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Introduction

Visceral leishmaniasis (VL) is a systemic and chronic disease caused by an intracellular proto-
zoan parasite of the genus Leishmania and transmitted via sand flies. It is usually characterized
by long duration fever, weight loss, weakness, lethargy, splenomegaly, and pancytopenia,
among other manifestations [1-4]. In epidemiological terms, VL is classified into anthropono-
tic and zoonotic types, with the predominant causal agent for the anthroponotic type being
Leishmania donovani and for the zoonotic type being Leishmania infantum, previously known
as Leishmania chagasi in Latin America [1,5]. In Brazil, this disease is a public health problem
with high transmission and case fatality rates [6,7].

The domestic dog is considered to be the main reservoir of L. infantum, whereas the possi-
bility remains for wild animals such as foxes and marsupials acting as sylvatic reservoirs [8,9].
In general, the clinical signs of the canine leishmaniasis and its diagnosis in sick dogs are rela-
tively clear, although the same cannot be said of animals displaying few signs or those which
are apparently healthy [10]. Afflicted animals can display signs of the disease soon after infec-
tion or remain subclinically infected for significant lengths of time, but both are infectious to
the sandfly vector [11].

Detection of the parasite through direct microscopic visualization or culturing from biolog-
ical samples derived from infected individual is the gold standard of VL diagnosis but this is
not practical on a large scale. Early serological methods used for VL serodiagnosis (e.g. the
direct agglutination test or DAT and immunofluorescence-based tests), relied on the use of
whole extracts and fixed parasites. Diagnostic tests based on the detection of the parasite DNA
by PCR have also been implemented and they have the advantage of being able to discriminate
an active infection from those in which the parasite has been eliminated. All, however, have
cost related issues, require a more complex infrastructure and cannot be implemented in the
field [11-15].

An alternative for improving the serological techniques used for VL diagnosis is the use of
specific molecules that are readily recognized by most sera from infected individuals. For this
purpose several recombinant antigens have been tested and the most promising antigen for
VL diagnosis so far, is the rK39 [15,16]. This antigen is based on a 39 amino acid repeat
derived from a L. infantum kinesin-related polypeptide [17] and early studies indicated its
potential for the diagnosis of human VL and the evaluation of its progression [18]. Extensive
field tests have been carried out since then using this antigen in different formats and an rK39
strip test, readily applicable in the field, has been shown to be a sensitive and a reliable indica-
tor of VL in human patients. In a meta-analysis study evaluating the data from independent
studies using this rK39 strip test, the results were overall seen to be quite uniform with very
high sensitivity and specificity [19]. In Eastern Africa, however, its performance was seen to be
inferior to what was observed elsewhere [16-21] and in general it was seen to be positive in a
significant proportion of healthy individuals from endemic regions and for extended periods
after cure of the disease [14,22]. Another relevant aspect is that tests made in the field focusing
on the diagnosis of VL in dogs did not show equivalent results to those seen with human sam-
ples and suggest that a rK39-based test may not be suitable for the identification of infected
dogs on its own [23-25].

The humoral immune responses generated during an infection by L. infantum in infected
dogs and humans are quite distinct and the antigens most suitable for the diagnosis of VL in
humans are not necessarily valid to use with canine samples [26]. In a previous study our
group identified and evaluated five antigens obtained through the screening of a L. infantum
cDNA library for their potential for the diagnosis of both human and canine VL. Although
some of the antigens displayed high sensitivity and specificity to one or the other species, none
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of them were effective for the serodiagnosis in both humans and dogs [23]. Within this con-
text, we aimed at expanding the panel of available antigens for the diagnosis of VL through the
evaluation of newly selected antigens, as well as a mixture of some of the best among those
evaluated, for the diagnosis of both canine and human forms of the disease.

Materials and methods
Parasites

Leishmania infantum (MHOM/BR2000/Merivaldo2, 2240) promastigotes were maintained at
26°C in modified LIT medium, pH 7.2 [0.2% sucrose (w/v), 0.36% liver broth (w/v), 0.1% tryp-
tose (w/v), 0.002% haemin (w/v)], or Schneider medium, pH 7.2 (Sigma-Aldrich), containing
10% fetal bovine serum, ampicilin (10 U/ml) and streptomycin (10 pg/ml). Parasites were kept
on log phase growth by passaging to new culture media every 3 to 4 days. Total parasite lysate
(LAg) was obtained by sonication of log-phase parasites. The protein content of the lysate was
quantified by the Bradford method.

Sera

The human sera panel was composed of: 50 clinically and parasitologically diagnosed VL
patients obtained from an endemic area in Piaui State, Brazil, independently of sero-reactivity;
50 negative sera samples obtained from healthy individuals of various ages from Pernambuco
State, also endemic for VL; 26 parasitologically confirmed cutaneous leishmaniasis patients; 40
serologically confirmed patients with chronic Chagas’ disease. The canine serum samples were
obtained from: 46 dogs with parasitologically confirmed VL, from the endemic area of Jequié
(Bahia state, Brazil); 15 healthy young dogs of various ages and breeds from non-endemic
areas; and sera from 31 dogs afflicted with other infectious diseases (4 with babesiosis, 20 with
erhlichiosis, and 7 with demodicosis) were also used.

Ethical approval

All dogs were handled in agreement with the Oswaldo Cruz Foundation guidelines for experi-
mentation on animals and the collection of the sera used in this study was approved by the eth-
ics committee for the use of animals in research (CPqGM-FIOCRUZ, Ceua, license N.040/
2005). All human sera were collected after approval of their use by the appropriate ethics com-
mittees, as follows: use of the sera from VL patients was approved by the ethics committee
from the Federal University of Piaui (0116/2005); the negative control sera were included in
the study approved by the ethics committee of the Brazilian Ministry of Health (25000.119007/
2002-03); sera from patients with cutaneous leishmaniasis were included in the project CAEE
0014.0.095.000-05, approved by the ethics committee from CPqAM-FIOCRUZ (03/08/2008);
and the samples from chagasic patients used in this study were obtained from the serum bank
at the Reference Laboratory for Chagas Disease at CPqAM-FIOCRUZ. Written informed con-
sent was obtained from all adults or legal guardians of children before blood was collected.

Leishmania infantum genomic library and serological screening

A L. infantum genomic library was constructed with reagents from the Stratagene Corporation
(LaJolla, USA) using total L. infantum DNA partially digested with Tsp5091 and ligated into
the A-ZAP Express bacteriophage, previously digested with EcoRI. Library amplification and
screening was carried out as previously described [27], using a pool of six sera from patients
with VL, at a 1:1000 dilution, to screen approximately 30.000 clones. The inserts were
sequenced and compared with sequences from the L. infantum and Leishmania major
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genomes available at the TriTrypDB (http://tritrypdb.org/tritrypdb/) and GeneDB (www.
genedb.org) databases. Sequences obtained from the ends of each insert were then used for
BLAST searches against genomic nucleotide sequences of L. infantum available at TriTrypDB.
For the 5’ ends of nearly all selected clones (except Lci9), sequences identical in nearly 100% of
the nucleotides were found within regions predicted as protein coding regions whereas the
corresponding 3’ ends matched nearby sequences within the same open reading frame or
within the neighboring intergenic regions. For Lci9, not found within the available L. infantum
databases, the sequence for the whole 2.4 kb insert was generated by direct sequencing. The
final sequence has been deposited to GenBank and received the accession number KX018626.

Subcloning strategies

For recombinant protein expression, a distinct strategy was used for each insert, depending on
the occurrence of internal restriction sites compatible with the subcloning strategy into the
expression plasmids of the pRSET series (A, B or C—Invitrogen), as follows: the Lci6 insert
(3.8 Kb) was recovered after digestion with BamHI/KpnI and the insert ligated into the same
sites of pRSET C; Lci7 (2.4 Kb) was recovered using BamHI/Sall and the insert was ligated into
the BamHI/Xhol sites of the pRSET B; Lci9 (2.4 Kb) was recovered with BamHI/Xhol and
ligated into the same sites of pRSET B; Lcil0 (0.9 Kb) was also recovered with BamHI/Xhol
but the insert was ligated into the same sites of pRSET C; Lcill (1.9 Kb) was first recovered
using the enzymes BamHI/NotI and subcloned into the same sites of the vector pET21a (Nova-
gen), followed by a second subcloning event where the Lcill fragment was recovered from the
resulting plasmid using BamHI/Xhol and the insert ligated into the same sites of pRSET A;
Lcil2 (2.8 Kb) was subcloned in pRSET B after digestion with the enzymes BamHI/PstI. In all
cases, the resulting constructs encode for fusion proteins containing a common 32 amino acid
segment at their N-terminuses, derived from the pRSET vector and which includes a polyhisti-
dine tract MRGSHHHHHHGMASMTGGQQMGRDLYDDDDKD) plus, eventually, a few
further amino acids encoded by the vector’s multiple cloning sites immediately before and
after the antigen coding segment. For Lcil3 it was generated after two sets of subcloning reac-
tions, where first a 1 Kb Pstl fragment from the previously described Lc2.2 clone [28] was sub-
cloned into the PstI site of the pTZ18R vector, with its 5’ end facing the vector s T7 promoter.
For the second subcloning reaction, the insert was recovered from the pTZ18R vector through
digestion with BamH I/Hind III and subcloned into the same sites of pRSET A. For Lcil, the
plasmid used for its expression has been described before [23].

Expression and purification of recombinant proteins

For the expression of His-tagged recombinant proteins, Escherichia coli BL21(DE3) pLysS
(Invitrogen) bacteria were transformed with the pRSET derived plasmids, grown in LB
medium and expression induced by IPTG. Induced cells were harvested, resuspended in 0.15
M phosphate buffered saline, pH 7.2 (PBS) and lysed by sonication. Protein purification was
performed with Ni-NTA Agarose (Qiagen). Protein products were analysed by 15% polyacryl-
amide gel electrophoresis in the presence of sodium dodecyl sulfate (SDS-PAGE), followed by
staining of the proteins with Coomassie blue R-250. For estimation of the recombinant pro-
teins concentrations, the densities of their stained bands in Coomassie blue stained gels were
compared with those of known concentrations of bovine serum albumin (BSA).

ELISA

The ELISA assays were essentially carried out as previously described at [23]. Briefly, ~400 ng
of the individual recombinant proteins or mixes of three proteins consisting of 300 ng of each
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protein were added to each well of ELISA plates. The wells were then incubated with the
selected sera at a dilution of 1:200 (canine sera) or 1:900 (human sera), followed by incubation
with the secondary antibody, namely peroxidase-conjugated goat anti-dog IgG (1:1200) or
anti-human IgG (1:10000), depending on the tested sera. For the rK39 ELISA assays, the com-
mercial recombinant rK39 antigen was purchased from Rekom Biotech (Granada, Spain) and
the assays were carried out following the manufacturer’s specifications.

Statistical analysis

The cutoff values for the ELISAs were defined as means of results obtained with serum samples
from 50 healthy donors plus three standard deviations. The ROC curves and the sensitivity
and specificity values were generated with the Medcalc Software version 15.8. The graphs were
generated by the GraphPad Prism 3.

Results

Serological screening and identification of novel Leishmania infantum
antigens

A total of 60 positive clones from a genomic L. infantum expression library were identified
after an immunoscreening with a pool of six sera from Brazilian VL patients. Inserts from 50
clones were sequenced and seven different protein-coding gene fragments were identified and
their protein products named as Lci6, Lci7, Lci8, Lci9, Lcil0, Lcill, and Lcil2, to avoid confu-
sion with the five antigens previously described by us from L. infantum [23]. Thirty-three
clones were found to contain fragments of the Lci6 gene, three encoded Lci7, two encoded
Lci8 and the remaining genes (encoding Lci9, Lcil0, Lcill and Lcil2) were represented by one
clone each. When compared with L. infantum and L. major sequences, five of the identified
antigens (Lci6, Lci8, Lci9, Lcil0 and Lcil2) are either annotated as hypothetical or have not
been properly studied in Leishmania. Lcill has been previously described from Leishmania
amazonensis as a phosphoprotein which binds specifically to a homologue of the translation
initiation factor eIF4E, named as Leish4E-IP (for 4E interacting protein) [29]. This is a hydro-
philic protein conserved in L. infantum and L. major but with limited conservation in Trypa-
nosoma spp and which is very rich in the amino acids proline, glutamine, alanine and serine.
The seventh polypeptide, Lci7, is the L. infantum orthologue of the stress-inducible protein
stil, originally described in L. major [30]. Table 1 lists the L. infantum accession numbers from
TriTrypDB for the genes encoding most of the identified proteins. For Lci9, its gene hasn’t
been properly annotated within the L. infantum genomic sequences, although sequences
resembling parts of this gene can be found split within two distinct segments of chromosome
28, suggesting an assemblage error perhaps due to the shotgun nature of the sequencing of this

Table 1. TriTrypDb accession numbers for the newly identified antigenic proteins.

Protein Accession number in TriTrypDB
Lci6 LinJ.26.1950
Lci7 Lind.08.1020
Lci8 Lind.32.2420
Lci9 LmjF.28.3010
Lci10 Lind.34.2360
Lci11 LinJ.35.4030
Lci12 LinJ.29.0110

https://doi.org/10.1371/journal.pone.0184867.t001

PLOS ONE | https://doi.org/10.1371/journal.pone.0184867 September 28, 2017 5/18


https://doi.org/10.1371/journal.pone.0184867.t001
https://doi.org/10.1371/journal.pone.0184867

@° PLOS | ONE

Evaluation of new recombinant antigens useful for the diagnosis of human and canine visceral leishmaniasis

genome [31]. An orthologue for the Lci9 gene is clearly identifiable in L. major, however, and
its accession number is also listed in Table 1.

Sequence analysis of the novel L. infantum antigens

All five novel Leishmania antigens identified in the L. infantum screening (Lci6, Lci8, Lci9,
Lcil0 and Lcil2) have in common the presence of tracts of in tandem repetitive motifs (Fig 1).
Most of these (Lci6, Lci8, Lcil0 and Lcil2) are predicted to be large proteins. The length of
their repeats varies significantly, from only 8 (Lcil2) to more than 50 (Lci6 and Lcil0) amino
acid residues, but little similarity in sequence between the repeats is observed, with the excep-
tion of those from Lci8 and Lcil2, which seem to be related. Lci6 is composed by a non-repeti-
tive N-terminal region (=450 residues long), followed by 21 non-identical repeats of variable
length (varying from 95 to 135 residues) and a very short C-terminus. It is the L. infantum
orthologue of a microtubule-associated protein, described from Trypanosoma brucei as GB4
[32]. Lci8 consists of 61 identical repeats of 10 amino acid residues, flanked by short N and C-
terminal regions of 331 and 242 residues in length, respectively. It is an orthologue of a T. bru-
cei membrane associated protein possibly involved with vesicular transport, Tb-291 [33].
Based upon the gene sequence of its L. major orthologue, the full-length Lci9 is shorter than
the other antigens discussed here and consists of two sets of related repeats of 25 (14 copies)
and 34 (11 copies) residues, flanked by very short N and C-terminal regions (169 and 97 resi-
dues long, respectively). This is the orthologue of the protein named nucleoporin (TbNup140)
[34]. Lcil0 encodes a hypothetical protein that has orthologues in other Leishmania species
but is absent from Trypanosoma, although it might be related to a protein found within the fla-
gellar attachment zone in T. brucei. The sequence available from the L. infantum genome
appears to be incomplete but the Lcil0 clone contains multiple related repetitive motifs of dif-
ferent sizes (varying from 68 to 198 residues) which follow a non-repetitive N-terminal region.
Lcil2, also defined as a hypothetical protein, is the Leishmania orthologue of the membrane-
associated protein Tb-292 from T. brucei, related to the Lci8 orthologue Tb-291 [33]. The

L. infantum protein was also identified in a bioinformatic screening for proteins with tandem
repeat domains [35]. It is composed by an N-terminal region containing approximately 160
amino acids, followed by a region containing 30 repeats of an 8 amino acids-long motif and a
carboxi-terminal region containing the trans-membrane segments.

Recombinant antigen expression

With the exception of Lci8, all the other antigens identified here were efficiently expressed in
E. coli and purified by affinity chromatography on nickel columns. Results of representative
analysis by SDS-PAGE of the various recombinant proteins are shown in Fig 2a. For Lci6,
based on the subcloned fragment, the recombinant protein would encompass residues 246 to
1548 of the original polypeptide with a predicted molecular weight of 286 kDa. However, a sin-
gle band of ~40 kDa (a likely result of internal proteolytic cleavage) is seen after expression
and purification; it includes the His-tag at the N-terminus and approximately the first one-
third of the protein. The Lci7 subcloned fragment encodes for a polypeptide consisting of
most of the protein (residues 69 to 547), generating a 54 kDa recombinant protein. For Lci9,
the recombinant polypeptide consists of 799 residues and includes all elements identified
within its L. major orthologue, expressed as a 71 kDa band. Lcil0 was only expressed as a poly-
peptide encompassing residues 404 to 717 of the full-length protein and a predicted molecular
weight of ~35 kDa (Fig 1d). The recombinant protein, nevertheless, migrates with an apparent
molecular weight greater than 50 kDa. Recombinant Lcill encompasses residues 47 to 688 of
the original protein with a predicted molecular weight of 63 kDa, but also migrates in gel with
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Fig 1. Schematic representation of the various gene fragments and corresponding deduced recombinant proteins evaluated in this study. The
maps were derived from the sequences produced after direct sequencing or from the coding genomic sequences available at TriTrypDb.

https://doi.org/10.1371/journal.pone.0184867.9g001
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Fig 2. Polyacrilamide gel electrophoresis showing the affinity purified polypeptides evaluated in this
study. (A) His-tagged, recombinant fragments of Lci6, Lci7, Lci9, Lci10, Lci11 and Lci12 in denaturing 15%
SDS-PAGE stained with Coomassie Blue. All lanes shown are from a single gel but selected regions were
removed for clarity. For some of these polypeptides, especially the larger ones, bands of lower molecular
weight can be generally seen, but these are likely degradation products due to proteolysis within the bacteria
that vary in intensity between different batches of purification. (B) The same for Lci1 and Lci13. The numbers
on the left indicate the sizes of molecular weight markers.

https://doi.org/10.1371/journal.pone.0184867.9002

an apparent molecular weight higher than predicted, ~100 kDa. For Lcil2, the recombinant
polypeptide expressed comprises residues 153 to 1081 of the full-length protein, with a pre-
dicted size of ~106 kDa and a compatible migration in gel.

Two other proteins obtained in previous works were added to this study for comparative
purposes and shown in Fig 2b. Lcil encodes a L. infantum homologue of the cytoplasmic heat
shock protein HSP70 [23] and the recombinant protein migrates with an apparent molecular
weight of ~80 kDa. The second protein, named Lcil3 here for clarity, encodes part of the
L. infantum mitochondrial HSP70. The recombinant fragment evaluated was described before
[28] and migrates in gel with an apparent molecular weight of ~45 kDa. Despite the fact that
both Lcil and Lcil3 belong to the family of HSP70 proteins, the identity between the two in
terms of amino acid sequence is less than 50% and a rabbit polyclonal serum produced against
recombinant Lcil3 does not recognize Lcil (unpublished data).

Recognition of the L. infantum recombinant proteins by human sera

To evaluate the antigenicity of the recombinant antigens selected for this study, we performed
ELISA assays with serum from humans infected with L. infantum and with VL diagnosis con-
firmed through parasitological tests (Fig 3 and Table 2). With the exception of Lcil, previously
tested [23], none of the others recombinant polypeptides had been evaluated before in similar
assays. The different antigens produced ELISA reactions with variable intensities but the sensi-
tivity values for the novel antigens were low, varying between 26 and 48%, and much inferior
to the performance seen with Lcil (72%), also insufficient, or with either the total parasite
lysate (LAg— 96%) or the commercial recombinant rK39 antigen (84%). As before [23], and in
order to minimize the possibility of false positive results and increase specificity, for these
experiments we opted to define a cutoff based on the mean plus three standard deviations of
the results generated with control sera from healthy individuals. Indeed, most of the antigens
did not produce false positive reactions and the specificity values calculated based on these
sera were equal to or very close to 100% (the data also summarized in Fig 3 and Table 2). The
various antigens were also tested with sera from patients with cutaneous leishmaniasis and
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Fig 3. Evaluation of the novel Leishmania infantum recombinant antigens for the diagnosis of visceral
leishmaniasis in humans. A panel of human sera derived from individuals with confirmed visceral
leishmaniasis was tested through an Enzyme-Linked ImmunoSorbent Assay (ELISA) with the recombinant
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antigens produced in this study, the rK39 and the total L. infantum lysate (LAg). The panel was composed of 50
serum samples from individuals with visceral leishmaniasis (VL), 50 serum samples from healthy individuals
(Healthy), 23 serum samples from individuals with cutaneous leishmaniasis (CL) and 40 serum samples from
individuals with Chagas disease (Chagas). Each symbol corresponds to the result obtained with an individual
serum. The horizontal lines indicate cutoff values, calculated by the means of results obtained with serum
samples from healthy donors plus three standard deviations.

https://doi.org/10.1371/journal.pone.0184867.9003

Chagas’ disease in order to evaluate their cross-reactivity for VL diagnosis. Remarkably, Lci9
produced very strong cross-reactions with sera from Chagas’ disease patients and only Lcil0
and Lcil12 did not display cross-reactions to sera from either cutaneous leishmaniasis or Cha-
gas’ disease individuals. With the exception of Lci9 (60%), the specificity values calculated
based on these sera were all above 95%. Overall, among the new recombinant polypeptides
tested, antigens Lcil and Lci7 produced a better performance (greater sensitivity with very
high specificity), but their low sensitivity compromises their use as single antigens for the diag-
nosis of human VL (Table 2).

Recognition of the L. infantum recombinant proteins by canine sera

Next, we assayed the same set of antigens for their potential to identify positive sera from dogs
with parasitologically confirmed leishmaniasis. Again, only Lcil had been previously been
tested in similar assays [23]. In general, these antigens had a performance with the canine sera
better than that seen for the positive human samples. The ELISA’s sensitivity varied between
49 and 91%, for the novel antigens described here, and 93 and 97%, for Lcil and Lcil3,

Table 2. Summary of the ELISA assays carried out with human sera in order to evaluate the performance of the recombinant antigens for the iden-
tification of positive cases of human VL. LAg represents the total L. infantum lysate used as positive control. C.I. stands for confidence interval. NE—Not

Evaluated.

Recombinant
antigens
LAg
Lcit
Lci6
Lci7
Lci9
Lci10
Lcit1
Lci12
Lci13
Mix (Lci1, Lci12 and

Lci13)
rK39

Sera from confirmed VL infected humans

% of sensitivity
(99% C.1.)
96%
(86.3%—99.5%)
72%
(57.5%—83.8%)
48%
(33.7%—62.6%)
52%
(37.4%—66.3%)
26%
(14.6%—40.3%)
48%
(33.7%—62.6%)
32%
(19.5% -46.7%)
46%
(31.8% -60.7%)
44%
(30% -58.8%)
84%
(70.9%—-92.8%)
84%
(70.9%—-92.8%)

https://doi.org/10.1371/journal.pone.0184867.t002

Sera from related diseases (% of cross-reactive sera with positive

results)
% of specificity/ healthy Cutaneous Chagas’ % of specificity/ related
sera (99% C.l.) Leishmaniasis disease diseases (99% C.l.)
100% 52% 20% 74%
(92.9%—-100%) (62.7%—82.6%)
100% 26% 2.5% 94%
(92.9%—-100%) (87.65%—97.47%)
100% 13% 0% 97%
(92.9%—100%) (92.4%-99.4%)
100% 17% 2.5% 96%
(92.9%—-100%) (89.98%—-98.55%)
98% 56% 77.5% 60%
(89.2%—100%) (50.4%—69%)
100% 0% 0% 100%
(92.89%—100%) (92.9%—-100%)
98% 25% 7.5% 90%
(89.2%—100%) (82.5%—-94.5%)
100% 0% 0% 99%
(92.9%—-100%) (95.2%—-100%)
98% 12.5% 12.5% 93%
(89.4%—100%) (86.5%—96.9%)
98% NE NE NE
(86.8%—99.9)
100% NE NE NE

(92.89%—100%)
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respectively, comparable to that from the total parasite lysate (LAg— 93%). In contrast, the sen-
sitivity for the commercial rK39 was 68%. Again no false positive results were seen when sera
from healthy control dogs were evaluated, with the specificity values calculated based on these
equal to 100% for the different polypeptides tested. When sera from dogs afflicted with other
infectious diseases (erhlichiosis, babesiosis or demodicosis) were evaluated, however, some
positive cross-reactions, with moderate intensity were observed, leading to reduced specificity
values calculated with these sera (76%-100%) (Fig 4 and Table 3). Lcil3 displayed the best per-
formance between the various antigens tested, with 97% sensitivity and very high specificity.
Its performance was even superior to the one seen with the assays using total parasite lysate
(Lag), which displayed some false negative results as well as strong cross-reactions with the
sera from dogs with other infectious diseases. Other antigens also produced strong reactions
with the positive dogs’ sera (Lcil and the novel antigen Lcil2), but their performance was infe-
rior to Lcil3. Nevertheless, with the dog sera at least, all three antigens performed much better
than the commercial recombinant rK39 and can be potentially useful as part of novel tests for
the diagnosis of canine leishmaniasis.

Evaluation of a mix of three recombinant proteins against both human
and canine sera

When the results from the ELISA assays with the VL positive human sera were analyzed in
more detail, all were seen to recognize at least one of the recombinant antigens evaluated (data
not shown). This led us to test in similar assays, with the VL positive sera from humans and
dogs, a mix of recombinant proteins with complementary reactivities (Lcil, Lcil2, Lcil3). This
“Mix” consists of the best three proteins evaluated here in terms of sensitivity and specificity
with human and/or canine sera. The results from the assays with the human sera are shown in
Fig 5a. The “Mix” produced a strong reaction with the positive sera, displaying a greater sensi-
tivity when compared with the individual antigens (84% sensitivity—also shown in Table 2),
and an overall performance more similar to the total parasite lysate or to recombinant rK39
when the results were analyzed through a ROC curve (Fig 5b). A great number of cross-reac-
tive reactions, however, were seen with the sera from Chagas’ disease and cutaneous leishman-
iasis individuals. The assays using the canine sera also resulted in a significant proportion of
positive results for the animals with confirmed leishmaniasis (88% sensitivity—Fig 5c and
Table 2). The “Mix”, however, produced a lower performance than the one observed for Lcil3
and the total parasite lysate, although no significant difference was seen when these results
were analyzed through a ROC curve (Fig 5d), with all three samples showing strong sensitivity
and specificity for the diagnosis of the canine leishmaniasis. In comparison with rK39, how-
ever, the “Mix” still behaved much better than the commercially produced recombinant pro-
tein when tested with the dog sera.

Discussion

An early and accurate diagnosis of VL is of great importance to the administration of an effec-
tive treatment, screening of endemic areas and consequent interruption of the parasite life
cycle [15,16]. In this study, a panel of novel L. infantum antigens was evaluated for their poten-
tial use for the diagnosis of both human and canine forms of VL. ELISA was chosen for this
evaluation since it is a preferred choice for the serodiagnosis of the disease in the laboratory
[36] and it has been shown to be more reliable and sensitive than other rapid tests [37]. Several
of the antigens tested showed very good potential for the canine form, with one of them
(Lcil3), demonstrating a better capacity to detect the canine leishmaniasis than the total para-
site lysate. This protein is a promising antigen, since some recent studies did not find a single
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Fig 4. Evaluation of the novel Leishmania infantum recombinant antigens for the diagnosis of canine
visceral leishmaniasis. The ELISA assay described in the previous Figure was performed also with a panel of
canine sera from animals confirmed with visceral leishmaniasis. Serum samples from 46 dogs with
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leishmaniasis confirmed through parasitological tests (CanL—canine leishmaniasis), 31 dogs with other
infections (4 with babesiosis, 20 with erhlichiosis, and 7 with demodicosis—Others) and 15 healthy control
animals (Healthy) were assayed with the recombinant antigens, the rK39 and the total L. infantum lysate (LAQ).
Each symbol corresponds to the result obtained with an individual serum. The horizontal lines indicate cutoff
values, calculated as described in Materials and Methods.

https://doi.org/10.1371/journal.pone.0184867.9004

protein capable of such diagnostic efficiency in dogs [38,39]. In contrast, none of the antigens
tested were as effective for human VL, highlighting the differences in immune response
between the two different disease targets, as highlighted previously [23,26]. In the assays
described here, the commercial rK39 antigen was included in order to facilitate the compari-
son of the newly identified antigens with other previously described and also to evaluate the
immune response level from the sera selected for this study. The results for the rK39 were
indeed consistent with what has been reported in the literature and confirming that it is effec-
tive for the diagnosis of human VL but performs much less satisfactorily with the canine form
of the disease [19,24].

Most of the antigens tested here were proteins bearing repetitive motifs. Such proteins have
been reported in the literature to be present in various organisms, from viruses to humans,
and are characterized by the presence of at least two or more copies of an amino acid sequence.
Several studies show that they are particularly antigenic and it is believed that this occurs due
to stimulation of B cells by binding these repetitive antigens, by a route independent of the T-
lymphocyte stimulation [40-43]. For these reasons, these proteins are strong candidates for
the development of serological assays and vaccine targets. Here, the evaluated proteins bearing
repetitive motifs did not show good sensitivity in humans. However, when tested against dog

Table 3. Performance of the recombinant antigens with dog sera. LAg represents the total L. infantum lysate used as positive control. C.l. stands for con-
fidence interval. NE—Not Evaluated.

Recombinant

antigens
LAg

Lcit
Lci6
Lci7
Lci9
Lci10
Lcitll
Lci12

Lci13

Mix (Lci1, Lci12 and

Lci13)
rK39

Sera from dogs with confirmed leishmaniasis

% of sensitivity
(99% C.l.)
93%
(80.9%—98.5%)
93%
(80.9%—98.5%)
67%
(51.5%—80.9%)
49%
(33.3%—64.6%)
85%
(71.1%—93.7%)
77%
(61.4%—88.2%)
83%
(68.6%—92.2%)
91%
(77.9% -97.4%)
97%
(85.8%—99.9%)
88%
(72.6%—96.7%)
68%
(50.2%—82%)

https://doi.org/10.1371/journal.pone.0184867.t003

Sera from related diseases
(% of cross-reactive sera with positive results)

% of specificity/ healthy | Ehrlichia | Babesiosis  Demodicosis % of specificity/ related
sera (99% C.l.) diseases (99% C.l.)
100% 15% 50% 0% 89%
(76.8%—100%) (76.4%—96.4%)

100% 50% 0% 14% 76%
(76.8%—100%) (61.2%—87.4%)
100% 0% 0% 0% 100%
(76.8%-100%) (76.8%-100%)

100% 15% 0% 0% 94%
(76.8%—100%) (82.1%-98.6%)
100% 10% 0% 14% 92%
(76.8%—100%) (78.6%—98.3%)
100% 15% 0% 14% 91%
(76.8%—100%) (79.2%—97.6%)
100% 30% 0% 28% 79%
(76.8%—100%) (62.7%—90.4%)
100% 35% 50% 0% 80%
(76.8%—100%) (66.1%—90.6%)
100% 5% 0% 0% 98%
(76.8%—100%) (88.5%-99.9%)

100% NE NE NE NE
(76.8%—100%)
100% NE NE NE NE

(78.2%-100%)
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https://doi.org/10.1371/journal.pone.0184867.9005

sera, they displayed high sensitivity, corroborating previously published data where a repetitive
protein showed higher sensitivity than non-repetitive proteins with canine samples [44].

The tested recombinant antigens displayed major differences in sensitivity when tested in
human and dog sera, as previously seen by us and others using different recombinant polypep-
tides in the same type of assay [23,26]. This variance may be due to the differentiated way that
the vertebrate hosts react to the parasite, mainly regarding the recognition and presentation of
the distinct antigens studied to the immune system or, as has been proposed [26], this response
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may be due to different mechanisms for parasite survival in each host (man and dog). On the
other hand, since it has been shown that variations in sensitivity may be due to the symptom-
atic and asymptomatic phases of the disease, the symptomatic phase displaying the best sensi-
tivity performance in the serological tests [45], these differences may, to some extent, reflect
the stage of the disease in the individuals from whom the sera were collected. In general, the
differential recognition of the studied proteins by the sera from the two hosts highlights the
differences in the immune responses elicited by the parasite and the need to optimize the cur-
rent serological tests.

In order to improve the diagnosis of VL in humans, we proposed the evaluation of an anti-
gen “Mix”, composed by antigens which already had produced good performance with the
dog samples. These antigens were chosen in order to combine the high sensitivity and specific-
ity found in dog sera and improve the tests made with the individual proteins to detect the dis-
ease in dog and humans, resulting in a promising serological test. Recombinant Lcil had been
evaluated before with a good performance for VL immunodiagnosis in dogs [23] and it was
selected as one of the three proteins (with Lcil2 and Lcil3) included in the “Mix”. The use of
this “Mix” led to a substantial increase in the sensitivity for the human disease, with a minor
decrease in performance for the canine leishmaniasis, when compared with Lcil3 alone and
total Leishmania lysate, with no false positive results seen when assayed against the healthy
control sera. The “Mix” was therefore a significant improvement as a tool to detect the disease
in both humans and dogs, although further optimization would still be required in antigen
representation in other to increase sensitivity prior to any considerations regarding a commer-
cial test. Nevertheless, these results contrast with a recent report where a similar mix of three
antigens did not lead to an increase in their diagnostic performance when it was compared
with the individual proteins alone [39]. Lack of significant improvement attempted by a mix-
ture of proteins may be explained by the decrease of the antigenicity of each individual protein,
due to the presence of the antigenic peptide in lower concentration in the solid phase. An alter-
native serological method that could be used to deal with the limitations presented by the pro-
tein mixture is the development of chimeric proteins, containing the regions of the proteins
that presented the best performance in serological evaluations. Some studies in this area have
already been done and they showed a significant improvement in the sensitivity of the serolog-
ical test [46-49].

In summary, the recombinant antigens tested individually in this study in human and dog
sera, displayed different sensitivities for the serodiagnosis of VL, with a better performance in
dogs. In fact, Lcil3 displayed a sensitivity for the dog sera higher than the current field tests,
which demonstrates the potential for this recombinant antigen to detect CVL on its own. The
goal of identifying a single natural antigen valid for the diagnosis of both forms of the disease
does not seem viable. Recently, the use of chimeric proteins based on multiple antigenic pep-
tides for the diagnosis of the canine leishmaniasis has been tried with promising results. The
performance seen with the protein mix tested here indicates that, with improvement, the
inclusion of selected epitopes from these antigens into novel chimeric proteins could be a
good option to obtain serological tests with higher sensitivity and which would simultaneously
be effective for both species.
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