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Alfonso Patarroyo1,6*

1 Molecular Biology and Immunology Department, Fundación Instituto de Immunologı́a de Colombia (FIDIC),
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Abstract

Malaria is an infectious disease caused by parasites from the genus Plasmodium (P. falcipa-

rum and P. vivax are responsible for 90% of all clinical cases); it is widely distributed

throughout the world’s tropical and subtropical regions. The P. vivax Pv12 protein is involved

in invasion, is expressed on merozoite surface and has been recognised by antibodies from

individuals exposed to the disease. In this study, B- and T-cell epitopes from Pv12 were pre-

dicted and characterised to advance in the design of a peptide-based vaccine against

malaria.

For evaluating the humoral response of individuals exposed to natural P. vivax infection

from two endemic areas in Colombia, BepiPred-1.0 software was used for selecting B-cell

epitopes. B-cell epitope 39038 displayed the greatest recognition by naturally-acquired anti-

bodies and induced an IgG2/IgG4 response. NetMHCIIpan-3.1 prediction software was

used for selecting peptides having high affinity binding for HLA-DRβ1* allele lineages and

this was confirmed by in-vitro binding assays. T-epitopes 39113 and 39117 triggered a

memory T-cell response (Stimulation Index�2) and significant cytokine production.

Combining in-silico, in-vitro and functional assays, two Pv12 protein regions (containing

peptides 39038, 39040, 39113 and 39117) have thus been characterised as promising vac-

cine candidates against P. vivax malaria.

Introduction

Malaria caused by Plasmodium vivax is an important public health problem in many countries

worldwide; 13.8 million cases occurred in 2015, causing about 50% of all cases of malaria out-

side of Africa [1]. According to the PAHO/WHO Epidemiological Alert for malaria, between
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2015 and 2016, an increase in malaria cases caused by P. vivax have occurred in the Americas,

specially Colombia [2]. Although vector control, antimalarial drug therapy and case manage-

ment have reduced the amount of events, vaccine development is considered one of the most

promising strategies for controlling malaria [1]. Vaccine development strategies include

immunisation with irradiated sporozoites (Spz) [3], inducing a protective response with

knock-out parasites [4], identifying and expressing proteins which are important in parasite

invasion to targeted hosts and searching for immune response-inducing peptides [5].

Given the lack of availability of an in vitro P. vivax culture, the development of an effective

vaccine has been delayed (compared to progress in the P. falciparum field) [6]. However,

studying homologous P. falciparum proteins expressed during blood-stage has led to potential

P. vivax vaccine candidates being recognised and characterised [7–12]. Our group has been

using a vaccine development strategy based on characterising ~20 amino acid (aa) long con-

served peptides involved in target cell invasion and later modifying them to improve their

interaction with major histocompatibility complex (MHC) class II molecules, such peptides

have been called modified high binding activity peptides (mHABPs). This approach is the

basis for developing anti-P. falciparum chemically-synthesised vaccines, based on protein sub-

units from the parasite’s development stages (i.e. multi-antigen, multistage) [13].

The use of these peptides as potential vaccine candidates will depend on their ability to act

as efficient epitopes that could trigger the cellular immune response mediated by T cells, and/

or the humoral response, mediated by B cells. Using algorithms for determining the potential

T- and B-cell epitopes helps to save time and resources required for lab experiments of the

pathogen’s proteins. Such tools have been here used to select Pv12-based synthetic peptides as

potential vaccines candidates against P. vivax.

Previous studies have shown that an immune response against malaria parasites is strongly

associated with these peptides’ specific binding to MHC DR class II (MHC-DR or HLA-DR

(human leukocyte antigen in humans)) [13,14]. This cell surface receptor consists of a protein

complex formed by HLA-DRα and HLA-DRβ having high polymorphism in humans, focus-

ing on HLA-DRβ whilst HLA-DRα is virtually monomorphic; for sake of simplicity the com-

plex is referred to as HLA-DRβ hereafter. Each HLA-DR molecule has differences regarding

antigen binding affinity, suggesting that peptide-MHC complex formation depends on allele

lineage [13,15,16].

Bioinformatics tools have been developed for predicting T-cell epitopes according to their

HLA-DR allele binding profile [17–21]. Identifying high-binding HLA-DR peptides (promis-

cuous or allele-specific) able to trigger an effective immune response forms part of the develop-

ment of a vaccine covering much of the exposed population’s HLA polymorphism [22–24].

Antigen-antibody interaction is the main characteristic of a humoral immune response;

however, antibodies only recognise a portion of an antigen (known as antigenic determinant

or epitope) [25,26]. Some vaccine development strategies involve using bioinformatics tools

for identifying B-cell epitopes in protein vaccine candidates. Mapping linear B-cell epitopes

(continuous aa in a protein sequence) through in silico methods involves using predictors for

analysing a combination of aa physico-chemical properties, such as solvent accessibility,

hydrophilicity and flexibility [27,28].

P. vivax proteomic profile studies have led to identifying vaccine candidate proteins

involved in parasite invasion [5,9,29]; Pv12 is one of such proteins. It consists of 362 aa, having

a ~41 kDa molecular mass, an N-terminal signal peptide (SP), a glycosylphosphatidylinositol

(GPI) anchor in the C-terminal transmembrane domain (TM) and two 6-Cys domains

[30,31]. Although initially characterised as a rhoptry protein [30], later studies confirmed its

location on merozoite (Mrz) surface, like Pf12 [31,32]. It has been recognised by 49% of sera

from individuals with active infection by P. vivax’s protein array [30]; another study revealed

Pv12 B- and T-cell epitopes’ antigenicity
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84.8% of sera having an antibody response via protein recognition by ELISA (Enzyme-Linked

Immunosorbent Assay) [31].

It has been shown that several 6-Cys family members play a role in ligand binding to other

proteins, suggesting that Pv12 could play an active role in interacting with other cell receptors

[31]. Genetic studies have shown that the Pv12 gene is highly conserved amongst Plasmodium
species, having low genetic diversity between isolates and being one of the most conserved

antigens encoding genes characterised to date for P. vivax. Pv12 may thus be a promising can-

didate for developing a vaccine against this parasite [33].

The present study used bioinformatics tools for selecting Pv12 B- and T-cell epitopes and

evaluating their in vitro antigenicity. The humoral response to Pv12 was assessed by ELISA

using sera from people living in two P. vivax endemic areas in Colombia for identifying IgG

(Immunoglobulin G) and subclasses against B-epitopes. T-cell epitopes were evaluated by in
vitro binding assays to HLA-DRβ1�0401, 1�0701, 1�1101 and 1�1302 molecules; lymphoproli-

feration and cytokine production assays were then carried out for those peptides displaying

high binding affinity, using peripheral blood mononuclear cells (PBMC), according to their

HLA-DR profile. Overall, this work has shown that the use of bioinformatics techniques

combined with functional experiments yielded fruitful results, offering two regions combin-

ing B- and T-cell epitopes from Pv12, that can be used as components of a vaccine against

P. vivax.

Materials and methods

Study area

Peripheral blood (PB) samples were taken from P. vivax-exposed individuals living in Colom-

bia’s Chocó (Pacific region) and Córdoba (Caribbean region) departments where P. vivax
malaria is endemic [34]. Colombia has areas having unstable malaria transmission levels, an

endemic-epidemic transmission pattern and is mainly rural [35]. The selected P. vivax-

exposed individuals were over 18 years-old, had had at least one episode of P. vivax malaria

(the last malarial episode having occurred 6 months previously) and had received treatment. It

is known that an in vitro cellular response to malarial antigens is suppressed during acute

infection; PB samples were taken from exposed individuals [36–38] and thick blood smears

were used for confirming that the samples were negative for P. vivax infection. This study was

carried out in line with Colombian Ministry of Health Resolution 8430/1993 (the legal frame-

work for research in Colombia). The individuals were regarded as being at low risk and all

data was kept confidentially and rigorously protected. Written informed consent was signed

by all individuals prior to sampling; all procedures were evaluated and approved by FIDIC’s

ethics committee.

Study population

This study involved typing 79 P. vivax-exposed individuals from the aforementioned endemic

areas for the HLA-DRβ1 allele; PB samples from 50 individuals living in Bogotá (a non-

endemic malaria area) who have never been exposed to malaria were also taken for typing to

form the control group. PB samples were taken from P. vivax-exposed individuals and the con-

trol group and placed in EDTA tubes (BD Vacutainer Oakville, ON, CAN). A Wizard Geno-

mic DNA Purification Kit (Promega Corporation, Madison, WI, USA) was used for extracting

genomic DNA (gDNA) from 300 μL whole blood, according to the manufacturer’s instruc-

tions. The gDNA was verified by 1% agarose gel with SYBR Safe DNA Gel Stain (Thermo

Fisher Scientific, CA, USA) and sent to Histogenetics (Ossining, NY, USA) for high-resolution

HLA sequence-based typing (SBT) of the β1 locus.

Pv12 B- and T-cell epitopes’ antigenicity
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Experimental groups

HLA-DRβ1 typing was used for determining experimental and control groups. HLA-DRβ1�04,
�07, �11 and �13 allele lineages have been reported as having high frequency in malaria endemic

areas worldwide [39]; individuals having at least one allele from the allele lineages were thus

selected whilst individuals having two of these lineages at the same time were discarded.

In silico selection and chemical synthesis of Pv12 B- and T-cell epitopes

Bioinformatics tools were used for selecting B- and T-cell epitopes from the Pv12 aa sequence

(PlasmoDB PVX_113775 access number). BepiPred 1.0 [19] and ANTHEPROT 2000 v6.0 [40]

were used for selecting B-cell epitopes. The NetMHCIIpan-3.1 tool [41] was used for predict-

ing T-cell epitopes, selecting epitopes according to their HLA-DRβ1�0401, �0701, �1101 and
�1302 binding profile. IEDB (Immune Epitope Database) [42–44] and TEPITOPE [45] soft-

ware was used for confirming T-epitopes prediction.

Selected in silico peptides and biotinylated control peptides HA (Haemagglutinin Antigen)

and TT (Tetanus Toxoid) were synthesised and purified by 21st Century Biochemicals Inc.

(Marlborough, MA, USA).

Immunoblot and immunofluorescence assays (IFA)

PB samples from all endemic area individuals and the control group’s antibody response assays

were placed in 6 mL BD vacutainer serum collection tubes (BD Vacutainer). P. vivax antigens

were recognised by separating 50 μg Pv12 recombinant protein (rPv12 donated by Moreno-

Perez et al.) [31] and rPvGAMA (GPI anchored micronemal antigen) control protein (rPvGA-

MA-CT donated by Baquero et al.) [46] on 12% polyacrylamide gel in denaturing conditions;

the gel was transferred to a nitrocellulose membrane (Bio-Rad). The membrane was then cut

into thin strips and incubated with sera samples diluted 1:50 in blocking buffer. The strips

were washed and incubated with a secondary antibody peroxidase anti-human IgG (Vector

Labs) at 1:4,000 dilution; a VECTOR VIP peroxidase (HRP) substrate kit (Vector Labs) was

used for revealing the assay.The immunofluorescence assays were performed as described by

Moreno-Perez et al., [31] with some modifications. Briefly, blood samples from individuals

who had active P. vivax infection were spun, the buffy coat removed and the plasma recovered.

P. vivax-exposed individuals and control group serum samples were diluted 1:50 in

TBS-BSA and incubated for 1 hour in a humid chamber. Reactivity was observed by fluores-

cence microscopy using FITC-labelled (Fluorescein isothiocyanate) anti-human IgG (Sigma-

Aldrich) at 1:50 dilution in TBS-BSA. Parasite nuclei were stained with 0.25 μg/mL DAPI

(4’,6-diamidino-2-phenylindole, dilactate) (Life Technologies) and the slides were then washed

with 0.05% TBS-T. The slides were visualised on an Olympus BX51 fluorescence microscope

(Olympus Corporation); the images were processed using DP2-BSW software (v2.2, Olympus

Corporation) and merged using ImageJ 1.51n software (National Institutes of Health, USA).

ELISA assays for B-cell epitopes and recombinant proteins

NUNC immuno-modules (Thermo Scientific) were coated with 1 μg of each epitope and each

recombinant protein (rPv12 and rPvGAMA) in PBS pH 7.2 and incubated overnight (ON) at

4˚C. The sera were incubated in 1:100 dilution in blocking solution for 2 hours and peroxidase

anti-human IgG (Vector Labs) was used as secondary antibody in 1:10,000 dilution in blocking

solution for 1 hour at RT; 100 μL TMB (3,30,5,50-tetramethylbenzidine) peroxidase substrate

(Sera-Care) was used for revealing the assay. The reaction was stopped by adding an equal vol-

ume of 1M phosphoric acid (H3PO4) (Merck) and read at 450 nm using a Multiskan GO

Pv12 B- and T-cell epitopes’ antigenicity
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(Thermo Scientific, Waltham, MA, USA) ELISA reader. The mean for the control group plus

two standard deviations was used as cut-off point.

Positive sera were evaluated for IgG subclasses using 3% BSA in PBS-T as blocking solution,

following the ELISA protocol described above. Sera were incubated at 1:100 dilution in PBS-T.

The following secondary antibodies diluted in PBS-T were used: anti-human IgG1-biotin

(clone 8c/6-39) in 1:1,000 dilution, anti-human IgG2-biotin (clone HP-6014) in 1:15,000 dilu-

tion, anti-human IgG3-biotin (clone HP-6050) in 1:40,000 dilution and anti-human IgG4-bio-

tin (clone HP-6025) in 1:60,000 dilution (all from Sigma-Aldrich). Pierce high-sensitivity

HRP-conjugated (Horseradish peroxidase) streptavidin (Thermo Scientific) in 1:5,000 dilution

in PBS, pH 6.8, and TMB (Sera-Care) were used as substrate. The reaction was stopped and

read at 450 nm using an ELISA reader.

Molecular modelling

Pv12 protein (PlasmoDB PVX_113775 access number) 3D structure was inferred using Pf12
protein structure (PDB: 2YMO) as template, using the I-TASSER server [47]. The most ener-

getically stable model was selected and the error associated with inferred structure was cor-

rected via molecular dynamics simulations to avoid incorrect atomic contacts. NAMD 2.12

[48] was used for molecular dynamics calculations and CHARMM27 force field for molecular

dynamics simulations and analysis [49,50] using periodic boundary conditions. Hydrogen

atoms were added using Visual Molecular Dynamics (VMD) psfgen plugin [51]. The protein

was minimised for 1,000 steps, followed by equilibration for 1 ns; the molecular dynamic simu-

lation was run for 20 ns. Molprobity [52] was used for validating the refined model’s structural

quality. VMD was used to locate the B-epitopes studied here in the resulting pv12 model. The

POLYVIEW protein structure visualisation server [53] was used for calculating relative solvent

accessibility and secondary structure annotation.

Purifying anti-HLA-DR monoclonal antibody and HLA-DR complexes

The anti-HLADR monoclonal antibody was obtained from L-243 cell line (ATCC HB-55) cul-

ture supernatant [54,55] which was saturated with 45% ammonium sulphate ((NH4)2 SO4)

(Merck) for immunoglobulin precipitation and purified by affinity chromatography using

Protein A Sepharose.

Four homozygous lymphoblastoid B-cell lines (IHWG) were cultured for each molecule of

interest (IHW09025 for HLA-DRβ1�0401, IHW09051 for HLA-DRβ1�0701, IHW09043 for

HLA-DRβ1�1101 and IHW09055 for HLA-DRβ1�1302) to obtain HLA-DR complexes. The

cells were lysed and molecules purified by affinity chromatography, as described by Vargas

et al. [56].

Anti-HLADR antibody and HLA-DR purity was verified by 8% polyacrylamide gel and

western blot. Amicon Ultra centrifugal filters (Merck) were used for concentrating the positive

fractions and quantified using a Micro BCA Protein Assay Kit (Thermo Scientific) which were

then stored at -80˚C until use.

In vitro HLA-DRβ1 binding assays and IC50 values

Selected in silico peptides’ HLA-DRβ1 binding affinity was evaluated by measuring biotiny-

lated control peptide displacement. Biotinylated peptide HA306-318 (PKYVKQNTLKLAT)

[23,57] was used as control peptide for assays with HLA-DRβ1�04 and �11 whilst biotinylated

peptide TT (QYIKANSKFIGITE) [58] was used for assays with HLA-DRβ1�07 and �13.

The selected peptides’ in vitro binding capacity was evaluated by competitive ELISA, as

described by Vargas et al., [56] and Saravia et al. [23]. Briefly, a complex involving 0.1 μM

Pv12 B- and T-cell epitopes’ antigenicity
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purified molecules, 5 μM biotinylated control peptide and 250 μM of the peptide to be evalu-

ated (50-fold excess of control peptide) was incubated for 24 hours at RT. The complex was

then placed on NUNC-Immuno MicroWell (Thermo Scientific) plates pre-coated with 10 μg/

mL anti-HLA-DR, incubated ON at 4˚C and blocked with 3% PBS-BSA for 2 hours at RT. The

wells were incubated with alkaline phosphatase streptavidin reagents (Vector Labs) in 1:500

dilution in PBS and subsequently revealed with 200 μL p-NPP (p-nitrophenylphosphate) sub-

strate (Sigma-Aldrich) and read at 405 nm on a MultiSkan GO (Thermo Fisher Scientific, Wal-

tham, MA, USA) ELISA reader. Binding percentages were calculated by using the following

formula: 100�[1-(OD in the presence of competitor / OD in the absence of competitor)].

IC50 values were calculated for peptides having more than 50% binding; the aforemen-

tioned protocol was followed, varying the concentrations of the peptides to be evaluated by

using 4.2 to 250 μM serial dilutions. Binding values were calculated by using the following for-

mula: 1-(OD in the presence of competitor / OD in the absence of competitor). The resulting

values were plotted using a second order exponential decay curve using a Mathematica (Wol-

fram Research, Inc., Mathematica, version 11.0, Champaign, IL (2016)) software formula to

calculate the concentration at which the peptide to be evaluated displaced biotinylated control

peptide by 50%.

Lymphoproliferation and cytokine quantification assays

P. vivax-exposed individuals and control group PB samples were taken and placed in citrate

phosphate dextrose (CPD) solution in Vacutainer tubes (BD Vacutainer); 40 mL blood was

used to obtain PBMCs from gradient centrifugation with Ficoll-Paque PLUS (GE Healthcare)

to evaluate the proliferative response against Pv12 peptides.

Two hundred thousand (2 x 105) PBMCs per well were seeded in 96-well round-bottomed

plates (Costar, Corning Incorporated) in RPMI 1640 medium (Gibco) supplemented with

inactivated 10% autologous plasma, 2 g/L sodium bicarbonate, 2 mM L-glutamine, 1 mM

sodium pyruvate and100 U/mL Antibiotic-Antimycotic solution (all Gibco). The PBMCs were

labelled with carboxyfluorescein diacetate N-succinimidyl ester (CFSE) (5μM) (CellTrace

CFSE cell proliferation kit, Molecular Probes, Eugene, OR, USA) and stimulated with each

peptide at 10 μg/mL final concentration.

Control PBMCs were stimulated with 5 μg/mL parasite lysate and 2% phytohaemagglutinin

(PHA) (Sigma) as positive controls. Low binding peptide (LBP) 39115 was used as negative

control in experimental binding assays and a well containing PBMCs with just medium (unsti-

mulated) was used as assay control. The cells were cultured at 37˚C in a 5% CO2 atmosphere

for 96 hours; assays were carried out in duplicate. Pacific Blue-labelled mouse anti-human

CD4 (RPA-T4 clone) (BD Biosciences) antibody was then used for labelling the cells which

were read on a FACS Canto II flow cytometer (BD Biosciences). FlowJo software v7.6.5

(FlowJo, LLC) was used for analysing the data and CD4+ T-lymphocyte proliferation.

Cell proliferation was calculated by relative loss regarding CFSE fluorescence intensity, cal-

culated as the percentage of fluorescence intensity of cells co-cultured with antigen divided by

the percentage of co-cultured cells’ fluorescence intensity in the absence of antigen [59]. The

results were expressed as stimulation index (SI); a�2 value was considered positive.

CD4+ lymphocyte mean fluorescence intensity (MFI) values were used for additional anal-

ysis. Cell proliferation was calculated as the stimulation rate, where the unstimulated CD4+

T-cell population MFI was divided by the stimulated CD4+ T-cell population’s MFI. MFI

becomes less as the antigen stimulates CD4+ T-lymphocytes, whereby�1 values indicate cell

proliferation [60]. The relative value of proliferation was considered positive, with at least 1%

loss in the mean intensity of florescence of the CD4+ population, i.e.�1.01.

Pv12 B- and T-cell epitopes’ antigenicity
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The supernatants were collected and stored at -80˚C. A Human cytometric bead array

(CBA) Th1/Th2 Cytokine Kit II (BD Biosciences) was used for measuring cytokines, following

the manufacturer’s instructions. Samples were read on a FACS Canto II flow cytometry and

FCAP Array software v3.0.1 (BD Biosciences) was used for analysing cytokine results

(expressed in pg/mL) and sample values were compared to those for wells without stimulation.

The cut-off point was calculated as control group mean plus two standard deviations.

Analysing the data

GraphPad Prism v5.01 software (GraphPad Software, Inc.) was used for analysing and plotting

the data. The Shapiro-Wilk test was used for tests of normality, the Wilcoxon-Mann-Whitney

U-test for comparing two non-parametric variables and Student’s t-test for variables having

normal distribution. The Kruskal-Wallis test with Dunn’s post-test was used for multiple com-

parisons. Spearman’s coefficient (ρ = Rho) was used for calculating correlations between

experimental and clinical data. A 95% confidence interval and p�0.05 were set as being signifi-

cant; significance level has been highlighted by asterisks on all graphs, as follows: (�) p<0.05,

(��) p<0.005 and (���) p<0.0005.

Results

Study area and study population

Around 70% of malarial cases in Colombia are caused by P. vivax [35]; P. vivax-exposed indi-

viduals living in Bahı́a Solano (Chocó) and Tierralta (Córdoba) were thus selected (Fig 1). Peo-

ple living in Colombia’s Chocó and Córdoba departments have higher P. vivax infection

incidence; this was reported by the Colombian Public Health Surveillance System (Sistema de

Salud Pública–SIVIGILA) in its annual report for 2015 to 2017 [34]. Exposed individuals from

these departments were thus selected for this study.

Two samples were needed from the study population for evaluating their immune

responses; the first sample was used for typing the HLA-DRβ1� gene in the experimental and

control groups. Four experimental groups were clustered according to the selected allele lin-

ages: HLA-DRβ1�04 (n = 8), HLA-DRβ1�07 (n = 8), HLA DRβ1�11 (n = 7) and HLA-DRβ1�13

(n = 6). The second sample was used for determining T- and B-cell antigenicity, analysing the

Fig 1. Study area and study population’s demographic parameters. The allele lineage frequency of exposed

individuals from endemic areas in Colombia (Chocó and Córdoba departments); n = amount of individuals; �mean

value for age, time of last episode and length of stay.

https://doi.org/10.1371/journal.pone.0203715.g001
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immune responses of the individuals who had not been infected for at least 6 months to find

memory T-cells and long-lived antibodies against conserved peptides.

P. vivax-exposed individuals’ antibody reactivity

Western blot was used for evaluating rPv12 and rPvGAMA protein reactivity for determining

their antigenicity; rPv12 was recognised by 86% of sera and rPvGAMA (control protein) by

85% of sera from thirty P. vivax-exposed individuals (S1A Fig). Control group sera samples

were evaluated, no reactivity being observed. P. vivax-exposed individuals and control group

samples were used for IFA assays. FITC fluorescence was detected in parasitised red blood

cells (pRBC) when reacting with the thirty exposed individuals’ serum; conversely, no reactiv-

ity was observed in the control group’s serum samples (S1B Fig).

Antibody response against recombinant proteins and B-cell epitopes

Evaluating the reactivity of natural antibodies from the sera samples taken from the 30

malaria-exposed individuals revealed that 33.3% (10 positive samples) had IgG antibodies

against rPv12 (0.2480 mean absorbance); no control group sera recognised rPv12. No signifi-

cant differences were observed between exposed and control groups (Fig 2A). Regarding

IgG subclass, IgG3 significantly predominated over IgG1 and IgG4 antibodies; significant

differences were found between IgG2 and IgG4 non-cytophilic antibodies (p<0.0001) (Fig

2B). rPvGAMA was used as positive control (0.4757 mean absorbance); 70% (21 samples)

Fig 2. Humoral immune response against Pv12. A. IgG antibody response against rPv12. Seropositive samples

(n = 30) were those above the cut-off point (0.260, dotted line), calculated as control group’s mean plus two standard

deviations. B. Analysing IgG subclass response to rPv12. The Kruskal-Wallis test was used for analysing differences

between each IgG subclass response in P. vivax-exposed individuals’ samples. C. IgG antibody response against Pv12

B-cell epitopes (n = 30). Seropositive samples were those above the cut-off point (0.159, dotted line), calculated as

control group’s mean plus two standard deviations. D. Evaluating IgG subclass response to the 39038 epitope

(n = 11). The Kruskal-Wallis test was used for analysing differences between each IgG subclass response in P. vivax-

exposed individuals’ samples. (�) p<0.05, (��) p<0.005 and (���) p<0.0005.

https://doi.org/10.1371/journal.pone.0203715.g002
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were seropositive and significant differences were observed regarding the control group

(p = 0.0004) (S2A Fig).

Bioinformatics tools were used for selecting four B-cell epitopes for analysing the humoral

immune response. IgG antibody response against selected Pv12 B-epitopes was evaluated in

sera from individuals exposed to natural P. vivax infection. The highest amount of seropositive

samples (11 samples / 36.6%) was related to peptide 39038 followed by 39039 and 39165 (4

samples each / 13.3%), and 39040 (2 samples / 6.6%) (Fig 2C).

Peptide 39038 had the highest mean absorbance (0.1780), significant differences being

observed regarding 39040 which had the lowest mean absorbance (0.06581) out of all four pep-

tides. The Kruskal-Wallis test (with Dunn’s multiple comparison post-test) was used for statis-

tical analysis; there were significant differences regarding epitope response (p = 0.0027) (Fig

2C). Although there were no statistically significant differences between exposed individuals

and control groups, the exposed individuals had a greater response.

ELISA Pv12 peptide results were analysed by endemic area, samples from the Chocó

department having greater response compared to those from the Córdoba department. Posi-

tive sera reacted to the four peptides, 61.5% of such samples were from the Chocó department.

The Mann-Whitney test gave a significantly higher response for peptides 39039 (p = 0.0028),

39040 (p = 0.0045) and 39165 (p = 0.0020) in exposed individuals from the Chocó department

compared to exposed individuals from the Córdoba department (S2B Fig).

Seropositive samples were selected for evaluating IgG subclasses; significant differences

were only observed for peptide 39038 between IgG subclasses (p = 0.0012) whilst other pep-

tides had no significant differences. 39038 had a clear IgG2 predominance regarding other

subclasses, having statistically significant differences with IgG1 and IgG4 (Fig 2D).

Using Spearman’s test for analysing correlation for non-parametric data revealed tendencies

associated with antibody response. One parameter evaluated was time elapsed (in years) since

the last episode where decreased antibody response to epitopes 39039 (Rho = -0.40, p = 0.044),

39040 (Rho = -0.44, p = 0.024) and 39165 (Rho = -0.49, p = 0.010) was observed as time elapsed.

Reduced response was also observed for PvGAMA protein control (Rho = -0.41, p = 0.038).

The other parameter evaluated was exposed people’s age, a tendency for decreased antibody

response to epitopes 39039 (Rho = -0.44, p = 0.025) and 39165 (Rho = -0.44, p = 0.025) being

observed as age increased.

Pv12 T-cell epitope in silico selection

NetMHCIIpan-3.1 was used for selecting ten epitopes from the Pv12 aa sequence for

HLA-DRβ1�0401, �0701, �1101 and �1302 alleles. These peptides were then evaluated in in
vitro binding assays, using the same alleles in this study; those having>50% binding were cho-

sen as high-binding peptides (HBP). In vitro results showed that 4/10 peptides bound to the

HLA-DRβ1�0401 allele (46.94% mean binding), 4/10 peptides bound to HLA-DRβ1�0701

(47.81% mean binding), 5/10 peptides bound to HLA-DRβ1�1101 (49.54% mean binding) and

5/10 peptides bound to HLA-DRβ1�1302 (49.17% mean binding) (Fig 3).

The IC50 ratio values were calculated from the IC50 value (μM) for each peptide (Fig 4)

divided by the IC50 value (μM) of its control peptide;�10 values were considered good bind-

ing peptides (GBP). Experimental assay values agreed 77.5% with the in silico prediction for

our alleles (Table 1). The peptides having the lowest IC50 values (μM) were selected for the

lymphoproliferative assays, peptide 39113 for HLA-DRβ1�04 and �11 allele linages and peptide

39117 for HLA-DRβ1�07 and �13 allele linages. Peptide 39114 was considered a universal pep-

tide (UP) because it was the only one displaying�50% binding to the four alleles evaluated

here.
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Experimental groups’ lymphocyte proliferation

Exposed individuals and control groups’ CD4+ T-cell proliferative responses stimulated with

UP 39114, GBP 39113 and 39117 were evaluated; LBP 39115 was used as negative control and

P. vivax lysate and PHA as positive controls.

Exposed individuals having�2 stimulation index (SI) were considered responders. Average

response to UP 39114 was 3.409 (SE = 0.8458), 2.632 (SE = 0.5563) to GBP 39113, 2.947

(SE = 0.5449) to GBP 39117, 2.018 (SE = 0.3478) to LBP 39115 and 3.664 (SE = 0.6072) to

lysate. There was no proliferation in the control group when cells were stimulated with the

peptides or P. vivax lysate (according to the SI observed) (Fig 5).

Exposed individuals’ frequency of response to UP 39114 was 55.2%, 46.7% to GBP 39113,

57.1% to GBP 39117, 28% to LBP 39115 and 65.5% to lysate. Control group response to UP

39114 and GBP 39117 was 0/8, 1/8 to GBP 39113, 0/8 to LBP 39115 and 1/8 to lysate.

There were statistically significantly differences between exposed individuals and control

groups regarding UP 39114 (p = 0.0165), GBP 39117 (p = 0.0081) and LBP 39115 (p = 0.0289).

P. vivax lysate induced a greater proliferative response in the exposed individuals (mean

SI = 12.47 ± 1.636 SE); however, no statistically significant differences were observed when

compared to the control group (mean SI = 5.45 ± 1.138 SE) (Fig 5). All PHA-stimulated

PBMCs from exposed individuals and the control group had positive SI, having statistically

significant differences (p = 0.0103). It was found that 96.6% of the exposed individuals and

100% of the control group responded to PHA (S3 Fig).

Analysing relative proliferation values calculated from MFI data gave similar results,

thereby validating data obtained using FlowJo software. There was a maximum 12% variation

regarding the amount of exposed responders for lysate, statistical differences being maintained

between the exposed and control groups regarding peptides 39114 and 39117. The greatest dif-

ference between both analyses was found for LBP 39115 stimulation which gave 50%

Fig 3. Pv12 peptide in vitro binding to purified HLA-DRβ1� molecules. A cut-off line is shown at 50% binding for

selecting HBP for further evaluation of IC50 value. Each plot shows percentage epitope HLA-DRβ1� binding in this

study and that for their control peptides.

https://doi.org/10.1371/journal.pone.0203715.g003

Fig 4. In vitro assays for calculating a Pv12 peptide’s IC50 value. Different epitope concentrations were evaluated for

calculating the value at which control peptide was displaced by 50% (using a second order exponential decay function).

Each point under the curve represents evaluated epitope concentration-dependent control peptide binding (μM).

https://doi.org/10.1371/journal.pone.0203715.g004
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Table 1. T-cell epitopes selected in silico and Pv12 in vitro binding.

Peptide code Sequence CoreF HLA-DRβ1� allele NetMHCIIpan- 3.1 (%rank)a Binding percentageb IC50 μMb IC50 ratio

39112 RKNYELLPNNCFEQV YELLPNNCF DRβ1�0401 3.5 95.78 7.26 0.37

DRβ1�0701 14.0 76.44 29.23 1.25

DRβ1�1101 35.0 55.44 250 52.41

DRβ1�1302 30.0 14.09 ND ND

39113 EECFLQGFNLSGKKE FLQGFNLSG DRβ1�0401 3.0 95.81 7.36 0.38

DRβ1�0701 24.0 8.89 ND ND

DRβ1�1101 27.0 62.88 38.54 8.08

DRβ1�1302 55.0 9.28 ND ND

39114 YNKIFYARVPQRIYQ IFYARVPQR DRβ1�0401 8.5 87.38 43.18 2.22

FYARVPQRI DRβ1�0701 0.7 93.87 43.09 1.84

IFYARVPQR DRβ1�1101 0.9 82.09 8.28 1.74

FYARVPQRI DRβ1�1302 8.5 69.37 73.30 9.83

39115 KKSYDDVSFRVPPNL SYDDVSFRV DRβ1�0401 65.0 12.98 ND ND

DRβ1�0701 65.0 9.86 ND ND

DVSFRVPPN DRβ1�1101 75.0 20.02 ND ND

SYDDVSFRV DRβ1�1302 60.0 12.00 ND ND

39116 NKAKIRVRKRSGEEY IRVRKRSGE DRβ1�0401 95.0 5.76 ND ND

KAKIRVRKR DRβ1�0701 85.0 7.33 ND ND

DRβ1�1101 13.0 41.12 ND ND

IRVRKRSGE DRβ1�1302 85.0 10.50 ND ND

39117 LGIIEVLIPSLPKKI IEVLIPSLP DRβ1�0401 14.0 33.08 ND ND

LIPSLPKKI DRβ1�0701 8.0 98.56 11.51 0.49

EVLIPSLPK DRβ1�1101 9.5 51.13 133.77 28.04

LIPSLPKKI DRβ1�1302 11.0 95.42 6.65 0.89

39118 LVEYLHGAAAIVKRK YLHGAAAIV DRβ1�0401 3.0 13.48 ND ND

DRβ1�0701 1.2 90.02 15.18 0.65

LHGAAAIVK DRβ1�1101 11.0 48.21 ND ND

YLHGAAAIV DRβ1�1302 7.0 31.71 ND ND

39119 GCDFTKNTSPLFTKG FTKNTSPLF DRβ1�0401 6.5 17.45 ND ND

DRβ1�0701 7.5 29.45 ND ND

DRβ1�1101 30.0 26.94 ND ND

DRβ1�1302 4.5 92.18 7.47 1.00

39120 LTDLVMDHYNKIFYA LVMDHYNKI DRβ1�0401 31.0 26.73 ND ND

DRβ1�0701 37.0 40.62 ND ND

DRβ1�1101 36.0 32.68 ND ND

DRβ1�1302 3.5 85.99 38 5.09

39122 KRLVAHFEFATTPDD FEFATTPDD DRβ1�0401 40.0 80.94 58.89 3.03

LVAHFEFAT DRβ1�0701 65.0 23.08 ND ND

VAHFEFATT DRβ1�1101 65.0 74.87 170 35.64

LVAHFEFAT DRβ1�1302 85.0 71.13 250 33.51

Peptide codes and sequences are shown, as well as NetMHCIIpan-3.1 predicted HLA-DRβ alleles’ core and % rank. IC50 was assessed for peptides having�50%

binding; IC50 values were expressed in μM and peptides were considered GBPs when IC50 ratio was�10 (IC50 peptide/IC50 control peptide).
a%rank values were considered as follows: LBP�2 to�10 and GBP�2. ND (not determined) means that a peptide had less than 50% binding, so that its IC50 value was

not evaluated.
bData from this study; IC50 values were calculated for each control peptide with each DRβ1� allele. Control HA-DRβ1�0401 IC50 = 19.44 μM, TT-DRβ1�0701

IC50 = 23.37 μM, HA-DRβ1�1101 IC50 = 4.77 μM, TT-DRβ1�1302 IC50 = 7.46 μM. Peptides having�10 IC50 ratio were considered GBP.

https://doi.org/10.1371/journal.pone.0203715.t001
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responders according to relative proliferation values; however, it had a low mean score/value

regarding other antigens and had no statistical differences regarding the control group. No

mean relative value for the control group exceeded the cut-off line after stimulation with the

different antigens, thereby agreeing with FlowJo software results.

Experimental groups’ cytokine profiles

Statistical analysis regarding exposed individuals’ unstimulated and stimulated PBMCs

showed that IFN-γ (Interferon gamma) production was only significant after stimulation with

P. vivax-lysate (p = 0.0001). TNF (Tumor Necrosis Factor) production was significantly differ-

ent for GBP 39113 (p = 0.0048), GBP 39117 (p = 0.0183) and P. vivax-lysate (p = 0.0001). IL-10

(Interleukin 10) had higher production with GBP 39113 (p = 0.0054), GBP 39117 (p = 0.0012)

and P. vivax-lysate (p = 0.0001). IL-6 (Interleukin 6) responses were significantly greater to UP

39114 (p = 0.0108), GBP 39113 (p = 0.0025), GBP 39117 (p = 0.0366) and P. vivax-lysate

(p = 0.0001) (Fig 6).

P. vivax-exposed individuals and control groups’ cytokine levels were compared, significant

differences being found regarding IFN-γ production for UP 39114 (p = 0.0036) and P. vivax
lysate (p = 0.0246). Significant differences regarding IL-6 production were found for UP 39114

(p = 0.0021), 39113 (p = 0.0253), 39117 (p = 0.0101) and P. vivax lysate (p = 0.0028) (Fig 7).

Pv12 structure modelling

Pv12 structure was modelled using a homology approach using the Pf12 structure model as

template. Overall the identity between both proteins was 37% with a similarity of 56% (S1

File). The best I-TASSER model was refined using molecular dynamics, and the best B- and T-

cell epitopes (39038, 39117 and 39113) were mapped over the 3D model (Fig 8A and 8B). The

remaining epitopes were mapped on the primary sequence and secondary structure model

(Fig 8C). All B-cell epitopes were found in high solvent accessibility regions of the protein, in

contrast, T-cell epitopes were found in low solvent accessibility regions. Two favourable

regions were found combining B- and T-cell epitopes, one constituted by the B-cell epitope

39038 and the T-cell epitope 39117 (Inter-domain I, residues 161 to 194, Fig 8) and the other

comprises the B-cell epitope 39040 and the T-cell epitope 39113 (6-Cys domain II, residues

250 to 276, Fig 8). In the first region, both the B-cell and the T-cell epitopes were involved in

Fig 5. Lymphocyte proliferative response to Pv12 epitopes from individuals exposed to P. vivax infection

compared to control group. UP 39114 (n = 29); DRβ1�04 and DRβ1�11 GBP 39113 (n = 15); DRβ1�07 and DRβ1�13

GBP 39117 (n = 14); LBP / control 39115 (n = 29) and P. vivax lysate (n = 29) responses are shown. Mann-Whitney

and Student’s t-tests were used for assessing statistically significant differences between exposed individuals and

control group responses. (�) p<0.05 and (��) p<0.005.

https://doi.org/10.1371/journal.pone.0203715.g005
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good responses, however, in the second region, only the T-cell epitope was suitable, whilst the

B-cell epitope showed a low response.

Potential interaction positions between Pv12 and Pv41 were also mapped (Fig 8C, green tri-

angles) based on the binding regions previously determined between Pf12 and Pf41 [61,62].

Pf41/Pv41 were also orthologous proteins (as Pf12/Pv12), showing an identity of 43% and a

similarity of 60% (S1B File). Pf12/Pf41 interactions involved charged residues, and two were

mapped directly in the 39038–39117 region (Asp 174 and Lys 175 into 39038 B-cell epitope)

and other two less than 3Å from this region (Gln 48 and Arg 68) (Fig 8). Two other potential

interaction positions were mapped into the 39113–39040 region. These could indicate a

Fig 6. Exposed individuals’ supernatant culture in vitro cytokine production. Individual data shows the mean value

of non-stimulated and PBMCs stimulated with UP 39114, GBP 39113 and 39117 and P. vivax lysate. IFN-γ, TNF, IL-10

and IL-6 levels were measured by CBA kit; cytokine concentration is expressed in pg/mL. Statistically significant

differences (p�0.05) are shown and data represents the mean ± SEM (standard error media) for all values. (�) p<0.05,

(��) p<0.005 and (���) p<0.0005.

https://doi.org/10.1371/journal.pone.0203715.g006

Fig 7. Exposed individuals and control group supernatant culture in vitro cytokine production. Individual cytokine

values from PBMCs stimulated with UP 39114, GBP 39113 and 39117 and P. vivax lysate. IFN-γ and IL-6 levels were

measured by CBA kit and cytokine concentration is expressed in pg/mL. Statistically significant differences (p�0.05) are

shown and data is the mean ± SEM for all values. (�) p<0.05 and (��) p<0.005.

https://doi.org/10.1371/journal.pone.0203715.g007
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potential blocking activity of antibodies generated against 39038–39117 Pv12 region and

39113–39040 region.

Discussion

A particular characteristic of the six-cysteine (Cys6) protein family is that it is expressed during

all parasite life-cycle stages (mature Mrz, gametocytes and pre-erythrocyte stages), making

such proteins interesting vaccine candidates [63]. The Pv12 surface protein is a member of this

family, expressed in blood stage and has a GPI anchor; it is one of the most conserved antigens

amongst Plasmodium species and P. vivax isolates [33]. Pv12 is homologue of the Pf12 protein

in P. falciparum and (together with other proteins) has been suggested as a possible ligand dur-

ing Mrz invasion of target cells [64]; it is also recognised by the serum from patients exposed

Fig 8. Pv12 structure model. A (top view) and B (bottom view). Pv12 3D homology model. B-cell epitope 39038 (red)

and T-cell epitopes 39117 (blue) and 39113 (grey) are shown as transparent surfaces. Potential interacting positions

with Pv41 are shown in green and conserved Cys residues in yellow. C. Pv12 regions and primary/secondary structure

representation, including relative solvent accessibility and potential interacting residues with Pv41 (green triangles).

Best epitopes are shown (39038- red box, 39117-blue box, 39113-gray box). Other B- and T-cell epitopes are

underlined. Conserved cysteine residues are shaded in brown.

https://doi.org/10.1371/journal.pone.0203715.g008
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to natural infection [32]. People from/living in P. falciparum malaria-exposed endemic areas

develop antibody responses to GPI proteins, correlating with protection against the disease’s

symptoms, such as fever and anaemia [65].

rPv12 immunoblot assays led to ascertaining Pv12 recognition by sera from individuals nat-

urally exposed to P. vivax infection, indicating that is capable of triggering a memory-mediated

humoral immune response following infection. These results confirmed this protein’s anti-

genic role and agreed with the studies carried out by Li et al., and Moreno et al. [30,31].

Evaluating ELISA recognition of the whole Pv12 in this study showed 33% positivity; like-

wise, other studies carried out by Chen et al. and Li et al., involving the protein array tech-

nique, found that 15% and 49% of exposed people’s sera recognised Pv12, respectively [9,30].

Although exposed individuals’ sera reactivity to rPv12 and to B-cell epitopes was relatively

low, a clear tendency was observed involving greater reactivity by exposed sera, unlike that of

the control group. This agreed with a study by Jangpatarapongsa et al., who reported low anti-

P. vivax antibody levels but also highlighted immune individuals having specific reactivity

against the parasite [66].

Exposed individuals’ sera average IgG response to rPv12 was greater than the mean

response to the B-epitopes evaluated here. Differences were observed regarding IgG subtypes

when evaluating IgG subclasses’ response to the recombinant protein and B-epitopes. A clear

tendency regarding IgG3 response to total protein was observed whilst there was high IgG2

response to B-epitopes regarding the low response to IgG4. This type of response (IgG2/IgG4)

has been reported previously and has been associated with a protection and resolution role

concerning P. falciparum infection and protection in that caused by P. vivax [67,68].

Epitope 39038 had the best recognition of naturally-acquired antibodies of the four B-epi-

topes evaluated in this study; previous studies have reported it as being as immunogenic in

rabbits [31]. This peptide can be considered a good humoral immune response inducer and is

proposed as a vaccine candidate due to its potentially protective role.

Lymphoproliferation assay results showed that the Pv12-derived peptides selected for their

HLA-DR binding were capable of inducing/triggering a lymphoproliferative response when

recognised by memory T-cells. Such response specificity was confirmed when comparing such

results to those for the control group; although they had the same allele lineages as the exposed

group, they did not have a proliferative response.

Other studies have recorded high stimulation values when evaluating the proliferative

response of complete proteins or allergens in constant contact with the immune system

[60,69]. Although such values were low in this study, the results were similar to those reported

by Martinez el at., who used ~20 aa length peptides as antigenic epitopes [22]; this highlights

the evaluated peptides’ importance which (despite accounting for just a minimal fraction of

Pv12) were capable of triggering a memory T-cell response.

UP 39114 and GBP 39117 were selected according to in vitro binding assays, as well as hav-

ing a�55% proliferative response (with significant differences regarding the control group)

and a mean SI�2. These results indicated a specific T-cell response for Pv12 epitopes and

ascertained these epitopes’ antigenicity when recognised by immune system memory cells.

They correlated proliferation and cytokine production, as seen in other studies with Plasmo-
dium antigens [37,70,71].

The PBMCs stimulated with GBP 39113 and 39117 triggered IL-6, IL-10 and TNF produc-

tion. IL-6 production has been associated with cell proliferation and differentiation [72], agree-

ing with our results where peptides (two GBP, the UP and parasite lysate) had a significant

increase in this cytokine. This cytokine is considered multifunctional regarding an immune

response. IL-6, IL-10 and TNF production has been associated with thrombocytopenia in P.

vivax malaria patients [73]. IFN-γ production is associated with protection against pre-
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erythrocyte malarial stages through both in vitro and in vivo nitric oxide (NO) production fol-

lowing infection with P. falciparum, P. berghei, P. yoelii or P. chabaudi Spz [74–76]. Several

studies have highlighted the role of proinflammatory cytokines as mediators of protective

immunity against malaria, including TNF which, together with IFN-γ, acts synergistically to

optimise NO production which is important for parasite destruction [77]. IFN-γ, together

with other pro-inflammatory cytokines, participates in inhibiting parasite development within

hepatocytes and macrophage activation in intra-erythrocytic parasite phagocytosis or as free

Mrz [78].

IL-10 was another cytokine having significant differential production after being stimulated

with GBP 39113 and 39117. Recent studies have shown that memory CD4+ lymphocytes pro-

liferate during secondary malarial infection, producing an immune response which controls

parasitic load and rapidly produces IL-10 regulating inflammation. This demonstrates IL-

10-producing CD4+ lymphocytes’ importance in secondary infections thereby influencing the

nature of immune anamnestic responses during secondary malarial infection [79].

Previous studies have shown that PBMCs from naive individuals stimulated with P. falcipa-
rum parasitised RBC [80] or stimulated with malaria antigens did produce IFN-γ [81], mainly

innate cells, such as natural killer cells. PBMCs from non-exposed individuals in another study

produced IFN-γ and IL-6 after stimulation with P. falciparum CS protein [82]. Accordingly,

higher IFN-γ and IL-6 production from control group PBMCs in this study suggested that

innate cells, innate lymphoid cells and naive T-cells recognised lysate and produced cytokines

[83].

Although stimulation with GBP 39113 had no differences cell proliferation regarding the

control group, 46.6% of the exposed individuals’ cells proliferated following stimulus and the

group’s mean remained above the cut-off line. An ideal anti-malarial vaccine candidate would

be one which could activate T-cell (Th1 and Th2) response, inducing joint production of cyto-

kines involved in cell proliferation and differentiation of innate and adaptive response, elimi-

nating the parasite and promoting a boosted response by immune system memory cells. We

thus propose GBP 39113 (having high binding affinity for HLA-DRβ1�04 and �11 allele line-

ages) and 39117 (having high binding affinity for HLA-DRβ1�07 and �13 allele lineages) as

potential candidates for a vaccine against malaria caused by P. vivax.

Bioinformatics tools have proven to be quite useful in the process of vaccine development;

predicting B- and T- cell epitopes in silico greatly narrows the amount of epitopes to be tested

experimentally in in vitro antigenicity assays. Humoral and cellular immune responses against

predicted B- and T-cell epitopes were here analysed in samples collected from individuals

coming from an endemic region for P. vivax malaria. A similar approach has been followed in

a previous study analysing PfCelTOS protein comparing the in silico prediction of B- and T-

cell epitopes with the in vivo immune response in animal models; such study suggested that

optimized algorithms can be useful in vaccine design [26].

A bioinformatics approach combined with functional assays has allowed us to propose two

protein regions containing both B- and T-cell epitopes within the Pv12 antigen that are able to

induce a good immune response. 39038–39117 Pv12 region combines the best B- and T-cell

epitopes and contains residues that could potentially interact with Pv41, standing out as a

promising vaccine candidate, since it could trigger antibody/memory responses and block the

binding activity to Pv41. The 39113–39040 region combines a good T-cell epitope, but a not so

good B-cell epitope; however, it also contains potentially interacting residues with Pv41, and

could be considered as another viable vaccine candidate.

Although the results described in the present study seem promising, caution must be

applied considering previous data collected over the years. Several studies have shown that nat-

urally-acquired immunity against Plasmodium infection is stage-, strain-, and species-specific.
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Studies immunising mice with either the C-terminal region of MSP-1 or AMA1 and then chal-

lenging with rodent Plasmodia, have shown only protective efficacy upon challenge with the

homologous, but not a heterologous parasite strain [84–86]. A study in Aotus using three sepa-

rate MSP1 fragments formulated in different adjuvants has shown a strain-specific response to

challenge [87]. Another study immunising with recombinant AMA-1, assessed the response

specificity and showed that AMA-1 was protective when challenging with a homologous P. fal-
ciparum strain. Nevertheless, AMA-1 was not protective when Aotus were challenged with a

heterologous strain, suggesting again that the protective response induced by this protein is

strain-specific [88]. Our group has invested great efforts in identifying those P. falciparum
merozoite protein regions that are conserved (non-polymorphic between strains) and also par-

ticipate in parasite binding to target cells (functionally relevant) by synthesising sequential

20-mer fragments of each, and testing their binding in vitro. Peptides displaying high binding

have been named HABPs (High Activity Binding Peptides) [89–93]. After finding that con-

served HABPs are not immunogenic, nor induce protection in the Aotus monkey model, it

was decided to modify some amino acids which are critical in target cell binding [94], to allow

a better fit into the HLA-DR molecules’ peptide-binding region [95,96].

Despite Pv12 peptides identified in the present study are antigenic, it is worth highlighting

that most of them are conserved and, at least two of them, are functionally relevant (participat-

ing in binding to Pv41). Based on the observations made in P. falciparum, it is likely that modi-

fications to Pv12 peptides to further improve their HLA-DR binding could be necessary before

carrying out immunogenicity and protective efficacy assays in the Aotus monkeys, allowing

the proper formation of the MHC-peptide-TCR complex, as has been shown earlier in P. fal-
ciparum modified HABPs [97].

Supporting information

S1 Fig. Antibody responses. A. Immunoblot assay. rPv12 and rPvGAMA protein recognition

by exposed people’s sera. Positive control (anti-His) is shown in lane1, lanes 2 to 7 show the

sera from 6 individuals living in endemic areas which recognised proteins as expected and

lanes 8 and 9 show 2 sera from non-exposed volunteers. B. Immunofluorescence assay. a.

One Tierralta exposed volunteer’s serum sample which recognised pRBC. b. One non-exposed

volunteer’s (control group) serum sample. DAPI was used for staining nuclei, FITC-labelled

anti-human IgG was used for staining the parasite and both were merged.

(PDF)

S2 Fig. IgG antibody response. (A) to rPvGAMA as positive control. Significant differences

were observed between exposed individuals (n = 30) and control group (n = 8), (calculated by

Mann-Whitney test). The dashed line indicates the cut-off point for seropositive samples. (���)

p<0.0005. B. IgG antibody response to Pv12 B-epitopes by endemic area. Significant differ-

ences (calculated by Mann-Whitney test) are shown between samples from Colombia’s Chocó

(n = 13) and Córdoba (n = 17) departments. The dashed line indicates the cut-off point for

seropositive samples. (��) p<0.005.

(PDF)

S3 Fig. Lymphocyte proliferative response to PHA. PBMCs from exposed and control

groups were stimulated with PHA as positive control and Mann-Whitney was used for assess-

ing statistically significant differences between exposed individuals and control group

responses (�) p<0.05.

(PDF)
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S1 File. Interacting residues involved in P12 and P41 binding. The interacting positions,

identity and similarity are shown in the sequences A. Pf12 vs Pv12. Primary sequence from

Pv12, the Pf12-PDB (2YMO) crystal structure and Pf12 (C6KSX0) reference sequence. B. Pf41

vs Pv41.

(PDF)
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Funding acquisition: Carolina López, Manuel Alfonso Patarroyo.
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References
1. WHO (2016) World Malaria Report 2015. World Health Organization. 32 p.

2. PAHO/WHO (2017) Epidemiological Alert: Increase in cases of malaria. Washington, D.C.

3. Herrington D, Davis J, Nardin E, Beier M, Cortese J, Eddy H, et al. (1991) Successful immunization of

humans with irradiated malaria sporozoites: humoral and cellular responses of the protected individuals.

Am J Trop Med Hyg 45: 539–547. PMID: 1951863

4. Kublin JG, Mikolajczak SA, Sack BK, Fishbaugher ME, Seilie A, Shelton L, et al. (2017) Complete

attenuation of genetically engineered Plasmodium falciparum sporozoites in human subjects. Sci Transl

Med 9.

5. Patarroyo MA, Calderon D, Moreno-Perez DA (2012) Vaccines against Plasmodium vivax: a research

challenge. Expert Rev Vaccines 11: 1249–1260. https://doi.org/10.1586/erv.12.91 PMID: 23176656

6. Udomsangpetch R, Kaneko O, Chotivanich K, Sattabongkot J (2008) Cultivation of Plasmodium vivax.

Trends Parasitol 24: 85–88. https://doi.org/10.1016/j.pt.2007.09.010 PMID: 18180202

Pv12 B- and T-cell epitopes’ antigenicity

PLOS ONE | https://doi.org/10.1371/journal.pone.0203715 September 10, 2018 19 / 24

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0203715.s004
http://www.ncbi.nlm.nih.gov/pubmed/1951863
https://doi.org/10.1586/erv.12.91
http://www.ncbi.nlm.nih.gov/pubmed/23176656
https://doi.org/10.1016/j.pt.2007.09.010
http://www.ncbi.nlm.nih.gov/pubmed/18180202
https://doi.org/10.1371/journal.pone.0203715


7. Kaslow DC, Kumar S (1996) Expression and immunogenicity of the C-terminus of a major blood-stage

surface protein of Plasmodium vivax, Pv200(19), secreted from Saccharomyces cerevisiae. Immunol

Lett 51: 187–189. PMID: 8832290

8. Kocken CH, Dubbeld MA, Van Der Wel A, Pronk JT, Waters AP, Langermans JA, et al. (1999) High-

level expression of Plasmodium vivax apical membrane antigen 1 (AMA-1) in Pichia pastoris: strong

immunogenicity in Macaca mulatta immunized with P. vivax AMA-1 and adjuvant SBAS2. Infect Immun

67: 43–49. PMID: 9864194

9. Chen JH, Jung JW, Wang Y, Ha KS, Lu F, Lim CS, et al. (2010) Immunoproteomics profiling of blood

stage Plasmodium vivax infection by high-throughput screening assays. J Proteome Res 9: 6479–

6489. https://doi.org/10.1021/pr100705g PMID: 20949973

10. Arevalo-Pinzon G, Curtidor H, Abril J, Patarroyo MA (2013) Annotation and characterization of the Plas-

modium vivax rhoptry neck protein 4 (PvRON4). Malar J 12: 356. https://doi.org/10.1186/1475-2875-

12-356 PMID: 24093777

11. Cheng Y, Li J, Ito D, Kong DH, Ha KS, Lu F, et al. (2015) Antigenicity and immunogenicity of PvRALP1,

a novel Plasmodium vivax rhoptry neck protein. Malar J 14: 186. https://doi.org/10.1186/s12936-015-

0698-z PMID: 25925592

12. Wang B, Lu F, Cheng Y, Li J, Ito D, Sattabongkot J, et al. (2013) Identification and characterization of

the Plasmodium falciparum RhopH2 ortholog in Plasmodium vivax. Parasitol Res 112: 585–593.

https://doi.org/10.1007/s00436-012-3170-9 PMID: 23097184

13. Patarroyo ME, Bermudez A, Patarroyo MA (2011) Structural and immunological principles leading to

chemically synthesized, multiantigenic, multistage, minimal subunit-based vaccine development. Chem

Rev 111: 3459–3507. https://doi.org/10.1021/cr100223m PMID: 21438608

14. Stern LJ, Calvo-Calle JM (2009) HLA-DR: molecular insights and vaccine design. Curr Pharm Des 15:

3249–3261. PMID: 19860674

15. Ujvari B, Belov K (2011) Major Histocompatibility Complex (MHC) markers in conservation biology. Int J

Mol Sci 12: 5168–5186. https://doi.org/10.3390/ijms12085168 PMID: 21954351

16. Patarroyo ME, Alba MP, Vargas LE, Silva Y, Rosas J, Rodriguez R (2005) Peptides inducing short-lived

antibody responses against Plasmodium falciparum malaria have shorter structures and are read in a

different MHC II functional register. Biochemistry 44: 6745–6754. https://doi.org/10.1021/bi050214z

PMID: 15865420

17. Rammensee H, Bachmann J, Emmerich NP, Bachor OA, Stevanovic S (1999) SYFPEITHI: database

for MHC ligands and peptide motifs. Immunogenetics 50: 213–219. PMID: 10602881

18. Rammensee HG, Friede T, Stevanoviic S (1995) MHC ligands and peptide motifs: first listing. Immuno-

genetics 41: 178–228. PMID: 7890324

19. Larsen JE, Lund O, Nielsen M (2006) Improved method for predicting linear B-cell epitopes. Immunome

Res 2: 2. https://doi.org/10.1186/1745-7580-2-2 PMID: 16635264

20. Nielsen M, Lundegaard C, Worning P, Lauemoller SL, Lamberth K, Buus S, et al. (2003) Reliable pre-

diction of T-cell epitopes using neural networks with novel sequence representations. Protein Sci 12:

1007–1017. https://doi.org/10.1110/ps.0239403 PMID: 12717023

21. Karosiene E, Rasmussen M, Blicher T, Lund O, Buus S, Nielsen M (2013) NetMHCIIpan-3.0, a common

pan-specific MHC class II prediction method including all three human MHC class II isotypes, HLA-DR,

HLA-DP and HLA-DQ. Immunogenetics 65: 711–724. https://doi.org/10.1007/s00251-013-0720-y

PMID: 23900783

22. Martinez P, Lopez C, Saravia C, Vanegas M, Patarroyo MA (2010) Evaluation of the antigenicity of uni-

versal epitopes from PvDBPII in individuals exposed to Plasmodium vivax malaria. Microbes Infect 12:

1188–1197. https://doi.org/10.1016/j.micinf.2010.08.007 PMID: 20804855

23. Saravia C, Martinez P, Granados DS, Lopez C, Reyes C, Patarroyo MA (2008) Identification and evalu-

ation of universal epitopes in Plasmodium vivax Duffy binding protein. Biochem Biophys Res Commun

377: 1279–1283. https://doi.org/10.1016/j.bbrc.2008.10.153 PMID: 19000655

24. Suarez CF, Pabon L, Barrera A, Aza-Conde J, Patarroyo MA, Patarroyo ME (2017) Structural analysis

of owl monkey MHC-DR shows that fully-protective malaria vaccine components can be readily used in

humans. Biochem Biophys Res Commun 491: 1062–1069. https://doi.org/10.1016/j.bbrc.2017.08.012

PMID: 28782517

25. Panda SK, Mahapatra RK (2017) In-silico screening, identification and validation of a novel vaccine can-

didate in the fight against Plasmodium falciparum. Parasitol Res 116: 1293–1305. https://doi.org/10.

1007/s00436-017-5408-z PMID: 28236172

26. Bergmann-Leitner ES, Chaudhury S, Steers NJ, Sabato M, Delvecchio V, Wallqvist AS, et al. (2013)

Computational and experimental validation of B and T-cell epitopes of the in vivo immune response to a

Pv12 B- and T-cell epitopes’ antigenicity

PLOS ONE | https://doi.org/10.1371/journal.pone.0203715 September 10, 2018 20 / 24

http://www.ncbi.nlm.nih.gov/pubmed/8832290
http://www.ncbi.nlm.nih.gov/pubmed/9864194
https://doi.org/10.1021/pr100705g
http://www.ncbi.nlm.nih.gov/pubmed/20949973
https://doi.org/10.1186/1475-2875-12-356
https://doi.org/10.1186/1475-2875-12-356
http://www.ncbi.nlm.nih.gov/pubmed/24093777
https://doi.org/10.1186/s12936-015-0698-z
https://doi.org/10.1186/s12936-015-0698-z
http://www.ncbi.nlm.nih.gov/pubmed/25925592
https://doi.org/10.1007/s00436-012-3170-9
http://www.ncbi.nlm.nih.gov/pubmed/23097184
https://doi.org/10.1021/cr100223m
http://www.ncbi.nlm.nih.gov/pubmed/21438608
http://www.ncbi.nlm.nih.gov/pubmed/19860674
https://doi.org/10.3390/ijms12085168
http://www.ncbi.nlm.nih.gov/pubmed/21954351
https://doi.org/10.1021/bi050214z
http://www.ncbi.nlm.nih.gov/pubmed/15865420
http://www.ncbi.nlm.nih.gov/pubmed/10602881
http://www.ncbi.nlm.nih.gov/pubmed/7890324
https://doi.org/10.1186/1745-7580-2-2
http://www.ncbi.nlm.nih.gov/pubmed/16635264
https://doi.org/10.1110/ps.0239403
http://www.ncbi.nlm.nih.gov/pubmed/12717023
https://doi.org/10.1007/s00251-013-0720-y
http://www.ncbi.nlm.nih.gov/pubmed/23900783
https://doi.org/10.1016/j.micinf.2010.08.007
http://www.ncbi.nlm.nih.gov/pubmed/20804855
https://doi.org/10.1016/j.bbrc.2008.10.153
http://www.ncbi.nlm.nih.gov/pubmed/19000655
https://doi.org/10.1016/j.bbrc.2017.08.012
http://www.ncbi.nlm.nih.gov/pubmed/28782517
https://doi.org/10.1007/s00436-017-5408-z
https://doi.org/10.1007/s00436-017-5408-z
http://www.ncbi.nlm.nih.gov/pubmed/28236172
https://doi.org/10.1371/journal.pone.0203715


novel malarial antigen. PLoS One 8: e71610. https://doi.org/10.1371/journal.pone.0071610 PMID:

23977087

27. El-Manzalawy Y, Dobbs D, Honavar VG (2017) In Silico Prediction of Linear B-Cell Epitopes on Pro-

teins. Methods Mol Biol 1484: 255–264. https://doi.org/10.1007/978-1-4939-6406-2_17 PMID:

27787831

28. Solihah B, Winarko E, Hartati S, Wibowo ME. A systematic review: B-cell conformational epitope predic-

tion from epitope characteristics view; 2017. IEEE. pp. 93–98.

29. Moreno-Perez DA, Degano R, Ibarrola N, Muro A, Patarroyo MA (2014) Determining the Plasmodium

vivax VCG-1 strain blood stage proteome. J Proteomics 113C: 268–280. https://doi.org/10.1016/j.jprot.

2014.10.003 PMID: 25316051

30. Li J, Ito D, Chen JH, Lu F, Cheng Y, Wang B, et al. (2012) Pv12, a 6-Cys antigen of Plasmodium vivax,

is localized to the merozoite rhoptry. Parasitol Int 61: 443–449. https://doi.org/10.1016/j.parint.2012.02.

008 PMID: 22394409

31. Moreno-Perez DA, Areiza-Rojas R, Florez-Buitrago X, Silva Y, Patarroyo ME, Patarroyo MA (2013)

The GPI-anchored 6-Cys protein Pv12 is present in detergent-resistant microdomains of Plasmodium

vivax blood stage schizonts. Protist 164: 37–48. https://doi.org/10.1016/j.protis.2012.03.001 PMID:

22554829

32. Sanders PR, Gilson PR, Cantin GT, Greenbaum DC, Nebl T, Carucci DJ, et al. (2005) Distinct protein

classes including novel merozoite surface antigens in Raft-like membranes of Plasmodium falciparum.

J Biol Chem 280: 40169–40176. https://doi.org/10.1074/jbc.M509631200 PMID: 16203726

33. Forero-Rodriguez J, Garzon-Ospina D, Patarroyo MA (2014) Low genetic diversity and functional con-

straint in loci encoding Plasmodium vivax P12 and P38 proteins in the Colombian population. Malar J

13: 58. https://doi.org/10.1186/1475-2875-13-58 PMID: 24533461

34. INS (2017) Boletı́n Epidemiológico Semanal-SIVIGILA. Bogota, D.C.

35. Rodriguez JC, Uribe GA, Araujo RM, Narvaez PC, Valencia SH (2011) Epidemiology and control of

malaria in Colombia. Mem Inst Oswaldo Cruz 106 Suppl 1: 114–122.

36. Troye-Blomberg M, Romero P, Patarroyo ME, Bjorkman A, Perlmann P (1984) Regulation of the

immune response in Plasmodium falciparum malaria. III. Proliferative response to antigen in vitro and

subset composition of T cells from patients with acute infection or from immune donors. Clin Exp Immu-

nol 58: 380–387. PMID: 6209042

37. Siddiqui AA, Singh N, Sharma YD (2007) Expression and purification of a Plasmodium vivax antigen—

PvTARAg55 tryptophan- and alanine-rich antigen and its immunological responses in human subjects.

Vaccine 26: 96–107. https://doi.org/10.1016/j.vaccine.2007.10.042 PMID: 18054126

38. Riley EM, Andersson G, Otoo LN, Jepsen S, Greenwood BM (1988) Cellular immune responses to

Plasmodium falciparum antigens in Gambian children during and after an acute attack of falciparum

malaria. Clin Exp Immunol 73: 17–22. PMID: 3139343

39. Marsh SG, Parham P, Barber LD (1999) The HLA factsbook. San Diego: Academic Press.

40. Deleage G, Combet C, Blanchet C, Geourjon C (2001) ANTHEPROT: an integrated protein sequence

analysis software with client/server capabilities. Comput Biol Med 31: 259–267. PMID: 11334635

41. Andreatta M, Karosiene E, Rasmussen M, Stryhn A, Buus S, Nielsen M (2015) Accurate pan-specific

prediction of peptide-MHC class II binding affinity with improved binding core identification. Immunoge-

netics 67: 641–650. https://doi.org/10.1007/s00251-015-0873-y PMID: 26416257

42. Nielsen M, Lund O (2009) NN-align. An artificial neural network-based alignment algorithm for MHC

class II peptide binding prediction. BMC Bioinformatics 10: 296. https://doi.org/10.1186/1471-2105-10-

296 PMID: 19765293

43. Sturniolo T, Bono E, Ding J, Raddrizzani L, Tuereci O, Sahin U, et al. (1999) Generation of tissue-spe-

cific and promiscuous HLA ligand databases using DNA microarrays and virtual HLA class II matrices.

Nat Biotechnol 17: 555–561. https://doi.org/10.1038/9858 PMID: 10385319

44. Wang P, Sidney J, Kim Y, Sette A, Lund O, Nielsen M, et al. (2010) Peptide binding predictions for HLA

DR, DP and DQ molecules. BMC Bioinformatics 11: 568. https://doi.org/10.1186/1471-2105-11-568

PMID: 21092157

45. Zhang L, Chen Y, Wong HS, Zhou S, Mamitsuka H, Zhu S (2012) TEPITOPEpan: extending TEPI-

TOPE for peptide binding prediction covering over 700 HLA-DR molecules. PLoS One 7: e30483.

https://doi.org/10.1371/journal.pone.0030483 PMID: 22383964

46. Baquero LA, Moreno-Perez DA, Garzon-Ospina D, Forero-Rodriguez J, Ortiz-Suarez HD, Patarroyo

MA (2017) PvGAMA reticulocyte binding activity: predicting conserved functional regions by natural

selection analysis. Parasit Vectors 10: 251. https://doi.org/10.1186/s13071-017-2183-8 PMID:

28526096

Pv12 B- and T-cell epitopes’ antigenicity

PLOS ONE | https://doi.org/10.1371/journal.pone.0203715 September 10, 2018 21 / 24

https://doi.org/10.1371/journal.pone.0071610
http://www.ncbi.nlm.nih.gov/pubmed/23977087
https://doi.org/10.1007/978-1-4939-6406-2_17
http://www.ncbi.nlm.nih.gov/pubmed/27787831
https://doi.org/10.1016/j.jprot.2014.10.003
https://doi.org/10.1016/j.jprot.2014.10.003
http://www.ncbi.nlm.nih.gov/pubmed/25316051
https://doi.org/10.1016/j.parint.2012.02.008
https://doi.org/10.1016/j.parint.2012.02.008
http://www.ncbi.nlm.nih.gov/pubmed/22394409
https://doi.org/10.1016/j.protis.2012.03.001
http://www.ncbi.nlm.nih.gov/pubmed/22554829
https://doi.org/10.1074/jbc.M509631200
http://www.ncbi.nlm.nih.gov/pubmed/16203726
https://doi.org/10.1186/1475-2875-13-58
http://www.ncbi.nlm.nih.gov/pubmed/24533461
http://www.ncbi.nlm.nih.gov/pubmed/6209042
https://doi.org/10.1016/j.vaccine.2007.10.042
http://www.ncbi.nlm.nih.gov/pubmed/18054126
http://www.ncbi.nlm.nih.gov/pubmed/3139343
http://www.ncbi.nlm.nih.gov/pubmed/11334635
https://doi.org/10.1007/s00251-015-0873-y
http://www.ncbi.nlm.nih.gov/pubmed/26416257
https://doi.org/10.1186/1471-2105-10-296
https://doi.org/10.1186/1471-2105-10-296
http://www.ncbi.nlm.nih.gov/pubmed/19765293
https://doi.org/10.1038/9858
http://www.ncbi.nlm.nih.gov/pubmed/10385319
https://doi.org/10.1186/1471-2105-11-568
http://www.ncbi.nlm.nih.gov/pubmed/21092157
https://doi.org/10.1371/journal.pone.0030483
http://www.ncbi.nlm.nih.gov/pubmed/22383964
https://doi.org/10.1186/s13071-017-2183-8
http://www.ncbi.nlm.nih.gov/pubmed/28526096
https://doi.org/10.1371/journal.pone.0203715


47. Yang J, Yan R, Roy A, Xu D, Poisson J, Zhang Y (2015) The I-TASSER Suite: protein structure and

function prediction. Nature methods 12: 7. https://doi.org/10.1038/nmeth.3213 PMID: 25549265

48. Phillips JC, Braun R, Wang W, Gumbart J, Tajkhorshid E, Villa E, et al. (2005) Scalable molecular

dynamics with NAMD. Journal of computational chemistry 26: 1781–1802. https://doi.org/10.1002/jcc.

20289 PMID: 16222654

49. MacKerell AD, Banavali N, Foloppe N (2000) Development and current status of the CHARMM force

field for nucleic acids. Biopolymers 56: 257–265. https://doi.org/10.1002/1097-0282(2000)56:4<257::

AID-BIP10029>3.0.CO;2-W PMID: 11754339

50. MacKerell AD Jr, Bashford D, Bellott M, Dunbrack RL Jr, Evanseck JD, Field MJ, et al. (1998) All-atom

empirical potential for molecular modeling and dynamics studies of proteins. The journal of physical

chemistry B 102: 3586–3616. https://doi.org/10.1021/jp973084f PMID: 24889800

51. Humphrey W, Dalke A, Schulten K (1996) VMD: visual molecular dynamics. Journal of molecular graph-

ics 14: 33–38. PMID: 8744570

52. Chen VB, Arendall WB, Headd JJ, Keedy DA, Immormino RM, Kapral GJ, et al. (2010) MolProbity: all-

atom structure validation for macromolecular crystallography. Acta Crystallographica Section D: Biolog-

ical Crystallography 66: 12–21.

53. Porollo AA, Adamczak R, Meller J (2004) POLYVIEW: a flexible visualization tool for structural and

functional annotations of proteins. Bioinformatics 20: 2460–2462. https://doi.org/10.1093/

bioinformatics/bth248 PMID: 15073023

54. Andrew SM, Titus JA (2001) Purification of immunoglobulin G. Curr Protoc Immunol Chapter 2: Unit 2 7.

55. Gorga JC, Horejsi V, Johnson DR, Raghupathy R, Strominger JL (1987) Purification and characteriza-

tion of class II histocompatibility antigens from a homozygous human B cell line. J Biol Chem 262:

16087–16094. PMID: 2824477

56. Vargas LE, Parra CA, Salazar LM, Guzman F, Pinto M, Patarroyo ME (2003) MHC allele-specific bind-

ing of a malaria peptide makes it become promiscuous on fitting a glycine residue into pocket 6. Bio-

chem Biophys Res Commun 307: 148–156. PMID: 12849994

57. Hammer J, Bono E, Gallazzi F, Belunis C, Nagy Z, Sinigaglia F (1994) Precise prediction of major histo-

compatibility complex class II-peptide interaction based on peptide side chain scanning. J Exp Med

180: 2353–2358. PMID: 7964508

58. Doolan DL, Southwood S, Chesnut R, Appella E, Gomez E, Richards A, et al. (2000) HLA-DR-promis-

cuous T cell epitopes from Plasmodium falciparum pre-erythrocytic-stage antigens restricted by multiple

HLA class II alleles. J Immunol 165: 1123–1137. PMID: 10878392

59. Racanelli V, Manigold T (2007) Presentation of HCV antigens to naive CD8+T cells: why the where,

when, what and how are important for virus control and infection outcome. Clin Immunol 124: 5–12.

https://doi.org/10.1016/j.clim.2007.04.009 PMID: 17540619

60. Hamari S, Kirveskoski T, Glumoff V, Kulmala P, Simell O, Knip M, et al. (2015) CD4+ T-cell proliferation

responses to wheat polypeptide stimulation in children at different stages of type 1 diabetes autoimmu-

nity. Pediatric diabetes 16: 177–188. https://doi.org/10.1111/pedi.12256 PMID: 25643742

61. Tonkin ML, Arredondo SA, Loveless BC, Serpa JJ, Makepeace KA, Sundar N, et al. (2013) Structural

and biochemical characterization of Plasmodium falciparum 12 (Pf12) reveals a unique interdomain

organization and the potential for an antiparallel arrangement with Pf41. Journal of Biological Chemistry

288: 12805–12817. https://doi.org/10.1074/jbc.M113.455667 PMID: 23511632

62. Parker ML, Peng F, Boulanger MJ (2015) The structure of plasmodium falciparum Blood-Stage 6-Cys

protein Pf41 reveals an Unexpected Intra-Domain insertion required for Pf12 coordination. PloS one

10: e0139407. https://doi.org/10.1371/journal.pone.0139407 PMID: 26414347

63. Taechalertpaisarn T, Crosnier C, Bartholdson SJ, Hodder AN, Thompson J, Bustamante LY, et al.

(2012) Biochemical and functional analysis of two Plasmodium falciparum blood-stage 6-cys proteins:

P12 and P41. PLoS One 7: e41937. https://doi.org/10.1371/journal.pone.0041937 PMID: 22848665

64. Garcia J, Curtidor H, Pinzon CG, Vanegas M, Moreno A, Patarroyo ME (2009) Identification of con-

served erythrocyte binding regions in members of the Plasmodium falciparum Cys6 lipid raft-associated

protein family. Vaccine 27: 3953–3962. https://doi.org/10.1016/j.vaccine.2009.04.039 PMID:

19389446

65. Naik RS, Branch OH, Woods AS, Vijaykumar M, Perkins DJ, Nahlen BL, et al. (2000) Glycosylphospha-

tidylinositol anchors of Plasmodium falciparum: molecular characterization and naturally elicited anti-

body response that may provide immunity to malaria pathogenesis. J Exp Med 192: 1563–1576. PMID:

11104799

66. Jangpatarapongsa K, Sirichaisinthop J, Sattabongkot J, Cui L, Montgomery SM, Looareesuwan S,

et al. (2006) Memory T cells protect against Plasmodium vivax infection. Microbes Infect 8: 680–686.

https://doi.org/10.1016/j.micinf.2005.09.003 PMID: 16469520

Pv12 B- and T-cell epitopes’ antigenicity

PLOS ONE | https://doi.org/10.1371/journal.pone.0203715 September 10, 2018 22 / 24

https://doi.org/10.1038/nmeth.3213
http://www.ncbi.nlm.nih.gov/pubmed/25549265
https://doi.org/10.1002/jcc.20289
https://doi.org/10.1002/jcc.20289
http://www.ncbi.nlm.nih.gov/pubmed/16222654
https://doi.org/10.1002/1097-0282(2000)56:4<257::AID-BIP10029>3.0.CO;2-W
https://doi.org/10.1002/1097-0282(2000)56:4<257::AID-BIP10029>3.0.CO;2-W
http://www.ncbi.nlm.nih.gov/pubmed/11754339
https://doi.org/10.1021/jp973084f
http://www.ncbi.nlm.nih.gov/pubmed/24889800
http://www.ncbi.nlm.nih.gov/pubmed/8744570
https://doi.org/10.1093/bioinformatics/bth248
https://doi.org/10.1093/bioinformatics/bth248
http://www.ncbi.nlm.nih.gov/pubmed/15073023
http://www.ncbi.nlm.nih.gov/pubmed/2824477
http://www.ncbi.nlm.nih.gov/pubmed/12849994
http://www.ncbi.nlm.nih.gov/pubmed/7964508
http://www.ncbi.nlm.nih.gov/pubmed/10878392
https://doi.org/10.1016/j.clim.2007.04.009
http://www.ncbi.nlm.nih.gov/pubmed/17540619
https://doi.org/10.1111/pedi.12256
http://www.ncbi.nlm.nih.gov/pubmed/25643742
https://doi.org/10.1074/jbc.M113.455667
http://www.ncbi.nlm.nih.gov/pubmed/23511632
https://doi.org/10.1371/journal.pone.0139407
http://www.ncbi.nlm.nih.gov/pubmed/26414347
https://doi.org/10.1371/journal.pone.0041937
http://www.ncbi.nlm.nih.gov/pubmed/22848665
https://doi.org/10.1016/j.vaccine.2009.04.039
http://www.ncbi.nlm.nih.gov/pubmed/19389446
http://www.ncbi.nlm.nih.gov/pubmed/11104799
https://doi.org/10.1016/j.micinf.2005.09.003
http://www.ncbi.nlm.nih.gov/pubmed/16469520
https://doi.org/10.1371/journal.pone.0203715


67. Cheng Y, Wang B, Changrob S, Han JH, Sattabongkot J, Ha KS, et al. (2017) Naturally acquired

humoral and cellular immune responses to Plasmodium vivax merozoite surface protein 8 in patients

with P. vivax infection. Malar J 16: 211. https://doi.org/10.1186/s12936-017-1837-5 PMID: 28532483

68. Aucan C, Traore Y, Tall F, Nacro B, Traore-Leroux T, Fumoux F, et al. (2000) High immunoglobulin G2

(IgG2) and low IgG4 levels are associated with human resistance to Plasmodium falciparum malaria.

Infect Immun 68: 1252–1258. PMID: 10678934

69. Mojibian M, Chakir H, Lefebvre DE, Crookshank JA, Sonier B, Keely E, et al. (2009) Diabetes-specific

HLA-DR–restricted proinflammatory T-cell response to wheat polypeptides in tissue transglutaminase

antibody–negative patients with type 1 diabetes. Diabetes 58: 1789–1796. https://doi.org/10.2337/

db08-1579 PMID: 19401421

70. Alam MT, Bora H, Mittra P, Singh N, Sharma YD (2008) Cellular immune responses to recombinant

Plasmodium vivax tryptophan-rich antigen (PvTRAg) among individuals exposed to vivax malaria. Para-

site Immunol 30: 379–383. https://doi.org/10.1111/j.1365-3024.2008.01033.x PMID: 18435687

71. Bharadwaj A, Sharma P, Joshi SK, Singh B, Chauhan VS (1998) Induction of protective immune

responses by immunization with linear multiepitope peptides based on conserved sequences from Plas-

modium falciparum antigens. Infect Immun 66: 3232–3241. PMID: 9632590

72. Akira S, Taga T, Kishimoto T (1993) Interleukin-6 in biology and medicine. Adv Immunol 54: 1–78.

PMID: 8379461

73. Raza A, Khan MS, Ghanchi NK, Raheem A, Beg MA (2014) Tumour necrosis factor, interleukin-6 and

interleukin-10 are possibly involved in Plasmodium vivax-associated thrombocytopaenia in southern

Pakistani population. Malar J 13: 323. https://doi.org/10.1186/1475-2875-13-323 PMID: 25128199

74. Good MF, Doolan DL (1999) Immune effector mechanisms in malaria. Current opinion in immunology

11: 412–419. https://doi.org/10.1016/S0952-7915(99)80069-7 PMID: 10448141

75. Su Z, Stevenson MM (2000) Central role of endogenous gamma interferon in protective immunity

against blood-stage Plasmodium chabaudi AS infection. Infection and immunity 68: 4399–4406. PMID:

10899836

76. Taylor-Robinson AW, Phillips RS, Severn A, Moncada S, Liew FY (1993) The role of TH1 and TH2 cells

in a rodent malaria infection. Science 260: 1931–1934. PMID: 8100366

77. Jacobs P, Radzioch D, Stevenson MM (1996) In vivo regulation of nitric oxide production by tumor

necrosis factor alpha and gamma interferon, but not by interleukin-4, during blood stage malaria in

mice. Infect Immun 64: 44–49. PMID: 8557372

78. Stevenson MM, Riley EM (2004) Innate immunity to malaria. Nat Rev Immunol 4: 169–180. https://doi.

org/10.1038/nri1311 PMID: 15039754

79. Villegas-Mendez A, Inkson CA, Shaw TN, Strangward P, Couper KN (2016) Long-Lived CD4+IFN-

gamma+ T Cells rather than Short-Lived CD4+IFN-gamma+IL-10+ T Cells Initiate Rapid IL-10 Produc-

tion To Suppress Anamnestic T Cell Responses during Secondary Malaria Infection. J Immunol 197:

3152–3164. https://doi.org/10.4049/jimmunol.1600968 PMID: 27630165

80. Scragg IG, Hensmann M, Bate CA, Kwiatkowski D (1999) Early cytokine induction by Plasmodium fal-

ciparum is not a classical endotoxin-like process. Eur J Immunol 29: 2636–2644. https://doi.org/10.

1002/(SICI)1521-4141(199908)29:08<2636::AID-IMMU2636>3.0.CO;2-Y PMID: 10458778

81. Artavanis-Tsakonas K, Riley EM (2002) Innate immune response to malaria: rapid induction of IFN-

gamma from human NK cells by live Plasmodium falciparum-infected erythrocytes. J Immunol 169:

2956–2963. PMID: 12218109

82. Zevering Y, Amante F, Smillie A, Currier J, Smith G, Houghten RA, et al. (1992) High frequency of

malaria-specific T cells in non-exposed humans. Eur J Immunol 22: 689–696. https://doi.org/10.1002/

eji.1830220311 PMID: 1547814

83. Artis D, Spits H (2015) The biology of innate lymphoid cells. Nature 517: 293–301. https://doi.org/10.

1038/nature14189 PMID: 25592534

84. Rotman HL, Daly TM, Long CA (1999) Plasmodium: immunization with carboxyl-terminal regions of

MSP-1 protects against homologous but not heterologous blood-stage parasite challenge. Exp Parasi-

tol 91: 78–85. https://doi.org/10.1006/expr.1999.4357 PMID: 9920045

85. Renia L, Ling IT, Marussig M, Miltgen F, Holder AA, Mazier D (1997) Immunization with a recombinant

C-terminal fragment of Plasmodium yoelii merozoite surface protein 1 protects mice against homolo-

gous but not heterologous P. yoelii sporozoite challenge. Infect Immun 65: 4419–4423. PMID:

9353014

86. Crewther PE, Matthew ML, Flegg RH, Anders RF (1996) Protective immune responses to apical mem-

brane antigen 1 of Plasmodium chabaudi involve recognition of strain-specific epitopes. Infect Immun

64: 3310–3317. PMID: 8757869

Pv12 B- and T-cell epitopes’ antigenicity

PLOS ONE | https://doi.org/10.1371/journal.pone.0203715 September 10, 2018 23 / 24

https://doi.org/10.1186/s12936-017-1837-5
http://www.ncbi.nlm.nih.gov/pubmed/28532483
http://www.ncbi.nlm.nih.gov/pubmed/10678934
https://doi.org/10.2337/db08-1579
https://doi.org/10.2337/db08-1579
http://www.ncbi.nlm.nih.gov/pubmed/19401421
https://doi.org/10.1111/j.1365-3024.2008.01033.x
http://www.ncbi.nlm.nih.gov/pubmed/18435687
http://www.ncbi.nlm.nih.gov/pubmed/9632590
http://www.ncbi.nlm.nih.gov/pubmed/8379461
https://doi.org/10.1186/1475-2875-13-323
http://www.ncbi.nlm.nih.gov/pubmed/25128199
https://doi.org/10.1016/S0952-7915(99)80069-7
http://www.ncbi.nlm.nih.gov/pubmed/10448141
http://www.ncbi.nlm.nih.gov/pubmed/10899836
http://www.ncbi.nlm.nih.gov/pubmed/8100366
http://www.ncbi.nlm.nih.gov/pubmed/8557372
https://doi.org/10.1038/nri1311
https://doi.org/10.1038/nri1311
http://www.ncbi.nlm.nih.gov/pubmed/15039754
https://doi.org/10.4049/jimmunol.1600968
http://www.ncbi.nlm.nih.gov/pubmed/27630165
https://doi.org/10.1002/(SICI)1521-4141(199908)29:08<2636::AID-IMMU2636>3.0.CO;2-Y
https://doi.org/10.1002/(SICI)1521-4141(199908)29:08<2636::AID-IMMU2636>3.0.CO;2-Y
http://www.ncbi.nlm.nih.gov/pubmed/10458778
http://www.ncbi.nlm.nih.gov/pubmed/12218109
https://doi.org/10.1002/eji.1830220311
https://doi.org/10.1002/eji.1830220311
http://www.ncbi.nlm.nih.gov/pubmed/1547814
https://doi.org/10.1038/nature14189
https://doi.org/10.1038/nature14189
http://www.ncbi.nlm.nih.gov/pubmed/25592534
https://doi.org/10.1006/expr.1999.4357
http://www.ncbi.nlm.nih.gov/pubmed/9920045
http://www.ncbi.nlm.nih.gov/pubmed/9353014
http://www.ncbi.nlm.nih.gov/pubmed/8757869
https://doi.org/10.1371/journal.pone.0203715


87. Lyon JA, Angov E, Fay MP, Sullivan JS, Girourd AS, Robinson SJ, et al. (2008) Protection induced by

Plasmodium falciparum MSP1(42) is strain-specific, antigen and adjuvant dependent, and correlates

with antibody responses. PLoS One 3: e2830. https://doi.org/10.1371/journal.pone.0002830 PMID:

18665258

88. Dutta S, Sullivan JS, Grady KK, Haynes JD, Komisar J, Batchelor AH, et al. (2009) High antibody titer

against apical membrane antigen-1 is required to protect against malaria in the Aotus model. PLoS One

4: e8138. https://doi.org/10.1371/journal.pone.0008138 PMID: 19997632

89. Curtidor H, Urquiza M, Suarez JE, Rodriguez LE, Ocampo M, Puentes A, et al. (2001) Plasmodium fal-

ciparum acid basic repeat antigen (ABRA) peptides: erythrocyte binding and biological activity. Vaccine

19: 4496–4504. PMID: 11483276

90. Lopez R, Valbuena J, Curtidor H, Puentes A, Rodriguez LE, Garcia J, et al. (2004) Plasmodium falcipa-

rum: red blood cell binding studies using peptides derived from rhoptry-associated protein 2 (RAP2).

Biochimie 86: 1–6. https://doi.org/10.1016/j.biochi.2003.11.013 PMID: 14987794

91. Ocampo M, Urquiza M, Guzman F, Rodriguez LE, Suarez J, Curtidor H, et al. (2000) Two MSA 2 pep-

tides that bind to human red blood cells are relevant to Plasmodium falciparum merozoite invasion. J

Pept Res 55: 216–223. PMID: 10727103

92. Rodriguez LE, Urquiza M, Ocampo M, Suarez J, Curtidor H, Guzman F, et al. (2000) Plasmodium fal-

ciparum EBA-175 kDa protein peptides which bind to human red blood cells. Parasitology 120 (Pt 3):

225–235.

93. Urquiza M, Rodriguez LE, Suarez JE, Guzman F, Ocampo M, Curtidor H, et al. (1996) Identification of

Plasmodium falciparum MSP-1 peptides able to bind to human red blood cells. Parasite Immunol 18:

515–526. PMID: 9226689

94. Patarroyo ME, Patarroyo MA (2008) Emerging rules for subunit-based, multiantigenic, multistage

chemically synthesized vaccines. Acc Chem Res 41: 377–386. https://doi.org/10.1021/ar700120t

PMID: 18266328

95. Patarroyo ME, Cifuentes G, Vargas LE, Rosas J (2004) Structural modifications enable conserved pep-

tides to fit into MHC molecules thus inducing protection against malaria. Chembiochem 5: 1588–1593.

https://doi.org/10.1002/cbic.200400116 PMID: 15515079

96. Cifuentes G, Espejo F, Vargas LE, Parra C, Vanegas M, Patarroyo ME (2004) Orientating peptide resi-

dues and increasing the distance between pockets to enable fitting into MHC-TCR complex determine

protection against malaria. Biochemistry 43: 6545–6553. https://doi.org/10.1021/bi049698+ PMID:

15157087

97. Patarroyo MA, Bermudez A, Lopez C, Yepes G, Patarroyo ME (2010) 3D analysis of the TCR/pMHCII

complex formation in monkeys vaccinated with the first peptide inducing sterilizing immunity against

human malaria. PLoS One 5: e9771. https://doi.org/10.1371/journal.pone.0009771 PMID: 20333301

Pv12 B- and T-cell epitopes’ antigenicity

PLOS ONE | https://doi.org/10.1371/journal.pone.0203715 September 10, 2018 24 / 24

https://doi.org/10.1371/journal.pone.0002830
http://www.ncbi.nlm.nih.gov/pubmed/18665258
https://doi.org/10.1371/journal.pone.0008138
http://www.ncbi.nlm.nih.gov/pubmed/19997632
http://www.ncbi.nlm.nih.gov/pubmed/11483276
https://doi.org/10.1016/j.biochi.2003.11.013
http://www.ncbi.nlm.nih.gov/pubmed/14987794
http://www.ncbi.nlm.nih.gov/pubmed/10727103
http://www.ncbi.nlm.nih.gov/pubmed/9226689
https://doi.org/10.1021/ar700120t
http://www.ncbi.nlm.nih.gov/pubmed/18266328
https://doi.org/10.1002/cbic.200400116
http://www.ncbi.nlm.nih.gov/pubmed/15515079
https://doi.org/10.1021/bi049698+
http://www.ncbi.nlm.nih.gov/pubmed/15157087
https://doi.org/10.1371/journal.pone.0009771
http://www.ncbi.nlm.nih.gov/pubmed/20333301
https://doi.org/10.1371/journal.pone.0203715

