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ARTICLE INFO ABSTRACT

Keywords: Serological tests are important tools for the diagnosis of Leishmania infection. However, they are not effective
Leishmaniasis markers to diagnose asymptomatic cases of visceral leishmaniasis (VL) and patients developing tegumentary
Diagnosis leishmaniasis (TL), since antileishmanial antibodies can be encountered in low levels resulting in false-negative
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results in the serological trials. In this context, antigens able to be recognized by antibodies in sera from both VL
and TL patients will be desirable to be employed in a more sensitivity and specific diagnosis of disease. In the
present study, a conserved Leishmania protein, small myristoylated protein-3 (SMP-3), which was showed to be
conserved in different Leishmania species and an effective vaccine candidate against Leishmania infantum in-
fection in a murine model, was cloned and the recombinant protein was evaluated as a serological marker for the
diagnosis of human TL and canine VL. In addition, a linear B cell-specific epitope (MQKDEESGEFKCEL) was
identified, synthetized and also investigated as a serological marker. As antigen controls, rA2 protein and an-
tigenic Leishmania extracts (SLA) were used. Results showed that ELISA-rSMP-3 and ELISA-Peptide presented
sensitivity and specificity values higher than 90% in both diseases in humans and canids, having identified all
asymptomatic cases and did not present cross-reaction with cross-reactivity diseases in both mammalian hosts.
On the other hand, sensitivity and specificity values were worst when rA2 or SLA were used as antigens in
humans and dogs. In conclusion, results showed the efficacy and Leishmania SMP-3 protein, employed as a
recombinant antigen or a B cell epitope, for the improvement of the serodiagnosis of human TL and canine VL.
This candidate can be tested in other diagnostic platforms, such as rapid immunochromatographic dipstick tests,
aiming its use in epidemiological studies in remote areas where laboratories are not readily accessible for
conventional assays.
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1. Introduction

Leishmaniases are diseases caused by protozoan parasites of the
genus Leishmania, which are endemic in 98 countries in the world, with
350 million people living in risk areas of infection, and an annual in-
cidence estimated at approximately 1.0-1.5 million new cases (Alvar
et al., 2012; World Health Organization, 2016). The genus comprises
parasite species that are transmitted to mammalian hosts through the
bite of infected sand fly vectors. The protozoan presents two distinct
morphological forms in its life cycle, promastigote and amastigote,
which is a flagellated form and multiplies in the midgut of the sand fly
or an intracellular form residing within phagocytes of the vertebrate
hosts, respectively (Grimaldi and Tesh, 1993). The amastigotes can
cause a broad spectrum of disease in mammalian hosts, such as cuta-
neous (CL), mucocutaneous (MCL), and visceral leishmaniasis (VL),
depending of immune and nutritional status of the infected host,
parasite virulence and species, among other factors (Vijayakumar and
Das, 2018).

Visceral leishmaniasis (VL) is the most severe clinic form of disease
and presents a fatality rate of almost 100%, if acute and untreated. On
the other hand, CL and MCL cause nodule that undergoes progressive
ulceration and may vary in severity and clinical appearance. These
manifestations have a tendency to self-cure (CL) or are characterized by
multiple non-ulcerative nodules that may spread to patient’s body
(MCL) (Copeland and Aronson, 2015; Torres-Guerrero et al., 2017). In
the Americas, VL is mainly caused by infection with Leishmania in-
fantum species, while CL and MCL are mainly caused by L. braziliensis
species (Belo et al., 2013; Campos et al., 2018).

Epidemiological studies have shown that dogs are an important
domestic source of infection by L. infantum parasites. Upon infection,
these animals can develop the asymptomatic or symptomatic form of
disease; although between 20-60% of the infected animals develop
asymptomatic infection exhibiting higher prevalence than the human
population. As a consequence, the detection of these cases is crucial in
controlling epidemics and avoiding the spread of the disease in humans,
since asymptomatic dogs are also reservoirs of the parasites, allowing
their interaction between sand flies and humans (Foglia-Manzillo et al.,
2013; Lara-Silva Fde et al., 2015).

The diagnosis of leishmaniasis comprises the association between
laboratory results with clinical and epidemiological data. The classic
diagnostic methods are limited by variable sensitivity of the micro-
scopic examination, requiring repeated biopsy or aspirate sampling and
a trained laboratory staff (Goto and Lindoso, 2010; Al-Jawabreh et al.,
2018). In addition, tests require invasive procedures of samples col-
lection, which limit their use (Boggild et al., 2011). Therefore, there is a
need to develop more rapid, effective and simple assays to diagnose
disease (Paiva-Cavalcanti et al., 2015). Laboratory methods can detect
the whole parasite or their components in biological samples collected
from the infected hosts. Among these tests, serology has been the most
widely method used in epidemiological studies, providing additional
support for control measures of disease (Fonseca et al., 2014; Oliveira
et al., 2015).

Techniques such as the enzyme-linked immunosorbent assay
(ELISA) and indirect immunofluorescence assay (IFAT) employing
parasite crude antigens for the detection of antibodies in serum samples
from humans and dogs have been used, each one exhibiting variable
sensitivity and specificity values (Wolf et al., 2014; Mniouil et al.,
2018). However, problems such as the standardization of the produc-
tion of the antigenic extracts, the delay in the processing of samples due
to its laborious conditions and inadequate accuracy leading to the un-
derestimation of infection rates, have limited the use of these antigens
(Salles et al., 2017; Seyyedtabaei et al., 2017). Otherwise, recombinant
molecules have been evaluated for the serodiagnosis of human and
canine leishmaniasis by means of conventional methodologies. The
diagnostic accuracy of these molecules has proven to be superior to
serological tests using crude antigens (Faria et al., 2015; Chauhan et al.,
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2016).

Although Leishmania proteins have been evaluated, their sensitivity
and/or specificity have also variable due to presence of asymptomatic
infection and cross-reactive diseases, respectively (Das et al., 2014;
Vallur et al., 2016). Rapid tests using parasite proteins, such as rK26,
rK28, and rK39, when employed in immunochromatographic dipstick
tests, appear to be suitable for the point-of-care diagnoses from symp-
tomatic cases of disease, but the lack of sensitivity in the asymptomatic
canine and human disease remains a primary problem. As a con-
sequence, contradictory results have been reported, which will be in-
fluenced by the type of Leishmania antigen used, the manufacturer’s
production process, geographical location and clinical form of disease.

Serological tests have been well-employed for the serodiagnosis of
VL; however, they present lower efficacy for the diagnosis of MCL and,
mainly, to the CL cases, since the most of patients present low titers of
antileishmanial antibodies and, consequently, they are classified as
false-negative in the trials (Elmahallawy et al., 2014; Duarte et al.,
2015; Pedral-Sampaio et al., 2016 Sep). In this context, antigens able to
be recognized by antibodies in sera from both CL and MCL patients will
be desirable to be evaluated for a more sensitivity and specific diagnosis
of disease.

In the present study, a Leishmania protein namely small myr-
istoylated protein-3 (SMP-3) (XP_003873457.1), which was recently
identified by means of a proteomic approach performed in L. amazo-
nensis species (Magalhaes et al., 2014), and successfully evaluated as a
vaccine candidate against L. infantum infection in a murine model
(Oliveira et al., 2018), was studied regarding its diagnostic efficacy for
human TL and canine VL. The protein and a relevant linear B cell-
specific epitope were characterized, and the recombinant molecule and
the synthetic epitope (MQKDEESGEFKCEL) were serologically eval-
uated by means of ELISA experiments. Results showed that both anti-
gens presented high diagnostic performance for all clinical forms of
disease, and could well be evaluated in new studies using other diag-
nostic platforms to detect leishmaniasis in different mammalian hosts.

2. Materials and methods
2.1. Sera samples

2.1.1. Canine patients

The present study was approved by Committee on the Ethical
Handling of Research Animals from Federal University of Minas Gerais
(UFMG; Belo Horizonte, Minas Gerais, Brazil), with the protocol
number 043/2011. The sample size was composed of 200 domestic
animals (Canis familiaris), and consisted of males (n = 125) and females
(n = 75) of different breeds and ages. VL dogs presented positive
parasitological results for L. infantum kDNA by PCR technique, as well
as positive serological results, when evaluated by two commercial tests:
IFAT (IFAT-CVL BioManguinhos® kit) and ELISA (EIE-LVC
BioManguinhos® kit). Symptomatic VL animals (n = 30) presented
three or more of the following clinical symptoms: weight loss, alopecia,
adenopathy, onychogryposis, hepatomegaly, conjunctivitis, exfoliative
dermatitis on the nose, tail, and ear tips; splenomegaly, lymphadeno-
megaly, and renal azotemia. Asymptomatic VL dogs (n = 25) did not
present clinical signal of disease. Non-infected dogs were selected from
endemic (n = 30, Belo Horizonte) or non-endemic (n = 30; Pogos de
Caldas, Minas Gerais, Brazil) areas of leishmaniasis. They presented
negative serological results, and were free of any clinical signal of
disease. As cross-reactive sera, samples from non-infected animals and
immunized with Leish-Tec” vaccine (n = 30), or those that were ex-
perimentally infected with Ehrlichia canis (n = 20), Babesia canis
(n = 15) or Trypanosoma cruzi (n = 20), all of them maintained in
kennels to prevent their contact with transmitting vectors of leishma-
niasis, were used.
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2.1.2. Human patients

The study was also approved by the Ethics Committee of UFMG
(protocol number CAAE-32,343,114.9.0000.5149). Blood samples
(10 mL) were collected by venipuncture in tubes without anticoagulant,
and were kept at 37 °C by 15 min, when they were centrifuged at 3000
X g for 15 min, and samples were separated and kept at —80 °C until
use. Serum samples were obtained from cutaneous (CL; n = 15, in-
cluding 9 males and 6 females, with ages ranging from 26 to 53 years),
mucocutaneous (MCL; n = 25, including 10 males and 15 females, with
ages ranging from 19 to 59 years) and visceral leishmaniasis (VL;
n = 10, including 6 males and 4 females, with ages ranging from 25 to
62 years) patients. Diagnosis was confirmed when, besides clinical
features, parasites were found in the Giemsa-stained smears of biopsies
of skin (CL) or mucosa (MCL) fragments or bone marrow aspirates (VL).
They also presented positive results for L. braziliensis (CL and MCL) or L.
infantum (VL) kDNA. None of the patients had been treated with an-
tileishmanial drugs before blood collect. Sera from non-infected sub-
jects living in an endemic area of disease (n = 35, Belo Horizonte) were
also used. They did not present clinical signal of leishmaniasis, and
showed negative serological by using commercial tests (Kalazar Detect™
Test, InBios International, Inc., Seattle, Wash, USA). Samples of T. cruzi-
infected patients (n = 30) were also used. Infection was confirmed by
hemoculture, Chagatest” recombinant ELISA v.4.0 kit, and Chagatest”
hemmaglutination inhibition (Wiener lab., Rosario, Argentina). Also
tested as cross-reactive sera, samples collected from para-
coccidioidomycosis (n = 10, 5 males and 5 females with ages ranging
from 26 to 48 years), leprosy (n = 15, with 8 males and 7 females, with
ages ranging from 20 to 49 years), and aspergillosis (n = 10, including
6 males and 4 females, with ages ranging from 17 to 47 years) patients
were used. The diagnosis was confirmed by means of positive
Paracoccidioides cultures, ML Flow rapid test, and by detection of
fungal hyphae in histopathological examination, respectively.

2.2. Bioinformatics assay

The amino acid sequence of SMP-3 (XP_003873457.1) protein was
evaluated by BLAST-p algorithm to comparison of similarity between
Trypanosomatides protein sequences (Gish and States, 1993). The si-
milar sequences were aligned by the Clustal Omega program (Sievers
et al., 2011). The predicted epitopes were investigated by ABCpred
program (Saha and Raghava, 2006) by using the following parameters:
threshold of 0.84, window length of 14, and overlapping filter: ON. The
molecular modeling was developed by the SwissModel program (Biasini
et al.,, 2014), being models visualized at SwissPDBviewer program
(Guex and Peitsch, 1997), and physic-chemical characteristics of the
epitopes evaluated by PepCalc server (available in: https://pepcalc.
com).

2.3. Parasites

L. braziliensis (MHOM/BR/1975/M2903) and L. infantum (MOM/
BR/1970/BH46) strains were used. The stationary promastigotes were
grown at 24 °C in Schneider's medium (Sigma-Aldrich, St. Louis, MO,
USA), which was supplemented with 20% inactivated fetal bovine
serum (FBS, Sigma), 20 mM 1-glutamine, 200 U/mL penicillin, and
100 ug/mL streptomycin, at pH 7.4. The soluble Leishmania antigenic
extracts (SLA) were prepared according described (Coelho et al., 2003).
Briefly, 2 x 10® parasites were washed three times in cold sterile
phosphate-buffered saline (PBS 1x). After six cycles of freezing
(=196 °C) and thawing ( + 37 °C), followed by ultrasonication (Ultra-
sonic processor, GEX600) with six cycles of 30s at 38 MHz, the sus-
pension was centrifuged at 8000 x g for 30 min at 4 °C, and the su-
pernatant containing SLA was collected. The protein concentration was
estimated by the Bradford method (Bradford, 1976), and aliquots were
stored at —80 °C until use.
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2.4. Cloning and purification of recombinant SMP-3 (rSMP-3) protein

The primers used to amplify SMP-3 gene from genomic DNA were
5-GGATCCATGCCGCGTCCGTTCGGTGTTTG-3" (forward) and 5-AAG
CTTAAGCGGGGATGTAGAACTTG-3” (reverse), and the BamHI and
HindIlI restriction enzymes were used. The DNA fragment was excised
from gel, purified and linked into pGEM'-T vector system (Promega,
USA). The recombinant plasmid was used to transform Escherichia coli
XL1-Blue (Phoneutria, Brazil) competent cells, and positive clones were
tested by the restriction enzymes, propagated and used for construction
of the expression vector. DNA fragments obtained from digestion of
PGEM-SMP-3 plasmid were ligated into pET28a-TEV, and the E. coli
BL21 cells (DE3; Agilent Technologies, USA) were transformed with the
recombinant plasmid. Gene” insertion was confirmed by PCR, and the
sequencing was performed in a MegaBace 1000 automatic sequencer
apparatus (Amersham Biosciences, USA). To purification of rSMP-3,
bacteria were induced with IPTG (0.5 mM) for 3 h at 37 °C, and shaking
at 200 x g per min. Cells were ruptured by seven cycles of ultra-
sonication, with cycles of 30 s each (38 MHz), followed by seven cycles
of freezing and thawing. After, cellular debris were removed by cen-
trifugation, and the recombinant protein was purified onto HisTrap HP
affinity column connected to an AKTA system (GE Healthcare, USA),
and further purified on a Superdex 200 gel-filtration column (GE
Healthcare Life Sciences, USA). The A2 recombinant (rA2) protein was
produced according described (Zhang et al., 1996). After purification,
both recombinant proteins were passed through a polymyxin-agarose
column (Sigma) to remove any residual endotoxins content. The purity
of proteins was checked by sodium dodecyl sulfate-12% polyacrylamide
gel (data not shown). A linear B cell epitope predicted in the SMP-3
sequence (MQKDEESGEFKCEL) was commercially synthesized (Gen-
script”, USA).

2.5. ELISA assays

2.5.1. Serodiagnosis of canine leishmaniasis

Previous titration curves were performed to determine the most
appropriate antigen concentration and antibody dilution to be used.
Falcon flexible microtiter immunoassay plates (Becton Dickinson) were
coated with rSMP-3, Peptide, rA2 or L. infantum SLA (0.5, 2.0, 1.0, and
1.0 ug per well, respectively), diluted in 100 uL coating buffer (50 mM
carbonate buffer), pH 9.6, for 18 h at 4 °C. Next, free binding sites were
blocked using 200 uL of PBS-T (PBS 1x plus Tween 20 0.05%), con-
taining 5% casein, for 1 h at 37 °C. After washing the plates seven times
with PBS-T, they were incubated with 100 pL of canine sera (1:200
diluted in PBS-T), for 1h at 37 °C. Plates were subsequently washed
seven times in PBS-T, and incubated with anti-dog IgG horseradish-
peroxidase conjugated antibody (1:10,000 diluted in PBS-T, catalog
A6792, Sigma-Aldrich, USA), for 1h at 37 °C. After washing the plates
seven times with PBS-T, the reaction was developed by incubation with
100 pL per well of a solution consisting of 2 pL. H>O,, 2 mg ortho-phe-
nylenediamine and 10 mL citrate-phosphate buffer at pH 5.0 for 30 min
in the dark. The reaction was stopped by adding 25 uL 2N H,SO,, and
the optical density was read in an ELISA microplate spectrophotometer
(Molecular Devices, Spectra Max Plus, Canada) at 492 nm.

2.5.2. Serodiagnosis of human tegumentary leishmaniasis

Similarly for the analyses using canine sera, previous titration
curves were performed to determine the most appropriate antigen
concentration and antibody dilution to be used. Then, Falcon 96-well
plates were coated with rSMP-3, Peptide or L. braziliensis SLA (0.25, 1.5
and 2.0 ug per well, respectively), diluted in 100 pL coating buffer, pH
9.6, for 18 h at 4°C. Free binding sites were blocked using 200 pL of
PBS-T plus 5% casein for 1h at 37 °C. After washing the plates seven
times with PBS-T, they were incubated with 100 pL of human sera
(1:400 diluted in PBS-T), for 1h at 37 °C. Plates were subsequently
washed seven times in PBS-T, and incubated with anti-human IgG
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horseradish-peroxidase conjugated antibody (1:20,000 diluted in PBS-
T, catalog SAB3701282, Sigma-Aldrich), for 1 h at 37 °C. After washing
the plates seven times with PBS-T, the reaction was developed ac-
cording described by canine sera. The optical density was read in an
ELISA microplate spectrophotometer, at 492 nm.

2.6. Statistical analysis

The results were entered into Microsoft Excel (version 10.0)
spreadsheets and analyzed using GraphPad Prism”~ (version 6.0 for
Windows). The lower limits of positivity (cut-off) for each diagnostic
antigen were established by construction of ROC curves. The curves for
canine sera were plotted with the values from VL dogs versus those from
the other groups. The curves for human sera were plotted with the
values from tegumentary and visceral leishmaniasis patients versus
those from the other groups. The diagnostic performance of each an-
tigen was evaluated by analyzing sensitivity [95% confidence interval
(95%CI)], specificity (95%CI), area under the curve (AUC), and like-
lihood ratio (LR).

3. Results
3.1. Characterization of SMP-3 protein

A BLAST-p assay was performed, and results showed that SMP-3
presents 99%, 98%, and 91% of structural homology among L. in-
fantum, L. major, and L. braziliensis species, respectively. Then, the L.
infantum protein sequence was cloned; the recombinant protein was
purified and tested as a serological marker for the serodiagnosis of
canine and human disease. The Blast-p algorithm also identified a si-
milar Trypanosomatidae protein, CCC49075.1, and an epitope com-
parison between these antigens was performed, having been found a
linear epitope with high similarity among Leishmania species, but not
with other Trypanosomatides proteins, such as the molecule identified
here (CCC49075.1). A molecular modeling was performed to evaluate
the three-dimensional structure of SMP-3, and the B cell epitope
(MQKDEESGEFKCEL) was identified by ABCpred program is showed
(Fig. 1). It presents GLU-76, GLU-77 and SER-78 amino acids located in
the loop. On the other hand, the three-dimensional structure of
CCC49075.1 protein showed an epitope marked in green (Fig. 2), where
the corresponding amino acids located in the loop were ALA-76, VAL-
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77 and TYR-78. It is notable that the change in these three amino acid
residues modified the characteristics of the proteins, since SMP-3 was
found hydrophilic and with amino acids exposed on surface, while
CCC49075.1 was found hydrophobic with these amino acid residues
less exposed in the molecule” surface.

To confirm these findings, the PepCalc program was used and
physic-chemical analyses of the epitopes were performed, aiming to
reveal the characteristics of each amino acid residue (Fig. 3). The three
amino acids located in the loops of the proteins confirmed different
characteristics, and this fact could explain the low occurrence of cross-
reactivity of SMP-3 with sera samples of Trypanosoma-infected dogs and
humans. With these results, the B cell-specific epitope was synthesized
and evaluated in the ELISA assays for the diagnosis of leishmaniasis.

3.2. Serological evaluation of rSMP-3 for the diagnosis of canine
leishmaniasis

To evaluate the diagnostic performance of rSMP-3 for the ser-
odiagnosis of canine leishmaniasis, ELISA assays were performed and L.
infantum SLA and rA2 were used as comparative antigens. After calcu-
lating the ROC curves, results showed that all symptomatic and
asymptomatic VL sera identified rSMP-3, presenting individual OD re-
sults above of cut-off value (Fig. 4). However, when sera samples of the
other animals” groups were used, DO results were below of cut-off
value, although two Leish-Tec’-vaccinated animals have showed values
in the cut-off limit. Using rA2 as an antigen, all groups presented results
above of cut-off value, then demonstrating low specificity of this mo-
lecule. In addition, some sera samples from symptomatic and asymp-
tomatic VL dogs presented results below of cut-off value, being classi-
fied as false-negative in the serological analysis. Similar results were
obtained when SLA was used as an antigen (Fig. 4). The individual
performance of the each antigen was determined, and results are shown
(Table 1). The sensitivity and specificity values for rSMP-3 were 100%
and 99.31%, respectively, with AUC of 1.0. The rA2 antigen showed
sensitivity and specificity values of 58.18% and 53.10%, respectively,
and AUC of 0.52; while L. infantum SLA showed sensitivity and speci-
ficity values of 5.45% and 9.31%, respectively, and AUC of 0.25.

Fig. 1. Three-dimensional structure of Leishmania SMP-3 protein. The SwissPDBviewer program was used to construct the three-dimensional structure of SMP-3
protein. The linear B cell epitope region is showed in green, with distinct amino acids indicated in the loop (GLU-76, GLU-77 and SER-78).
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Fig. 2. Three-dimensional structure of Trypanosoma CCC49075.1 protein. The SwissPDBviewer program was used to construct the three-dimensional structure of
CCC49075.1 protein. The epitope region similar to SMP-3 is showed in green, with distinct amino acids indicated in the loop (ALA-76, VAL-77 and TYR-78).

Fig. 3. Analysis of physical-chemical characteristics of the
selected epitopes. The PepCalc program was used to analyses
the physic-chemical characteristics of the selected epitopes in
the SMP-3 and CCC49075.1 proteins sequence. The three
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3.3. Evaluation of rSMP-3 for the serodiagnosis of human tegumentary
leishmaniasis

Next, the diagnostic performance of rSMP-3 was evaluated for the
diagnosis of human TL. Although the protein codifying gene has been
cloned from L. infantum species, the high similarity and conservation
between the main B-cell epitopes, like described above, allow deduce
the probable efficacy of the antigen for the serodiagnosis of both dis-
eases. As control, L. braziliensis SLA was used. Results showed that
antibodies from both CL and MCL patients were highly reactive with
rSMP-3, but not with T. cruzi-infected patients” sera or from those de-
veloping cross-reactive diseases (Fig. 5). In this context, the individual
performance of the antigens was determined, and sensitivity and spe-
cificity values for the rSMP-3 were 100% and 99%, respectively, with
AUC of 1.0, while the sensitivity and specificity values for SLA were

Cys

Glu
Val

45.0% and 73.0%, respectively, with AUC of 0.52 (Table 2).

3.4. Comparing the diagnostic efficacy between the synthetic peptide and
recombinant protein

The antigenicity of B cell epitope was investigated, and compared
with results obtained using rSMP-3 protein. While the recombinant
antigen showed sensitivity and specificity values of 100% and 99.31%,
respectively, for the serodiagnosis of canine leishmaniasis, values using
the synthetic peptide were 95% and 93.5%, respectively (Table 3). For
the serodiagnosis of human leishmaniasis, the sensitivity and specificity
values of rSMP-3 were of 100% and 99%, respectively, while for the
synthetic peptide they were 94.5% and 92.5%, respectively.
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Fig. 4. Evaluation of ELISA reactivity of the antigens for the serodiagnosis of
canine visceral leishmaniasis. ELISA assays were performed with sera samples
from asymptomatic (CVL,gy) and symptomatic (CVLsyy,) Leishmania infantum-
infected dogs, from non-infected dogs living in endemic (HCg,) or non-endemic
(HCnga) areas of disease, as well as sera from Trypanosoma cruzi, Ehrlichia canis
or Babesia canis-infected dogs, besides sera from Leish-Tec -vaccinated and
healthy animals (HCy,.). Reactions against rfSMP-3, rA2 and L. infantum SLA are
shown. The respective ROC curves were constructed and used to calculate the
cut-off values (dotted lines).
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Fig. 5. Diagnostic evaluation of the antigens for the serodiagnosis of human
tegumentary leishmaniasis. ELISA assays were performed using sera samples
from cutaneous (CL) and mucocutaneous (MCL) leishmaniasis patients, from
non-infected subjects living in an endemic area of disease (HC), as well as sera
from Chagas disease (CD) patients, and those developing leprosy (HD), asper-
gillosis (ASP) or paracoccidioidomycosis (PAR). Reactions against rSMP-3 and
L. braziliensis SLA are shown. The respective ROC curves were constructed and
used to calculate the cut-off values (dotted lines).

4. Discussion

In the present study, the diagnostic efficacy of SMP-3 was evaluated
by ELISA technique, a non-invasive diagnostic tool for leishmaniasis, by
using sera from a large variety of patients” groups composed by canine
and human samples. The diagnostic performance of this recombinant

Diagnostic performance of the antigens for the serodiagnosis of canine visceral leishmaniasis. Sera samples from asymptomatic (n = 25) and symptomatic (n = 30)
VL dogs, from non-infected animals living in endemic (n = 30) or non-endemic (n = 30) areas of disease, as well as sera from Trypanosoma cruzi (n = 20), Ehrlichia
canis (n = 20) or Babesia canis (n = 15)-infected dogs, and samples from Leish-Tec’-vaccinated animals (n = 30) were used in ELISA tests to determine the sensitivity
[95% confidence interval (95%CI)], specificity (95%CI), area under the curve (AUC), and likelihood ratio (LR).

Antigen Diagnostic performance for canine leishmaniasis

AUC CI 95% p-value Cut-off Sensitivity CI 95% Specificity CI 95% LR
rSMP-3 1 1-1 < 0.0001 > 0.18 100 93.51-100 99.31 96.22-99.98 145
rA2 0.52 0.44-0.60 0.60 > 0.41 58.18 44.11-71.35 53.10 44.65- 61.43 1.24
L. infantum SLA 0.25 0.45-0.64 0.28 > 0.15 5.45 1.14-15.12 9.31 6.22-9.98 0.91
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Table 2

Evaluation of the performance of the antigens for the diagnosis of human tegumentary leishmaniasis. Sera samples from cutaneous (n = 15) and mucocutaneous
(n = 25) leishmaniasis patients, from non-infected subjects living in an endemic area of leishmaniasis (n = 35), as well as sera from Chagas disease (CD) patients, and
those developing leprosy (n = 15), aspergillosis (n = 10) or paracoccidioidomycosis (n = 10) were used in ELISA assays to determine the sensitivity [95% confidence

interval (CI 95%)], specificity (CI 95%), area under the curve (AUC), and likelihood ratio (LR).

Antigen Diagnostic performance for human leishmaniasis

AUC CI 95% p-value Cut-off Sensitivity CI 95% Specificity CI 95% LR
rSMP-3 1 1-1 < 0.0001 > 0.10 100 91.19-100 99.00 94.55-99.97 100
L. braziliensis SLA 0.52 0.40-0.63 0.77 > 0.46 45.00 29.26-61.51 73.00 63.20-81.39 1.67

molecule was compared with results obtained using other protein, rA2,
also showed to be antigenic in the leishmaniasis (Akhoundi et al., 2013;
Jusi et al., 2015; Mendes et al., 2017), as well as by using antigenic
Leishmania extracts derived from two parasite species. Results showed
that rSMP-3 presented excellent diagnostic performance for CL, MCL
and VL; with sensitivity and specificity values higher than 95% in all
cases, while rA2 protein and L. infantum or L. braziliensis SLA presented
worst results in the serological analyses.

Biotechnological advances employed for the serodiagnosis of leish-
maniasis have resulted in higher sensitivity and specificity values for
tests (Ibrahim et al., 2015). Recombinant proteins have been shown to
be useful for the diagnosis of Leishmania infection in dogs and humans
(Farahmand and Nahrevanian, 2016). It should be noted that dogs are
considered as a major reservoir of L. infantum parasites and, therefore,
promote the spread of human disease (Travi et al., 2018). Some pro-
teins, such as MAPK3 (Menezes-Souza et al., 2015), LiHypl (Martins
et al., 2015), rLiHyD (Lage et al., 2016), rKLO8 (Abass et al., 2013),
among others; showed to be effective for the serodiagnosis of canine
and human leishmaniasis. In addition, Leishmania-kinesin family pro-
teins, such as rK26, rK28, and rK39, have showed also to be useful for
the diagnosis of disease, exhibiting satisfactory performance in the
serological trials (Takagi et al., 2007; Mohapatra et al., 2010 Mar; Fraga
et al., 2016; Ghosh et al., 2016). However, in the most of these cases,
symptomatic sera have been tested, but problems related with the
sensitivity of the antigens when asymptomatic sera or those from canids
and humans presenting low levels of antileishmanial antibodies are
used have been related. The cross-reactivity with samples of dogs or
humans infected by Leishmania-related parasites has also hampered the
specificity of the tests (Salles et al., 2017; Belo et al., 2017 Oct; Costa
et al., 2017).

SMP-3 protein was recently identified by means of a proteomic
approach based on two-dimensional electrophoresis and mass spectro-
metry, which was carried out to analyze the variation of protein ex-
pression content in L. amazonensis stationary promastigotes, which
were pre-isolated from lesions of infected BALB/c mice and maintained
in axenic cultures over a long period of time (Magalhaes et al., 2014). In
this study, SMP-3 presented a 2.48-time reduction in their expression
content, when parasites were in vitro cultured for 150 days. Leishmania
parasites express a conserved family of small myristoylated proteins
(SMPs), which share an identical central domain but contain differ-
ential acylation signals and distinct C-terminal subdomains, being
target to distinct regions of the plasma membrane including the cell

Table 3

body, flagellum and flagellar pocket (Tull et al., 2012; Heng et al.,
2013). The most of SMPs appear to have unknown function in Leish-
mania (Tull et al., 2004); however, some family proteins, such as SMP-
1, showed to be required for flagellar function, since the inhibition of
the expression of this protein resulted in flagellum retraction and un-
coordinated movements by parasites (Tull et al., 2010). Here, we show
that SMP-3 was efficiently evaluated as a diagnostic marker for all
tested cases of leishmaniasis: CL, MCL, and VL, based on the structural
homology between different parasite species, then demonstrating the
possibility to use this antigen for the serodiagnosis of disease. It is no-
table that other proteins also identified in the cited proteomic study
also showed application as diagnostic markers, vaccine candidates and/
or immunotherapeutic targets against leishmaniasis (Soto et al., 1996;
Achour et al., 2002; Kushawaha et al., 2011).

Although recombinant Leishmania proteins have been used as a
strategy for a more sensitive and specific diagnosis of leishmaniasis,
contradictory results have been obtained and are related with the
manufacturer’s production process, parasite strain used, among other
factors (Mohammadiha et al., 2013; Jamal et al., 2017; Lima et al.,
2017). One alternative will be the search for more defined antigens to
diagnose the disease, such as the use of synthetic peptides (Menezes-
Souza et al., 2015; Lage et al., 2016; Chavez-Fumagalli et al., 2013).
These molecules, when compared to recombinant proteins, are rela-
tively simpler and cheaper to produce (Florez et al., 2017). Some stu-
dies have showed that the use of synthetic peptides, individually or in a
mix format, when compared to the use of recombinant proteins, can
increase the sensitivity and/or specificity of immunoassays for ser-
odiagnosis of parasitic diseases, such as leishmaniasis (Costa et al.,
2012; Link et al., 2017). In our study, a refined bioinformatics strategy
was performed, and a linear B cell-specific epitope was identified in the
SMP-3 sequence, which did not present similarity in other members of
the Trypanosomatidae family. This epitope was then synthetized and
evaluated comparatively with the recombinant protein, and results
showed also a promising role of this antigen for the diagnosis of canine
VL and human TL.

For the serodiagnosis of canine disease, results showed that both
rSMP-3 and synthetic peptide presented sensitivity and specificity va-
lues higher than 90%. On the other hand, although rA2 presents sa-
tisfactory results in previous studies for VL (Carvalho et al., 2002;
Porrozzi et al., 2007), in the present work, the performance observed
for this recombinant antigen was worst, in comparison to results ob-
tained using rSMP-3 and the B cell peptide. Our molecules were also

Comparative analysis of the linear peptide and rSMP-3 for the diagnosis of human tegumentary leishmaniasis. Sera samples from cutaneous (n = 15) and muco-
cutaneous (n = 25) leishmaniasis patients, from non-infected subjects living in an endemic area of leishmaniasis (n = 35), as well as sera from Chagas disease (CD)
patients, and those developing leprosy (n = 15), aspergillosis (n = 10) or paracoccidioidomycosis (n = 10) were used to determine the sensitivity [95% confidence
interval (CI 95%)]1, specificity (CI 95%), area under the curve (AUC), and likelihood ratio (LR).

Antigen Canine leishmaniasis Human leishmaniasis

Sensitivity CI 95% Specificity CI 95% Sensitivity CI 95% Specificity
rSMP-3 100 93.51-100 99.31 96.22-99.98 100 91.19-100 99.00 94.55-99.97
Peptide 95 88.75-98.90 93.50 84.50-97.65 94.50 87.55-98.40 92.50 83.50-97.65
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effective in discriminate between VL dogs from the other groups, as
well as to identify all asymptomatic and symptomatic animals. Taken
together, our data suggest that the rSMP-3 and its linear peptide may be
a valuable tool for the diagnosis of canine VL, as well as useful in the
development and/or improvement of other simpler and faster ser-
ological tests to detect the disease.

The diagnosis of CL and MCL is based on clinical criteria, associated
with laboratory results. However, problems related with the sensitivity
of the tests, mainly due to the time when the lesions occurred, the low
number of parasites present in late lesions, and the invasive procedures
of samples collection have been observed (Souza et al., 2013; Lima
et al., 2017b). Regarding antileishmanial serology, CL patients usually
present low levels of anti-Leishmania antibodies, and are classified as
false-negative in the serological assays (Sato et al., 2017). In this con-
text, the search for more refined parasite antigens can identify mole-
cules able to improve the sensitivity and specificity for the diagnosis of
this disease, since evidence have shown that the humoral response
determined by specific-IgG reactivity to Leishmania spp. antigens could
well be used as an indicator of the development of CL, even in patients
with low titers of specific antibodies (Seyyedtabaei et al., 2017). In the
present study, SMP-3 was recognized by antibodies from both CL and
MCL patients. In fact, results showed that this recombinant protein
presented sensitivity and specificity values of 100% and 99% to detect
human disease, as well as a perfect accuracy when it was used to dis-
criminate between positive and negative samples, then suggesting its
employ as a diagnostic marker for the human TL.

The choice of an accurate and reproducible diagnostic test, capable
of supporting control and surveillance strategies in mammalian hosts
infected by Leishmania parasites is relevant. In the present study, data
showed the efficacy and possible use of SMP-3 protein, employed as a
recombinant antigen or linear B cell-specific epitope in the improve-
ment of the serodiagnosis of canine and human disease. This candidate
could be tested in other diagnostic platforms for leishmaniasis, such as
rapid dipstick tests or other immunochromatographic assays, aiming its
use in remote areas where laboratories are not readily accessible for
conventional assays.
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