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Abstract
The Plasmodium vivax Merozoite Surface Protein-3α (PvMSP-3α) is considered as a potential
vaccine candidates. However, the detailed investigations of the type of immune responses induced
in naturally exposed populations are necessary. Therefore, we aim to characterize the naturally
induced antibody to PvMSP-3α in 282 individuals with different levels of exposure to malaria
infections residents in Brazilian Amazon. PvMSP3 specific antibodies (IgA, IgG and IgG
subclass) to five recombinant proteins and the epitope mapping by Spot-synthesis technique to
full-protein sequence of amino acids (15aa sequence with overlapping sequence of 9aa) were
performed. Our results indicates that PvMSP3 is highly immunogenic in naturally exposed
populations, where 78% of studied individuals present IgG immune response against the full-
length recombinant protein (PVMSP3-FL) and IgG subclass profile was similar to all five
recombinant proteins studied with a high predominance of IgG1 and IgG3. We also observe that
IgG and subclass levels against PvMSP3 are associated with malaria exposure. The PvMSP3
epitope mapping by spot-synthesis shows a natural recognition of at least 15 antigenic
determinants, located mainly in the two blocks of repeats, confirming the high immunogenicity of
this region. In conclusion, PvMSP-3α is immunogenic in naturally exposed individuals to malaria
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infections and that antibodies to PvMSP3 are induced to several B cell epitopes. The presence of
PvMSP3 cytophilic antibodies (IgG1 and IgG3), suggest that this mechanisms could also occur in
P. vivax.
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1. Introduction
Plasmodium vivax is a leading cause of human malaria and, together with Plasmodium
falciparum, accounts for the majority of malaria cases worldwide. Although P.falciparum is
dominant in most of Sub-Saharan Africa, P. vivax causes approximately 50% of all malaria
cases in endemic regions outside of Africa, with 2.5 billion inhabitants of the Middle East,
Asia, Eastern Africa, Central and South America, and Oceania exposed to P. vivax, resulting
in an estimated 71–391 million cases of vivax malaria each year [1–3]. Critically, P. vivax
causes significant economic and social damage [4] and evidence of severe illness and death
due to P. vivax is being reported with increasing frequency [4–9]. While considerably
greater investments have been made over the last 30 years to research and control
P.falciparum, there have been recent attempts to call attention to the need for increased
resources for P. vivax vaccine and drug research and development [10]. Technological
advances enabling the sequencing and analysis of the P. vivax genome [11–12] and the call
for worldwide malaria eradication [13], have together placed new emphasis on the
importance of addressing P. vivax as a major public health problem.

Multiple antigens from the asexual P. vivax parasites have been identified and
immunologically characterized and a number of merozoite surface or apical organellar
localized proteins have been receiving the most attention. These include P. vivax Merozoite
Surface Protein-1 (PvMSP-1) [14], the PvMSP-3 family[15], PvMSP-9 [16], Reticulocyte
Binding Protein-1 (PvRBP-1) [17], Apical Membrane Antigen-1 (PvAMA-1) [18] and
Duffy Binding Protein (PvDBP) [19]. Among the merozite proteins, those with known
essential functions that can be disrupted by antibodies, represent the most promising
candidates for vaccine development. PvMSP-3α is a merozoite surface protein expressed
during schizogony and it appears to become intimately associated with the surface of the
merozoite [15,20]. Moreover, PvMSP-3α is a member of a multi-gene family [20], which
includes 11 members [12]). The initially discovered family members, PvMSP-3α,
PvMSP-3β and PvMSP-3γ share 35–38% identity and 48 53% similarity in pair-wise
comparisons [15,20–22]. Structurally, these proteins lack a transmembrane domain or a
GPI-lipid modification to anchor them in the outer membrane of the merozoite. The bulk of
these proteins is an alanine-rich central domain containing a series of heptad repeats
predicted to form a coiled-coil tertiary peptide structure, which may secure them on the
merozoite surface through interaction with other surface proteins [15,21]. Due to the
remarkable diversity, particularly noted in the central domain [22], the PvMSP-3α gene
sequence has become a highly regarded polymorphic marker for population based studies
[23-25]; the acidic C-terminal domain and a smaller hydrophilic N-terminus are relatively
conserved, while the central domain containing two annotated blocks of coiled-coil heptad
repeats (Block I and Block II) is highly polymorphic and in some isolates of P. vivax is
partially deleted [22].

PvMSP-3α has homologs in the simian malaria P. knowlesi [26–28], and in P.falciparum.
The initially discovered P.falciparum MSP-3 contains a small series of alanine-based heptad
repeats [29–30]. PfMSP-3 has been of considerable interest as a vaccine candidate, mainly
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because anti-PfMSP-3 antibodies significantly decrease parasitemia through an antibody-
dependent cellular inhibition mechanism [29] and partially protected New World monkeys
against lethal P.falciparum infectionin a pre-clinical vaccine trial [31]. PfMSP-3 long
synthetic peptides have also been shown to be safe and immunogenic in a phase I clinical
vaccine trial [32–33]. The predicted structural importance of PvMSP-3α and other PvMSP-3
family members at the surface of merozoites, the high relative conservation of the C-
terminal regions, and the relationship of PvMSP-3 to a similar merozoite protein which has
been highly regarded as a vaccine candidate in P.falciparum are reasons to investigate these
P. vivax antigens as natural immunogens and possible vaccine candidates. The present study
evaluates the naturally acquired immune response to PvMSP-3α in individuals exposed to
malaria infections in Rondonia State, in the Amazon region of Brazil, and provides
important information regarding PvMSP-3α immune responses generated in natural
infections in support ofthis antigen as a P. vivax vaccine candidate.

2. Material and Methods
2.1 Study area and volunteers

A cross-sectional cohort study was conducted involving 282 individuals from communities
in the malaria endemic region of Rondonia State, in the western Amazon region of Brazil,
where in the last five years P. vivax malaria accounted for more than 70% of all malaria
cases. The majority of the studied population consists of rain forest natives or transmigrants
from several non-endemic areas of Brazil that have lived in the region for 10 years or more.
Samples and survey data were collected during the dry months of June-August, coinciding
with the period of increased malaria transmission in Rondonia State. In addition, we also
have included as control subjects 24 naive individuals living in non endemic regions of
Brazil and the USA (Rio de Janeiro and Atlanta, respectively). Written informed consent
was obtained from all adult donors or from parents of donors in the case of minors. The
study was reviewed and approved by the Fundação Oswaldo Cruz Ethical Committee and
the National Ethical Committee of Brazil.

2.2 Epidemiological survey
In order to evaluate epidemiological factors that may influence the immune response against
PvMSP-3α, all donors were interviewed upon informed consent. The survey included
questions related to demographics, time of residence in the endemic area, personal and
family histories of malaria, use of malaria prophylaxis, presence of malaria symptoms, and
personal knowledge of malaria. Survey data was entered into a database created with Epi
Info 2002 (Centers for Disease Control and Prevention, Atlanta, GA).

2.3 Malaria diagnosis and blood sampling
Venous peripheral blood was drawn into heparinized tubes and plasma collected after
centrifugation (350 x g, 10 minutes). Plasma samples were stored at −20 ºC and transported
to our laboratory. Thin and thick blood smears of all donors were examined for malaria
parasites. Parasitological evaluations were done by examination of 200 fields at 1000X
magnification under oil-immersion; all slides were examined by a research expert in malaria
diagnosis. Donors positive for P. vivax and/or P.falciparum at the time of blood collection
were subsequently treated using the chemotherapeutic regimen recommended by the
Brazilian Ministry of Health.

2.4 Cloning, expression and purification of recombinant PvMSP3 α antigens
Five subfragments of the pvmsp3α gene, including sequences encoding the near full length
protein (nucleotides 73-2520), the N-terminal (Nt) region (nucleotides 73-309), Block I
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(nucleotides 316-1242), Block II (nucleotides 1246-2058), and the C-terminal (Ct) region
(nucleotides 2059-2523), were amplified from Plasmodium vivax (Belem strain) genomic
DNA with the Expand High FidelityPLUS PCR System (Roche). The five PCR products
were double digested with Nco I and Xho I, and ligated into the same restriction sites from
the pET24d(+) kanamycin resistant expression vector containing a C-terminal 6x His Tag
comprised of the amino acids ELHHHHH for purification purposes. The recombinant
expression vectors were confirmed by Big Dye terminator v3.1 sequencing. All five
recombinant proteins were successfully expressed at high levels in a soluble state using
BL-21 (DE3) or BL21-AITM cells after 3 hour induction at 37º with 1mM IPTG. The
soluble recombinant proteins were initially purified using HisTrapTM HP columns under
native conditions, and further purified by gel-filtration using either a Sephacryl S-200 HR
chromatography column or HiLoad Superdex 75 pg column. The final proteins were
evaluated on SDS-PAGE gels and via western imunoblotting using standard conditions.

2.5 Antibody Assays
Plasma samples from study participants were screened for the presence of naturally acquired
antibodies against the five recombinant proteins PvMSP3-FL, PvMSP3-BLI, PvMSP3-BLII,
PvMSP3-CT and PvMSP3-NT by ELISA. Briefly, maxisorp 96-well plates (Nunc,
Rochester, NY) were coated with 2 μg per ml of each recombinant protein After overnight
incubation at 4°C the plates were washed with PBS containing 0.05% Tween 20 (PBS-
Tween) and blocked with PBS-Tween containing 5% non fat dry milk (PBS-Tween-M) for 2
h at 37°C. Individual plasma samples diluted 1:100 PBS-Tween-M were added in duplicate
wells and the plates incubated at room temperature for 1 h. After four washes with PBS-
Tween, bound antibodies were detected with peroxidase-conjugated goat anti-human IgG
(Sigma, St Louis) followed by o-Phenylenediamine and hydrogen peroxide. The absorbance
was read at 492 nm using an ELISA reader (Spectramax 250, Molecular Devices,
Sunnyvale, CA). The results for total IgG were expressed as Reactivity Indexes (RI), which
were calculated by dividing the mean optical density of tested samples by the mean optical
density plus 3 standard deviations of 24 non-exposed control individuals living in non-
endemic areas of malaria. Subjects were scored as positive for serum IgG to antigen if the RI
was higher than 1.

For determination of IgA and IgG subclasses the following peroxidase conjugated
monoclonal mouse anti-human antibodies were used: clone HP-6001 for IgG1, HP-6002 for
IgG2, HP-6050 for IgG3, HP-6023 for IgG4 and B1524 for IgA (Sigma St. Louis, MO).
This set of antibodies has been used previously to characterize IgG subclasses within a
similar cohort of individuals living in Rondonia [34]. Subclass-specific prevalence for each
antigen was determined from OD values using 3 standard deviations above the appropriate
mean OD of 24 non-exposed controls as the cut-off for positive reactivity. To adjust the
affinity differences between the IgG subclasses, standard curves were prepared using human
IgG kappa myeloma proteins (Sigma, St. Louis, MO) from each of the four IgG subclasses
and human IgA purified from human colostrum (Sigma, St. Louis, MO). In addition,
standard curves enable conversion of OD values to concentration (μg/ml) for the comparison
of different subclasses. Purified human antibodies from each of the four subclasses and IgA
(Sigma St Louis, MO) were coated overnight at 4°C in PBS at 100 μl per well onto 96-well
plates in 1:2 serial dilutions from 24 μg/ml to 2−11 μg/ml. After washing four times, the
plates were incubated with the appropriate anti-human IgG subclass-specific mAb, washed
four times, incubated with peroxidase-labeled goat anti-mouse antibody, washed a final four
times, developed with o-phenylenediamine and hydrogen peroxide, and measured as
described above for subclass-specific ELISA. Subclass-specific OD values were converted
to concentration values (μg/ml) using sigmoidal curve-fit equations derived from subclass-
specific standard curves.
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2.6 Spot-synthesis
B-cell linear epitope mapping was carried out by the synthesis of an overlapping 15-mer
peptide library covering the entire amino acid sequence of P. vivax PvMSP-3α. The peptides
were simultaneously synthesized by the SPOT-method [35] on cellulose membranes with an
Ala-Ala linker, for preparation of immobilized peptides. The assembly of the peptides was
carried out utilizing 9-fluorenylmethoxycarbonyl (Fmoc) chemistry as previously described
[35–36]. The prepared membrane consists of overlapping 15 amino acid peptide residues
with an offset of four. For epitope analysis, a pool of 10 serum samples with high reactivity
indices to all 5 recombinant proteins in ELISA test at 1:100 dilutions was used. Bound
antibodies were detected with alkaline phosphatase (AP)-conjugated secondary antibody
(anti-human IgG) followed by a color reaction with CDP-Star Chemiluminescent Substrate
(Sigma; St Louis).

2.7 Statistical analysis
Statistical analyses were done using Epi Info 2002 (CDC, Atlanta, GA), Prism 4.0 and Instat
(GraphPad Software, San Diego, CA) applying the statistical test necessary. Differences in
medians for the study population data were tested by the non-parametric Mann-Whitney test
where appropriate. Student’s t test was used to compare the means of normally distributed
data, or normalized transformations were performed on raw data before testing by one-way
analysis of variance where appropriate. Differences in proportions were evaluated by the
chi-square (χ2) test. Relationships between years of residence in the endemic area and the
number of past malaria infections or months since last known malaria episode were assessed
with Spearman’s rank correlation. Multivariate logistic regression was used to assess the
relationship between antigen-specific total IgG responses and the independent variables of
gender, age, years of residence in the endemic area, number of past malaria episodes, and
months since last known malaria infection.

3. Results
3.1 Characteristics of studied population

Among our sample set, the studied population did not differ significantly in gender ratio
(χ2=1.4201; p=0.2222). Our epidemiological survey, summarized in table 1, shows that all
individuals studied are exposed to malaria infections throughout the year. The time of
residence in the malaria endemic area, number of past malaria episodes and past months
since the last infection vary greatly in studied individuals. However, a significant proportion
of studied individuals (52.9%) reported a prior experience with both P. vivax and
P.falciparum malaria when compared with individuals that had in the past, a single species
infection (32.1%) or individuals that could not recall infections in the past and mentioned
that they never had malaria even though they were born in the endemic area (p<0.0001).
Among donors with a previous malaria infection(s), years of residence in the endemic area
correlated positively with the past months since last malaria episode (Spearman r = 0.2344,
p<0.0001, n=249). Therefore, we used years of residence in the endemic area and number of
past malaria episodes reported by donors as indices of malaria exposure, and past months
since last malaria episode and infections during the year of blood collection as a crude
approximation of clinical protection. At the time of blood collection 34 (12%) individuals
were infected, 25 with P. vivax and 9 with P.falciparum (thus,74% P. vivax and 26%
P.falciparum), consistent with the current local case distribution data for these two species
reported by the Ministry of Health.
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3.2 Expression and purification of recombinant PvMSP3α antigens
Five recombinant proteins representing segments of PvMSP3α (Figure 1A) were expressed
in the pET24d (+) vector and purified (see materials and methods), and run in a standard
SDS-PAGE gel under reducing and non-reducing conditions (Figure 1B). Each recombinant
protein was soluble, and showed a higher molecular weight than projected from the
calculated molecular weight, as observed before for this family of proteins [15, 20]. The
near full length protein (FL), N-terminus protein (Nt), Block I (BLI), Block II (BLII), and C-
terminus (Ct) proteins (Figure 1A) ran at > 95%, 116%, 28%, 46% and 79% of their
expected molecular weights under reduced conditions (Figure 1B). Additionally, the FL and
Block I proteins formed higher molecular weight structures through predicted disulfide bond
formation under the non-reducing conditions (Figure 1B). The results of western
immunoblotting with anti-His antibody and anti-PvMSP3α antibodies indicated that each of
these purified recombinant protein bands correspond to the PvMSP3α subfragments (not
shown). With the exception of the near full length recombinant PvMSP3α, which always
appears as two protein bands on a reduced SDS-PAGE gel, each of the other four
recombinant proteins appear as a single protein band as shown in the reduced SDS-PAGE
gel. Based on the primary amino acid sequences, the recombinant proteins representing the
NT, Block I and the near FL have cysteine residues and may therefore form higher
molecular weight structures through disulfide bond. This seems to be the case for each of
these proteins, as shown in the non-reduced SDS-PAGE gel (Figure 1B).

3.2 Frequency of IgG antibodies to recombinant proteins derived from PvMSP-3α
The prevalence of naturally acquired antibodies specific to the five recombinant proteins
derived from PvMSP-3 was determined with plasma of all 282 studied individuals (Figure
2a). The results show that IgG antibody reactivity to PvMSP3-FL (full-length protein) was
present in 78% of all 282 donors. Moreover, when we evaluated the prevalence of IgG
antibodies to different regions of PvMSP-3, we observed that the two blocks of repeats
(PvMSP3-BLI, 64% and PvMSP3-BLII; 53%) and the C-terminus (PvMSP3-CT, 54%) were
significantly more recognized (p<0.01) than the N-terminal region (39%). As expected, all
individuals positive for the PvMSP3-FL recombinant also presented an IgG response to at
least one of the 4 recombinant proteins. In this context, among the PvMSP3-FL responders
(n=220) 26.8% also presented an IgG response to all four recombinant proteins, 25.4% to 3
of the recombinant proteins (mainly PvMSP3-BLI, PvMSP3-BLII and PvMSP3-CT), 37.7%
to 2 of the recombinant proteins, and 10% of individuals to 1 of the recombinant proteins.
Only 22% did not present antibodies to any of the recombinant proteins.

3.3 Magnitude of IgG response against the five PvMSP-3α recombinant proteins
To compare the relative magnitude of antibody responses, we determined IgG reactivity
indexes (RI) based on negative control cut-off values. As shown in Figure 2b, the RI of
individuals against the recombinant proteins varied from 0.21 to 8.91. The average RI of
responders against PvMSP3-FL (2.10±1.61), PvMSP3-BLI (2.06±1.45), PvMSP3-BLII
(1,81±1.05) and PvMSP3-CT (1.87±1.37) did not differ significantly (p>0.05). However the
average of RI against PvMSP3-NT (1.27±0.27) was significantly lower when compared with
all of the other recombinants tested (PvMSP3-FL: t=5.365; df=328; p<0.0001; PvMSP3-
BLI: t=5.651; df=288; p<0.0001; PvMSP3-BLII: t=5.265; df=258; p<0.0001; PvMSP3-CT:
t=4.528; df=260, p<0.0001). It is important to mention that all of the serum samples from
the 24 healthy individuals without previous history of exposure to malaria infections were
negative for all five recombinant PvMSP-3 proteins.
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3.4 IgG subclass distribution of anti-PvMSP-3α antibodies
We assessed the overall subclass distribution of the IgG antibody responses to each antigen
using two different comparative analyses. Firstly, we determined subclass-specific
prevalence of total IgG positive responders for each antigen using OD cutoffs determined
from ODs of non-exposed controls. Secondly, antigen-specific IgG1, IgG2, IgG3, and IgG4
concentrations for total IgG positive responders were determined from OD values using
subclass-specific standard curves (Table 2). Therefore, the results of both analyses were
comparable with a noteworthy predominance of IgG1 and IgG3 cytophilic antibodies. As
shown in figure 2c and table 2, the frequency and concentration respectively of IgG1 and
IgG3 antibodies significantly predominated over the IgG2 and IgG4 antibodies against all
five tested PvMSP-3 recombinant proteins (p<0.01).

3.5 Frequency and concentration of IgA antibodies against recombinant PvMSP- 3α
antigens

The frequency of positive individuals with IgA antibodies against the five recombinant
proteins were similar, presenting no statistically significant differences (P>0.05 in Chi-
squared test). As observed in table 2, the frequencies ranged from 21.3% (PvMSP3-BLI)
and 29.7% (PvMSP3-FL), however the comparison of IgA concentration with the IgG
subclass shows a different profile, with the concentration of cytophilic antibodies (IgG1 and
IgG3) significantly higher than IgA (P<0.001), on the other hand the concentration of non-
cytophilic antibodies (IgG2 and IgG4) was similar to IgA concentration.

3.6 PvMSP-3α specific antibody responses and malaria exposure
All humoral immune response data from our 282 studied individuals (frequency, RI and
antibody concentration) were matched with years of residence in the endemic area. Antibody
RIs increased with years of residence in the endemic area for all recombinant proteins.
However, the analysis by Spearman’s rank correlation showed that this association was
significant only with IgG reactivity indexes against PvMSP3-FL (r=0.1115; p=0.0462) and
PvMSP3-NT (r=0.1147; p=0.0480). Moreover, the concentration of IgG subclass antibodies
also correlated with years of residence in endemic area for PvMSP3-FL (IgG1, r=0.2432;
p=0.0021; IgG3, r=0.1231; p=0.0325), PvMSP3-BLI (IgG3, r=0.1672; p=0.0045) and
PvMSP3-CT (IgG1, r=0.1990; p=0.0013). Interestingly, we also observed an inverse
correlation between IgG4 concentration against the PvMSP3-CT recombinant and years of
residence in the endemic area (r= −0.1213; p=0.0398).

3.7 PvMSP-3α specific antibody responses and previous malaria infections
Antibody RIs to PvMSP3-FL (r=0.1680; p=0.0048) and PvMSP3-CT (r=0.1790; p=0.0026)
were associated with the number of past malaria episodes. Moreover when we stratified the
group of individuals according to the number of previous malaria infections (0, 1–3 or >3)
we observed that the total IgG RIs to PvMSP3-FL, PvMSP3-BLI and PvMSP3-CT increased
with the number of past malaria episodes and were significantly (p<0.05) higher in
individuals who presented 3 or more previous malaria infections (Figure 4). The Spearman’s
rank correlation analysis also showed that the IgG3 antibody concentration against PvMSP3-
FL was correlated with the number of past malaria infections (r=0.1401; p=0.0415) and
interestingly, the IgG2 antibody concentration against PvMSP3-CT was inversely correlated
(r=-0.1490; p=0.0313).

3.8 Humoral response levels and protective immunity
Time (in months) since the last malaria episode and the number of malaria infections in the
last six months were used as a crude means to estimate the donor’s level of protection from
clinical malaria. To assess if IgG and subclass levels correlated with this estimate, we
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calculated Spearman’s correlation coefficients between the IgG RI and IgG subclass
concentrations and these two parameters. No association was detected with the total IgG RI.
However, a positive correlation was observed between the IgG3 concentration for PvMSP3-
FL (r=0.1199; p=0.0495) and IgG1 for PvMSP3-CT (r=0.1910; p=0.01333) and the past
months since the last known malaria episode. Interestingly, as observed in Figure 5,
individuals with a ratio between the concentration of cytophilic and non-cytophilic
antibodies of at least 3 had a greater time since the last malaria infection when compared
with individuals with a ratio of 1-3 or less than 1.

3.9. Epitope mapping
To identify the epitopes present in the full-length protein, pooled serum from IgG
responders to the full length protein were tested against 193 overlapping peptides
corresponding to the complete sequence of PvMSP-3α synthesized in a solid phase by the
spot method. According to spot-image intensities (Figure 6), 25 antigenic determinants were
identified in the complete sequence of PvMSP-3α. The four regions represented in the
recombinant proteins present antigenic determinants ranging in size from 10 to 25 amino-
acids. The region corresponding to PvMSP3-NT presents three epitopes and PvMSP3-CT
presents four. However, the central domain of PvMSP-3, which comprises the two blocks of
tandem repeats, presents 11 and 7 antigenic determinants in PvMSP3-BLI and PvMSP3-
BLII, respectively.

4. Discussion
The surface of the P. vivax merozoite is covered with a layer of proteins organized into a
structurally complex coat, and the antigenic constituents of this surface coat are among the
most frequently discussed vaccine targets [37–39], basically because antibody-mediated host
immunity can limit the success of merozoite invasion into erythrocyte host cells [29,40–41].
However, the merozoite presents a wide array of proteins that could be included in a
vaccine. Therefore to include a merozoite protein as a vaccine candidate it is necessary to
evaluate several features that include conservation of structure and function and immune
response. In this context, PvMSP-3α has emerged as a potential candidate mainly because
(I) it is expressed during schizogony and appears to become intimately associated with the
merozoite surface; (II) it contains conserved regions; (III) it is related to P. knowlesi and
P.falciparum MSP-3 proteins [15], which are classically known as vaccine candidates
[31,42–43]; and (IV) it induces antibodies that block merozoite invasion in vitro and
induced partial protection in a preliminary trial to examine efficacy in a New World primate
model system (J. W. Barnwell and M. R. Galinski, unpublished results). Consequently, the
investigation of naturally acquired anti-PvMSP-3-α presented in this work becomes relevant
with regards to the continued consideration of PvMSP-3α as a vaccine candidate.

In a cross-sectional study carried out in Porto Velho, Rondonia State, Brazil, we assessed
naturally acquired humoral immune responses against five recombinant protein constructs
representing the complete amino acid sequences of PvMSP-3α. The fact that the majority of
studied individuals had reported P. vivax and P.falciparum infections in the past, suggests
that both malaria parasites circulated in this region in recent decades. It is classically known
that the natural exposure to malaria infections is closely related with acquisition of
antibodies to Plasmodium spp. antigens [44–47]. The broad range of age, number of past
malaria episodes, time of expositure and months since individual’s last reported malaria
episode identified in our studied population would indicate that the inhabitants exhibit
different degrees of immune reactivity against P. vivax and consequently to the PvMSP-3-α
proteins tested here.
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Our first set of data on antibody responses show that PvMSP-3α is a target of the immune
response in individuals naturally exposed to P. vivax malaria transmission. We show a high
frequency of IgG responders against the full length recombinant protein and recombinant
proteins representing four different regions of the molecule, indicating that the pET E. coli
expression systems successfully generated epitopes that share similar antigenic determinants
as the native proteins. The high polymorphism observed in several regions of the world in
the PvMSP-3α diverse central domain does not seem to occurs in the studied endemic area,
since the frequency of individuals that recognized the recombinant proteins representing
these domains (PvMSP3-BLI and PvMSP3-BLII) is higher that the frequency of individuals
that recognized the recombinant proteins representing the conserved regions (PvMSP3-NT
and PvMSP3- CT) [21,48-49]. In addition, the frequencies of IgG responders against
PvMSP-3α presented similar overall frequencies of naturally acquired IgG response against
classical P. vivax candidate antigens like PvMSP-1 [50-51], PvAMA-1[52], PvMSP-9 [34]
and PvRBP-1 [47], indicating that PvMSP-3 is highly immunogenic in naturally exposed
individuals. However, recently, was demonstrated that the breadth and magnitude of IgG
antibody responses to P.falciparum merozoite antigens (MSP-1, MSP-3 and AMA-1) are
better associated with protection from clinical malaria than only the frequencies of
responders [53]. In agreement with this finding, we observed that the RIs were high against
the full-length protein, the two blocks of heptad repeats and the C-terminal region, while the
lowest levels were observed in PvMSP3-NT. The observation that higher indexes of
antibodies against PvMSP3-FL and PvMSP3-CT were present in individuals with more time
of residence in malaria endemic areas and the IgG antibody levels against PvMSP3-FL,
PvMSP3-BLI and PvMSP3-CT increased accordingly with the number of past malaria
episodes indicate that repeated P. vivax infections and/or exposure could significantly
increase, not only the frequency of responders, but also the magnitude of IgG antibodies
against PvMSP-3α. This pattern of a cumulative immune response observed here against
PvMSP-3α was also observed for several other P. vivax and P.falciparum candidate antigens
[34,44,47,54–58].

The naturally acquired protective immunity against P. vivax tested with vaccine candidate
antigens is poorly explored. The association of clinical protection with specific antigens of
P. vivax has been reported in only two prospective cohort longitudinal studies [59–60]. In
the first, clinical protection was associated with IgG3 antibodies against the N-terminus of
the merozoite surface protein 1 (PvMSP-1) in residents of the Brazilian Amazon region of
Portuchuelo [60]. In the second, clinical protection was reported in children from Papua
New Guinea [59] where the frequency of naturally-acquired binding inhibitory antibodies
against the Duffy-binding protein region II (PvDBPII) were associated with protection
against P. vivax infection. Studies on IgG responses against P.falciparum antigens have
consistently showed that cytophilic subclasses IgG1 and IgG3 play an important role in a
protective antibody response in humans [61]. The proposed mechanism involves parasitic
inhibition mediated by engagement of Plasmodium-specific cytophilic Ig antibodies to Fc
receptors on the surface of monocytes [62]. Interestingly, the first observation of this
mechanism was reported by Oeuvray et al using antibodies against a PvMSP-3 homologue,
the originally characterized P.falciparum MSP-3 [61]. Nevertheless, only a small number of
studies have investigated cytophilic antibody responses against P. vivax [47,52,63].
Therefore, in our study, we have demonstrated that IgG positive individuals against all
PvMSP-3α recombinant proteins studied here present a high frequency and concentrations
of anti-PvMSP-3 cytophilic antibodies IgG1 and IgG3.

Although we demonstrate a general predominance of anti-PvMSP-3 cytophilic IgG
antibodies, the correlation to clinical immunity is rather tenuous, based on currently
available data. The cross-sectional design of our study limited the investigation to
retrospective malaria histories, and the best approximation of an individual’s protection was
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the estimated amount of time that had passed since their last malaria episode. We were only
able to observe positive correlations between IgG1 and IgG3 reactivities against PvMSP3-
FL and PvMSP3-CT with the past months since malaria infection. These results suggest a
possible role of PvMSP-3 cythophilic antibodies in protective immunity against P. vivax
infection. However, prospective studies on humoral immune responses or biologic studies
addressing the ability of these antibodies to inhibit merozoite invasion or the development of
blood-stage parasites will provide more direct evidence with regards to their protective
efficacy.

The present work describes for the first time the fine B cell epitope mapping of a full-length
protein of P. vivax using spot-synthesis. Information at the amino acid level about the
epitopes of proteins recognized by antibodies is important for their use as biological tools,
therapeutic molecules, and for understanding molecular recognition events in general [64].
In this context, T and B cell epitope prediction programs are largely used in malaria research
[65–66]. However, the use of chemically prepared arrays of short peptides has emerged as a
powerful tool to identify and characterize epitopes recognized by antibodies [35–36]. Our
results from the spot synthesis assays suggest that PvMSP-3α can present as many as 25
antigenic determinants to the immune system. However, several events are important in
determining whether an antibody against a specific peptide will bind to the native protein
from which the peptide sequence is derived; in this process the length of the immunizing
peptide is critical. To raise antibodies to a peptide, a minimum length of six amino acids is
required, and peptides of >10 amino acids are generally required for the induction of
antibodies that may bind to the native protein [67]. In this context, the synthesis of 15 amino
acid peptides, with 9 overlapping, has allowed the identification of PvMSP-3α B-cell
epitopes encompassed in sequences ranging from 10 to 25 amino acids in length. The
majority (18/25) of the sequences containing the B-cell epitopes are localized in the two
blocks of heptad repeats in the diverse central domain of PvMSP-3α. On the other hand, 7
epitopes were assigned to sequences in the N and C terminal flanking regions, which are
relatively conserved [22]. This finding could be important, in a future vaccine composition
based on these conserved regions, rather than the highly polymorphic central domains, as so
far confirmed for PvMSP-3α and PvMSP-3β [21–25] and which may be the rule for other
members of this gene family[12].

In conclusion, PvMSP-3α is highly immunogenic in individuals living in malaria endemic
areas of the Brazilian Amazon. This protein presents several linear B-cell epitopes in its
sequence, and the immune response generated is mainly mediated by cytophilic antibodies,
which are associated with time of exposure to infections and apparent protective immunity.
However, studies on the functional activity of these antibodies and further characterization
of the B cell epitopes described here are required to further assess the potential of
PvMSP-3α as a vaccine candidate. Moreover, the complexity of the immune response
against the surface of the P. vivax merozoite must be re-considered, particularly if many or
all of the members of the 11 member pvmsp3 gene family [12] prove to be similarly diverse,
expressed and immunogenic.
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Figure 1.
Expression and purification of recombinant PvMSP3α proteins in E. coli. 1A, Schematic
depicting the near-full length, N-terminal (Nt), Block I, Block II and C-terminal (Ct)
PvMSP3α segments designed for recombinant protein expression. Each recombinant protein
was developed with a C-terminal His tag (with the ELHHHH amino acid sequence) for
protein purification purposes. The Block I and Ct recombinant proteins have one additional
alanine (A) after the start methionine (M). 1B, Purified recombinant proteins were separated
by SDS-PAGE under reducing and non-reducing conditions, as indicated. The protein
molecular weight standards are Precision Plus Protein All Blue Standards (Bio-Rad).
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Figure 2.
Frequency of IgG responders (a) reactivity indexes and (b) frequency of IgG subclass
responders (c) against the five recombinant proteins tested in the studied population. Chi
squared test for proportions analyses were performed to determine if a statistical difference
existed for each antigen (*). The frequency of IgG responders to PvMSP3-FL was
significantly higher when compared with all others recombinants (p<0.05), while the
frequencies to PvMSP3-NT were the lowest when compared with all others (#) (p<0.01).
The frequency of IgG1 and IgG3 subclasses statistically predominated (*) over IgG2 and
IgG4.
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Figure 3.
Stratification according to numbers of past malaria infections reported, 0 (n=33), 1–3
(n=102) and >3 (n=138), in the epidemiological interview of donors enrolled in our study
and the reactivity indexes against PvMSP3-FL (a) and PvMSP3-BLI (b) and PvMSP3-CT
(c).
* p<0.05, ** p<0.01 and *** p<0.001 by Mann-Whitney rank sum test.
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Figure 4.
Stratification according to ratio between the concentration of cytophilic (IgG1 + IgG3) and
non-cytophilic antibodies (IgG2 + IgG4) against PvMSP3-FL by past months since the last
malaria infection.
* p<0.05 and *** p<0.001 by Mann-Whitney rank sum test.
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Figure 5.
Reactivity of IgG antibodies from a pool of 10 serum samples from individuals with high
reactivity indices to all 5 recombinant proteins against peptides covering the full-length
sequence of PvMSP-3 (overlapping 15 amino acid peptide residues with an offset of 4).
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Table 1

Summary of the epidemiological characteristics of studied individuals enrolled in this work

Epidemiological characteristics

 Gender a

 Male (n) 158

 Female (n) 124

 TOTAL (n) 282

Age (Mean ± SD) 36.1 + 16.9

Time of residence in malaria endemic area (Mean ± SD) 28.5 + 17.0

Number of past malaria infections (Mean ± SD) 7.0 + 9.1

Number of malaria infections in the last 6 months (Mean ± SD) 0.5 + 1.1

Past months since the last malaria infection (Mean ± SD) 41.0 + 50.1

Hospitalization in malaria past infections b (n/%) 56 / 19.8%

Use of prophylactic measures e 131 / 46.5%

Previous malaria species contracted c

 Negative (n) 33 / 11.8%

 P. vivax (n) 56 / 20%

 P.falciparum (n) 34 / 12.1%

 Both species (n) 148 / 52.9% d

a
Differences in gender proportions were not statistically significant. Χ2=1,4201; p=0,2222

b
We could not determine if clinical criteria were compatible with severe malaria,

c
11 (3,2%) individuals did not remember the previous malaria parasite species contracted

d
Bold typeface indicates that the prevalence was significantly higher when compared with all other observations (P<0.0001)

e
Were considered as prophylactic measure; i.e., the use of residual insecticide, bednets or insect repellent
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Table 3

Epitopes identified by IgG reactivity detected in the spot-synthesis assay with serum from positive responders
against the PvMSP-3α recombinant proteins.

PvMSP-3α Region Epitopes AA position Position in Spot- synthesis assay

PvMSP3-Nt EAPNSSRHHLRNGF E32-F46 A8-A10

KNDSLPHEEPNNLE K49-E62 A12-A13

DQVTKKEKKTIKKA D77-A90 A19-A21

PvMSP3-BLI AEQIQAELQKVKTA A105-A118 B1-B4

SATAAETAKNNAVS S125-S138 B8

KGLDAAKTAIKKAKAAAEEAKKEAAI K141-I166 B11-B16

KAEKDAEAAQ K168-Q178 B19

AKTAATNAEKKKTK A193-K206 C1-C2

EAQKACEKAKKAHA K229-A242 C10-C11

KSTEDLSVAKDK K282-K294 C23-C24

EIAAEVAKAKVAK E313-K326 D2-D4

KKAEEAKKIVDKI K333-I345 D6-D7

AAEFATEVKKAT A357-T370 D11-D13

GAKKAAGEAKKASI G401-I409 E5

PvMSP3-BLII EVAKAEVLNAEVK E421-K434 E10-E11

NDATEAKKQAEKAKAAAEEAKTHGEK N441-K466 E14-E18

KAYAVEAHLAKTKN K505-N518 F2-F5

DAANIAHQKWLKAT D541-T554 F14-F19

KAQKEATAAKLKA K573-A585 F23-F24

AEDAAEEAKEAAKK A645-K658 G7-G12

DKTIAAAKKAKKARE D673-E686 G24-H2

PvMSP3-Ct KAAYGLLKTKNQYVL K687-L702 H3-H7

LDISPESADNITSK L705-K718 H8-H9

QTGGNRERRNTSDTVDDT Q773-T790 I1-I4

GDEFDTYDDIKKVT G796-T810 I6-I8
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