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Abstract

Visceral leishmaniasis (VL) is caused by protozoa belonging to the Leishmania donovani

complex and is considered the most serious and fatal form among the different types of

leishmaniasis, if not early diagnosed and treated. Among the measures of disease control

stand out the management of infected dogs and the early diagnosis and appropriate treat-

ment of human cases. Several antigens have been characterized for use in the VL diagno-

sis, among them are the recombinant kinesin-derived antigens from L. infantum, as rK39

and rKDDR. The main difference between these antigens is the size of the non-repetitive

kinesin region and the number of repetitions of the 39 amino acid degenerate motif (6.5 and

8.5 repeats in rK39 and rKDDR, respectively). This repetitive region has a high antigenicity

score. To evaluate the effect of increasing the number of repeats on diagnostic perfor-

mance, we designed the rKDDR-plus antigen, containing 15.3 repeats of the 39 amino acid

degenerate motif, besides the absence of the non-repetitive portion from L. infantum kine-

sin. Its performance was evaluated by enzyme-linked immunosorbent assay (ELISA) and

rapid immunochromatographic test (ICT), and compared with the kinesin-derived antigens

(rKDDR and rK39). In ELISA with human sera, all recombinant antigens had a sensitivity of

98%, whereas the specificity for rKDDR-plus, rKDDR and rK39 was 100%, 96% and 71%,

respectively. When evaluated canine sera, the ELISA sensitivity was 97% for all antigens,

and the specificity for rKDDR-plus, rKDDR and rK39 was 98%, 91% and 83%, respectively.

Evaluation of the ICT/rKDDR-plus, using human sera, showed greater diagnostic sensitivity

(90%) and specificity (100%), when compared to the IT LEISH (79% and 98%, respectively),

which is based on the rK39 antigen. These results suggest that the increased presence of
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repetitive motifs in the rKDDR-plus protein improves the diagnostic performance of serologi-

cal tests by increasing the specificity and accuracy of the diagnosis.

Author summary

Visceral Leishmaniasis (VL) is a neglected tropical disease caused by protozoa Leishmania
infantum and L. donovani. This illness affects millions of people in various regions of the

world and can be fatal if not early treated. In the Americas and Southern Europe, the VL

is a zoonotic disease, being the dog its main reservoir. The early and correct diagnosis of

dogs and humans infected with Leishmania is essential for the efficient disease control.

However, current diagnostic methods have limitations, as they are not sufficiently sensi-

tive and/or specific, and may not be able to identify all cases of VL or exhibit cross-reac-

tions with other infections. We produced a recombinant protein, rKDDR-plus,

constituted only by highly repetitive sequences kinesin-derived from L. infantum, and

compare its performance with other kinesin-derived antigens (rK39 and rKDDR), but

that have less repetitive sequences. The rKDDR-plus protein exhibited the best perfor-

mance among the studied antigens, presenting a greater specificity in the VL diagnosis,

both in the ELISA and rapid test platforms. Therefore, this antigen can contribute to the

control of leishmaniasis in humans and dogs, through a diagnostic test with high specific-

ity, achieved due to the use of the new rKDDR-plus antigen.

Introduction

The leishmaniasis is a complex group of infectious parasitic diseases that presents a broad

spectrum of clinical manifestations. The visceral form of leishmaniasis, or kala-azar, is consid-

ered one of the most lethal and neglected diseases in the world [1]. Visceral leishmaniasis (VL)

is endemic in many countries representing a serious public health problem [2]. It is estimated

a total of 0.2 to 0.4 million cases of VL in the world and 50,000 to 90,000 new cases each year

[3,4]. In the Americas and Southern Europe, the VL presents zoonotic character, being the dog

its main reservoir in urban areas. In these regions the VL is considered a disease of great

human and veterinary medical importance [5]. In order to reduce the disease morbidity and

lethality rates, the World Health Organization (WHO) recommends the joint use of several

control strategies aimed at the main agents involved in this pathology [6]. One of the control

strategies involves the early and accurate diagnosis for effective treatment [7].

Serological methods are important allies in the diagnostic of the VL, since this disease is

characterized by a large production of specific antibodies against parasite antigens and by the

stimulation of the polyclonal B cells in hosts [8–10]. Serological techniques, such as enzyme-

linked immunosorbent assay (ELISA) and immunochromatographic test (ICT), are relatively

simple, easy to execute, have low-cost and fast result, and can be performed manually or be

automated [11,12]. The ICT still has the advantage of being technology and skilled labor inde-

pendent, making this test an excellent tool for mass screening in the field [12]. These tech-

niques allow the use of different types of antigens, such as the crude or soluble extract of

Leishmania ssp. or recombinant proteins [13]. The sensitivity and specificity these techniques

vary according to the antigen used [14]. Despite the numerous advantages, the serological tests

have limitations, such as the detection of asymptomatic dogs and individuals or in early stage

of the disease and the occurrence of cross-reactions with related diseases [15]. Recombinant
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molecules have emerged as an alternative to improve the quality of serologic diagnostics [16],

with varying sensitivity and specificity [17–19].

Studies with protozoa show that antigens that have tandem repeat (TR) motifs in their

sequence are possible targets for diagnosis, since they are usually highly antigenic B-cell epi-

topes [20–22]. Several TR proteins have also been reported as candidates for serodiagnosis of

VL, as rK39 [23], A2 [24], rK26 [25], rKDDR [26], in addition to others identified by serologi-

cal screening from an expression library of L. infantum [20].

One of the main antigens currently used in the diagnosis of VL is the rK39, composed of an

immunogenic epitope that presents 6.5 copies of a tandemly arrayed 39 amino acid repeat,

encoded by a kinesin-related gene from L. infantum [23]. The rK39 stands out from the other

antigens described in the literature for its high capacity to discriminate patients with VL from

healthy patients [16,23,27,28]. However, its sensitivity and specificity vary a lot according to

the diagnostic method used and depending on the geographic region [29,30]. Recently, a new

antigen named rKDDR, kinesin-derived from L. infantum and containing 8.5 TR motifs of the

39 amino acids, was evaluated for the diagnosis of VL. The rKDDR showed greater sensitivity

and specificity when compared to rK39, both with human and dogs sera [26]. The promising

relationship of these antigens in the VL diagnosis is probably associated with the presence of

these TR regions, which seem to confer a greater antigenic capacity to proteins, being prefer-

entially recognized by the antibodies present in the sera of patients [20,31].

The influence of the number of TR domains of a protein on antibody reactivity was previ-

ously reported by Goto et al. [32]. These authors showed that the antigenicity of these proteins

is possibly influenced by their repetitive composition and by their upregulated expression in

Leishmania amastigotes, which is the developmental stage in the mammalian host [32]. How-

ever, the effect of the number of these TR motifs on the diagnostic performance of an antigen

remains unclear. Therefore, the objective of this study was to evaluate the impact of the pro-

gressive increase in the number of repetitive motifs in a recombinant protein for the diagnosis

of VL. For this, we assessed the performance of a new kinesin-derived antigen from L. infan-
tum, named rKDDR-plus, composed of an increased succession of TR sequences of 39 amino

acids, totaling 15.3 repetitive blocks. Comparative serological tests were performed (ELISA

and ICT) between the protein rKDDR-plus and the antigens also derived from kinesin,

rKDDR and rK39, and the diagnostic efficiency was evaluated.

Methods

Ethics statement

To use of human sera in this study was submitted and approved by Human Research Ethics

Committee (protocol number CAAE—00842112.2.0000.5149) of the Federal University of

Minas Gerais. Participating individuals signed an Informed Consent Form agreeing to partici-

pate in the study. For patients younger than 18 years of age, the parents signed the Informed

Consent Form, consenting to the child’s participation. Approval for use of the animal sera was

obtained from the Ethics Committee on Animal Use (protocol number 44/2012) of the Federal

University of Minas Gerais.

Design and cloning of the KDDR-plus synthetic gene

The KDDR-plus synthetic gene was designed based on the nucleotide sequence of the L. infan-
tum kinesin gene (LINF_140017300), which was obtained from the TriTrypDB database

(http://tritrypdb.org). This gene was synthesized by the GenScript company (USA) in pUC57

cloning plasmid. The KDDR-plus synthetic gene includes the nucleotides 1,198 to 2,985 of L.

infantum kinesin gene, totalizing 1,788 base pairs (bp). This sequence encodes 15.3 repeats of
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39 amino acids presents in LINF_140017300 gene. Sites of restriction enzymes NheI and XhoI

were added at 5’ and 3’ ends of the synthetic gene, respectively, to facilitate the subcloning of

the gene into the pET28a-TEV expression vector (CeBiME, Campinas/SP, Brazil) and a stop

codon (TAA) was added at 3’ end. The original codons of synthetic gene were optimized for

the protein translation into Escherichia coli bacteria used as host cell for heterologous protein

expression.

The pUC57/KDDR-plus plasmid was digested with the restriction enzymes to release the

synthetic gene that was subsequently subcloning using the restriction sites of the pET28a-TEV

plasmid. E. coli BL21 Star competent cells were transformed with the pET28a-TEV/KDDR-

plus recombinant plasmid by electroporation. Correct gene insertion was confirmed by colony

PCR and Sanger automated sequencing, performed by the Macrogen company (Seul, South

Korea), using the sequencer ABI Prism 3730xl DNA Analyzer (Applied Biosystems, USA) and

the T7 forward and T7 reverse primers to the pET28a-TEV vector.

Heterologous expression and purification of the recombinant protein

rKDDR-plus

The expression of rKDDR-plus in transformed E. coli cells was induced after the addition of 1

mM isopropyl-β-D-thiogalactopyranoside (IPTG) (Thermo Fisher Scientific, Brazil) and incu-

bation for 3 h at 37˚C at 180 rpm, using the shaker Maxq 400 (Thermo Scientific, USA). After

centrifugation, the bacterial cells were resuspended in buffer A (20 mM NaH2PO4; 500 mM

NaCl; 30 mM imidazole) in 10% of the initial volume of the culture. The cells were lysed with

lysozyme (100 μg/mL) for 30 min followed of 5 cycles of mechanical lysis in the EmulsiFlex-C3

homogenizer (AVESTIN, Canada), using pressure peaks between 15,000 to 20,000 psi. The

suspension was centrifuged at 6,000xg for 1 h at 4˚C. Samples referring to the soluble and

insoluble fraction were analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis

(SDS-PAGE) [33] for determined the solubility of the recombinant protein. Fractions of the

cell extract before (0 h) and after (3 h) the addition of IPTG were also analyzed by SDS-PAGE.

The recombinant protein was purified by Ni2+ affinity chromatography, using the His-Trap

HP column (GE Healthcare Life Science, Brazil) coupled to an ÄKTA Prime Plus system (GE

Healthcare Life Science, Brazil). The rKDDR-plus protein was eluted with a linear gradient from

0 to 100% of buffer B (NaH2PO4 20 mM; NaCl 500 mM; imidazole 500 mM) in a volume of 10

mL. To assess the purity and yield of the purified recombinant protein, the fractions obtained

were analyzed by SDS-PAGE and the final concentration was indirectly determined by the BCA

Protein Assay (Thermo Fisher Scientific, USA), according to manufacturer’s instructions.

Bioinformatics analyses

The amino acid sequence of the rKDDR-plus protein was submitted to the BepiPred program

(http://www.cbs.dtu.dk/services/BepiPred-1.0), with a cut-off of 1.0 (sensitivity < 0.25;

specificity > 0.91), to prediction of linear epitopes of B-cells [34], and IUPred program (http://

iupred.elte.hu/), with cut-off of 0.5 (score range of 0.0–1.0), to prediction of the protein struc-

tural disorder [35]. The theoretical molecular weight and isoelectric point (pI) were analyzed

through the ProtParam program (https://web.expasy.org/protparam/).

Serum samples

Human sera. Sera of 126 individuals were used in this study: 50 samples from patients

with human VL (HVL) obtained from the University Hospital Clemente of Faria (Montes Cla-

ros, Minas Gerais State, Brazil), endemic region located in southeastern Brazil. The L. infan-
tum infection was determined, from bone marrow samples, by the parasitological method
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(detection of the parasite) using Giemsa stain, and by specific qPCR assays for kDNA from the

Leishmania parasite [36]. Samples from 54 patients chronically infected with Trypanosoma
cruzi (Tc), to evaluate cross reactivity, were obtained from the University Hospital Clemente

of Faria (Montes Claros, Minas Gerais State, Brazil) with infection confirmed by combination

of positivity in Chagatest recombinant ELISA v.3.0 kit (Wiener Lab, Argentina) and the Cha-

gatest Indirect Hemagglutination Assay (IHA) (Wiener Lab, Argentina). In addition, 22 sera

from healthy individuals were used as negative control (NC) from an endemic area for VL and

with negative results for Leishmania in tissue smears (bone marrow).

Canine sera. A total of 180 canine sera were used in the study. Sixty serum samples were

collected in an endemic region for canine VL (CVL) (Montes Claros, Minas Gerais State, Bra-

zil), and 36 samples from healthy dogs were used as non-endemic controls (NC), both con-

firmed by microscopic analysis of bone marrow aspirates. For cross-reactivity assessment of

the tests were used 48 sera from dogs experimentally infected with T. cruzi (Tc), 27 dogs natu-

rally infected with Babesia sp. (Bab) and 9 with Ehrlichia sp. (Ehr). Serum samples from T.

cruzi were obtained from Department of Clinical Analysis of the School of Pharmacy/UFOP.

Samples from dogs naturally infected with Babesia sp. and Ehrlichia sp. were obtained from a

private veterinary laboratory (Contagem/Minas Gerais State, Brazil) and positivity to both the

parasites was confirmed by parasitological techniques (blood smears).

Crude soluble antigen of L. infantum
The L. infantum reference strain MHOM/BR/1974/PP75 was used in this study. L. infantum
promastigotes were cultured at 24˚C in Schneider’s medium (Sigma-Aldrich, USA), supple-

mented with 10% of inactivated bovine fetal sera, containing 100 U/mL de penicillin and

100 μg/mL de streptomycin (Gibco/Thermo Fisher Scientific, USA). Approximately 5x108 par-

asites were washed and recovered in 1 mL de PBS followed of 15 lysis cycles of freezing in liq-

uid nitrogen and thawing at 37˚C.

Enzyme-linked immunosorbent assay (ELISA)

The performance of the rKDDR-plus, rKDDR [26], rK39 [23] and rK26 [25] proteins and

crude soluble antigen (CSA) of L. infantum was evaluated by ELISA. The rKDDR protein was

obtained and purified as described by Dhom-Lemos et al. [26]. The rK39 and rK26 antigens

were kindly provided by Steven G. Reed (Infectious Disease Research Institute—IDRI, Seattle,

Washington). The optimal coating concentrations of the recombinant antigens used in this

work were determined empirically through a titration optimization using these proteins. The

concentration of CSA was performed as previously described [23]. All antigens were diluted in

100 μL carbonate buffer [Na2CO3 15 mM (Synth, Brazil); NaHCO3 34 mM (Merck, Brazil) pH

9.6] in amounts of 50 ng per well to the rKDDR-plus and rKDDR proteins, and 100 ng per

well to the rK39 and rK26 proteins and CSA. ELISA microplates of 96 wells (Costar, USA)

were coated with the antigens and incubated for 16 h at 4˚C. To avoid non-specific links, the

plate was blocked with 2% BSA (Fitzgerald, USA) in PBS pH 7.2 for a period of 2 h at room

temperature. Human and canine serum samples diluted 1:100 in PBS containing 0.05% Tween

20 (PBS-T) were added (100 μL/well) and incubated for 16 h at 4˚C. Plates were washed in

wash buffer (PBS-T) five times and incubated with 100 μL of the anti-human IgG (Fc specific)

− peroxidase antibody produced in goat (#A0170, Sigma-Aldrich, USA) or anti-dog IgG

(whole molecule)–peroxidase antibody produced in rabbit (#A6792, Sigma-Aldrich, USA),

diluted in PBS-T at 1:5,000 to human sera or 1:2,500 to canine sera, and incubated at 37˚C for

1 h and 30 min. After a final wash step of the plates, the enzyme reaction was developed with

100 μL/well of substrate solution [0.1 M citric acid, 0.2 M Na2PO4, 0.05% o-phenylenediamine
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dihydrochloride (OPD) (Sigma- Aldrich, USA) and 0.1% H2O2] for 10 min at 37˚C. The reac-

tion was stopped using 50 μL of 4N sulfuric acid (H2SO4) and the plates were read at 492 nm

in an automated microplate ELISA reader (Versamax, Molecular Devices, USA).

Rapid immunochromatographic dipstick test (ICT)

Development of the ICT/KDDR-plus. An ICT prototype was developed in partnership

with Safetest Diagnósticos (Brazil) based on the rKDDR-plus protein (S1A Fig). The device is

formed by an initial region containing a sample application pad, which adsorbs the sample

and distributes it homogeneously to the membrane, followed by a conjugate release mem-

brane, in which there are colloidal gold nanoparticles, colored in red, linked to the rKDDR-

plus antigen or the mouse IgG antibody. Soon after, the rKDDR-plus antigen is immobilized

on the membrane within the test area, followed by the control area, in which there is a capture

reagent (anti-mouse IgG), which acts as a validation of the test reactivity. After the control

line, there is an absorbent pad that decreases the background color by increasing the sample

flow volume (S1A Fig). The device is stored in the dark in aluminium bags containing silica at

room temperature until use.

ICT/rKDDR-plus for HVL diagnosis. Assays to detect anti-leishmanial antibodies were

carried with ICT/KDDR-plus prototype, using 69 human sera randomly selected from the

serological panel previously described, being 29 serum samples from patients infected with

Leishmania (HVL); 20 from patients chronically infected with T. cruzi (Tc); and 20 from

healthy individuals (NC). The performance of the ICT/rKDDR-plus (Safetest Diagnósticos,

Brazil) was evaluated and compared to IT LEISH ICT by DiaMed AG (Cressier, Switzerland)

and distributed by DiaMed Latin America S.A. (Lagoa Santa, Brazil), based on the rK39 anti-

gen, following the manufacturer instructions. The evaluation of the test was performed in

duplicate and the qualitative analysis of the results was performed by the naked eye after 20

min of the beginning of the test by two independent evaluators. The results were established

by presence (positive result) or absence (negative result) of a red line in the test area, under the

condition that a red line could be visualized in the control area (S1B Fig).

Data analysis

The ELISA data (S1 File) were analyzed using the Software GraphPad Prism 5.0 (GraphPad

Prism Inc., USA) and MedCalc with confidence intervals of 95%. Through the receiver operat-

ing characteristic (ROC) curve was possible to evaluate all the combinations of the sensibility

and specificity and to determine a cut-off value for each antigen tested. For the ROC curve

analysis, the infected group was composed of VL samples and the control group was composed

of non-VL samples. Area under the curve (AUC) was calculated and diagnostic performance

was established. The positive predictive values (PPV) and negative predictive values (NPV) as

well as the accuracy (AC) of the tests were calculated by the ratio of true-positive (TP) and

false-negative (FN). The degree of agreement between the serological tests (ELISA and ICT)

and the parasitological test (biopsy, aspirate or PCR) was estimated by kappa index (k) with

95% confidence interval and classified according to the 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.

Results

Composition and molecular analysis of the rKDDR-plus

The complete nucleotide sequence of the L. infantum kinesin gene (LINF_140017300) has

10,830 bp and encodes a protein with 3,609 amino acids, divided into two different portions: a
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non-repetitive amino acid sequence at the beginning of the protein and a repetitive region

containing a tandem block of 39 amino acids, with some degenerations in the sequence. The

KDDR-plus synthetic gene was designed based on the sequence encoding 15.3 tandem repeats

of 39 amino acids present in the kinesin protein, totalizing 1,788 nucleotides.

The rKDDR-plus protein is formed only by the repetitive portion of L. infantum kinesin

protein, unlike other proteins derived from kinesin and widely used in the diagnosis of VL in

the world, such as rKDDR [26] and rK39 [23] (Fig 1). In addition, this antigen has a higher

number of motif repetitions of 39 amino acids (15.3 repeats), when compared with the other

proteins derived from kinesin: rK39 (6.5 repeats) and rKDDR (8.5 repeats).

The synthetic KDDR-plus gene had optimized in silico codons, and then cloned into the

pET28a-TEV expression vector, which contains a sequence encoding a histidine tag. After

cloning, a single ORF (Open Reading Frame) with 1,848 bp was obtained, which encodes 615

amino acids (S2 Fig), with a theoretical molecular mass of 68 kDa and a pI of 4.56. Thus, 97%

(596 amino acids) of the protein sequence consists exclusively of repetitive motifs, while the

remaining 3% (19 amino acids) originate from the plasmid sequence.

The construct pET28a-TEV/KDDR-plus was transformed into E. coli BL21 Star and the

recombinant rKDDR-plus protein was expressed by IPTG induction and presented a high

yield after 3 h of induction (S3A Fig). The solubility test indicated that the protein is soluble

and can be purified under native conditions (S3A Fig). After purification by affinity chroma-

tography, the rKDDR-plus protein was obtained with high level of purity. Analysis of the puri-

fied fraction revealed the presence of a highly expressed 68 kDa band, referring to rKDDR-

plus (S3B Fig), with estimated yield of approximately 3 mg of protein per 1 L bacterial culture.

Prediction of linear B-cell epitopes and structural disorder

To evaluate the antigenic potential of rKDDR-plus, we predicted the linear B-cell epitopes

present in the protein using the BepiPred 1.0 tool. In addition, the degree of structural disorder

along the rKDDR-plus protein was determined using the IUPred tool in order to verify regions

with no secondary structures.

Fig 1. Comparison of the structure of the rKDDR-plus and other antigens based on the kinesin protein of L. infantum. The kinesin-derived

proteins used in the comparison were rKDDR-plus, rKDDR [26], and rK39 [23]. The red numbers represent the amount of amino acids present in each

block and the black numbers indicate the position of the block. The green blocks represent the non-repetitive portion of amino acids present in the

kinesin proteins. The gray blocks represent the repetitive motif units of 39 amino acids present in each protein. The blue blocks indicate repetitive

blocks present in the kinesin protein, but which have variations of certain amino acids in relation to the consensus sequence of 39 amino acids

described by Burns et al. [23]. The orange blocks represent the incomplete repetitive motif units of amino acids.

https://doi.org/10.1371/journal.pntd.0009759.g001
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The data obtained in predictions indicate the presence of a large number of linear B-cell

epitopes in rKDDR-plus (S4 Fig), suggesting that this protein is probably capable of interacting

with lymphocytes of the host immune system and can be applied as a possible target for the VL

diagnosis. The presence of a large region of structural disorder was also observed along the

length of the rKDDR-plus protein sequence (S4 Fig). These results suggest that the B-cell epi-

topes present in the protein are available to be recognized by the host immune system, since

they are not involved in internal secondary interactions within the protein.

ELISA tests with rKDDR-plus for detection of IgG antibodies in patients

with human visceral leishmaniasis

The recognition potential of the rKDDR-plus antigen for the HVL diagnosis was determinate

by assessing the reactivity of this protein in ELISA followed by the comparison of its perfor-

mance with the antigens also derived from kinesin, rKDDR [26] and rK39 [23], and also with

the rK26 protein [25] and the CSA, used as controls (Fig 2A). The rK26 antigen is derived

from the hydrophilic surface protein B, which contains 11 repeats of 14 amino acids that com-

prise 64% of the total protein [25]. This protein was used as a control, as it is a repetitive pro-

tein not derived from kinesin.

The rKDDR-plus, rKDDR and rK39 antigens showed the same percentage of serum recog-

nition from patients with HVL (98%) (Fig 2A). In turn, rK26 and CSA showed 82% and 100%

recognition of the positive sera, respectively. However, rKDDR-plus was the only antigen that

did not cross-reaction with sera from chagasic patients compared to the other antigens evalu-

ated. In addition, the rK39 and rK26 antigens also identified sera from control group individu-

als (not infected) as positive. The cut-off of ELISA plots was determined for each antigen from

the ROC curve (Fig 2B). The cut-off for the rKDDR-plus, rKDDR, rK39 and rK26 antigens

and the CSA was 0.3611, 0.4437, 0.5839, 0.3977 and 1.284 absorbance units (AU), respectively.

Analysis of the AUC values using ROC curves confirmed the better performance of the

rKDDR-plus antigen (AUC = 0.9979), suggesting that this protein presents a great potential to

discriminate the cases of patients with and without the HVL (Table 1). According to the Fleiss

scale, the degree of agreement of rKDDR-plus (k = 0.983), with the parasitological/qPCR refer-

ence test, was classified as “very good”, suggesting to be a diagnostic test of excellent quality

(Table 1). The sensitivity, specificity, positive and negative predictive value, as well as accuracy

was determined for the five antigens tested (Table 1). The rKDDR-plus, rKDDR and rK39

antigens had the same sensitivity (98%), while rK26 and the CSA showed 82% and 100%,

respectively. However, the rKDDR-plus ELISA showed the best results of specificity (100%),

PPV (100%), NPV (98.70%) and accuracy (99.21%), when compared to other antigens that

presented lower values (Table 1).

Serological recognition of rKDDR-plus by ELISA for the diagnosis of

canine visceral leishmaniasis

All the antigens tested by ELISA had the same percentage of serological recognition (97%) of

sera from dogs with CVL, except rK26 (92%) (Fig 3A). However, rKDDR-plus presented a

lower percentage of cross-reaction between the tested antigens, only 11% with babesiosis. For

other sera used as control, this antigen showed no cross-reactivity. The other antigens showed

a high percentage of cross-reactivity with babesiosis, Chagas disease and ehrlichiosis. The rK39

and rK26 antigens also showed a reaction with sera from healthy dogs (negative control). The

ROC curve (Fig 3B) was used to determine the cut-off of each antigen, obtaining the following

values in absorbance units (AU): 0.3147 (rKDDR-plus), 0.3248 (rKDDR), 0.4087 (rK39),

0.3251 (rK26) and 0.8314 (CSA).
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Fig 2. Evaluation of the recombinant antigens and L. infantum crude extract for the serodiagnosis of human visceral leishmaniasis (HVL). (A)

Comparison of the performance of ELISA with the rKDDR-plus, rKDDR, rK39 and rK26 antigens and the crude soluble antigen (CSA) of L. infantum
was performed using serum samples from the following groups: patients infected with Leishmania (HVL, n = 50); healthy individuals used as negative

control (NC, n = 22); and patients chronically infected with T. cruzi (Tc, n = 54), to evaluate cross reactivity. The dashed red line represents the cut-off

determined by the ROC curve of each test. The index above each column in the plot indicates the percentage of samples that are above the cut-off. (B)

Analysis of ROC curve of each human serological test obtained for ELISA using rKDDR-plus, rKDDR, rK39 and rK26 antigens and the CSA. The

sensitivity, specificity and area under the curve (AUC) were determined by ROC curve.

https://doi.org/10.1371/journal.pntd.0009759.g002
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The rKDDR-plus showed the highest AUC value (0.9889), followed by rKDDR, rK39, rK26

and the CSA, which presented the values 0.9871, 0.9631, 0.9358 and 0.8608, respectively

(Table 2). All recombinant antigens showed the same sensitivity (96.67%), except rK26

(91.67%). However, rKDDR-plus has a higher specificity (97.50%) when compared to the

rKDDR (90.83%), rK39 (82.50%), rK26 (81.67%) antigens and the CSA (64.17%) (Table 2).

The rKDDR-plus also obtained higher PPV (95.08%), NPV (98.32%) and AC (97.22%) com-

pared to the other antigens (Table 2). The highest kappa concordance index was obtained

again by rKDDR-plus (0.938), showing a “very good” degree of agreement, suggesting its

potential use for canine serodiagnosis.

Evaluation of ICT/rKDDR-plus for the diagnosis of human visceral

leishmaniasis

The ICT based on the rKDDR-plus recombinant antigen (Safetest Diagnósticos, Brazil) had its

diagnostic performance evaluated and compared to the IT LEISH ICT, produced by DiaMed

AG (Cressier, Switzerland). Both diagnostic tests were assessed with 69 human serum samples

(Fig 4 and Table 3). The ICT/rKDDR-plus detected 26 of 29 sera tested from patients infected

with L. infantum, resulting in a sensitivity of 89.7%. No false positive result was attributed to

ICT/rKDDR-plus, resulting in a specificity of 100%. The accuracy, PPV and NPV of ICT/

KDDR-plus were of 95.7%, 100.0% and 93.0%, respectively. In comparison, IT LEISH test

identified only 23 of the 29 sera tested from patients with HVL, representing a sensitivity of

79.3%. All individuals of the control group (uninfected) were correctly diagnosed, but when

sera from patients with Chagas disease were analyzed, the IT LEISH rapid test identified 1 of

20 sera tested (Fig 4). These results represent a specificity of 97.5%, with accuracy, PPV and

NPV of 89.9%, 95.8% and 86.7%, respectively (Table 3). The accuracy obtained by IT LEISH

against the kappa agreement criterion was considered “good” at kappa index of 0.787, whereas

ICT/rKDDR-plus was considered “very good”, obtaining a kappa index of 0.909 (Table 3).

Discussion

In this study, we evaluated the performance of a new recombinant antigen rKDDR-plus, com-

posed of an increased number of a repetitive motif of 39 amino acids, presents in the L. infan-
tum kinesin protein, totaling 15.3 copies. The performance of this new antigen was compared

with two other kinesin-derived recombinant antigens described in the literature, rK39 [23]

and rKDDR [26], which have a smaller number of repetitive motifs (6.5 and 8.5 copies, respec-

tively), in addition to being also composed of a non-repetitive region of the kinesin protein. In

contrast, the rKDDR-plus protein has only the repetitive region of the kinesin protein. The use

Table 1. Diagnostic performance of ELISA tests using human serum samples from patients with visceral leishmaniasis (VL) and non-VL individuals.

Antigen PPV (%) NPV (%) Sen (%) [CI 95%] Spe (%) [CI 95%] AC (%) AUC Kappa [CI 95%] Agreement

rKDDR-plus 100.00 98.70 98.00 [89.35–99.95] 100.00 [95.26–100.0] 99.21 0.9979 0.983 [95.1–100.0] Very good

rKDDR 94.23 98.65 98.00 [89.35–99.95] 96.05 [88.89–99.18] 96.83 0.9971 0.934 [87.1–99.8] Very good

rK39 69.01 98.18 98.00 [89.35–99.95] 71.05 [59.51–80.89] 81.75 0.9655 0.644 [52.0–76.9] Good

rK26 73.21 87.14 82.00 [68.56–91.42] 80.26 [69.54–88.51] 80.95 0.9100 0.610 [47.1–75.0] Good

CSA 48.00 92.31 100.0 [92.89–100.0] 30.26 [20.25–41.87] 57.14 0.6976 0.236 [12.5–34.6] Fair

PPV: positive predictive value; NPV: negative predictive value; Sen: sensitivity; Spe: specificity; AC: accuracy; AUC: area under curve; CI: confidence interval; CSA:

crude soluble antigen. Reference test: parasitological/qPCR.

https://doi.org/10.1371/journal.pntd.0009759.t001
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Fig 3. Evaluation of the recombinant antigens and L. infantum crude extract for the serodiagnosis of canine visceral leishmaniasis (CVL). (A)

Comparison of the performance of ELISA with the rKDDR-plus, rKDDR, rK39 and rK26 antigens and the crude soluble antigen (CSA) was performed

using canine sera from the following groups: dogs infected with Leishmania (CVL, n = 60); non-infected healthy dogs (NC, n = 36); dogs naturally

infected with Babesia sp. (Bab, n = 27) and Ehrlichia sp. (Ehr, n = 9); and dogs experimentally infected with T. cruzi (Tc, n = 48), for cross-reactivity

assessment. The dashed red line represents the cut-off determined by the ROC curve of each test. The index above each column in the plot indicates the

percentage of samples that are above the cut-off. (B) Analysis of ROC curve of each canine serological test obtained for ELISA using rKDDR-plus,

rKDDR, rK39 and rK26 antigens and the CSA. The sensitivity, specificity and area under the curve (AUC) were determined by ROC curve.

https://doi.org/10.1371/journal.pntd.0009759.g003
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of TR proteins in the diagnosis of VL was studied by Goto et al. [20]. In another study, Goto

et al. [32] performed ELISAs using Leishmania recombinant TR proteins and demonstrated

that the copy number of the repeat affects the binding affinity between antigens and antibod-

ies, due to thermodynamic binding kinetics. However, the influence of the number of repeti-

tions of a sequence on the diagnostic performance has not yet been evaluated.

One of the current challenges for the VL control revolves around improving the perfor-

mance of diagnostic tests for human and veterinary use. Several studies have focused on the

development of more accurate serodiagnosis, through replacing CSA by recombinant proteins

[16,37–41]. Until the early 1990s, the targets used in the serological tests were the crude or sol-

uble antigens of promastigotes or amastigotes forms of Leishmania ssp., which has a high

Table 2. Diagnostic performance of ELISA tests to detect antibodies against canine visceral leishmaniasis (CVL).

Antigen PPV (%) NPV (%) Sen (%) [CI 95%] Spe (%) [CI 95%] AC (%) AUC Kappa [CI 95%] Agreement

rKDDR-plus 95.08 98.32 96.67 [88.4–99.59] 97.50 [92.87–99.48] 97.22 0.9889 0.938 [88.4–99.2] Very good

rKDDR 84.06 98.20 96.67 [88.4–99.59] 90.83 [84.19–95.33] 92.78 0.9871 0.843 [76.2–92.5] Very good

rK39 73.42 98.02 96.67 [88.4–99.59] 82.50 [74.50–88.83] 87.22 0.9631 0.734 [63.4–83.3] Good

rK26 71.43 95.15 91.67 [81.6–97.24] 81.67 [73.57–88.14] 85.00 0.9358 0.685 [57.8–79.2] Good

CSA 57.43 97.47 96.67 [88.4–99.59] 64.17 [54.90–72.71] 75.00 0.8608 0.520 [41.0–62.9] Moderate

PPV: positive predictive value; NPV: negative predictive value; Sen: sensitivity; Spe: specificity; AC: accuracy; AUC: area under curve; CI: confidence interval; CSA:

crude soluble antigen. Reference test: parasitological.

https://doi.org/10.1371/journal.pntd.0009759.t002

Fig 4. Concordance rate of the rapid immunochromatographic test results with reference standard for diagnosis

of human visceral leishmaniasis (HVL) with the serum samples. The comparison of the performance between the

rapid tests ICT/rKDDR-plus (Safetest Diagnósticos) and IT LEISH (DiaMed AG) was performed using 69 human

serum samples from patients infected with Leishmania (HVL, n = 29); patients chronically infected with T. cruzi (Tc,

n = 20), to evaluate cross reactivity; and healthy individuals used as negative control (NC, n = 20). Reference test:

parasitological/qPCR.

https://doi.org/10.1371/journal.pntd.0009759.g004
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sensitivity for the detection of specific antibodies in human and canine sera, but with a very

limited specificity [42,43]. Fraga et al. [44] showed that the CSA in the ELISA test showed a

sensitivity of 97%, but a very limited specificity, 26%. Likewise, another study also showed a

good sensitivity (100%) when using CSA, but a low specificity (68%) [45]. Corroborating these

results, we also found a low specificity for both human sera (30.26%) and canine sera (64.17%)

in ELISA using CSA.

Recombinant antigens appear as an alternative to the use of CSA, because they are specific

molecules of the parasite that have high affinity with antibodies present in the vast majority of

biological samples and, unlike the CSA, have an excellent specificity [23,39] In addition to

improving the specificity of the tests, without compromising their sensitivity, recombinant

proteins allow large-scale and standardized production, independent of parasite cultures, with

high efficiency and remarkable purity at relatively low costs [37,38]. Several recombinant mol-

ecules have been characterized and evaluated for use with samples from humans and dogs in

the VL diagnosis. Among them, it is worth mentioning the proteins with TR motifs in their

sequence, as the kinesin-derived antigens of L. infantum (rK39 [23] and rKDDR [26]) and the

hydrophilic acylated surface protein (rK26) [25].

Regions with successive copies of the same amino acid sequence have been reported in sev-

eral eukaryotic proteomes, including protozoa such as Plasmodium spp., Trypanosoma spp.

and Leishmania spp. [20,22,46,47]. Some studies have shown that individuals with VL or other

infections, such as trypanosomiasis and malaria, have high production of specific antibodies

against these repetitive regions [48–51]. Goto et al. [20] showed that TR proteins are more

potent as immunodominant B-cell antigens, being more highly recognized by VL patient sera

than non-TR proteins. Another study shows that among the reasons for TR proteins to be

more antigenic may be related to the exposure of several identical sequences with a single epi-

tope to the host’s immune system, generating an immunodominance [20,52]. After evaluating

the reactivity of TR proteins with plasma samples from patients with VL, Goto et al. [32] also

demonstrated that the antibody binding to the antigen is stronger as the copy number of the

repeats increases.

This is probably the reason why kinesin-derived proteins are recognized as good antigens

for the VL diagnosis, since they have a highly immunogenic TR region composed of 39 amino

acids, as shown in rK39 [23] and rKDDR [26]. We also analyzed in silico the presence of poten-

tial B-cell epitopes in the new antigen described here, rKDDR-plus. Throughout its sequence,

we observed the presence of a large number of predicted linear B-cell epitopes coinciding with

a region of structural disorder. These results suggest that the rKDDR-plus antigen is probably

capable of interacting with lymphocytes of the host’s immune system. These epitopes can be

more easily identified during antibody serological screening compared to molecules with

fewer repetitions, thus compensating for the low prevalence of antibodies observed in some

patients [53].

Table 3. Diagnostic performance of immunochromatographic tests with human sera from patients infected with Leishmania infantum, Trypanosoma cruzi and

healthy controls.

Test Positive samples Sen (%) NPV (%) Negative samples Spe (%) PPV (%) AC (%) Kappa [CI 95%] Agreement

ICT/rKDDR-plus 26/29 89.7 93.0 40/40 100.0 100.0 95.7 0.909 [81.0–100] Very good

IT LEISH 23/29 79.3 86.7 39/40 97.5 95.8 89.9 0.787 [63.9–93.5] Good

PPV: positive predictive value; NPV: negative predictive value; Sen: sensitivity; Spe: specificity; AC: accuracy; CI: confidence interval. Reference test: parasitological/

qPCR.

https://doi.org/10.1371/journal.pntd.0009759.t003
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To evaluate the influence of the number of 39 amino acid motif repetitions from kinesin-

derived proteins, we performed comparative ELISA assays with the three proteins. Although

the sensitivity of the rK39, rKDDR and rKDDR-plus antigens were the same (98.00% for

humans and 96.67% for dogs) in the ELISA, the specificity was proportional to the number of

repetitive motifs present in the proteins. Considering that rK39 has 6.5 repeats, rKDDR 8.5

repeats, and rKDDR-plus 15.3 repeats, their specificities were 71.05%, 96.05% and 100.00% for

human sera, and 82.50%, 90.83% and 97.50% for canine sera, respectively. Consequently, the

antigen with the highest number of repetitive motifs (rKDDR-plus) was also the one that

obtained the best accuracy results, with both sera, followed by rKDDR and rK39. Therefore,

these results suggest that the increased presence of TR motifs can increase the diagnostic per-

formance of serological tests for VL. The considerable cross-reactivity of the antigens tested

with the sera from dogs infected with Babesia sp. and Ehrlichia sp. could be explained by a pos-

sible exposure of these animals to Leishmania, since the reference diagnosis used was the para-

sitological, which may have a lower sensitivity than serological. Even considering this

possibility, rKDDR-plus showed an excellent result since this antigen did not show any cross-

reactivity with Ehrlichia sp. and showed minor reactivity (only 11%) with Babesia sp., the low-

est value among the tested antigens. In the case of dogs infected with T. cruzi, this possibility

does not apply because the infection was made experimentally, with no possibility of contami-

nation with L. infantum.

In the ELISA experiments, in addition to the CSA, the rK26 protein was also used as a con-

trol. This antigen has 11 repeats of a 14 amino acid sequence that can also be described as two

alternating repeats of 7 amino acids (PKEDGH/RT and QKNDGDG) [25]. The rK26 has a sen-

sitivity ranging from 21.3% to 96.8% and a specificity from 80% to 100% described in other

studies [54–57]. Although the rK26 antigen also has an expressive number of repetitive motifs

(11 repeats), greater than the number of repetitions of rK39 and rKDDR, it showed lower values

of sensitivity and specificity for human sera (82.00% and 80.26%, respectively) and for canine

sera (91.67% and 81.67% respectively), when compared to all antigens derived from kinesin—

except for the specificity of rK39 that was lower with human sera. However, the 14 amino acid

repetitive region of rK26 shares no homology with the 39 amino acid repetitive region of pro-

teins derived from kinesin. Therefore, these results suggest that the diagnostic performance of a

test depends on both the composition of the TR sequence and its number of copies.

Another advantage attributed to recombinant proteins is their adsorption capacity on vari-

ous surfaces that can be used in the field. In the last decade, ICT has been used as diagnosis of

VL in several countries [58,59]. This test combines the easy execution and rapid interpretation

of the results, as well as the independence of laboratory infrastructure and specialized profes-

sionals for the execution [12]. Therefore, in this study, we developed and evaluated an ICT

based on the rKDDR-plus protein, to be used in the rapid diagnosis of HVL. The sensitivity

and specificity of the ICT/rKDDR-plus were 89.7% and 100.0%, respectively. The performance

of ICT/rKDDR-plus was compared with the commercially available ICT IT LEISH, which is

based on the rK39 antigen. In our analyses, ICT IT LEISH obtained a sensitivity of 79.3% and

specificity of 97.5%. These results show that ICT/rKDDR-plus has a greater ability to detect

the disease when it is present and to discard it when it is absent compared to commercial test.

The sensitivity of ICT IT LEISH can vary from 81.1% to 96.2%, whereas its specificity varies

between 96.6% to 98.7% [60–63]. Therefore, it is possible to conclude that the rapid test ICT/

rKDDR-plus has great potential to be used as a diagnosis for HVL in field screening, since it

presented a better diagnostic performance.

However, the results presented in this study on the use of rKDDR-plus in the VL diagnosis

refer to an initial and relatively small-scale trial. In addition, the results obtained for NPV and

PPV in the ELISA and ICT tests may differ depending on the prevalence of VL in the endemic
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areas being tested or sample set with different VL positivity rates. Therefore, tests with a

greater number of samples, carried out in field, are in progress, and will allow us to verify

points that could be improved in these diagnostic tests. Currently, the KDDR-plus antigen has

been licensed by a company for the commercialization of ELISA and ICT for the diagnosis of

human VL, and is in the process of transferring technology for veterinary use.

Therefore, the results obtained in this study show that the recombinant antigen rKDDR-

plus is a highly promising candidate for VL diagnosis in both serological tests (ELISA and

ICT), presenting the highest accuracy and specificity compared with others kinesin-derived

antigens, which are currently used in the diagnosis of this disease. The best diagnostic perfor-

mance of rKDDR-plus in serological tests is probably due to the increased presence of repeti-

tive motifs in the protein.

Supporting information

S1 Fig. Rapid immunochromatographic lateral flow test (ICT) prototype using the

rKDDR-plus antigen. (A) Schematic representation of the diagnostic ICT device. The three

schematic strips represent the test steps: 1) sample application; 2) sample migration; 3) test

result. (B) Photograph of representative results of ICT/rKDDR-plus strips tested with different

human serum samples. HVL: test with sera from two patients infected with Leishmania; Tc:

test with sera from two patients infected with T. cruzi; NC: test with two negative sera from

healthy individuals. With negative serum samples for leishmaniasis (NC and Tc), only the con-

trol line is present, while with serum samples from VL patients, both control and test lines

turned red.

(TIF)

S2 Fig. Schematic representation of the DNA sequence and predicted amino acid sequence

of the rKDDR-plus protein. Lowercase letters represent the nucleotide sequence of KDDR-

plus and uppercase letters represent the translated protein sequence. The nucleotides and

amino acids indicated in red at the ends of the sequences represent the portion derived from

the plasmid pET28a-TEV, used in the expression of the protein in bacteria. The underlined

nucleotides in purple correspond to the initiation codon; the underlined in yellow represent

the histidine tag added to the protein to facilitate the purification process; the underlined

nucleotides in blue correspond to the sites for the restriction enzymes; and the underlined in

green represent the cleavage site for the TEV protease. The remainder of the underlined

sequence shows the 15.3 repetitive motifs of 39 amino acids derived from the L. infantum kine-

sin protein, except for the first motif with 14 amino acids and the 16th motif with 36 amino

acids. The ordinal numbers indicated on the left represent the number of repetitive motifs of

rKDDR-plus. The numbers on the right represent the position of the nucleotides.

(TIF)

S3 Fig. Analysis in polyacrylamide gel electrophoresis (SDS-PAGE) of the expression in

bacteria and purification of rKDDR-plus protein. (A) Extracts of E. coli bacteria, BL21 Star

strain, containing the plasmid pET28a-TEV/KDDR-plus, before (0h) and after (3h) induction

of the recombinant protein with IPTG (1 mM). The bacterial extract was lysed and separated

into soluble and insoluble fraction by centrifugation. The red arrow indicates the rKDDR-plus

protein band after expression and solubility test. (B) After purification by affinity chromatog-

raphy of the soluble fraction of the bacterial lysate, the purified fraction presented a band of

approximately 68 kDa, corresponding to rKDDR-plus. MM: molecular mass marker; kDa:

kilodalton.

(TIF)

PLOS NEGLECTED TROPICAL DISEASES Performance of the rKDDR-plus in the visceral leishmaniasis diagnosis

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009759 September 17, 2021 15 / 20

http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0009759.s001
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0009759.s002
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0009759.s003
https://doi.org/10.1371/journal.pntd.0009759


S4 Fig. Predictions of linear B-cell epitopes and structural disorder regions of rKDDR-

plus protein. The dashed arrow corresponds to the complete amino acid sequence of the pro-

tein. The orange boxes correspond to the linear B-cell epitopes predicted by the BepiPred pro-

gram, while the gray box corresponds to the prediction of structural protein disorder using the

IUPred program. The value below each box corresponds to the score of each prediction.

(TIF)

S1 File. ELISA data obtained in this study. Data used to make ELISA figures and tables.

(PDF)

S2 File. STARD checklist. Reports of studies of diagnostic accuracy.

(DOCX)
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