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Abstract

Visceral leishmaniasis (VL) still represents a serious public health problem in Brazil due to

the inefficiency of the control measures currently employed, that included early diagnosis

and treatment of human cases, vector control, euthanasia of infected dogs and, recently

approved in Brazil, treatment with Milteforam drug. Effective clinical management depend

largely on early and unequivocal diagnosis, however, cross-reactivity have also been

described in serological tests, especially when it refers to individuals from areas where Cha-

gas’ disease is also present. Thus, to discover new antigens to improve the current serologi-

cal tests for VL diagnosis is urgently needed. Here, we performed an immunogenomic

screen strategy to identify conserved linear B-cell epitopes in the predicted L. infantum pro-

teome using the following criteria: i) proteins expressed in the stages found in the vertebrate

host, amastigote stage, and secreted/excreted, to guarantee greater exposure to the

immune system; ii) divergent from proteins present in other infectious disease pathogens

with incidence in endemic areas for VL, as T. cruzi; iii) highly antigenic to humans with differ-

ent genetic backgrounds, independently of the clinical stage of the disease; iv) stable and

adaptable to quality-control tests to guarantee reproducibility; v) using statistical analysis to

determine a suitable sample size to evaluate accuracy of diagnostic tests established by

receiver operating characteristic strategy. We selected six predicted linear B-cell epitopes

from three proteins of L. infantum parasite. The results demonstrated that a mixture of pep-

tides (Mix IV: peptides 3+6) were able to identify VL cases and simultaneously able to dis-

criminate infections caused by T. cruzi parasite with high accuracy (100.00%) and perfect

agreement (Kappa index = 1.000) with direct methods performed by laboratories in Brazil.

The results also demonstrated that peptide-6, Mix III (peptides 2+6) and I (peptides 2+3+6)

are potential antigens able to used in VL diagnosis, represented by high accuracy (Ac =

99.52%, 99.52% and 98.56%, respectively). This study represents an interesting strategy

for discovery new antigens applied to serologic diagnosis which will contribute to the
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improvement of the diagnosis of VL and, consequently, may help in the prevention, control

and treatment of the disease in endemic areas of Brazil.

Introduction

Leishmaniasis are a complex group of diseases caused by protozoa parasites of the genus Leish-
mania and can lead, depending on the species, to two distinct diseases, namely visceral (VL)

and tegumentary leishmaniasis (TL)[1–5]. VL is caused mainly by the parasites L. donovani
and L. infantum, and it is estimated by the WHO that 200,000–400,000 new cases occur annu-

ally worldwide. L. donovani and L. infantum are the agents responsible for Old World VL,

whereas L. infantum is responsible for New World VL [6]. VL is usually a systemic disease that

affects internal organs, particularly the spleen, liver, and bone marrow [6, 7]. It is also consid-

ered a zoonosis, since it also affects dogs, with chronic evolution, systemic involvement and, if

not treated, can lead to death in up to 90% of cases [3–5, 8]. Infected individuals that can not

control the expansion of the parasites, develop the active form of the disease and may take

severe and lethal forms, especially when associated with malnutrition and concomitant infec-

tions [7]. However, a significant proportion of residents in such areas can control parasite mul-

tiplication and remain asymptomatic in relation to VL [9]. Thus, it has been described that

only 20% of patients infected by L. infantum develop symptomatic VL, whereas the vast major-

ity of patients remain asymptomatic, a fact that difficult the identification of cases during clini-

cal investigations and epidemiological analysis [10].

Regarding the laboratory diagnosis, VL can be diagnosed by tests that allow the direct

or indirect detection of the infection by the parasite L. infantum. The parasitological diag-

nosis is highly specific, since it detects the presence of the parasite in aspirates of the

spleen, lymph nodes or bone marrow of the patients through the visualization of amasti-

gote forms in microscopy slides, detection of the DNA of the parasite by PCR, inoculum

of the biopsies in culture media or in laboratory animals [11–13]. However, despite the

high specificity, these methods has limitations in its sensitivity because the distribution of

the parasite is not homogeneous in the tissues, which is higher in the spleen (94.7%) than

in the bone marrow (64.3%) or in the lymph nodes (68.9%) [14]. Such factors also occur

because of the low parasitic load present in these tissue samples depending on the stage of

disease and the patient’s immune status, which may lead to false negative results [15]. In

addition, the collection of materials to perform these parasitological examinations is car-

ried out by procedures considered to be invasive, depending on the technical expertise of

the professional and also on the quality of the prepared slides, which complicate their use

in routine medical practice [11–13].

In relation to indirect methods, serological diagnostic tests, for example, using enzyme-

linked immunosorbent assay (ELISA), indirect immunofluorescence (IFI), Western blot,

direct agglutination test (DAT) or immunochromatographic methods, based on the use of par-

asite extracts or recombinant, have been used for the serological diagnosis of VL and several

diseases, because they are considered easy to perform, low cost and do not require laboratory

infrastructure and high cost equipment [16]. In addition, there is an advantage in the improve-

ment of such diagnostic condition, since the collection of samples is based on venipuncture to

remove a small blood aliquot, being considered less invasive and with less risk to the patients

in relation to biopsies for parasitological exams. However, several serological tests use prepara-

tions containing crude antigen from Leishmania parasite, that includes soluble antigens, and

among the various antigens tested, variable sensitivity has been observed due to antigenic
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differences among parasite isolates and low specificity due to cross reactivity with other dis-

eases that co-occur in endemic areas for VL, as Chagas’ disease (CD)[17, 18].

Aiming to improve the sensitivity and specificity of the tests of VL, studies has used serolog-

ical methods to detected antibodies with several antigens, including recombinant proteins,

synthetic peptides and multiepitope proteins [19–24]. Among the most well-known antigens,

recombinant protein K39 (rK39), which is currently used for the serodiagnosis of VL and CVL

in several countries around the world, for example, is employing in the latex alglutination test

methodologies (KAtex—Kalon Biological Limited, USA), direct agglutination test (DAT) or

immunochromatographic (rK39 dipstick test—In Bios, USA) [25]. These methods showed

sensitivity ranging from 87–98% and specificity of 89–98%. However, its validation for the

detection of cases of L. infantum infection has varied according to the production of the

recombinant protein and the clinical and serological variability of the patients, besides the

genetic variability observed between different strains of the same species, especially when eval-

uated strains isolated from distant locations [25, 26]. These data indicate the urgent need to

discover new antigens to improve the current serological tests for VL diagnosis and also canine

visceral leishmaniasis (CVL).

Bioinformatic and immunoproteomic approaches has been used to discovery more sensi-

tive and specific antigens [19, 20]. The strategy is based on in silico analysis of protein

sequences to predict B-cell epitopes. In this sense, several antigens, as peptides, recombinant

proteins and chimeric proteins were obtained to be used in VL and CVL diagnosis [21, 23].

Moreover, identification of reactive peptides on the surface of the phages and integration with

immunoinformatics allows their use and/or the subsequent synthetic construction with a

directed application for diagnosis [27, 28]. Thus, using the knowledge acquired in immunoin-

formatics for the discovery of targets for the diagnosis of infectious diseases [27, 29–31], and

also for the limitations known for the serodiagnosis of VL, the objective to the present study

was to identify and validate new antigens of L. infantum for the development of a biotechno-

logical product applied to the serological diagnosis of this disease. For this, we selected six pre-

dicted linear B-cell epitopes from three proteins of L. infantum parasite, expressed in

amastigote stage and higly divergent of the T. cruzi proteins. We also performed a comparative

analyses with results obtained from an ELISA employing soluble L. infantum antigen (SLiA).

The goal of this work to was: i) selected proteins expressed in the stages found in the vertebrate

host, amastigote stage, and secreted/excreted, to guarantee greater exposure to the immune

system; ii) that are divergent from proteins present in other infectious disease pathogens with

incidence in endemic areas for VL, as T. cruzi; iii) highly antigenic to humans with different

genetic backgrounds, independently of the clinical stage of the disease; iv) stable and adaptable

to quality-control tests to guarantee reproducibility; v) and to use statistical analysis to deter-

mine a suitable sample size to evaluate accuracy of diagnostic tests established by receiver

operating characteristic strategy.

Materials and methods

Ethics statement and human samples

The use of human samples was approved (protocol CAAE–60802116.1.0000.5138) by the Eth-

ics Committee of the Federal University of Minas Gerais (UFMG), Belo Horizonte, Brazil. All

patients received an individual copy of the study policy, which was reviewed by an indepen-

dent person, and all participants gave their consent form in Portuguese, before blood collec-

tion. Procedures were performed with in accordance with the ethical standards and with the

1964 Helsinki declaration.
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Sample size determination for accuracy of diagnostic tests was established using receiver

operating characteristic (ROC curve) and PASS software (version 15, NCSS Statistical Soft-

ware)[sample allocation ratio (R): R = Groups negative for VL/Groups positive for VL = 2/

2 = 1]. A minimum sample of 67 from the positive group (VL) and 134 from the negative

group (CT+CD) achieve 80% power to detect a difference of 0.05 between the area under the

ROC curve (AUC) under the null hypothesis of 0.80 and an AUC under the alternative

hypothesis of 0.85 using a two-sided z-test at a significance level of 0.05. The data are discrete

(rating scale) responses. The AUC was computed between false positive rates of 0.00 and 1.00.

The ratio of the standard deviation of the responses in the negative group to the standard devi-

ation of the responses in the positive group was 1.00 [32, 33].

All sera were collected by venipuncture of medial vein in tubes without anticoagulant, and

were kept at 37˚C by 15 min, when they were centrifuged at 4000×g for 15 min, and the serum

were separated and kept at −80˚C until use. All samples are stored in a sera bank from Post-

graduate Program in Infectious Diseases and Tropical Medicine, School of Medicine, UFMG.

Samples from patients with visceral leishmaniasis (VL, n = 70) were confirmed by clinical eval-

uation associated by PCR technique targeting L. infantum kDNA in aspirates from spleen and/

or bone marrow of the patients. The control group (CT, n = 70) consisted of healthy individu-

als without clinical signs, suspicious or positive laboratory tests for VL. Samples from patients

with Chagas’ disease (CD, n = 68) were confirmed by clinical evaluation associated with hemo-

culture in combination with specific ELISA or indirect hemagglutination assay (IHA) assays

[34].

In silico prediction of linear B-cell epitopes

Initially, the predicted proteins based on the genome sequence of L. infantum were retrieved

from database TritrypDB (8.1 version) [35]. Proteins containing at least two peptides identified

previously in the intracellular mammalian stage amastigote by mass spectrometry were also

retrieved from TritrypDB [35]. Epitopes (B-cells) were predicted using the BepiPred program

(version 1.0) with cut-off set to 1.3 [36]. All peptide were identified using a conservative

approach to minimize the selection of false-positive epitopes. Intrinsically unstructured/disor-

dered regions (IURs) were considered as those with at least nine continuous amino acids with

an individual score above 0.5 predicted by IUPred program [37]. Potential secreted/excreted

proteins were predicted using the SignalP program version 4.1 [38] with organism group set to

Eukaryotes, default parameter for D-cut-off values and method parameter with input

sequences including TM regions.

In order to evaluate the specificity potential of peptides for diagnostic, the peptide

sequences from L. infantum strain JPCM5 [39] were compared with encoded proteins based

on genome sequences from T. cruzi (strains CL Brenner and DM28c) [40], Leishmania species

(L. donovani, strain BPK282A1; L. major, strain Friedlin) [35] and H. sapiens assembly version

GRCh37 from RefSeq database [41] using the BLASTp algorithm [42] with parameters opti-

mized for short sequences analysis [43].

Peptide synthesis

The selected peptides were chemical synthetized by GenScript company (New Jersey, United

States) and. purified by high-performance liquid chromatography (HPLC). The molecular

weights (MW) identified by mass spectrometry were consistent with the predicted theoretical

MW. The lyophilized peptides were ressuspended in ultrapure water (Sigma- Aldrich) and

stored at -20ºC until use in ELISA assays.
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Soluble Leishmania infantum antigen (SLiA)

L. infantum promastigotes (MHOM/BR/1974/PP75) were grown to stationary phase at 24ºC
in Schneider’s insect medium (Sigma-Aldrich) supplemented with 10% inactivated fetal

bovine serum (100 U/mL penicillin plus 100 μg/mL streptomycin and pH adjusted to 7.2). Pre-

viously, we performed PCR-restriction fragment length polymorphism (PCR-RFLP) to con-

firmed L. infantum specie [44]. A total of 1 x 1010 parasites were washed three times with cold

phosphate buffered saline (PBS, pH adjusted to 7.2), followed by three cycles of freezing (liquid

nitrogen) and thawing (42ºC). After ultrasonication with 10 alternating cycles of 30 s at 35

MHz, the lysate was centrifuged at 6,000xg at 4ºC for 15 min. The supernatant containing

SLiA was collected and the protein concentration estimated using the Pierce BCA Protein

Assay (Thermo Scientific).

ELISA assays employing peptides based on linear B-cell epitopes

The peptides were coated onto flat-bottom plates (Costar, USA) overnight at 37˚C at a concen-

tration of 10 μg/well. All serum samples were tested by ELISA using each one of the peptides

(1, 2, 3, 4, 5 and 6). In this study, the peptides 2, 3 and 6 showed high accuracy values (results

section). Thus, we evaluated a mixture containing these peptides in the same proportion (Mix

I: 2+3+6; 3.34 μg for each one/well). A mixture containing all peptides in the same proportion

(Mix II: 1+2+3+4+5+6; 1.66 μg for each one/well) was evaluated. The ELISA assay was carried

out as described previously [45]. To eliminates the need of combining three or more peptides

at a time, we also evaluated the combination between peptides 2 and 6 (Mix III: 2+6; 5.0 μg for

each one/well) and peptides 3 and 6 (Mix IV: 3+6; 5.0 μg for each one/well). The absorbance at

450 nm was read with an microplate reader (EMax, Molecular Devices, USA) and values were

averaged and blank-corrected. The results of the ELISA using peptides as antigens, were com-

pared with those using L. infantum SLiA-ELISA.

Statistical analysis

The cut-off for peptides 1–6, Mix I, II, III, IV and SLiA were established for optimal sensitivity

and specificity using the receiver-operator curve (ROC) curve. The cut-off was chosen based

on the point that provided the maximum of the sum of the sensitivity and specificity [46]. The

following parameters were calculated: sensitivity (Se), specificity (Sp), positive predictive value

(PPV), negative predictive value (NPV), area under the curve (AUC), and accuracy (AC). Kol-

mogorov-Smirnoff normality method was used to to evaluate if the data have Gaussian distri-

bution. The anti-peptides 1–6, Mix I, II, III, IV and SLiA reactivity between groups were

compared by Kruskal-Wallis followed by Dunn’s post-test for multi-group comparisons (sta-

tistically significant at p<0.05). The degree of agreement between the ELISA assays with the

parasitological test was determined by Kappa index (κ) values with 95% confidence intervals

and interpreted according to the following Fleiss scale: 0.00–0.20, poor; 0.21–0.40, fair; 0.41–

0.60, moderate; 0.61–0.80, good; 0.81–0.99, very good; and 1.00, perfect. The softwares Graph-

Pad PrismTM (version 5.0) and GraphPad QuickCals and GraphPad QuickCals (http://www.

graphpad.com/quickcalcs/) were used in this step.

Results

Priorization of potential peptides for VL serodiagnosis

In order to identify potential antigenic and specific linear B-cell epitopes of L. infantum, a

genome mining approach was used (Fig 1). A total of 659 proteins from the L. infantum
genome were initially selected due to evidence of presence in amastigotes identified by mass
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spectrometry. A total of 267 proteins showed predicted linear B-cell epitopes and 73 out of

them were predicted to be secreted/excreted by the parasite. The surface proteins containing

epitopes are potentially more able for interacting more with B-cells than intracellular proteins

and to induce antibodies against them. A total of 7 proteins showed low similarity with T.

cruzi and human proteins and 3 with 2 ou more B-cell epitopes. The top 3 proteins were

represented by genes annotated as: LinJ.30.2730 (stabilization of polarity axis, putative);

LinJ.32.0280 (hypothetical protein, conserved); LinJ.27.0980 (guide RNA-binding protein of

21 kDa)(Fig 2).

Fig 1. Flow chart with experimental designer of computational approach for identification of potential targets for

VL serodiagnosis. L. infantum genome (strain JPCM5) displayed 8,154 predicted coding protein sequences. Potential

targets were selected by following critera: protein evidence by mass spectrometry in stages found in the vertebrate host

(amastigote); presence of predicted B-cell epitopes; potential excreted/secreted proteins; high specificity for L.

infantum with reduced similarity to T. cruzi and human proteins; 2 or more specific epitopes.

https://doi.org/10.1371/journal.pone.0209599.g001
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Epitope prediction combined with sequence divergence analysis suggest

peptides 1–6 as potential diagnostic targets for VL

Two peptides predicted as linear B-cell epitope from each protein and specific for L. infan-
tum were selected (Figs 1 and 2 and Table 1). The peptides chosen were: SGAPRANNSG-

DASA (peptide-1: Bepipred score = 1.63) and GLSGEGSPASPEPRLAGGGGGADTQSTT

(peptide-2: Bepipred score = 1.87) from LinJ.30.2730; DGKPKENQKTARES (peptide-3:

Bepipred score = 1.71) and VADSGSASSEDGGSAKP (peptide-4: Bepipred score = 1.84)

from LinJ.32.0280; PRKADPNDTTPQ (peptide-5: Bepipred score = 2.00) and GDSPPSD

SPQNNQDRNRNQN (peptide-6: Bepipred score = 2.12) from LinJ.27.0980. All peptides

co-occur in intrinsically unstructured regions (IUPRED score: 0.68, 0.80, 0.68, 0.82, 0.68

and 0.90, respectively; Fig 2), which suggests that these proteins regions has an unfolded

structure and is therefore potentially accessible for antibody binding.

Fig 2. Top 3 secreted/excreted proteins from L. infantum amastigotes with predicted linear B-cell epitopes. The double arrow lines represent the primary structures

of proteins with coordinates of amino acids as ticks. Red bars represent signal peptide for membrane export of proteins predicted by SignalP program. Yellow bars

represent predicted linear B-cell epitopes with at least 9 amino acids predicted by Bepipred program. Green bars represent unstructured regions of proteins with

epitopes available to interaction with antibodies predicted by IUPRED program. Red numbers represent prediction score for each program used. A) Gene LinJ.30.2730.

B) Gene LinJ.32.0280. C) Gene LinJ.27.0980.

https://doi.org/10.1371/journal.pone.0209599.g002
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Divergence with proteins encoded by their hosts and by parasites that co-occur in endemic

areas for VL, in particular in the B-cell epitopes, may be sufficient to induce the production of

L. infantum-specific antibodies [47]. In this context, we compared the sequences of predicted

B-cell epitopes of peptide 1–6 with orthologous sequences from T. cruzi and H. sapiens
(Table 1). For this, the specificity of peptides were confirmed by reduced identity and similar-

ity with T. cruzi (strain CL Brenner: identity: 52.0–67.0%; similarity: 52.9–67.0%; strain

DM28c: identity: 50.0–62.0%; similarity: 57.1–66.0%) and human proteins (identity: 42.8–

64.3%; similarity: 50.0–66.6%). Interestingly, all peptides presented 100.0% of identity and

similarity with peptides presented in proteins from L. donovani (strain BPK282A1), another

etiological agent of VL. In relation to L. major (strain Friedlin), a TL specie, we observed mod-

erate identity and similarity for peptides 1 and 4 (identity: 64.2–64.7%; similarity: 64.2–64.7%),

while for 2, 3, 5 and 6 peptides (identity: 92.8–100.0%; similarity: 92.8–100.0%), the data

showed high conservation of the sequences.

Peptides based on linear B-cell epitopes from L. infantum proteins showed

high performance in the diagnosis of chronic VL

The performance of each antigen is summarized in Figs 3 and 4 and Table 2. Peptide-6, Mix I,

II, III and IV showed value of 100.00% (CI 95%: 94.87–100.00%). Following, in descending

order of the sensitivity values, we find the peptides 2, 3, 1, 5 and 4 (range: 82.86–92.86%). SLiA

ELISA exhibited the sensitivity value of 85.7%. The maximum PPV was achieved by Mix IV

(100.00%), followed by peptide-6 and Mix III (98.59%), Mix I (95.89%), peptide-3 (88.89%),

peptide-1 (88.73%), peptide-2 (87.84%), Mix II (80.46%), peptide-4 (75.32%), SLiA (60.00%)

and peptide-5 (56.19%).

To further evaluate the diagnostic specificity of the peptides, sera from control individuals

or patients with Chagas’ disease were tested. Mix IV showed the higher specificity value

(100.00%, CI 95%: 97.36–100.00), followed by Peptide-6 and Mix III (99.28%, CI 95%: 96.03–

99.98), Mix I (97.83), peptides 1 and 3 (94.20%), peptide-2 (93.48%), Mix II (87.68), peptide-4

(86.23%), SLiA (71.01%) and peptide-5 (66.67%). Maximun NPV values were observed for

peptide-6, Mix I, II, III and IV (100.00%), followed by peptide-2 (96.27%), peptide-3 (95.59%),

peptide-1 (94.89%), peptide-4 (90.84%), SLiA (90.74%) and peptide-5 (89.32%).

Mix IV showed the best diagnostic value for VL represented by greater accuracy value, fol-

lowed by Peptide-6 and Mix III (99.52%), Mix I (98.56%), peptide-2 and 3 (93.27%), peptide-1

Table 1. Peptides sequence, identity and similarity of the six B-cell linear epitopes predicted in the proteins of L. infantum and its orthologs in Homo sapiens, T.

cruzi (strains CL Brenner and DM28c), L. donovani (strain BPK282A) and L. major (strain Friedlin).

Peptide� Protein ID Coordinate Bepipred score H. sapiens T. cruzi CL

Brenner

T. cruzi DM28c L. donovani
BPK282A1

L. major Friedlin

Inicial Final Id (%) Si (%) Id (%) Si (%) Id (%) Si (%) Id (%) Si (%) Id (%) Si (%)

1 LinJ.30.2730 290 303 1.63 64.3 64.3 52.0 64.3 53.0 64.3 100.0 100.0 64.2 64.2

2 LinJ.30.2730 361 388 1.87 42.8 53.6 57.0 64.3 62.0 62.0 100.0 100.0 96.0 96.0

3 LinJ.32.0280 1198 1211 1.71 50.0 50.0 67.0 67.0 50.0 57.1 100.0 100.0 92.8 92.8

4 LinJ.32.0280 1259 1275 1.84 58.8 58.8 58.8 64.7 58.8 58.8 100.0 100.0 64.7 64.7

5 LinJ.27.0980 84 95 2.00 58.3 66.6 62.0 66.6 58.3 66.6 100.0 100.0 100.0 100.0

6 LinJ.27.0980 196 215 2.12 50.0 50.0 52.9 52.9 50.0 60.0 100.0 100.0 95.0 95.0

�Epitope sequence: Peptide-1, SGAPRANNSGDASA; Peptide-2, GLSGEGSPASPEPRLAGGGGGADTQSTT; Peptide-3, DGKPKENQKTARES; Peptide-4,

VADSGSASSEDGGSAKP; Peptide-5, PRKADPNDTTPQ; Peptide-6, GDSPPSDSPQNNQDRNRNQN.

Abbreviations: Id (%), Identity (%); Si (%), Similarity (%).

https://doi.org/10.1371/journal.pone.0209599.t001
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(92.79%), Mix II (91.83%), peptide-4 (85.10%), SLiA (75.96%) and peptide-5 (72.60%). Analy-

sis of area under curve (AUC) using ROC curves showed and confirmed the better perfor-

mance of Mix IV (AUC = 1.000, CI 95% 1.000–1.000) as compared to the other antigens, as

described in order of the best values: Peptide-6 = 0.999; Mix I = 0.994; Peptide-3 = 0.974; Mix

II = 0.965; Peptide-2 = 0.959; Peptide-1 = 0.956; Peptide-4 = 0.923; Peptide-5 = 0.839;

SLiA = 0.824.

In addition, we showed that the VL patients showed high values for specific antibodies

against all peptides, Mix I, II, III, IV and SLiA when compared to all non-infected groups (CT

and CD; p<0.001).

Mix IV, Peptide-6 and Mix I showed high agreement with the

parasitological test evaluated by Kappa index

The agreement (Kappa index, κ) between the peptides 1–6, Mix I, II, III, IV and SLiA with the

parasitological assays (direct method) is shown in Table 2. Mix IV ELISA displayed the best

agreement value of all tests with a perfect concordance in comparison to parasitological assays

(κ = 1.000, CI 95%: 1.000–1.000). Peptide-6 and Mix I showed high agreement values (κ =

0.989, CI 95%: 0.968–1.000; κ = 0.968, CI 95%: 0.932–1.000; respectively). Very good agree-

ment also was observed for peptides 1–3 and Mix II ELISA, however, with lower values than

observed in peptide-6 and Mix I (κ = 0.839, CI 95%: 0.761–0.917; κ = 0.851, CI 95%: 0.776–

0.926; κ = 0.850, CI 95%: 0.775–0.926; κ = 0.827, CI 95%: 0.750–0.905; respectively). A good

Fig 3. Comparison of reactivity from ELISA against Peptides 1–6, Mix I, II, III, IV and SLiA. ELISA was performed in different groups of individuals. Groups

negative for VL (white circle): control group (CT, n = 70), Chagas’ disease (CD, n = 68). Groups positive for VL (black circle): visceral leishmaniasis (VL, n = 70). The

anti-peptides 1–6, Mix I, II, III, IV and SLiA reactivity between groups were compared by Kruskal-Wallis followed by Dunn’s post-test for multi-group comparisons.

The differences were considered statistically significant at ���p<0.001, highlighted by connecting lines. Cut-offs were determined by ROC curves.

https://doi.org/10.1371/journal.pone.0209599.g003
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agreement was observed for peptide-4 (κ = 0.674, CI 95%: 0.569–0.779) while peptide-5

showed a moderate (κ = 0.454, CI 95%: 0.340–0.568). When evaluating ELISA assay employing

SLiA, we observed moderate agreement (κ = 0.513, CI 95%: 0.401–0.625).

Discussion

VL still represents a serious public health problem in Brazil due to the inefficiency of the con-

trol measures currently employed, represented by the incidence of 3,453 cases in 21 states of

Brazil (2014). In addition, in the same year, the incidence rate was 0.68 cases per 100,000

inhabitants and 87 cases of deaths associated with the disease, and in recent years, lethality has

been increasing gradually, from 3.2% in 2000 to 6.6% in 2014 (Sinan/SVS/MS, http://

portalsinan.saude.gov.br/dados-epidemiologicos-sinan). In this sense, considering the impor-

tance of VL as a serious public health problem, control measures to combat this disease

involves: early diagnosis and treatment of human cases, spraying of insecticides with residual

effect at home and next to residences, with the purpose of vector control, and euthanasia of

infected dogs. Due to the limited antileishmanial drugs available for treatmenf of VL, effective

clinical management depend largely on early and unequivocal diagnosis. However, regarding

the diagnosis of human cases, problems of cross-reactivity have also been described in serolog-

ical tests, especially when it refers to individuals from areas where Chagas’ disease is also pres-

ent [27]. These data indicate the urgent need to discover new antigens to improve the current

serological tests for VL diagnosis.

Fig 4. Comparison of ROC curves obtained from Peptides 1–6, Mix I, II, III, IV and SLiA. ROC-curve analysis was applied to define the appropriated cut-off to

discriminate OD values from VL negative groups represented by healthy and T. cruzi infected patients (CT, n = 70; CD, n = 68) and VL positive groups (VL, n = 70).

Additional performance parameters were also calculated and provided in the figure, including the area under the curve (AUC), the sensitivity (Se) and the specificity

(Sp).

https://doi.org/10.1371/journal.pone.0209599.g004
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In order to solve the problems of sensitivity and/or specificity, as described above, studies

has been carried out to identify new antigens candidates based on experimental approaches

evaluating in silico prediction data by immunoinformatics and published genomes [27, 45].

This strategy allows the rational search for antigenic proteins, as well as to determine the

regions of these targets that determine the antigenicity and specificity for the recognition of

the targets by sera from patients [27, 48]. In this study, the proposal was to discover new poten-

tial antigens for use in serologic diagnosis of VL using the following criteria: proteins expressed

in the stages found in the vertebrate host, amastigote stage, and secreted/excreted, to guarantee

greater exposure to the immune system; divergent from proteins present in other infectious

disease pathogens with incidence in endemic areas for VL, as T. cruzi; highly antigenic to

humans with different genetic backgrounds, independently of the clinical stage of the disease;

stable and adaptable to quality-control tests to guarantee reproducibility.

For this, we performed an immunogenomic screen strategy to identify conserved linear B-

cell epitopes in the predicted proteome based on the genome sequence from L. infantum.

Three proteins were selected, all expressed in amastigote stage identified by mass spectrometry

with signal peptide for secretion/excretion and with two or more B-cell epitopes. Immunopro-

teomic and bioinformatic approaches, secreted antigens presented in the most common Leish-
mania species in Brazil, showed a potential targets for diagnostic for CVL diagnosis [49].

Choice of proteins expressed in specific stages of the parasites found in the vertebrate host is a

Table 2. Measure of diagnostic performance for Peptides 1, 2, 3, 4, 5, 6, Mix I, II, III, IV and SLiA.

Parametersa Diagnostic Test�

Peptide-1 Peptide-2 Peptide-3 Peptide-4 Peptide-5 Peptide-6 Mix I Mix II Mix III Mix IV SLiA

TP 63 65 64 58 59 70 70 70 70 70 60

TN 130 129 130 119 92 137 135 121 137 138 98

FP 8 9 8 19 46 1 3 17 1 0 40

FN 7 5 6 12 11 0 0 0 0 0 10

Se (%) 90.00 92.86 91.43 82.86 84.29 100.00 100.00 100.00 100.00 100.00 85.71

Se-CI 95% 80.48–

95.88

84.11–

97.64

82.27–

96.79

71.97–

90.82

73.62–

91.89

94.87–

100.00

94.87–

100.00

94.87–

100.00

94.87–

100.00

94.87–

100.00

75.29–

92.93

Sp (%) 94.20 93.48 94.20 86.23 66.67 99.28 97.83 87.68 99.28 100.00 71.01

Sp-CI 95% 88.90–

97.46

87.81–

96.93

88.90–

97.46

79.34–

91.50

58.14–

74.46

96.03–99.98 93.78–99.55 81.01–92.66 96.03–99.98 97.36–

100.00

62.69–

78.42

PPV (%) 88.73 87.84 88.89 75.32 56.19 98.59 95.89 80.46 98.59 100.00 60.00

PNV (%) 94.89 96.27 95.59 90.84 89.32 100.00 100.00 100.00 100.00 100.00 90.74

AC (%) 92.79 93.27 93.27 85.10 72.60 99.52 98.56 91.83 99.52 100.00 75.96

AUC 0.956 0.959 0.974 0.923 0.839 0.999 0.994 0.965 0.995 1.000 0.824

AUC-CI

95%

0.928–

0.984

0.927–

0.990

0.954–

0.993

0.883–

0.963

0.784–

0.896

0.998–1.000 0.986–1.002 0.943–0.988 0.985–1.005 1.000–1.000 0.766–

0.883

κ 0.839 0.851 0.850 0.674 0.454 0.989 0.968 0.827 0.989 1.000 0.513

κ-CI 95% 0.761–

0.917

0.776–

0.926

0.775–

0.926

0.569–

0.779

0.340–

0.568

0.968–1.000 0.932–1.000 0.750–0.905 0.968–1.000 1.000–1.000 0.401–

0.625

Agreementb Very Good Very Good Very Good Good Moderate Very Good Very Good Very Good Very Good Perfect Moderate

aParameters was calculated using all samples presented in this work: negative (CT+CD, n = 138) and positive for visceral leishmaniasis (VL, n = 70).
bAgreement was calculated using parasitological assays as gold standard test.

�Cut-off obtained by ROC curve.

Abbreviations: Mix I, peptides 2+3+6; Mix II, peptides 1–6; Mix III, peptides 2+6; Mix IV, peptides 3+6; TP, true positive; TN, true negative; FP, false positive; FN, false

negative; Se, sensitivity; Sp, specificity; CI, confidence interval; PPV, predictive positive value; PNV, predictive negative value; AC, accuracy; AUC, area under curve; κ,

kappa index.

https://doi.org/10.1371/journal.pone.0209599.t002
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determining factor in the selection of serological targets, due to greatest exposure to the host’s

immune system. The increase of the levels of the protein in these stages can suggest its involve-

ment as parasite virulence factor [48]. Data revealed that the genes encoding the potential pep-

tides are expressed in intracellular parasite stage amastigote, thus, could be exposed to the host

cells and immune system and induce high production of antibodies. In fact, evaluating pep-

tides ELISA assays, high sensitivity values were observed, that ranging from 82.86–100.00%,

included peptide mixtures (Mix I, II, III and IV), and can be explained by high expression in

intracellular stages, subcellular localization (secreted/excreted) and high antigenicity demon-

strated by B-cell prediction. In according, previous studies have demonstrated that proteins

expressed in stages found in vertebrate host are possibly associated with with the infection pro-

cess and/or the intracellular survival of the parasite within the host, and may be attractive diag-

nostic targets [30, 45, 49]. Serological tests have also presented limitations regarding the

absence of correlation between the antibody levels and the current stage of the disease [21, 50].

Other adictional factor is the divergence with host proteins, here evaluated by identity and

similarity (identity: 42.8–64.3%; similarity: 50.0–66.6%) analysis between L. infantum and H.

sapiens proteins, which avoid the possibility of the targets being similar to the host’s self-anti-

gens, guaranteeing a higher production of antibodies and, consequently, greater sensitivity

[45].

Another determining factor in the selection of serological targets is the specificity. Part of

the specificity problems of the target proteins could be solved by the identification of B-cell

epitopes, with a high score, and analysis of the divergence of these regions with targets present

in the host and in microorganisms that have cross-reactivity with VL [27, 47]. The use of syn-

thetic peptides as antigens in diagnosis of VL may limit cross reactivity, as described to, B-cell

epitopes mapped by immunoinformatic approaches [20, 24, 51]. Here, we selected divergent

epitopes in relation to proteins enconded by T. cruzi parasite, confirmed by reduced identity

(50.0–67.0%) and similarity (52.9–67.0%). In fact, the divergent as compared to T. cruzi pro-

teins allowed to obtain excellent specificity values, mainly when reference to Mix IV

(Sp = 100.00%), peptide-6 and Mix III (Sp = 99.28%), and Mix I (Sp = 97.83%).

A variety of antigens has been tested for the serodiagnosis of VL, such as recombinant pro-

teins, synthetic peptides, phage clones, chimeric proteins and peptides/proteins mixtures [20–

24, 51–53]. Mixture of antigens have already been used for the diagnosis of leishmaniasis,

showing promising results. In our study, Mix IV, peptide-6, Mix III and Mix I were recognized

by sera from VL patients and able to discriminate healthy individuals or infected by others try-

panosomatids (accuracy = 100.00% and AUC = 1.000; accuracy = 99.52% and AUC = 0.999;

accuracy = 99.52% and AUC = 0.999; accuracy = 98.56% and AUC = 0.994; respectively).

Thus, Mix IV is the best peptide-6 and Mix I showed the excellent general performance in the

diagnosis of VL as compared to all peptides. Thus, we showed that the mixture of peptides

increased the values of accuracy when compared to the isolated, confirmed by the highest per-

formance values for the Mix IV and III. Chimeric proteins, containing multipitopes from pep-

tides and discovery by immunoinformatics and/or immunoprotemic, has been previously

used as an efficient strategic to increase the accuracy of diagnostic tests [20, 24].

In Brazil, most of the conventional serological tests, as ELISA and indirect immunofluores-

cence assay (IFA), use a complex mixture of crude Leishmania-antigen preparations or the

entire parasite itself, respectively. Those antigens show variable sensitivity due to antigenic dif-

ferences among Leishmania isolates and lack specificity due to cross-reactivity with other dis-

eases, mainly associated between Leishmania spp. and T. cruzi by the sharing of antigens by

phylogenetic proximity [27, 45]. Sensitivity and specificity values for leishmaniasis detection

in ELISA ranges depending on the antigen preparation for adsorption of the well plate [54,

55]. In according, with evaluated ELISA using soluble L. infantum antigen, SLiA, as antigen,
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very low performance values were observed. Thirty-six false-positive individuals were identi-

fied in CD group and four in controls individuals (CT).

Finally, this study identified different antigenic L. infantum peptides, based on linear B-cell

epitopes, with potential for the development of the an immunoassay compound of isolated or

multiantigens able to improve the sensitivity and specificity values for the VL serodiagnosis.

The results demonstrated that synthetic Mix IV, peptide-6, Mix III and Iwere able to identify

VL cases and simultaneously able to discriminate infections caused by T. cruzi parasite with

high accuracy and agreement (Kappa index = 1.000; 0.989; 0.989 and 0.968, respectively) with

direct methods performed by laboratories in Brazil. The perspective of the present study is to

make the screening in asymptomatic individuals of endemic areas to make agreement with

direct methods. This study represents an interesting strategy for discovery new antigens

applied to serologic diagnosis which will contribute to the improvement of the diagnosis of VL

and, consequently, may help in the prevention, control and treatment of the disease in

endemic areas of Brazil.
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Mariana Costa Duarte.

Project administration: Daniel Menezes-Souza.

Writing – original draft: Ana Maria Ravena Severino Carvalho, Daniel Menezes-Souza.

References
1. Bastien P, Blaineau C, Pages M. Leishmania: sex, lies and karyotype. Parasitol Today. 1992; 8(5):174–

7. Epub 1992/05/01. PMID: 15463609.

2. Grimaldi G, Schottelius J. Leishmaniases—their relationships to monoxenous and dixenous trypanoso-

matids. Medical microbiology and immunology. 2001; 190(1–2):3–8. Epub 2002/01/05. PMID:

11770105.

3. Desjeux P. Leishmaniasis: current situation and new perspectives. Comparative immunology, microbi-

ology and infectious diseases. 2004; 27(5):305–18. Epub 2004/07/01. https://doi.org/10.1016/j.cimid.

2004.03.004 PMID: 15225981.

4. Alvar J, Velez ID, Bern C, Herrero M, Desjeux P, Cano J, et al. Leishmaniasis worldwide and global esti-

mates of its incidence. PloS one. 2012; 7(5):e35671. Epub 2012/06/14. https://doi.org/10.1371/journal.

pone.0035671 PMID: 22693548; PubMed Central PMCID: PMC3365071.

5. WHO. Leishmaniasis. Fact sheet. 2014; 375.

6. Akhoundi M, Kuhls K, Cannet A, Votypka J, Marty P, Delaunay P, et al. A Historical Overview of the

Classification, Evolution, and Dispersion of Leishmania Parasites and Sandflies. PLoS neglected

Peptides and diagnosis of human visceral leishmaniasis

PLOS ONE | https://doi.org/10.1371/journal.pone.0209599 December 20, 2018 13 / 16

http://www.ncbi.nlm.nih.gov/pubmed/15463609
http://www.ncbi.nlm.nih.gov/pubmed/11770105
https://doi.org/10.1016/j.cimid.2004.03.004
https://doi.org/10.1016/j.cimid.2004.03.004
http://www.ncbi.nlm.nih.gov/pubmed/15225981
https://doi.org/10.1371/journal.pone.0035671
https://doi.org/10.1371/journal.pone.0035671
http://www.ncbi.nlm.nih.gov/pubmed/22693548
https://doi.org/10.1371/journal.pone.0209599


tropical diseases. 2016; 10(3):e0004349. https://doi.org/10.1371/journal.pntd.0004349 PMID:

26937644; PubMed Central PMCID: PMC4777430.

7. Berman JD. Human leishmaniasis: clinical, diagnostic, and chemotherapeutic developments in the last

10 years. Clin Infect Dis. 1997; 24(4):684–703. Epub 1997/04/01. PMID: 9145744.

8. Desjeux P. Leishmaniasis. Nature reviews Microbiology. 2004; 2(9):692. https://doi.org/10.1038/

nrmicro988 PMID: 15378809.

9. Caldas AJ, Costa JM, Silva AA, Vinhas V, Barral A. Risk factors associated with asymptomatic infection

by Leishmania chagasi in north-east Brazil. Transactions of the Royal Society of Tropical Medicine and

Hygiene. 2002; 96(1):21–8. PMID: 11925984.

10. Barao SC, de Fonseca Camargo-Neves VL, Resende MR, da Silva LJ. Human asymptomatic infection

in visceral leishmaniasis: a seroprevalence study in an urban area of low endemicity. Preliminary

results. The American journal of tropical medicine and hygiene. 2007; 77(6):1051–3. PMID: 18165520.

11. Anthony RL, Grogl M, Sacci JB, Ballou RW. Rapid detection of Leishmania amastigotes in fluid aspi-

rates and biopsies of human tissues. Am J Trop Med Hyg. 1987; 37(2):271–6. Epub 1987/09/01. PMID:

3310684.

12. Reus M, Garcia B, Vazquez V, Morales D, Fuster M, Sola J. Visceral leishmaniasis: diagnosis by ultra-

sound-guided fine needle aspiration of an axillary node. The British journal of radiology. 2005; 78

(926):158–60. https://doi.org/10.1259/bjr/33263789 PMID: 15681330.

13. Artan R, Yilmaz A, Akcam M, Aksoy NH. Liver biopsy in the diagnosis of visceral leishmaniasis. Journal

of gastroenterology and hepatology. 2006; 21(1 Pt 2):299–302. https://doi.org/10.1111/j.1440-1746.

2006.04172.x PMID: 16460490.

14. Siddig M, Ghalib H, Shillington DC, Petersen EA. Visceral leishmaniasis in the Sudan: comparative

parasitological methods of diagnosis. Transactions of the Royal Society of Tropical Medicine and

Hygiene. 1988; 82(1):66–8. PMID: 3176153.

15. Del Olmo Martinez L, Aller de la Fuente R, Velayos Jimenez B, Fernandez Salazar L, Gonzalez Hernan-

dez JM. [Visceral leishmaniasis diagnosed by duodenal biopsy]. Revista espanola de enfermedades

digestivas: organo oficial de la Sociedad Espanola de Patologia Digestiva. 2009; 101(6):439–40. PMID:

19630469.

16. Mabey D, Peeling RW, Ustianowski A, Perkins MD. Diagnostics for the developing world. Nature

reviews Microbiology. 2004; 2(3):231–40. Epub 2004/04/15. https://doi.org/10.1038/nrmicro841 PMID:

15083158.

17. Caballero ZC, Sousa OE, Marques WP, Saez-Alquezar A, Umezawa ES. Evaluation of serological

tests to identify Trypanosoma cruzi infection in humans and determine cross-reactivity with Trypano-

soma rangeli and Leishmania spp. Clinical and vaccine immunology: CVI. 2007; 14(8):1045–9. https://

doi.org/10.1128/CVI.00127-07 PMID: 17522327; PubMed Central PMCID: PMC2044488.

18. Vale AM, Fujiwara RT, da Silva Neto AF, Miret JA, Alvarez DC, da Silva JC, et al. Identification of highly

specific and cross-reactive antigens of Leishmania species by antibodies from Leishmania (Leish-

mania) chagasi naturally infected dogs. Zoonoses and public health. 2009; 56(1):41–8. https://doi.org/

10.1111/j.1863-2378.2008.01183.x PMID: 18990196.

19. Costa MM, Andrade HM, Bartholomeu DC, Freitas LM, Pires SF, Chapeaurouge AD, et al. Analysis of

Leishmania chagasi by 2-D difference gel electrophoresis (2-D DIGE) and immunoproteomic: identifica-

tion of novel candidate antigens for diagnostic tests and vaccine. Journal of proteome research. 2011;

10(5):2172–84. https://doi.org/10.1021/pr101286y PMID: 21355625.

20. Mendes TM, Roma EH, Costal-Oliveira F, Dhom-Lemos LC, Toledo-Machado CM, Bruna-Romero O,

et al. Epitope mapping of recombinant Leishmania donovani virulence factor A2 (recLdVFA2) and

canine leishmaniasis diagnosis using a derived synthetic bi-epitope. PLoS neglected tropical diseases.

2017; 11(5):e0005562. https://doi.org/10.1371/journal.pntd.0005562 PMID: 28557986; PubMed Cen-

tral PMCID: PMC5466330.

21. Ribeiro PAF, Dias DS, Lage DP, Costa LE, Salles BCS, Steiner BT, et al. A conserved Leishmania

hypothetical protein evaluated for the serodiagnosis of canine and human visceral and tegumentary

leishmaniasis, as well as a serological marker for the posttreatment patient follow-up. Diagnostic micro-

biology and infectious disease. 2018; 92(3):196–203. https://doi.org/10.1016/j.diagmicrobio.2018.05.

026 PMID: 29941364.

22. Fonseca AM, Faria AR, Rodrigues FT, Nagem RA, Magalhaes RD, Cunha JL, et al. Evaluation of three

recombinant Leishmania infantum antigens in human and canine visceral leishmaniasis diagnosis. Acta

tropica. 2014; 137:25–30. https://doi.org/10.1016/j.actatropica.2014.04.028 PMID: 24801885.

23. Faria AR, Costa MM, Giusta MS, Grimaldi G Jr., Penido ML, Gazzinelli RT, et al. High-throughput analy-

sis of synthetic peptides for the immunodiagnosis of canine visceral leishmaniasis. PLoS neglected

tropical diseases. 2011; 5(9):e1310. https://doi.org/10.1371/journal.pntd.0001310 PMID: 21931874;

PubMed Central PMCID: PMC3172188.

Peptides and diagnosis of human visceral leishmaniasis

PLOS ONE | https://doi.org/10.1371/journal.pone.0209599 December 20, 2018 14 / 16

https://doi.org/10.1371/journal.pntd.0004349
http://www.ncbi.nlm.nih.gov/pubmed/26937644
http://www.ncbi.nlm.nih.gov/pubmed/9145744
https://doi.org/10.1038/nrmicro988
https://doi.org/10.1038/nrmicro988
http://www.ncbi.nlm.nih.gov/pubmed/15378809
http://www.ncbi.nlm.nih.gov/pubmed/11925984
http://www.ncbi.nlm.nih.gov/pubmed/18165520
http://www.ncbi.nlm.nih.gov/pubmed/3310684
https://doi.org/10.1259/bjr/33263789
http://www.ncbi.nlm.nih.gov/pubmed/15681330
https://doi.org/10.1111/j.1440-1746.2006.04172.x
https://doi.org/10.1111/j.1440-1746.2006.04172.x
http://www.ncbi.nlm.nih.gov/pubmed/16460490
http://www.ncbi.nlm.nih.gov/pubmed/3176153
http://www.ncbi.nlm.nih.gov/pubmed/19630469
https://doi.org/10.1038/nrmicro841
http://www.ncbi.nlm.nih.gov/pubmed/15083158
https://doi.org/10.1128/CVI.00127-07
https://doi.org/10.1128/CVI.00127-07
http://www.ncbi.nlm.nih.gov/pubmed/17522327
https://doi.org/10.1111/j.1863-2378.2008.01183.x
https://doi.org/10.1111/j.1863-2378.2008.01183.x
http://www.ncbi.nlm.nih.gov/pubmed/18990196
https://doi.org/10.1021/pr101286y
http://www.ncbi.nlm.nih.gov/pubmed/21355625
https://doi.org/10.1371/journal.pntd.0005562
http://www.ncbi.nlm.nih.gov/pubmed/28557986
https://doi.org/10.1016/j.diagmicrobio.2018.05.026
https://doi.org/10.1016/j.diagmicrobio.2018.05.026
http://www.ncbi.nlm.nih.gov/pubmed/29941364
https://doi.org/10.1016/j.actatropica.2014.04.028
http://www.ncbi.nlm.nih.gov/pubmed/24801885
https://doi.org/10.1371/journal.pntd.0001310
http://www.ncbi.nlm.nih.gov/pubmed/21931874
https://doi.org/10.1371/journal.pone.0209599


24. Faria AR, de Castro Veloso L, Coura-Vital W, Reis AB, Damasceno LM, Gazzinelli RT, et al. Novel

recombinant multiepitope proteins for the diagnosis of asymptomatic leishmania infantum-infected

dogs. PLoS neglected tropical diseases. 2015; 9(1):e3429. https://doi.org/10.1371/journal.pntd.

0003429 PMID: 25569685; PubMed Central PMCID: PMC4287523.

25. Singh DP, Goyal RK, Singh RK, Sundar S, Mohapatra TM. In search of an ideal test for diagnosis and

prognosis of kala-azar. Journal of health, population, and nutrition. 2010; 28(3):281–5. PMID:

20635639; PubMed Central PMCID: PMC2980893.

26. Zijlstra EE, Nur Y, Desjeux P, Khalil EA, El-Hassan AM, Groen J. Diagnosing visceral leishmaniasis

with the recombinant K39 strip test: experience from the Sudan. Tropical medicine & international

health: TM & IH. 2001; 6(2):108–13. PMID: 11251906.

27. Toledo-Machado CM, de Avila RA, C NG, Granier C, Bueno LL, Carneiro CM, et al. Immunodiagnosis

of canine visceral leishmaniasis using mimotope peptides selected from phage displayed combinatorial

libraries. BioMed research international. 2015; 2015:401509. https://doi.org/10.1155/2015/401509

PMID: 25710003; PubMed Central PMCID: PMC4325972.

28. Costa LE, Lima MI, Chavez-Fumagalli MA, Menezes-Souza D, Martins VT, Duarte MC, et al. Subtrac-

tive phage display selection from canine visceral leishmaniasis identifies novel epitopes that mimic

Leishmania infantum antigens with potential serodiagnosis applications. Clinical and vaccine immunol-

ogy: CVI. 2014; 21(1):96–106. https://doi.org/10.1128/CVI.00583-13 PMID: 24256622; PubMed Cen-

tral PMCID: PMC3910914.

29. Costa Duarte M, dos Reis Lage LM, Lage DP, Mesquita JT, Salles BC, Lavorato SN, et al. An effective

in vitro and in vivo antileishmanial activity and mechanism of action of 8-hydroxyquinoline against Leish-

mania species causing visceral and tegumentary leishmaniasis. Veterinary parasitology. 2016; 217:81–

8. https://doi.org/10.1016/j.vetpar.2016.01.002 PMID: 26827866.

30. Toledo-Machado CM, Bueno LL, Menezes-Souza D, Machado-de-Avila RA, Nguyen C, Granier C,

et al. Use of Phage Display technology in development of canine visceral leishmaniasis vaccine using

synthetic peptide trapped in sphingomyelin/cholesterol liposomes. Parasites & vectors. 2015; 8:133.

https://doi.org/10.1186/s13071-015-0747-z PMID: 25889286; PubMed Central PMCID: PMC4352561.

31. Lage DP, Martins VT, Duarte MC, Costa LE, Garde E, Dimer LM, et al. A new Leishmania-specific hypo-

thetical protein and its non-described specific B cell conformational epitope applied in the serodiagnosis

of canine visceral leishmaniasis. Parasitology research. 2016; 115(4):1649–58. https://doi.org/10.1007/

s00436-016-4904-x PMID: 26782811.

32. Hanley JA, McNeil BJ. A method of comparing the areas under receiver operating characteristic curves

derived from the same cases. Radiology. 1983; 148(3):839–43. https://doi.org/10.1148/radiology.148.

3.6878708 PMID: 6878708.

33. Obuchowski NA, McClish DK. Sample size determination for diagnostic accuracy studies involving

binormal ROC curve indices. Statistics in medicine. 1997; 16(13):1529–42. PMID: 9249923.

34. Salles BC, Costa LE, Alves PT, Dias AC, Vaz ER, Menezes-Souza D, et al. Leishmania infantum mimo-

topes and a phage-ELISA assay as tools for a sensitive and specific serodiagnosis of human visceral

leishmaniasis. Diagnostic microbiology and infectious disease. 2017; 87(3):219–25. https://doi.org/10.

1016/j.diagmicrobio.2016.11.012 PMID: 27939286.

35. Aslett M, Aurrecoechea C, Berriman M, Brestelli J, Brunk BP, Carrington M, et al. TriTrypDB: a func-

tional genomic resource for the Trypanosomatidae. Nucleic acids research. 2010; 38(Database issue):

D457–62. https://doi.org/10.1093/nar/gkp851 PMID: 19843604; PubMed Central PMCID:

PMC2808979.

36. Larsen JE, Lund O, Nielsen M. Improved method for predicting linear B-cell epitopes. Immunome

research. 2006; 2:2. https://doi.org/10.1186/1745-7580-2-2 PMID: 16635264; PubMed Central PMCID:

PMC1479323.

37. Dosztanyi Z, Csizmok V, Tompa P, Simon I. IUPred: web server for the prediction of intrinsically

unstructured regions of proteins based on estimated energy content. Bioinformatics. 2005; 21

(16):3433–4. https://doi.org/10.1093/bioinformatics/bti541 PMID: 15955779.

38. Petersen TN, Brunak S, von Heijne G, Nielsen H. SignalP 4.0: discriminating signal peptides from trans-

membrane regions. Nature methods. 2011; 8(10):785–6. https://doi.org/10.1038/nmeth.1701 PMID:

21959131.

39. Peacock CS, Seeger K, Harris D, Murphy L, Ruiz JC, Quail MA, et al. Comparative genomic analysis of

three Leishmania species that cause diverse human disease. Nature genetics. 2007; 39(7):839–47.

https://doi.org/10.1038/ng2053 PMID: 17572675; PubMed Central PMCID: PMC2592530.

40. El-Sayed NM, Myler PJ, Bartholomeu DC, Nilsson D, Aggarwal G, Tran AN, et al. The genome

sequence of Trypanosoma cruzi, etiologic agent of Chagas disease. Science. 2005; 309(5733):409–15.

https://doi.org/10.1126/science.1112631 PMID: 16020725.

Peptides and diagnosis of human visceral leishmaniasis

PLOS ONE | https://doi.org/10.1371/journal.pone.0209599 December 20, 2018 15 / 16

https://doi.org/10.1371/journal.pntd.0003429
https://doi.org/10.1371/journal.pntd.0003429
http://www.ncbi.nlm.nih.gov/pubmed/25569685
http://www.ncbi.nlm.nih.gov/pubmed/20635639
http://www.ncbi.nlm.nih.gov/pubmed/11251906
https://doi.org/10.1155/2015/401509
http://www.ncbi.nlm.nih.gov/pubmed/25710003
https://doi.org/10.1128/CVI.00583-13
http://www.ncbi.nlm.nih.gov/pubmed/24256622
https://doi.org/10.1016/j.vetpar.2016.01.002
http://www.ncbi.nlm.nih.gov/pubmed/26827866
https://doi.org/10.1186/s13071-015-0747-z
http://www.ncbi.nlm.nih.gov/pubmed/25889286
https://doi.org/10.1007/s00436-016-4904-x
https://doi.org/10.1007/s00436-016-4904-x
http://www.ncbi.nlm.nih.gov/pubmed/26782811
https://doi.org/10.1148/radiology.148.3.6878708
https://doi.org/10.1148/radiology.148.3.6878708
http://www.ncbi.nlm.nih.gov/pubmed/6878708
http://www.ncbi.nlm.nih.gov/pubmed/9249923
https://doi.org/10.1016/j.diagmicrobio.2016.11.012
https://doi.org/10.1016/j.diagmicrobio.2016.11.012
http://www.ncbi.nlm.nih.gov/pubmed/27939286
https://doi.org/10.1093/nar/gkp851
http://www.ncbi.nlm.nih.gov/pubmed/19843604
https://doi.org/10.1186/1745-7580-2-2
http://www.ncbi.nlm.nih.gov/pubmed/16635264
https://doi.org/10.1093/bioinformatics/bti541
http://www.ncbi.nlm.nih.gov/pubmed/15955779
https://doi.org/10.1038/nmeth.1701
http://www.ncbi.nlm.nih.gov/pubmed/21959131
https://doi.org/10.1038/ng2053
http://www.ncbi.nlm.nih.gov/pubmed/17572675
https://doi.org/10.1126/science.1112631
http://www.ncbi.nlm.nih.gov/pubmed/16020725
https://doi.org/10.1371/journal.pone.0209599


41. Pruitt KD, Brown GR, Hiatt SM, Thibaud-Nissen F, Astashyn A, Ermolaeva O, et al. RefSeq: an update

on mammalian reference sequences. Nucleic acids research. 2014; 42(Database issue):D756–63.

https://doi.org/10.1093/nar/gkt1114 PMID: 24259432; PubMed Central PMCID: PMC3965018.

42. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local alignment search tool. Journal of

molecular biology. 1990; 215(3):403–10. https://doi.org/10.1016/S0022-2836(05)80360-2 PMID:

2231712.

43. McGinnis S, Madden TL. BLAST: at the core of a powerful and diverse set of sequence analysis tools.

Nucleic acids research. 2004; 32(Web Server issue):W20–5. https://doi.org/10.1093/nar/gkh435 PMID:

15215342; PubMed Central PMCID: PMC441573.

44. Quaresma PF, Murta SM, Ferreira Ede C, da Rocha-Lima AC, Xavier AA, Gontijo CM. Molecular diag-

nosis of canine visceral leishmaniasis: identification of Leishmania species by PCR-RFLP and quantifi-

cation of parasite DNA by real-time PCR. Acta tropica. 2009; 111(3):289–94. https://doi.org/10.1016/j.

actatropica.2009.05.008 PMID: 19467216.

45. Elisei RMT, Matos CS, Carvalho A, Chaves AT, Medeiros FAC, Barbosa R, et al. Immunogenomic

screening approach to identify new antigens for the serological diagnosis of chronic Chagas’ disease.

Applied microbiology and biotechnology. 2018. https://doi.org/10.1007/s00253-018-8992-7 PMID:

29736822.

46. Menezes-Souza D, de Oliveira Mendes TA, de Araujo Leao AC, de Souza Gomes M, Fujiwara RT,

Bartholomeu DC. Linear B-cell epitope mapping of MAPK3 and MAPK4 from Leishmania braziliensis:

implications for the serodiagnosis of human and canine leishmaniasis. Applied microbiology and bio-

technology. 2015; 99(3):1323–36. Epub 2014/11/02. https://doi.org/10.1007/s00253-014-6168-7

PMID: 25359475.

47. Mendes TA, Reis Cunha JL, de Almeida Lourdes R, Rodrigues Luiz GF, Lemos LD, dos Santos AR,

et al. Identification of strain-specific B-cell epitopes in Trypanosoma cruzi using genome-scale epitope

prediction and high-throughput immunoscreening with peptide arrays. PLoS neglected tropical dis-

eases. 2013; 7(10):e2524. https://doi.org/10.1371/journal.pntd.0002524 PMID: 24205430; PubMed

Central PMCID: PMC3814679.

48. Duarte MC, Pimenta DC, Menezes-Souza D, Magalhaes RD, Diniz JL, Costa LE, et al. Proteins

Selected in Leishmania (Viannia) braziliensis by an Immunoproteomic Approach with Potential Sero-

diagnosis Applications for Tegumentary Leishmaniasis. Clinical and vaccine immunology: CVI. 2015;

22(11):1187–96. https://doi.org/10.1128/CVI.00465-15 PMID: 26376929; PubMed Central PMCID:

PMC4622107.

49. Lima BS, Fialho LC Jr., Pires SF, Tafuri WL, Andrade HM. Immunoproteomic and bioinformatic

approaches to identify secreted Leishmania amazonensis, L. braziliensis, and L. infantum proteins with

specific reactivity using canine serum. Veterinary parasitology. 2016; 223:115–9. https://doi.org/10.

1016/j.vetpar.2016.04.019 PMID: 27198787.

50. Lima BS, Pires SF, Fialho LC Jr., Oliveira EJ, Machado-de-Avila RA, Chavez-Olortegui C, et al. A prote-

omic road to acquire an accurate serological diagnosis for human tegumentary leishmaniasis. Journal

of proteomics. 2017; 151:174–81. https://doi.org/10.1016/j.jprot.2016.05.017 PMID: 27262223.

51. Souto DE, Faria AR, de Andrade HM, Kubota LT. Using QCM and SPR for the Kinetic Evaluation of the

Binding Between A New Recombinant Chimeric Protein and Specific Antibodies of the Visceral Leish-

maniasis. Current protein & peptide science. 2015; 16(8):782–90. PMID: 25961398.

52. Dias DS, Ribeiro PAF, Martins VT, Lage DP, Ramos FF, Dias ALT, et al. Recombinant prohibitin protein

of Leishmania infantum acts as a vaccine candidate and diagnostic marker against visceral leishmania-

sis. Cellular immunology. 2018; 323:59–69. https://doi.org/10.1016/j.cellimm.2017.11.001 PMID:

29128045.

53. Dias DS, Ribeiro PAF, Salles BCS, Santos TTO, Ramos FF, Lage DP, et al. Serological diagnosis and

prognostic of tegumentary and visceral leishmaniasis using a conserved Leishmania hypothetical pro-

tein. Parasitology international. 2018; 67(3):344–50. https://doi.org/10.1016/j.parint.2018.02.001 PMID:

29408435.

54. Guimaraes MC, Celeste BJ, Franco EL. Diagnostic performance indices for immunofluorescent tests

and enzyme immunoassays of leishmaniasis sera from northern and north-eastern Brazil. Bulletin of

the World Health Organization. 1990; 68(1):39–43. PMID: 2189584; PubMed Central PMCID:

PMC2393007.

55. Sato CM, Sanchez MC, Celeste BJ, Duthie MS, Guderian J, Reed SG, et al. Use of Recombinant Anti-

gens for Sensitive Serodiagnosis of American Tegumentary Leishmaniasis Caused by Different Leish-

mania Species. Journal of clinical microbiology. 2017; 55(2):495–503. https://doi.org/10.1128/JCM.

01904-16 PMID: 27927927; PubMed Central PMCID: PMC5277519.

Peptides and diagnosis of human visceral leishmaniasis

PLOS ONE | https://doi.org/10.1371/journal.pone.0209599 December 20, 2018 16 / 16

https://doi.org/10.1093/nar/gkt1114
http://www.ncbi.nlm.nih.gov/pubmed/24259432
https://doi.org/10.1016/S0022-2836(05)80360-2
http://www.ncbi.nlm.nih.gov/pubmed/2231712
https://doi.org/10.1093/nar/gkh435
http://www.ncbi.nlm.nih.gov/pubmed/15215342
https://doi.org/10.1016/j.actatropica.2009.05.008
https://doi.org/10.1016/j.actatropica.2009.05.008
http://www.ncbi.nlm.nih.gov/pubmed/19467216
https://doi.org/10.1007/s00253-018-8992-7
http://www.ncbi.nlm.nih.gov/pubmed/29736822
https://doi.org/10.1007/s00253-014-6168-7
http://www.ncbi.nlm.nih.gov/pubmed/25359475
https://doi.org/10.1371/journal.pntd.0002524
http://www.ncbi.nlm.nih.gov/pubmed/24205430
https://doi.org/10.1128/CVI.00465-15
http://www.ncbi.nlm.nih.gov/pubmed/26376929
https://doi.org/10.1016/j.vetpar.2016.04.019
https://doi.org/10.1016/j.vetpar.2016.04.019
http://www.ncbi.nlm.nih.gov/pubmed/27198787
https://doi.org/10.1016/j.jprot.2016.05.017
http://www.ncbi.nlm.nih.gov/pubmed/27262223
http://www.ncbi.nlm.nih.gov/pubmed/25961398
https://doi.org/10.1016/j.cellimm.2017.11.001
http://www.ncbi.nlm.nih.gov/pubmed/29128045
https://doi.org/10.1016/j.parint.2018.02.001
http://www.ncbi.nlm.nih.gov/pubmed/29408435
http://www.ncbi.nlm.nih.gov/pubmed/2189584
https://doi.org/10.1128/JCM.01904-16
https://doi.org/10.1128/JCM.01904-16
http://www.ncbi.nlm.nih.gov/pubmed/27927927
https://doi.org/10.1371/journal.pone.0209599


Copyright of PLoS ONE is the property of Public Library of Science and its content may not
be copied or emailed to multiple sites or posted to a listserv without the copyright holder's
express written permission. However, users may print, download, or email articles for
individual use.


