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Abstract The correct and early identification of humans and
dogs infected with Leishmania are key steps in the control of
leishmaniasis. Additionally, a method with high sensitivity
and specificity at low cost that allows the screening of a large
number of samples would be extremely valuable. In this study,
we analyzed the potential of mitogen-activated protein kinase
3 (MAPK3) and mitogen-activated protein kinase 4 (MAPK4)
proteins from Leishmania braziliensis to serve as antigen
candidates for the serodiagnosis of human visceral and
tegumentary leishmaniasis, as well as canine visceral disease.
Moreover, we mapped linear B-cell epitopes in these proteins
and selected those epitopes with sequences that were diver-
gent in the corresponding orthologs inHomo sapiens, inCanis
familiaris, and in Trypanosoma cruzi. We compared the per-
formance of these peptides with the recombinant protein using
ELISA. Both MAPK3 and MAPK4 recombinant proteins
showed better specificity in the immunodiagnosis of human
and canine leishmaniasis than soluble parasite antigens and the
EIE-leishmaniose-visceral-canina-bio-manguinhos (EIE-LVC)
kit. Furthermore, the performance of this serodiagnosis assay

was improved using synthetic peptides corresponding to B-cell
epitopes derived from both proteins.
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Introduction

Leishmaniasis is a disease caused by vector-borne parasites of
Leishmania genus that affects approximately 12 million peo-
ple around the world causing approximately 50,000 deaths
each year (Desjeux 2001). Although the most affected coun-
tries are in tropical or subtropical regions, the disease is
expanding to non-endemic areas in North America and
Europe (Gonzalez et al. 2010; Ready 2010; Shaw 2007).
Leishmaniasis encompasses multiple clinical syndromes that
are classified as cutaneous, mucosal, and visceral, and the
development of each clinical form is associated with the
genetic variability of both parasite and host. Cutaneous and
mucosal leishmaniasis can cause substantial morbidity
(Molina et al. 1994), whereas visceral leishmaniasis is fre-
quently fatal if untreated (Wilson and Streit 1996); thus, the
correct and early diagnosis of infection is a key step in the
control of this disease. Moreover, visceral leishmaniasis sur-
veillance programs depend on the identification of infected
dogs that are important reservoirs that maintain the domestic
cycle of the parasite (Molina et al. 1994).

As clinical manifestation lacks specificity, the diagnosis of
visceral leishmaniasis should be performed by parasite detec-
tion in the infected tissue by microscopy, PCR, and/or serol-
ogy (Chappuis et al. 2007; Sundar and Rai 2002). Most of the
serological tests use crude Leishmania-antigen preparations
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that include soluble antigens. Those antigens show variable
sensitivity due to antigenic differences among Leishmania
isolates and lack specificity due to cross-reactivity with other
diseases (Caballero et al. 2007; Zanette et al. 2014). The
diagnosis of tegumentary leishmaniasis considers epidemio-
logical data, clinical aspects, and laboratory tests (Goto and
Lindoso 2010), which include the Montenegro skin test
(MST) and the microscopic detection of the parasite in lesions
(Alves et al. 2013). The MST identifies a delayed-type hyper-
sensitivity response to parasite antigens in infected individ-
uals, but does not discriminate between active and cured
infection (Stockdale and Newton 2013). The correct and early
identification of infected humans and dogs are key steps in
disease control. Therefore, a low-cost method with high sen-
sitivity and specificity that allows for the screening of a large
number of samples would be extremely valuable.

Serological tests have significant advantages for the diag-
nosis of leishmaniasis, including their non-invasive nature,
their capacity for the early detection of infection before the
formation of lesions, and their capacity to be automated and
quantitative. However, a small number of well-characterized
antigens have been described in the literature, hindering the
development of new serodiagnostic tests with improved
performance.

Previous studies have demonstrated that conserved house-
keeping genes and virulence factors have a high potential for
the serodiagnosis of leishmaniasis (Lakhal-Naouar et al. 2009;
Menezes-Souza et al. 2014a). Among these genes, mitogen-
activated protein kinases (MAPKs) are proteins encoded in
practically all eukaryote genomes and display signal transduc-
tion functions associated with cytoskeletal rearrangements,
proliferation, differentiation, adaptation, and stress-response
(Brumlik et al. 2011; Pearson et al. 2001). Genomic analyses
revealed that there are 17 putative MAPKs in Leishmania
spp., being one of the most expanded protein kinase families
when compared to mammals (Brumlik et al. 2011; Wiese
2007). Several MAPKs, including mitogen-activated protein
kinase 3 (MAPK3) and mitogen-activated protein kinase 4
(MAPK4), have been implicated in the differentiation process
of promastigote into amastigote. Whereas MAPK3 displays
control of flagellar length (Erdmann et al. 2006), the overex-
pression of MAPK4 increases stage-specific phosphorylase
activity (Wang et al. 2005).

Due to the importance of MAPK3 and MAPK4 in host-
parasite interaction, we analyzed the potential of both proteins
from Leishmania braziliensis to be used as antigens for the
serological diagnosis of visceral and tegumentary human
leishmaniasis and visceral canine disease. We also evaluated
different protein characteristics that could influence the
serodiagnosis performance, such as expression levels in para-
site stages present in mammalian hosts and sequence similar-
ity between other phylogenetically related parasites and hosts.
Additionally, we mapped linear B-cell epitopes in these

proteinswith sequences that were divergent from their orthologs
inHomo sapiens, Canis familiaris, and Trypanosoma cruzi and
compared their performance with recombinant protein using
ELISA.

Materials and methods

Ethics statement and human and dog sera samples used

Experiments involving human samples were approved by the
Ethics Committee of the Federal University of Minas Gerais
(UFMG) under protocol CAAE: 00842112.2.0000.5149.
Before blood collection, all subjects provided written in-
formed consent. A total of 65 sera samples from tegumentary
leishmaniasis patients with cutaneous (cutaneous leishmaniasis
(CL), n=45) or mucosal (mucosal leishmaniasis (ML), n=20)
clinical manifestations were obtained from the Centro de
Referência em Leishmaniose (Januária, Minas Gerais state,
Brazil), and 55 sera samples from visceral leishmaniasis (VL)
patients were obtained from the University Hospital (Montes
Claros, Minas Gerais state, Brazil). The parasitological infec-
tion was confirmed by the presence of amastigotes in micro-
scopic analyses of cutaneous lesions or bone marrow
aspirates and by PCR assays using specific primers for the
Leishmania Kinetoplastid DNA (kDNA) sequence (de Bruijn
and Barker 1992). All Leishmania-infected patients were found
to be uninfected with T. cruzi. Sera from 20 patients with
Chagas disease (CD) were collected, with T. cruzi infection
being confirmed by hemoculture or the Chagatest® recom-
binant ELISA v.3.0 kit and the Chagatest® hemagglutina-
tion inhibition test; these samples were uninfected with
Leishmania. Sera from 50 healthy humans from a non-
endemic area to Leishmania or Trypanosoma were used
as negative controls (CT).

The use of dog samples was carried out in agreement
with the guidelines of the Brazilian College of Animal
Experimentation, strictly following Brazilian law regarding
“Procedures for the Scientific Use of Animals” (11.794/
2008) and were approved by the Institutional Animal Care
and Committee on Ethics of Animal Experimentation
(CETEA) from the UFMG under protocol number 44/
2012. Dog sera samples were obtained from the endemic
area for canine visceral leishmaniasis (CVL) in Minas
Gerais state, Brazil. Infection was confirmed by the presence
of amastigotes in microscopic analyses of bone marrow aspi-
rates from 30 animals. Samples from 15 dogs experimentally
infected with T. cruzi (canine Chagas disease (CCD)) and
negative for Leishmania were used to evaluate cross-reactivity.
A total of 30 dogs from a non-endemic area for visceral
leishmaniasis and negative to Leishmania and T. cruzi were
included as a control group (canine control (CCT)).
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Sequence analysis and linear B-cell epitope prediction

The sequences of L. braziliensis MAPK3 (LbMAPK3; ID:
LbrM.10.0620) and L. braziliensis MAPK4 (LbMAPK4; ID:
LbrM.19.1710) from L. braziliensis were retrieved from
TriTrypDB (Aslett et al. 2010). Orthologous proteins in
Leishmania infantum and T. cruzi were obtained from an
orthologs list present in TriTrypDB and confirmed as the best
hit using LbMAPK3 and LbMAPK4 as queries in a Protein
Basic Local Alignment Search Tool (BLASTp) search
(Altschul et al. 1990) against whole protein sequences of the
two species. BLASTp was also used to identify the more
similar human and dog protein sequences in the NCBI
Reference Sequence (RefSeq) database, and global multiple
sequence alignments were performed using ClustalX 2.0
(Thompson et al. 2002) with default parameters. Linear B-
cell epitopes were identified by BepiPred program (Larsen
et al. 2006) with a cutoff of 1.3, and epitopes were considered
as those with at least nine continuous amino acids with
individual prediction scores above the cutoff. Intrinsically
unstructured/disordered regions (IURs) were considered as
those with at least nine continuous amino acids with an
individual score above 0.5 predicted by IUPred program
(Dosztanyi et al. 2005).

Parasites

L. braziliensis (MHOM/BR/75/M2904) is a reference strain
from the Evandro Chagas Institute, Belém, Brazil. This strain
was isolated by direct culture from a lesion on the right side of
the thorax of a man who had been performing survey work in
Serra dos Carajás, Brazilian Amazonia. Parasites were gently
provided by Prof. Maria Norma de Melo (UFMG).
Promastigote stages were maintained in Schneider’s insect
medium (Sigma-Aldrich) supplementedwith 10% inactivated
fetal bovine serum, 100 U/mL penicillin and 100 μg/mL
streptomycin (Life Technologies) at 23 °C ± 1 °C.
Metacyclic promastigote forms were obtained after the puri-
fication of stationary cultures of L. braziliensis with peanut
lectin, as previously described (Alcolea et al. 2009).
Intracellular amastigotes were obtained by infecting 1×105

macrophages with 1×106 stationary promastigotes for 24 to
60 h at 37 °C and 5 % CO2.

RNA extraction and quantitative real-time PCR (qRT-PCR)
assays

Total RNA from the different developmental stages of
L. braziliensis was extracted using the Total RNA isolation
kit (Macherey-Nagel) according to the manufacturer’s recom-
mendations. cDNA synthesis was carried out using the High
Capacity cDNA Reverse Transcription kit (PE Applied
Biosystems), and qRT-PCR was performed as previously

described (Menezes-Souza et al. 2012). The primer se-
quences of the MAPK3 and MAPK4 genes as well as
of five constitutive control genes (GAPDH, 18s, α-tubulin,
β-tubulin, and Actin) are listed in Table S1. Logarithmic
promastigotes were used as a calibrator group by the
2−ΔΔCt method (Bustin et al. 2009).

Soluble L. braziliensis antigen (SLbA)

A total of 1×1010 L. braziliensis promastigotes were washed
three times with cold phosphate-buffered saline followed by
three cycles of freezing in liquid nitrogen and thawing (42 °C).
After ultrasonication with ten alternating cycles of 30 s at
35 MHz, the lysate was centrifuged at 6,000×g at 4 °C for
15 min. The supernatant containing SLbAwas collected, and
the protein concentration was estimated using the Pierce™
BCA™ Protein Assay (Thermo Scientific).

Cloning, recombinant protein expression, and purification

LbMAPK3 and LbMAPK4 genes were amplified from the
genomic DNA of L. braziliensis by PCR using the forward
(GCTAGCATGCACAAGAGCAACCAGGA) and reverse
(GGATCCTTAGTGATGGTGGGCGCTG) primers for
MAPK3 and the forward (GCTAGCATGACTCAACTCGT
CCCT) and reverse (CTCGAGCTATTCATTCGAATGTGA
GTAAGC) primers for MAPK4. NheI and BamHI restriction
sites were added to the forward and reverse primers for
MAPK3 and NheI and XhoI for MAPK4. The 1,167-kb
fragments of MAPK3 and 1,104 kb of MAPK4 were
excised from the agarose gel, purified, digested with the
restriction enzymes, and ligated to the pET28a-TEV
vector previously digested with the same restriction
enzymes (Coitinho et al. 2012). Electrocompetent
Escherichia coli BL21 Arctic Express (DE3) (Agilent
Technologies) cells were transfected with recombinant
plasmids by electroporation using a MicroPulser
Electroporation Apparatus (Bio-Rad Laboratories). Gene
insertion was confirmed by colony PCR and sequencing
using T7 primers (Macrogen). Recombinant LbMAPK3
and LbMAPK4 were expressed by adding 1.0 mM
Isopropyl-β-D-thiogalactopyranoside (IPTG, Promega)
for 24 h at 12 °C with shaking at 200 rpm. The cells
were then lysed by sonication and centrifuged at 6,000×g for
30 min at 4 °C. The recombinant proteins were purified using
a HisTrap HP affinity column connected to the ÄKTAprime
chromatography system (GE Healthcare). The eluted fractions
containing recombinant LbMAPK3 (rLbMAPK3) and recom-
binant LbMAPK4 (rLbMAPK4) were concentrated using
Amicon® Ultra 15 Centrifugal Filters 10,000 NMWL
(Millipore) and further purified on a SuperdexTM 200 gel
filtration column (GE Healthcare).
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Peptide synthesis

Soluble peptides were manually synthesized in solid phase on
a 30-μmol scale using 9-florenyl-methoxy-carbonyl (Fmoc)
chemistry (Mendes et al. 2013b;Wellings and Atherton 1997).
First, Fmoc-amino acids were activated with a 1:2 solution of
Oxyme and DIC. The activated amino acids were incorporat-
ed into Rink amide resin with a substitution degree of 0.61.
Fmoc deprotection was then performed using 25 % 4-
methylpiperidine. These steps were repeated until the synthe-
sis of the peptide was complete. The side chain was unpro-
tected and released form the resin by treatment with a solution
of 95.0 % trifluoroacetic acid, 2.5 % water, and 2.5 %
triisopropylsilane. The peptide was precipitated with cold
diisopropyl ether and purified by high-performance liquid
chromatography on a C18 reverse-phase column using a
gradient program of 0 to 25 % acetonitrile. The peptides were
obtained with 90% purity, as confirmed bymass spectrometry
using Autoflex Speed MALDI/TOF equipment.

ELISA and depletion ELISA assay

Initially, recombinant proteins and SLbAwere coated onto 96-
well microplates (Nalge Nunc Intl.) overnight at 2–8 °C at a

concentration of 250 ng/well for rLbMAPK3 and rLbMAPK4
and 50 ng/well for SLbA. For the peptides, flat-bottom plates
(Costar®) were coated with 10 μg/well of soluble peptide
overnight at 37 °C. After blocking with 5 % BSA in
phosphate-buffered saline (PBS) for 1 h at 37 °C, followed
by three washing steps with PBS containing 0.05% Tween 20
(PBS-T), the plates were incubated with human or dog serum
(dilution 1:100). The plates were washed three times with PBS-
T, and secondary HRP-conjugated antihuman or antidog IgG
antibody 1:5,000 was added for 1 h at 37 °C, followed by four

Fig. 1 Pipeline for the identification of new targets for the serodiagnosis
of canine and human leishmaniasis The presence of linear B-cell epitopes
in Leishmania protein targets (LbMAPK3 and LbMAPK4) were predict-
ed by BepiPred program (a), and orthologous proteins of T. cruzi and
mammalian hosts were retrieved from the TritrypDB and NCBI RefSeq
using the BLASTp algorithm (b). Leishmania and other orthologous
protein sequences were aligned using CLUSTALW (c), and linear B-cell
epitopes specific for Leishmania parasites were identified (d and e). The
RNA expression level of LbMAPK3 and LbMAPK4 in log-phase and
metacyclic promastigotes and amastigotes were measured by real-time

PCR (f) to identify proteins with increased expression in parasite
forms present in mammalian host cells. Recombinant proteins
produced by heterologous expression in E. coli (g) were used in
ELISA protocols (h) to diagnose canine and human leishmaniasis.
Synthetic peptides representing linear B-cell epitopes were syn-
thesized by the Fmoc approach (i), and their contribution to the
overall antigenic properties of the corresponding recombinant
proteins were evaluated by depletion ELISA (j). The performance
of specific peptides was also evaluated to serodiagnosis of canine
and human leishmaniasis (k)

�Fig. 2 Sequence divergence and prediction of B-cell linear epitopes and
intrinsically unstructured/disordered regions in L. braziliensis MAPK3
and MAPK4 and its orthologs. a Alignment between L. braziliensis
MAPK3 (TritrypDB ID: LbrM.10.0620) and orthologous proteins
present in L. infantum (TritrypDB: LinJ.10.0540), T. cruzi (TritrypDB:
LinJ.10.0540), H. sapiens (RefSeq ID: NP_620581.1), and C. familiaris
(RefSeq ID: NP_001003206.1). b Alignment between L. braziliensis
MAPK4 (TritrypDB ID: LbrM.19.1710) and orthologous proteins
present in L. infantum (TritrypDB ID: LinJ.19.1480), T. cruzi
(TritrypDB ID: TcCLB.511299.70), H. sapiens (RefSeq ID:
NP_620581.1), and C. familiaris (RefSeq ID: NP_001003206.1). The
yellow boxes mark predicted linear B-cell epitopes, and the gray boxes
mark predicted disordered regions. The continuous black underlined
amino acid sequences represent potential B-cell epitopes predicted by
BepiPred in the MAPK3 and MAPK4 proteins, and green highlight
amino acid conservations in the T. cruzi, C. familiaris, and H. sapiens
sequences in relation to the L. braziliensis sequence
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washes. TMB substrate (Sigma-Aldrich) in citrate buffer con-
taining hydrogen peroxide was used for detection; the reaction
was stopped after 30 min with 4 N H2SO4, and the absorbance
was measured at 450 nm. For depletion ELISAs, the sera were
previously incubated in peptide-coated and blocked plates at a
1:100 dilution and incubated overnight at 2–8 °C. Depleted and
undepleted samples were transferred to plates coated overnight
with recombinant proteins (50 ng/well) and blocked, and the
ELISAs were performed as described above.

Statistical analysis

The cutoffs for rLbMAPK3, rLbMAPK4, SLbA, and peptide-
1 and peptide-2 were established for optimal sensitivity and
specificity using the receiver-operator curve (ROC) curve.
The cutoff was chosen based on the point that provided the
maximum of the sum of the sensitivity and specificity (Linnet
et al. 2012). The EIE-leishmaniose-visceral-canina-bio-
manguinhos (EIE-LVC) cutoff was obtained according to
the manufacturer (twice the average of the negative control
provided by the kit). The performance of each test was eval-
uated according to the sensitivity (Se), specificity (Sp), posi-
tive predictive value (PPV), negative predictive value (NPV),
area under the curve (AUC), and accuracy (AC). The degree
of agreement between the ELISA assays using the recombi-
nant proteins, SLbA, or the EIE-LVC kit with the parasitolog-
ical test (biopsy, aspirate, or PCR) 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 one-
sample Kolmogorov-Smirnoff test was used to determine
whether a variable was normally distributed. For depletion
assays, significant differences were detected using a two-way
ANOVA. The differences were considered statistically signif-
icant at p<0.05. All of the statistical analyses were performed
using GraphPad PrismTM (version 6.0).

Results

In the present work, we used a combination of in silico and
experimental approaches to analyze the potential use of
L. braziliensis MAPK3 and MAPK4 as antigens for
serodiagnosis of visceral and tegumentary human leishmani-
asis and visceral canine disease (Fig. 1). Initially, both proteins
were submitted to linear B-cell epitope prediction, and
Leishmania-specific epitopes were identified through se-
quence alignment of Leishmania, human, dog, and T. cruzi
MAPK3 and MAPK4 orthologs. The expression profile of
LbMAPK3 and LbMAPK4 transcripts in log-phase and
metacyclic promastigotes and amastigotes were measured by

real-time (RT)-PCR. The recombinant proteins produced by
heterologous expression in E. coli were used in ELISA pro-
tocols for diagnosis of canine and human leishmaniasis.
Synthetic peptides representing the linear B-cell epitopes were
synthesized, and their contribution to the overall antigenicity
of MAPK3 and MAPK4 was evaluated by depletion ELISAs.
The performance of the synthetic peptides was also evaluated
for the serodiagnosis of canine and human leishmaniasis.

Analysis of orthologous sequences and identification of linear
B-cell epitopes in LbMAPK3 and LbMAPK4

Although MAPK3 and MAPK4 are encoded in the genome of
different parasites as well as in their hosts (Brumlik et al. 2011),
differences among these protein sequences, in particular in the
B-cell epitopes, may be sufficient to induce the production of
Leishmania-specific antibodies (Mendes et al. 2013b;
Menezes-Souza et al. 2014a). In this context, we compared
the sequence of proteins and predicted B-cell epitopes of
LbMAPK3 (Fig. 2a) and LbMAPK4 (Fig. 2b) with orthologous
sequences from L. infantum, T. cruzi, H. sapiens, and
C. familiaris. As expected, both LbMAPK3 and LbMAPK4
and their orthologs display high levels of identity (Table 1).
However, both proteins are divergent at the C-terminal region
compared to the T. cruzi, dog, and human orthologs (Fig. 2a, b).
Moreover, the predicted B-cell epitope in LbMAPK3 co-occurs
with an intrinsically unstructured region, which suggests that
this protein region has an unfolded structure and is therefore
potentially accessible for antibody binding.

Expression of LbMAPK3 and LbMAPK4 in the different
parasite stages

In addition to having B-cell epitopes, a good target for
serodiagnosis should be expressed in the parasite stages pres-
ent in the mammalian host. We evaluated the mRNA expres-
sion of LbMAPK3 and LbMAPK4 in different parasite stages
using qRT-PCR. As is displayed in Fig. 3, both genes have
increased expression during amastigote differentiation and
proliferation.

Recombinant expression of LbMAPK3 and LbMAPK4

To assess the potential of MAPK3 and MAPK4 proteins from
L. braziliensis to diagnose human and canine leishmaniasis,
we expressed these proteins as His-tagged recombinant pro-
teins (rLbMAPK3 and rLbMAPK4). First, the entire coding
regions of the genes were amplified by PCR and cloned into
the pET28a-TEVexpression vector. The recombinant proteins
with a predicted molecular weight of 43.7 (MAPK3) and 41.7
(MAPK4) kDa were successfully expressed in E. coli BL21
arctic express (DE3) cells as soluble proteins and obtained at a
high level of purity (Supplementary Figure S1).
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Performance of rLbMAPK3 and rLbMAPK4
for the serodiagnosis of human and canine leishmaniasis

ELISAs were performed to evaluate the reactivity of sera from
patients with tegumentary (TL) and visceral leishmaniasis
(VL) against rLbMAPK3, rLbMAPK4, and SLbA (Fig. 4).
Samples from Chagasic patients and non-infected individuals
were also used to measure the performance of each antigen.
The results for each parameter (sensibility, specificity, positive
and negative predictive values, and accuracy) are summarized
in Table 2. For TL, the sensibility of recombinant protein
rLbMAPK3 (83.08% for TL and 94.55% for VL) was higher
than SLbA (70.77 % for TL and 52.73 % for VL), but the
specificity was similar for TL (71.43 % for rLbMAPK3 and
68.57 % for SLbA) and worse (31.43 % for rLbMAPK3 and
50.00 % for SLbA) for VL resulting in little improvement in
leishmaniasis diagnosis. The recombinant protein rLbMAPK4
showed increased accuracy for both TL and VL (96.67 % for
TL and 81.60% for VL) compared with SLbA (69.63% for TL
and 51.20 % for VL) due to discrete increases in sensitivity
(72.73 %) and specificity (88.57 %) to the serodiagnosis of VL
and the improvement of specificity (97.14 %) and a discrete

increase in sensitivity (75.38 %) for the immunodiagnosis of
TL (Fig. 4 and Table 2).

The recombinant proteins were also used to evaluate the
potential to serodiagnosis canine visceral leishmaniasis
(CVL). The reactivity of samples against these antigens was
compared with the EIE-LVC kit (Fig. 4). The EIE-LVC kit
showed high sensitivity (100.00 %) but low specificity
(53.33 %). In contrast to the human samples, both rLbMAPK3
and rLbMAPK4 showed enormous improvement in specificity
(95.56 % for both proteins), resulting in the improvement of
accuracy from 72 % for the EIE-LVC kit to 94.67 % and
96.00 % for rLbMAPK3 and rLbMAPK4, respectively.

Contribution of the linear B-cell epitopes to the antigenicity
of rLbMAPK3 and rLbMAPK4

The performance of recombinant proteins can be affected by
the presence of a similar sequence in proteins of Leishmania
species, T. cruzi, and the hosts. The use of specific epitopes
derived from Leishmania sequences may potentially increase
the performance of the serodiagnosis assay. To investigate this,
peptide-1 (VGGGNSKNG) and peptide-2 (DPAEEADAP)

Table 1 Sequence identity of the B-cell linear epitopes predicted in “Mitogen-activated protein kinase 3, putative (LbrM.10.0610)” and “Mitogen-
activated protein kinase 4 (LbrM. 19.1710)” of Leishmania braziliensis and its orthologs

Species Mitogen-activated protein kinase 3, putative (LbrM.10.0620) Mitogen-activated protein kinase 4 (LbrM.19.1710)

Protein identity (%) Peptide-1a identity (%) Protein identity (%) Peptide-2a identity (%)

Leishmania infantum 100.00 66.66 100.00 88.88

Trypanosoma cruzi 93.80 0.00 93.40 22.22

Canis familiaris 71.20 0.00 66.90 33.33

Homo sapiens 71.20 0.00 66.90 33.33

a Peptide-1: VGGGNSKNG; Peptide-2: DPAEEADAP

Fig. 3 Analyses of relative mRNA expression of MAPK3 and MAPK4
genes in the evolutive stages of the parasite. The assay was performed
using specific MAPK3 and MAPK4 primers and promastigote in loga-
rithmic growth phase as a calibrator group by the 2−ΔΔCt method. The

experimental groups represented are metacyclic promastigote and intra-
cellular amastigotes after 24 and 60 h of macrophage infection. The
results are expressed as the mean of the relative copy number of mRNA
(Log 2−ΔΔCt). Significant differences are indicated in the graph
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Fig. 4 a Comparison of the reactivity of ELISAs against rLbMAPK3,
rLbMAPK4, SLbA, and the EIE-LVCkit and bROC curves obtained from
TL andVL patients and from L. infantum-infected dogs (CVL). TL andVL:
ELISAs were performed on samples from different groups of individuals
(CT, control group, n=50; CD, Chagas disease patients, n=20; CL,

cutaneous leishmaniasis, n=45; ML, mucosal leishmaniasis, n=20; VL,
visceral leishmaniasis, n=55). CVL: ELISAs were performed on samples
from different groups of dogs (CCT, control group, n=30; CCD, T. cruzi-
infected dogs, n=15; CVL, canine visceral leishmaniasis, n=30). *Cutoff
obtained by ROC curve. #Cutoff obtained according to the manufacturer
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were chemically synthesized. These peptides represent the
predicted B-cell linear epitopes in LbMAPK3 and LbMAPK4
with sequences that are divergent in T. cruzi, human, and dog
orthologs. Depletion ELISAs were performed to confirm that
the synthetic peptides were recognized by Leishmania-specific
antibodies present in the sera of infected human and dogs and
to evaluate the contribution of these peptides to the overall
antigenicity of both proteins. This technique is based on the
reduction of serum reactivity due to depletion of peptide-
specific antibodies by previously incubating the sample with
the synthetic peptide coated on ELISA plates (Bueno et al.
2011; Santiago et al. 2011). The reactivity of the depleted
sample against the recombinant protein was measured and the
reduction was proportional to the titer of antibodies that bind to
the peptide within the protein sequence.

The IgG reactivity against rLbMAPK3 and rLbMAPK4
after antibody depletion using synthetic peptide-1 and pep-
tide-2, respectively, was reduced in both human and canine
Leishmania-infected groups (Fig. 5). The reduction in the
serum reactivity after depletion with peptide-2 derived from
LbMAPK4 was similar in both human and canine leishman-
iasis. Alternately, for peptide-1 derived from LbMAPK3, the
decreases in reactivity in both human tegumentary and viscer-
al leishmaniasis (13 %, p<0.05 to cutaneous; 12 %, p<0.05 to

mucosal; and 15 %, p<0.05 to visceral) were lower than
in canine visceral disease (29%, p<0.05). No difference
between depleted and undepleted sera was observed in the
control groups, confirming that these epitopes are specific
to Leishmania parasites.

Performance of synthetic peptide representing linear
Leishmania-specific B-cell epitopes for serodiagnosis
of human and canine leishmaniasis

After confirming that the synthetic peptides were partially
responsible for the antigenicity of the recombinant proteins,
we analyzed the performance of these Leishmania-specific B-
cell epitopes in the serodiagnosis of human and canine

Fig. 5 Immunodepletion assay showing specific IgG antibody recogni-
tion of the synthetic peptides with known reactivity to MAPK3 and
MAPK4. Pools of sera (n=10) from the different groups were depleted
with peptide-1 (CT, control group; CD, Chagas disease; CL, cutaneous
leishmaniasis; ML, mucosal leishmaniasis; VL, visceral leishmaniasis;

CCT, control dogs; CCT, T. cruzi-infected dogs; CVL, canine visceral
leishmaniasis). The mean antibody optical density (OD) values are shown
on the y-axis, and the error bars indicate the standard deviation. Signif-
icant differences are indicated on the graphs with significant p values
(*p<0.05; **p<0.01; ***p<0.001)

�Fig. 6 a Comparison of the reactivity of ELISAs against peptide-1 and
peptide-2 and b ROC curves obtained from TL and VL patients and from
L. infantum-infected dogs (CVL). TL and VL: ELISAs were performed on
samples from different groups of individuals (CT, control group, n=50;
CD, Chagas disease patients, n=20; CL, cutaneous leishmaniasis, n=45;
ML, mucosal leishmaniasis, n=20; VL, visceral leishmaniasis, n=55).
CVL: ELISAs were performed on samples from different groups of
dogs (CCT, control group, n=30; CCD, T. cruzi-infected dogs, n=15;
CVL, canine visceral leishmaniasis, n=30). *Cutoff obtained by ROC
curve. #Cutoff obtained according to the manufacturer

1332 Appl Microbiol Biotechnol (2015) 99:1323–1336



Appl Microbiol Biotechnol (2015) 99:1323–1336 1333



leishmaniasis (Fig. 6). The use of peptide-1 derived from
LbMAPK3 as an antigen resulted in increased accuracy for
the serodiagnosis of TL and VL compared with rLbMAPK3.
AUC analysis of the ROC curves (Table 3) confirmed the
higher performance of synthetic peptide-1 (AUC for TL=
0.988 and for VL=0.954) compared with rLbMAPK3
(AUC for TL=0.823 and VL=0.639) and SLbA (AUC for
TL=0.753 and VL=0.510) (Table 2) for both clinical forms of
human leishmaniasis. Furthermore, this epitope also showed
very good agreement with the parasitological test (Table 3),
the standard goldmethod for the diagnosis of TL.With respect
to the serodiagnosis of canine visceral leishmaniasis, synthetic
peptide-1 again displayed slightly higher accuracy than
rLbMAPK3, a result supported by AUC analysis (Table 3).

Synthetic peptide-2, which corresponds to a linear B-cell
epitope of LbMAPK4, generally performed better than
rLbMAPK4 in both TL and VL. This improvement was
confirmed by an AUC analysis and a very good agreement
with the parasitological test (Fig. 6, Table 3). In contrast, the
recombinant protein rLbMAPK4 showed higher sensitivity,
specificity, accuracy, and AUC than synthetic peptide-2 for

canine visceral leishmaniasis. In agreement with these results,
rLbMAPK4, but not synthetic peptide-2, presented very good
concordance with the parasitological test of infected dogs.

Discussion

The use of serology for leishmaniasis diagnosis has significant
advantages over parasitological methods as it is less invasive,
allows the early detection of infection before the formation of
lesions, and is a quantitative assay that is easily automated,
allowing for the analysis of a large number of samples (Mabey
et al. 2004; Mendes et al. 2013b; Souza et al. 2013). However,
current methods have variable specificity and sensitivity due
to antigen composition depending on the species and strain of
the parasite, the antigen production protocol, and the experi-
mental conditions used in serological tests (Sundar and Rai
2002; Zanette et al. 2014). Thus, antigen selection is a key step
in improving the specificity and sensitivity of serodiagnostic
techniques. The use of recombinant proteins allows higher

Table 3 Measure of diagnostic performance for Peptide-1 and Peptide-2

aParameters ELISA assay

Peptide-1c Peptide-2c

TL VL CVL TL VL CVL

Cutoff 0.1224 0.0890 0.1229 0.2040 0.1902 0.0378

TSe (%) 98.46 90.91 100.00 98.46 90.91 93.33

TSe-CI 95 % 91.72–99.96 80.05–96.98 88.43–100.0 91.72–99.96 80.05–96.98 77.93–99.18

TSp (%) 95.71 92.86 97.78 95.71 92.86 77.78

TSp-CI 95 % 87.98–99.11 84.11–97.64 88.23–99.94 87.98–99.11 84.11–97.64 62.91–88.80

PPV (%) 95.52 90.91 96.67 95.52 90.91 73.68

NPV (%) 98.53 92.86 100.00 98.53 92.86 94.59

AC (%) 97.04 92.00 98.67 97.04 92.00 84.00

AUC 0.988 0.954 0.997 0.989 0.968 0.883

AUC-CI 95 % 0.972–1.004 0.917–0.991 0.990–1.004 0.978–1.002 0.941–0.995 0.806–0.960

TP 64 50 30 64 50 28

TN 67 65 44 67 65 35

FP 3 5 1 3 5 10

FN 1 5 0 1 5 2

κ 0.941 0.838 0.972 0.941 0.838 0.681

κ-CI 95 % 0.884–0.998 0.741–0.934 0.919–1.000 0.884–0.998 0.741–0.934 0.519–0.843

Agreementb Very good Very good Very good Very good Very good Good

TSe total sensitivity, TSp total specificity, CI confidence interval, PPV positive predictive value, NPV negative predictive value, AC accuracy, AUC area
under curve, TP true positive, TN true negative, FP false positive, FN false negative, κ kappa index
a Parameters was calculated using all samples presented in this work for TL (CT+CD+CL+ML. n=135), VL (CT+CD+VL. n=125), and CVL
(CT+CD+LM+CVL. n=75)
b Agreement was calculated using parasitological assays as gold standard test
c Cutoff obtained by ROC curve
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standardization and technical safety than crude antigens, not
requiring the maintenance and processing of live parasites.
The availability of multiple genomes from Leishmania para-
sites and epitope prediction tools enable their protein se-
quences to be compared with the host and other pathogen
proteomes to identify Leishmania-specific antigens (Mendes
et al. 2013a). Proteins associated with the infection process
and/or the intracellular survival of the parasite within the host
may be attractive targets because they are expressed during
parasite stages present in the mammalian host (Silverman
et al. 2010). Among those proteins, MAPK3 and MAPK4
are potential diagnostic targets due to their involvement in the
differentiation process of promastigote into amastigote
(Brumlik et al. 2011; Erdmann et al. 2006) and their sequence
divergence compared with host orthologs (Bahia et al. 2009;
Parsons et al. 2005).

Although protein kinases are encoded by virtually all eu-
karyote genomes, there is a massive expansion of kinases in
trypanosomatids (Naula et al. 2005). Protein kinases comprise
approximately 2 % of trypanosomatid genomes, with the
number of kinases approximately 33 % greater in these para-
sites than in Saccharomyces cerevisiae and at least twice that
of malaria parasites (Parsons et al. 2005). This expansion is
accompanied by the significant divergence in the protein
sequences, resulting in many proteins with no strong similar-
ity to any other recognized kinase family. These unique
trypanosomatid kinases may differ in structure and function
from the mammalian orthologs, including the presence of
parasite-specific epitopes within their sequence.

The present study demonstrated that rLbMAPK3 and
rLbMAPK4.1 could be among the target molecules for im-
munodiagnostics of human and canine leishmaniasis.
Furthermore, two synthetic peptides corresponding to predict-
ed B-cell epitopes derived from each one of these proteins
presented high performance for the serodiagnosis of human
and canine leishmaniasis. A better performance of synthetic
peptides compared with the cognate recombinant protein has
already been described in the literature (Chamekh et al. 1992;
Menezes-Souza et al. 2014b; Oliveira et al. 2006). This dif-
ference is likely related to the fact that these epitopes may
correspond to a highly immunogenic region of the pathogen
protein that is absent in the host and in other organisms
frequently associated with cross-reactivity in serodiagnosis.
In fact, the depletion ELISA demonstrated that each one of
these peptides contributes significantly to the overall antige-
nicity of the corresponding protein in all Leishmania-infected
groups, but not in the control group. The reactivity, however,
was not completely reduced, most likely because there are
other unpredicted linear epitopes as well as conformational
epitopes not accessed in our analysis.

Further studies involving samples from different geographic
regions are necessary to better characterize the performance of
the antigens identified in this study for the serodiagnosis of

human and canine leishmaniasis as well as to evaluate their use
in monitoring post-therapeutic TL and VL cures. Moreover, the
antigen discovery approach present in this study can be applied
to other infectious diseases.
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