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bstract

Plasmodium vivax merozoites have been found to specifically invade immature red blood cells (reticulocytes) and this preference has been
ssociated with two proteins named reticulocyte binding protein-1 and protein-2 (PvRBP1 and PvRBP2). Previous reticulocyte binding assays
sing 15-mer synthetic peptides spanning the entire PvRBP1 sequence have shown that 25 out of the 195 peptides synthesised (grouped into
different regions) displayed high affinity binding to reticulocytes. The PvRBP1 region III (amino acids 1998–2348), encompassing 9 of the

reviously described high-affinity reticulocyte binding peptides, was expressed as a recombinant protein in the present study. This protein has
een shown to be antigenic in humans and it has also been able to induce good humoral and cellular immune responses in Aotus nancymaae
onkeys. Despite its high immunogenicity, no protective efficacy was observed in the immunised animals.
2006 Elsevier Ltd. All rights reserved.
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. Introduction

Malaria is a parasitic disease which is transmitted by
emale Anopheles mosquitoes and has been considered to
e one of the most prevalent infectious diseases in the world.
round 300–500 million cases of malaria occur annually,

ore than 2 million being mortal [1–3]. Only 4 out of the

lose to 100 Plasmodium species affect humans (Plasmod-
um falciparum, Plasmodium vivax, Plasmodium malariae

Abbreviations: RBP, reticulocyte binding protein; IPTG, isopropyl-
-thio-�-galactopyranoside; SDS-PAGE, sodium dodecyl sulphate-
olyacrylamide gel electrophoresis; PBS, phosphate-buffered saline; IFA,
mmunofluorescence antibody test; PBMC, peripheral blood mononuclear
ells; PHA, phytohaemagglutinin M; FITC, fluorescein isothiocyanate;
LISA, enzyme-linked immunosorbent assay
∗ Corresponding author at: Fundacion Instituto de Inmunologia de Colom-
ia (FIDIC), Carrera 50# 26-00, Bogota, Colombia.
el.: +57 1 3244672x141; fax: +57 1 4815269.

E-mail address: mapatarr@fidic.org.co (M.A. Patarroyo).
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tus monkeys

nd Plasmodium ovale); P. falciparum and P. vivax are the
ost common, P. falciparum being more prevalent in Africa

nd P. vivax in Asia and the Americas [3,4].
P. vivax is responsible for around 50% of all cases of

alaria occurring outside the African continent, mainly
n Middle east, South-eastern Asia and South and Central
merica. Due to the foregoing and the parasite’s increased

esistance to anti-malarial drugs [5] as well as the vector’s
ncreased resistance to insecticides [6], the need for a vaccine
gainst Plasmodium has become an urgent priority. How-
ver, progress in developing a vaccine which can effectively
ontrol P. vivax has been limited partly due to the lack of
nowledge regarding vaccine candidates with respect to P.
alciparum. Only partial information is available concerning
. vivax genome [7] and there is no data regarding its pro-

eome and transcriptome. Only six new blood stage antigens
ave been described in P. vivax during the last 3 years: RAMA
8], PvTRAg [9], MSP8 [10], MSP10 [11], RAP-1 [12] and
AP-2 [13].

mailto:mapatarr@fidic.org.co
dx.doi.org/10.1016/j.vaccine.2006.12.041
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One of P. vivax merozoites’ main characteristics lies in
ts selective invasion of human reticulocytes and previously
escribed reticulocyte binding proteins (RBP) 1 and 2 par-
icipate in this molecular event [14,15].

The P. vivax reticulocyte binding protein-1 (PvRBP1)
s expressed in the merozoite’s apical pole. It is a protein
aving high molecular weight (∼325 kDa). It specifically
ound to reticulocytes in an erythrocyte binding assay
EBA) described by Galinski et al. [15], since this protein
ad no binding activity when red blood cells (RBC) were
eticulocyte-depleted and binding activity became signifi-
antly increased when this cell population was enriched with
eticulocytes. PvRBP1 also has two RGD motifs which could
ave a reticulocyte binding function.

Urquiza et al. described four regions within the PvRBP1
equence containing 25 high reticulocyte binding peptides
16]; the so-called region III, comprising amino acids (aa)
998–2348, was the most conserved. It also contained nine
igh reticulocyte binding peptides which displayed greater
inding activity than peptides from the other regions. Due to
his protein’s great importance in invasion of reticulocytes,
nd as it could be considered as a candidate for a vaccine
gainst P. vivax, this region was expressed as a recombi-
ant protein in Escherichia coli in the present study and its
mmunogenicity and protection-inducing ability were evalu-
ted in Aotus nancymaae monkeys, as well as its antigenicity
n humans.

. Materials and methods

.1. Expression and purification of rPvRBP1-reg III
ecombinant protein

The gene encoding the PvRBP1 region III was cloned
n pQE-30 expression vector which adds six-histidine tag in
he N-terminal region, thereby facilitating the protein being
etected by anti-polyhistidine monoclonal antibodies and its
ubsequent purification. The recombinant plasmid was trans-
ected in E. coli M15 bacteria.

Recombinant clones were then used for inoculating 50 mL
f Terrific Broth culture medium (12 g/L tryptone, 24 g/L
east extract, 4 mL/L glycerol, 2.31 g/L KH2PO4, 12.54 g/L
2HPO4) containing ampicillin and kanamycin at 0.1 and
.025 mg/mL final concentration, respectively. Following
rowth at 37 ◦C overnight, this inoculum was transferred to
L culture medium containing the same antibiotic concentra-

ions and grown at 37 ◦C with constant shaking until reaching
0.6 OD600. Recombinant protein was expressed by adding

sopropyl-1-thio-�-galactopyranoside (IPTG) at 1 mM final
oncentration for 5 h at 37 ◦C.

The bacterial pellet was recovered by centrifuging at

0,000 × g for 20 min and suspended in 0.1 M sodium phos-
hate, 6 M urea, 20 mM imidazole at 30 mL final volume.
ne milligram per milliliter of lysozyme was added to the

uspension and sonicated for 1 min with a Branson dig-
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tal sonifier (Branson, Los Angeles, USA), followed by
entrifuging at 10,000 × g for 15 min; the pellet was then
iscarded.

The clear supernatant was applied to a Ni2+-NTA resin
ccording to manufacturer’s recommendations [17]. Briefly,
he resin was equilibrated with 0.1 M sodium phosphate, 6 M
rea and 20 mM imidazole. The non-retained fraction was
luted with the same buffer and bound protein was eluted with
.1 M sodium phosphate, 500 mM imidazole buffer. The frac-
ions were collected and analysed by SDS-PAGE and Western
lot.

.2. SDS-PAGE and Western blot of rPvRBP1-reg III
ecombinant protein

The affinity chromatography fractions were separated by
lectrophoresis on 12% polyacrylamide gels in the pres-
nce of sodium dodecyl sulphate (SDS) under reducing
onditions and then transferred to nitrocellulose membrane.
he membrane was blocked with 5% skimmed milk in
BS–0.05% Tween for 1 h at room temperature and washed

hree times with PBS–0.05% Tween. Anti-polyhistidine mon-
clonal antibody coupled to peroxidase was incubated at
:5000 dilution for 2 h at room temperature. After wash-
ng the membrane thrice with PBS–0.05% Tween, it was
evealed with a “VIP peroxidase substrate” kit (Vector Labo-
atories, Burlingame, Canada), according to manufacturer’s
ecommendations.

The pure recombinant protein fractions were pooled and
xhaustively dialysed against PBS 1×, pH 7.4, and con-
entrated by ultrafiltration; protein content was determined
y bicinchoninic acid microassay [18], using bovine serum
lbumin (BSA) as standard.

.3. A. nancymaae monkey immunisation

The animals used in this study were treated according
o the conditions previously established by the Colombian

inistry of Health (governed by law 84/1989) and the
ffice for Protection from Research Risks (OPRR, Depart-
ent of Health and Human Services, USA). The animals
ere supervised by a biologist specializing in primatology.
wenty A. nancymaae monkeys from the Colombian Amazon
egion which did not present evidence of prior Plasmodium
nfection as determined by immunofluorescence antibody
est (IFA) at 1:20 dilution of their sera were used in this
tudy.

A group of 10 monkeys was immunised with 50 �g
PvRBP1-reg III recombinant protein emulsified in Freund’s
omplete adjuvant (FCA) on day 0; they were then immunised
ith the same amount of antigen in Freund’s incomplete adju-
ant (FIA) on days 20 and 40. Another group of 10 animals

as used as control and only received PBS plus Freund’s

djuvant, in the same conditions. The animals were bled on
ays 0, 20, 40 and 60 and their sera were assayed for detecting
nti-rPvRBP1-reg III antibodies.
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.4. Challenge and parasitaemia assessment

Twenty days after the third immunization, both immu-
ised and control A. nancymaae monkeys were intravenously
hallenged with 2.5 × 106 of the P. vivax VCG-1 strain asex-
al blood stage parasites taken from previously infected A.
ancymaae monkey donors. After day 4, monkeys were
ollowed-up daily for the development of parasitaemia by
uantitative Giemsa-stained films and Acridine Orange stain-
ng determined by fluorescence microscopy. Non-protected

onkeys were treated with 30 mg chloroquine administered
ver 2 days (15 mg per day) following the conclusion of the
xperiment (day 17), or when parasitaemia levels reached
6%. Afterwards, they were quarantined and examined for

lood parasites to ensure cure and subsequently returned to
he jungle.

.5. rPvRBP1-reg III recognition by P. vivax-infected
uman sera and monkey sera using an ELISA assay

Polysorb (Nunc, Kamstrupvej, Denmark) plates were
oaded with 1 �g recombinant protein per well, incubated
vernight at 4 ◦C and washed thrice with PBS–0.05% Tween.
he plates were blocked at 37 ◦C for 1 h with 100 �L 5%
kimmed milk in PBS–0.05% Tween. The sera samples were
dded in duplicate in a 1:100 dilution and incubated for 1 h at
7 ◦C and plates were washed thrice with PBS–0.05% Tween.
ne hundred microliters of either a 1:8000 dilution of goat

nti-human IgG or a 1:10,000 dilution of goat anti-Aotus IgG
ntibodies coupled to peroxidase were added as secondary
ntibodies. Following 1 h incubation at 37 ◦C, the excess of
eroxidase-coupled antibody was removed by washing thrice
ith PBS–0.05% Tween. Plates were revealed by using a
MB Microwell Peroxidase Substrate System kit, follow-

ng the manufacturer’s instructions (KPL Laboratories, WA,
SA). A Labsystems Multiskan MJ ELISA reader was used

or reading absorbance at 620 nm (A620). Monkey antibody
itres were determined by successive two-fold primary anti-
ody dilutions until reaching an A620 value equal to control
alue ±2S.D.

.6. Detecting monkey anti-rPvRBP1-reg III antibodies
y immunoblotting

The recombinant protein was size separated on a 12%
olyacrylamide gel in the presence of SDS and transferred to
nitrocellulose membrane. The membrane was blocked with
% skimmed milk in PBS–0.05% Tween for 1 h at room tem-
erature, washed thrice with PBS–0.05% Tween and cut into
trips for evaluating each monkey’s serum. The pre-immune
nd immune sera from each monkey diluted 1:100 were incu-
ated in a 5% skimmed milk-PBS–0.05% Tween solution

or 1 h at room temperature, washed thrice with PBS–0.05%
ween and the peroxidase-coupled secondary antibody (goat
nti-Aotus IgG), at 1:4000 dilution, was incubated for 1 h at
oom temperature. A “VIP Peroxidase substrate” kit (Vector

s
s
i
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aboratories) was used for revealing the blots according to
he manufacturer’s recommendations.

.7. Isolating PBMCs and lymphoproliferation assays

Peripheral blood mononuclear cells (PBMCs) isolated
rom A. nancymaae monkey 3 mL blood samples were
btained by gradient centrifugation in Ficoll-Hypaque (1.077
ensity) (Lymphoprep, Nycomed Pharma AS, Oslo, Nor-
ay). 1 × 105 PBMCs per well were used as T-cell source.
en micrograms per milliliter PvRBP1 recombinant protein
as used as antigen. Phytohaemagglutinin M (PHA) (Difco,
I, USA) was used as positive cell proliferation control

5 �g/mL). Cell isolation was carried out in triplicate and
ultured in 100 �l complete medium (RPMI-1640 supple-
ented with 2 mM l-glutamine, 1% non-essential amino

cids, 1 mM sodium piruvate, 25 U/mL penicillin, 50 mg/mL
treptomycin and 5 × 10−5 M 2-mercapto-ethanol and 10%
utologous plasma). After 72 h culture at 37 ◦C and 5% CO2
n air, the supernatant was harvested and 100 �L per well
resh complete medium, containing 1 �Ci [3H]-thymidine
Amersham-Pharmacia, Buckinghamshire, UK), were added
o pulse the cultures for the last 16 h. The cells were then
arvested and specific incorporation was determined by liq-
id scintillation in a beta counter. The results are expressed
s stimulation index (SI), determined as being mean cpm
n recombinant protein-stimulated culture/mean cpm in con-
rol cultures incubated without antigen. A SI higher than 3
epresented a statistically significant difference.

.8. Indirect immunofluorescence assay

P. vivax schizont-infected erythrocytes were separated
rom A. nancymaae monkeys’ 3 mL blood samples by cen-
rifuging using discontinuous Percoll gradient [19]. Twenty
icroliters of these schizont-parasitized samples were then

own in eight-well multi-test slides (ICN, Irvine, CA, USA);
he sample was air-dried, fixed with 4% formaldehyde in PBS
or 6 min at room temperature, briefly washed with PBS and
hen permeabilised with 0.2% Triton X-100 in PBS for 6 min.
he slides were washed again twice with PBS. Each well was

hen blocked for 15 min with 5% BSA in PBS. Aotus immune
era directed against the recombinant protein were used as
rimary antibody at 1:100 dilution in PBS with 5% BSA. Flu-
rescein isothiocyanate (FITC) conjugated anti-Aotus IgG
as used as secondary antibody at 1:40 dilution in PBS with
% BSA. An Olympus BX551 fluorescence microscope was
sed for ascertaining immunofluorescence.

.9. Statistical analysis

Monkey antibody titres were expressed as the mean ± two

tandard deviations. An unpaired t-test was used to assess
ignificant differences amongst sera samples from P. vivax-
nfected patients who had suffered from a number of malarial
pisodes.
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. Results

.1. Expression and purification of recombinant protein

An expression vector allowing the addition of a six histi-
ine tag in the recombinant protein N-terminal extreme was
elected as a tool for detecting and purifying the recombinant
rotein. This system led to obtaining an insoluble protein
xpressed in inclusion bodies. Denaturing conditions (6 M
rea) were necessary for solubilising the protein of inter-
st. Protein expression level was monitored by Western blot
sing monoclonal anti-polyhistidine antibodies. Initially, the
ecombinant protein was purified by affinity chromatography
n Ni2+-NTA resin coupled to agarose and the fractions so
ollected were analysed by SDS-PAGE and Western blot.
hose fractions displaying a single band by SDS-PAGE
nd Western blot were collected and concentrated by ultra-
ltration for obtaining the recombinant protein (Fig. 1),
aving a 48 kDa molecular weight. The protein was exhaus-
ively dialysed against PBS 1× to ensure that the denaturing
gent had been completely removed and that the protein had
een obtained in a conformation as close to the native one as
ossible. The number of cysteines participating in forming
isulphide bridges was determined by Ellman’s assay [20],
howing that three out of the three cysteines found within
vRBP1 region III were not forming disulphide bridges.
A band coinciding with the recombinant protein’s molecu-
ar weight appeared in non-induced bacterial lysate; however,
here was no recognition in this lysate by Western blot using
nti-polyhistidine monoclonal antibody.

ig. 1. SDS-PAGE and Western blot corresponding to purified rPvRBP1-reg
II. Lane (1) Molecular weight markers (kDa), lane (2) non-induced bacterial
ysate, lane (3) IPTG-induced bacterial lysate, lane (4) SDS-PAGE for the
urified protein, lane (5) Western blot for the non-induced lysate and lane
6) Western blot for the purified protein using anti-polyhistidine monoclonal
ntibody.
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.2. rPvRBP1-reg III recombinant protein
mmunogenicity in A. nancymaae monkeys

.2.1. Humoral immune response
Purified recombinant protein was formulated with Fre-

nd’s adjuvant as previously described in Section 2 and used
or immunising the A. nancymaae monkeys. As detected
n Western blot and ELISA (Fig. 2a and b), a significant
ncrease in antibody production could be observed following
he second dose, which was maintained following the third
mmunisation. Antibody response was reproducible in the 10

onkeys and it can be seen in Fig. 2c that the titres obtained
ere high and presented values close to 1:51,200. However,
second band was observed in Fig. 2b which was attributed

o protein degradation caused by prolonged storage and vari-
us freeze–thaw processes. Anti-rPvRBP1-reg III antibodies
ecognised the PvRBP1 protein in fresh P. vivax parasites by
FA (as shown in Fig. 3a) and in parasite lysate by West-
rn blotting (Fig. 3b). The fluorescence pattern observed was
nique, as expected for proteins localised in this region of the
arasite.

.2.2. Cellular immune response
The T-lymphocyte proliferation rendered in A. nancy-

aae monkeys previously immunised with the recombinant
ntigen was determined in this experiment, revealing appro-
riate antigen processing and T-cell presentation. Table 1
hows the data regarding the cellular proliferation of the
0 A. nancymaae monkeys included in this experiment; the
onkeys were divided into two groups: those immunised
ith three doses of the recombinant antigen formulated in
reund’s adjuvant and those inoculated with PBS 1× also
ormulated in Freund’s adjuvant which were used as con-
rols. T-lymphocyte stimulation with recombinant antigen
ecame evident following the second dose and this response
ecame boosted following the third one. No T-lymphocyte
roliferation response was seen in the control group.

.3. rPvRBP1-reg III recombinant protein
rotection-inducing ability in A. nancymaae monkeys

Although the recombinant protein displayed high
mmunogenicity, both at humoral and cellular levels, no pro-
ection was observed in vaccinated monkeys when challenged
ith the P. vivax VCG-1 strain. Monkeys belonging to both
accinated and non-vaccinated groups displayed a similar
ehaviour reaching maximum parasitaemia between days 7
nd 8. No significant differences regarding peak parasitaemia
ere observed in either group (Fig. 4a and b).

.4. Recombinant protein antigenicity in humans
Sera from humans who had been living in endemic regions
n Colombia (mainly coming from the eastern plains of the
ountry (Guaviare and Norte de Santander)) and who had
resented different episodes of P. vivax malaria were assayed
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Fig. 2. Anti-rPvRBP1-reg III antibody production and detection by Western blot and ELISA. (a) Western blot corresponding to recombinant protein detection
by all monkeys immunised with recombinant antigen. Oddly numbered lanes, pre-immune sera diluted 1:100; evenly numbered lanes, immune sera diluted
1:100 for all monkeys. (b) Immunised monkey antibody production following each recombinant antigen dose. (c) Determining anti rPvRBP1-reg III antibody
titres. Two-fold dilutions of the sera were used; the titre value was determined as being pre-immune sera value ±2S.D.
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Table 1
Lymphoproliferation assay using rPvRBP1-reg III as model antigen and PHA as mitogen

Stimulation index (SI)

Pre-immune Post-first Post-second Post-third

rPvRBP1-reg III PHA rPvRBP1-reg III PHA rPvRBP1-reg III PHA rPvRBP1-reg III PHA

26051a 1 16 1 4 2 5 3 5
26055a 1 9 1 4 4 4 7 2
26071a 1 9 0 8 4 10 14 21
26083a 1 16 1 7 2 12 3 6
26088a 2 6 1 10 2 7 13 25
26093a 2 44 1 3 2 7 10 16
26099a 1 33 1 4 3 6 4 4
26102a 3 45 1 7 5 9 4 4
26108a 1 25 1 34 1 7 6 2
26136a 1 20 1 11 1 8 4 7
26043b 1 6 2 10 1 2 1 3
26045b 2 13 1 7 1 1 1 3
26106b 1 6 2 15 2 4 1 4
26113b 1 4 1 11 1 11 1 6
26116b 1 2 1 6 1 2 1 4
26118b 1 2 ND ND 3 5 1 1
26121b 1 5 1 13 1 4 1 2
26122b 1 36 1 2 1 3 1 4
26126b 1 3 1 7 1 9 2 5
26089b 2 21 2 3 1 7 1 8
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a Group of monkeys immunised with rPvRBP1-reg III.
b Group of monkeys used as control and immunised with PBS.

y ELISA; sera from patients from non-endemic areas were
sed as control. Fig. 5 shows that recombinant antigen recog-
ition by sera increased with the number of malarial episodes
uffered by the patients.

. Discussion

RBPs have been previously described and characterised
n P. vivax [14,15,21], being considered to be most important
ince they directly intervene in merozoites’ specific binding
o reticulocytes. P. vivax RBP homologue proteins have also
een described in P. falciparum [22–26] and in other Plas-
odium species such as Plasmodium yoelli [27], Plasmodium

ynomolgi [28] and Plasmodium reichenowi [29].
It was decided to work with a recombinant segment of the

vRBP1 from the so-called region III due to this protein’s
reat importance in reticulocyte invasion and the urgent need
o find new antigens which might be included in an effec-
ive vaccine against P. vivax. Region III has been shown to
ave high reticulocyte binding ability, containing nine high
inding activity peptides [16].

This recombinant antigen formulated in Freund’s adju-
ant was highly immunogenic in this study, inducing specific
nti-rPvRBP1-reg III antibodies (Fig. 2a) with high antibody
itres (1:51,200) (Fig. 2c) and T-lymphocyte proliferation

Table 1) in A. nancymaae monkeys, which lead us to suggest
hat the recombinant fraction used in the study specifically
timulated the cellular response, producing antigen-specific
ellular clones which became expanded and evident in vitro

f
v
m
4

hen quantified by incorporating tritiated thymidine and
ompared to the same amount of cells but grown in the
bsence of antigen (which did not become divided due to
he lack of specific stimulus: control). These antibodies were
lso able to recognise PvRBP1 in a fresh P. vivax prepara-
ion, revealing a unique fluorescence pattern, as expected for
roteins located in this region of the parasite (Fig. 3a) [14]
nd also in a P. vivax lysate by using Western blot (Fig. 3b).
igh antibody titres have also been seen after inoculating
ther P. vivax blood stage recombinant antigens into Saimiri
oliviensis monkeys [30]. Other Plasmodium blood stage
ecombinant antigens have also been shown to be immuno-
enic [31–36]. No significant difference has been observed
n antibody production between the second and third immu-
isations; however, a significant difference in T-lymphocyte
timulation has been observed in cellular immune response
uring the same time. There was variability in prolifera-
ive response produced by Aotus monkeys regarding PHA

itogen in the control group; however, such heterogeneity
as already been seen in A. nancymaae and Aotus nigriceps
onkeys when using PHA-P mitogen [37].
PvRBP1-reg III recombinant protein antigenicity has also

een shown here using sera from humans who have suffered
everal episodes of P. vivax malaria (Fig. 5), demonstrat-
ng that there is greater recognition when there has been an
ncreased number of episodes. These results agree with those

rom studies carried out by Tran et al. [35] who showed P.
ivax RBP1 antigenicity when using five recombinant frag-
ents covering the whole protein sequence (aa 23–458, aa

31–748, aa 733–1047, aa 1392–2076 and aa 2038–2611).



J. Rojas Caraballo et al. / Vaccine 25 (2007) 3713–3721 3719

Fig. 3. PvRBP1 detection in P. vivax fresh parasite. (a) Indirect immunoflu-
orescence assay using immune Aotus monkey’s serum against rPvRBP1-reg
III. A similar pattern was observed when other immune monkey sera were
tested (data not shown). (b) PvRBP1 detected by Western blot in P. vivax
l
a
t

H
r
c
(
b
t

g
m

Fig. 4. Parasitaemia curves developed by A. nancymaae monkeys used in
t
i
a

b
t
bonds between this region and the rest of the protein or the
formation of disulphide bonds with PvRBP2 [15], given that
PvRBP1 contains 16 cysteines in its amino acid sequence
which could be participating in forming intercatenary and
ysate. Lane (1) Molecular weight marker (kDa), lane (2) preimmune serum
nd lanes (3 and 4) immune sera from monkeys 26051 and 26055, respec-
ively.

owever, they did find that the most antigenic segments cor-
esponded to amino acids 433–748 and 733–1407 sequences
ontaining 1 and 3 high reticulocyte binding ability peptides
HABPs), respectively, compared to the nine from our recom-
inant antigen, and that antigenic response increased with the

ime spent residing in the endemic area.

In spite of the recombinant protein inducing high immuno-
enicity, no protective efficacy was observed in the animal
odel being studied (Fig. 4a and b). Lack of protection could

F
u

his study. (a) Control group of monkeys inoculated with PBS formulated
n Freund’s adjuvant. (b) Group of monkeys inoculated with recombinant
ntigen formulated in Freund’s adjuvant.

e attributed to several aspects including: the need for struc-
ural configuration depending on the formation of disulphide
ig. 5. ELISA for evaluating rPvRBP1-reg III antigenicity. The sera were
sed at 1:100 dilution.
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ntracatenary bridges; however, it is not known which cys-
eines participate in this event [14]. The rPvRBP1 region III
ontains three cysteines in its amino acid sequence (posi-
ions 2066, 2175 and 2208 in the Sal-I sequence) which do
ot participate in forming disulphide bridges according to
llman’s assay [20]. No evidence has been presented in our
ssays regarding any difference in rPvRBP1 region III mobil-
ty on SDS-PAGE gel, irrespective of whether DTT had been
ncluded (data not shown).

The need for modifying the protein’s amino acid sequence
hould also be taken into account as it could be silent,
s shown in prior studies with synthetic peptides derived
rom various P. falciparum antigens such as MSP1 [38,39],
BA-175 [40,41], RESA [42], ABRA [43] having similar
haracteristics to rPvRBP1-reg III as they are conserved and
isplay high binding ability to their target cells. They are
on-immunogenic and non-protective in their native config-
ration; however, when chemical modifications are made to
ome of their amino acids, these analogues become immuno-
enic and protection inducing.

Evidence of partial protection against P. vivax has been
bserved when A. nancymaae monkeys previously immu-
ised with recombinant fragments comprising most of the
SP1 33 kDa cleavage product including amino acids

317–1425 (rPvMSP120) and 1554–1624 (rPvMSP114) for-
ulated in Freund’s adjuvant [33] were challenged with this

arasite species, suggesting that protection could be mediated
y antibody and IFN-� production [44]. Protection has also
een shown in S. boliviensis monkeys with another PvMSP1
ecombinant segment belonging to MSP1’s C-terminal frag-
ent (aa 1622–1729) [30].
The results obtained in this study have shown PvRBP1-reg

II recombinant protein’s high immunogenicity in A. nan-
ymaae monkeys and its antigenicity in humans who have
uffered one or more infections by P. vivax. Our goal when
tarting the present study was to evaluate the potential pro-
ective efficacy rendered by this recombinant protein in order
o combine it (in a future work) with the previously stud-
ed rPvMSP120 and rPvMSP114 fragments to enhance their
rotective efficacy in a multi-antigen blood stage vaccine can-
idate. However, since no protection in monkeys immunised
ith PvRBP1-reg III alone was observed, we do not think

he inclusion of the latter, in its present form, to the mixture
ould improve protection.
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