.
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genicity, immunogenicity, and protective efficacy of Plasmod-
ium vivax MSP1 Pv200L: a potential malaria vaccine subunit,”
American Journal of Tropical Medicine and Hygiene, vol. 73, no.
5, pp. 16–24, 2005.

[32] R. D. Ellis, Y. Wu, L. B. Martin et al., “Phase 1 study in malaria
naive adults of BSAM2/Alhydrogel(R)+CPG, 7909, a blood
stage vaccine against P. falciparum malaria,” PLoS One, vol. 7,
no. 10, Article ID e46094, 2012.

[33] E. S. Bergmann-Leitner, E. H. Duncan, R. M. Mease, and E.
Angov, “Impact of pre-existing MSP1(42)-allele specific immu-
nity on potency of an erythrocytic Plasmodium falciparum
vaccine,”Malaria Journal, vol. 11, p. 315, 2012.

[34] D. K. Moss, E. J. Remarque, B. W. Faber et al., “Plasmodium
falciparum 19-kilodalton merozoite surface protein 1 (MSP1)-
specific antibodies that interfere with parasite growth in vitro
can inhibit MSP1 processing, merozoite invasion, and intracel-
lular parasite development,” Infection and Immunity, vol. 80, no.
3, pp. 1280–1287, 2012.

[35] S. H. Sheehy, C. J. A. Duncan, S. C. Elias et al., “Phase Ia clinical
evaluation of the Plasmodium falciparum blood-stage antigen
MSP1 inChAd63 andMVAvaccine vectors,”MolecularTherapy,
vol. 19, no. 12, pp. 2269–2276, 2011.

[36] E.Malkin, C. A. Long, A.W. Stowers et al., “Phase 1 study of two
merozoite surface protein 1 (MSP142) vaccines for Plasmodium



Clinical and Developmental Immunology 7

falciparummalaria,”PLoS Clinical Trials, vol. 2, no. 4, article e12,
2007.

[37] M. R. Withers, D. McKinney, B. R. Ogutu et al., “Safety
and reactogenicity of an MSP-1 malaria vaccine candidate: a
randomized phase Ib dose-escalation trial in Kenyan children,”
PLOS Clinical Trials, vol. 1, no. 7, article e32, 2006.

[38] M. S. Bastos, M. Da Silva-Nunes, R. S. Malafronte et al.,
“Antigenic polymorphism and naturally acquired antibodies
to Plasmodium vivax merozoite surface protein 1 in rural
Amazonians,” Clinical and Vaccine Immunology, vol. 14, no. 10,
pp. 1249–1259, 2007.

[39] H. A. Del Portillo, S. Longacre, E. Khouri, and P. H. David,
“Primary structure of the merozoite surface antigen 1 of Plas-
modium vivax reveals sequences conserved between different
Plasmodium species,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 88, no. 9, pp. 4030–
4034, 1991.

[40] C. Putaporntip, S. Jongwutiwes, N. Sakihama et al., “Mosaic
organization and heterogeneity in frequency of allelic recom-
bination of the Plasmodium vivax merozoite surface protein-1
locus,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 99, no. 25, pp. 16348–16353, 2002.

[41] M. E. M. Almeida, F. G. Versiani, L. A. Soares et al., “Repertoire
of proteins of PvMSP1 Block 2 able to broaden protective and
serotype-specific IgG3 antibodies,” In press.

[42] F. G. Versiani,M. E.M. Almeida, C.M. Gisely et al., “High levels
of IgG3 anti ICB2-5 in Plasmodium vivax-infected individuals
who did not develop symptoms,”Malaria Journal, vol. 12, article
294, 2013.

[43] K. Koussis, C. Withers-Martinez, S. Yeoh et al., “A multifunc-
tional serine protease primes the malaria parasite for red blood
cell invasion,” EMBO Journal, vol. 28, no. 6, pp. 725–735, 2009.

[44] M. Kadekoppala and A. A. Holder, “Merozoite surface proteins
of themalaria parasite: theMSP1 complex and theMSP7 family,”
International Journal for Parasitology, vol. 40, no. 10, pp. 1155–
1161, 2010.

[45] A. A. Holder, “Malaria vaccines: where next?” PLoS Pathogens,
vol. 5, no. 10, Article ID e1000638, 2009.

[46] J. J. Babon,W. D.Morgan, G. Kelly, J. F. Eccleston, J. Feeney, and
A. A. Holder, “Structural studies on Plasmodium vivax mero-
zoite surface protein-1,”Molecular and Biochemical Parasitology,
vol. 153, no. 1, pp. 31–40, 2007.

[47] A. A. Holder, M. J. Blackman, P. A. Burghaus et al., “A malaria
merozoite surface protein (MSP1)-structure, processing and
function,”Memorias do Instituto Oswaldo Cruz, vol. 87, pp. 37–
42, 1992.

[48] K. Tanabe, M. Mackay, M. Goman, and J. G. Scaife, “Allelic
dimorphism in a surface antigen gene of the malaria parasite
Plasmodium falciparum,” Journal of Molecular Biology, vol. 195,
no. 2, pp. 273–287, 1987.

[49] G. N. Kiwanuka, “Genetic diversity in Plasmodium falciparum
merozoite surface protein 1 and 2 coding genes and its impli-
cations in malaria epidemiology: a review of published studies
from 1997–2007,” Journal of Vector Borne Diseases, vol. 46, no. 1,
pp. 1–12, 2009.

[50] C. Putaporntip, S. Jongwutiwes, T. Iwasaki, H. Kanbara, and A.
L. Hughes, “Ancient common ancestry of the merozoite surface
protein 1 ofPlasmodium vivax as inferred from its homologue in
Plasmodium knowlesi,”Molecular and Biochemical Parasitology,
vol. 146, no. 1, pp. 105–108, 2006.

[51] I. S. Soares, G. Levitus, J. M. Souza, H. A. Del Portillo, and
M. M. Rodrigues, “Acquired immune responses to the N- and

C-terminal regions of Plasmodium vivax merozoite surface
protein 1 in individuals exposed to malaria,” Infection and
Immunity, vol. 65, no. 5, pp. 1606–1614, 1997.

[52] I. S. Soares, M. G. Da Cunha, M. N. Silva, J. M. Souza, H.
A. Del Portillo, and M. M. Rodrigues, “Longevity of naturally
acquired antibody responses to the N- and C-terminal regions
of Plasmodium vivax merozoite surface protein 1,” American
Journal of Tropical Medicine and Hygiene, vol. 60, no. 3, pp. 357–
363, 1999.

[53] G. Levitus, F.Mertens,M. A. Speranca, L.M. A. Camargo,M. U.
Ferreira, and H. A. Del Portillo, “Characterization of naturally
acquired human IgG responses against theN-terminal region of
themerozoite surface protein 1 of Plasmodium vivax,”American
Journal of Tropical Medicine and Hygiene, vol. 51, no. 1, pp. 68–
76, 1994.

[54] P. A. Nogueira, F. P. Alves, C. Fernandez-Becerra et al., “A
reduced risk of infection with Plasmodium vivax and clini-
cal protection against malaria are associated with antibodies
against the N terminus but not the C terminus of merozoite
surface protein 1,” Infection and Immunity, vol. 74, no. 5, pp.
2726–2733, 2006.

[55] C. Fernandez-Becerra, S. Sanz, M. Brucet et al., “Naturally-
acquired humoral immune responses against the N- and C-
termini of the Plasmodium vivax MSP1 protein in endemic
regions of Brazil and Papua New Guinea using a multiplex
assay,”Malaria Journal, vol. 9, no. 1, article 29, 2010.

[56] L. M. Storti-Melo, W. C. Souza-Neiras, G. C. Cassiano et
al., “Evaluation of the naturally acquired antibody immune
response to the Pv 200L N-terminal fragment of Plasmodium
vivax merozoite surface protein-1 in four areas of the Amazon
Region of Brazil,” American Journal of Tropical Medicine and
Hygiene, vol. 84, no. 2 S, pp. 58–63, 2011.

[57] G. Levitus and H. A. del Portillo, “Advances toward the devel-
opment of an asexual blood stageMSP-1 vaccine of Plasmodium
vivax,”Memorias do InstitutoOswaldo Cruz, vol. 89, supplement
2, pp. 81–84, 1994.

[58] F. Mertens, G. Levitus, L.-M. A. Camargo, M. U. Ferreira,
A. P. Dutra, and H. A. Del Portillo, “Longitudinal study of
naturally acquired humoral immune responses against the
merozoite surface protein 1 of Plasmodium vivax in patients
from Rondonia, Brazil,” American Journal of Tropical Medicine
and Hygiene, vol. 49, no. 3, pp. 383–392, 1993.

[59] D. R. Cavanagh, D. Dodoo, L. Hviid et al., “Antibodies to the N-
terminal block 2 of Plasmodium falciparum merozoite surface
protein 1 are associatedwith protection against clinicalmalaria,”
Infection and Immunity, vol. 72, no. 11, pp. 6492–6502, 2004.

[60] G. J. M. Cowan, A. M. Creasey, K. Dhansarnsombut, A. W.
Thomas, E. J. Remarque, and D. R. Cavanagh, “A malaria
vaccine based on the polymorphic block 2 region of MSP-1 that
elicits a broad serotype-spanning immune response,” PLoSOne,
vol. 6, no. 10, Article ID e26616, 2011.

[61] K. K. A. Tetteh and D. J. Conway, “A polyvalent hybrid protein
elicits antibodies against the diverse allelic types of block 2 in
Plasmodium falciparum merozoite surface protein 1,” Vaccine,
vol. 29, no. 44, pp. 7811–7817, 2011.


