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A candidate vaccine for human visceral leishmaniasis based on

a specific T cell epitope-containing chimeric protein protects

mice against Leishmania infantum infection
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Leishmaniases are neglected diseases caused by infection with Leishmania parasites and there are currently no prophylactic

vaccines. In this study, we designed in silico a synthetic recombinant vaccine against visceral leishmaniasis (VL) called ChimeraT,

which contains specific T-cell epitopes from Leishmania Prohibitin, Eukaryotic Initiation Factor 5a and the hypothetical LiHyp1 and

LiHyp2 proteins. Subcutaneous delivery of ChimeraT plus saponin stimulated a Th1 cell-mediated immune response and protected

mice against L. infantum infection, significantly reducing the parasite load in distinct organs. ChimeraT/saponin vaccine stimulated

significantly higher levels of IFN-γ, IL-12, and GM-CSF cytokines by both murine CD4+ and CD8+ T cells, with correspondingly low

levels of IL-4 and IL-10. Induced antibodies were predominantly IgG2a isotype and homologous antigen-stimulated spleen cells

produced significant nitrite as a proxy for nitric oxide. ChimeraT also induced lymphoproliferative responses in peripheral blood

mononuclear cells from VL patients after treatment and healthy subjects, as well as higher IFN-γ and lower IL-10 secretion into cell

supernatants. Thus, ChimeraT associated with a Th1 adjuvant could be considered as a potential vaccine candidate to protect

against human disease.
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INTRODUCTION

Leishmaniases are neglected diseases present in 98 countries in the
world, with 380 million people exposed to the risk from infection by
Leishmania parasites (https://www.who.int/leishmaniasis/en/). There
are distinct clinical manifestations of disease: tegumentary leishma-
niasis, which comprises the cutaneous, mucosal, and cutaneous-
diffuse forms, and visceral leishmaniasis (VL), which is a fatal and
systemic disease, if left untreated1. There are an estimated 700,000 to
1.0 million new human cases of VL reported annually with 50,000
deaths2. The parasites can be transmitted to humans through the bite
of infected female phlebotomine sandflies3 and among the different
species known, Leishmania infantum is mainly responsible for cases of
VL in the Americas, with an estimated incidence of 90% of disease
registered in Brazil (https://www.who.int/leishmaniasis/en/). During
the last decades, the use of antileishmanial drugs has significantly
reduced mortality caused by VL4,5. However, challenges remain to be
overcome, such as the toxicity, adverse effects and/or high costs of
the drugs, as well as the emergence of resistant strains6,7. Thus, the
research community continues to examine prophylactic vaccination
to prevent VL8,9.
A cell-mediated immune response against Leishmania is

believed to protect against infection. It is dependent on the
generation of Th1 cells, with the production of pro-inflammatory
cytokines, such as interferon-γ (IFN-γ), granulocyte-macrophage

colony-stimulating factor (GM-CSF), and interleukin-12 (IL-12),
which activate macrophages to kill internalized parasites. Con-
versely, the generation of a Th2 cell-driven response induces the
production of anti-inflammatory cytokines, such as IL-4 and IL-10,
which deactivate infected macrophages, thus leading to disease
development10. There are also other cytokines relevant for the
susceptibility or resistance against infection, such as TNF-α, IL-17,
among others9. In addition, the Th1 or Th2-cell profile is
associated with the production of IgG2a and IgG1 isotype
antibodies, respectively11. Thus, Leishmania vaccine candidates
should be capable of inducing a Th1 cell-driven response, which
should be characterized by IFN-γ, GM-CSF, and IL-12 production,
amongst other pro-inflammatory cytokines, as well as by anti-
Leishmania IgG2a antibodies.
Indeed, in human disease, a depressed cell-mediated immune

response has been described that is characterized by the failure of
peripheral blood mononuclear cells (PBMC) of the patients to
proliferate and produce IFN-γ in response to parasite antigens12,13.
Antigens able to stimulate a Th1-type response in immune cells of
VL patients after treatment are potential candidates for develop-
ment into VL vaccines14,15. To prevent Leishmania infection and
reduce the number of infected individuals, current research is
focused on identifying new prophylactic candidate antigens
capable of conferring protection also to non-infected individuals.
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Such antigens, when used to stimulate cells from healthy
individuals not exposed to the parasites, should be considered
as prophylactic vaccines candidates13,16,17.
Distinct vaccine candidates have been evaluated against VL

mainly in murine and/or canine models18–23. First-generation
vaccines used dead parasites administered with or without
adjuvants, whereas second-generation vaccines used genetically-
modified parasites or viruses expressing Leishmania genes
encoding for recombinant proteins. Plasmid DNA-based vaccines
that encode genes in eukaryotic expression vectors belong to a
third generation24,25. However, none of these experimental
vaccine candidates have satisfactorily progressed in human trials.
Amongst such different vaccine approaches, recombinant protein-
based vaccines have several significant advantages, such as
stability, low cost, and standardized production26–28.
Recently, we showed that immunization with known and

hypothetical Leishmania proteins produced in recombinant
versions protected mice against L. infantum infection22,29,30.
Prohibitin (PHB) is a multifunctional Leishmania protein, which is
involved in cell proliferation31 and maintenance of parasite
mitochondrial integrity32. The presence of anti-PHB antibodies in
L. donovani-infected patients showed that it is relevant during
active disease and that it could be a potential diagnostic marker
for disease33. We also showed that recombinant PHB (rPHB)
induced a specific Th1 cellular response, characterized by high
levels of IFN-γ, IL-12, and GM-CSF in the immunized animals, as
well as by proliferative responses specific to the protein, and high
IFN-γ levels in PBMC cultures obtained from individuals who had
recovered from VL and from healthy subjects34. Immunization led
to significant reductions in parasite load in the spleen, liver, bone
marrow, and draining lymph nodes of the infected and vaccinated
animals, compared to unvaccinated control mice.
Eukaryotic Initiation Factor 5a (EIF5a) is a small acidic protein

found in prokaryotes and eukaryotes, which is involved in cell
proliferation, mRNA decay and retroviral mRNA transport35.
Notably, EIF5a is antigenic in mammalian hosts, since it was
recognized by antibodies in dog sera with VL using an
immunoproteomic approach36, as well as by antibodies in sera
from humans with tegumentary leishmaniasis37. We have shown
that rEIF5a induced partial protection in immunized mice against
L. infantum infection, which was related to IFN-γ production
mediated by CD4+ and CD8+ T cells. Similarly, an immunopro-
teomic study suggested that two other Leishmania hypothetical
proteins, LiHyp1 and LiHyp2, were also antigenic, since they were
recognized by antibodies in VL patients sera, but not by sera from
healthy subjects38.
Since the repertoire of Leishmania proteins is high and variable,

production of an experimental vaccine containing multiple
immunogens in a unique product seems evident39. In the current
study, we used immuno-bioinformatics tools to develop a single
recombinant chimera protein vaccine (ChimeraT) by combining
specific T cell epitopes from PHB, EIF5a, LiHyp1, and LiHyp2
proteins. The protective efficacy induced by ChimeraT in BALB/c
mice against L. infantum infection, as well as the stimulation of
lymphoproliferative responses and cytokine production by PBMC
isolated from VL patients before and after treatment and healthy
subjects, were evaluated. In addition, the vaccine potential of
ChimeraT was compared with the individual recombinant proteins
and predicted T-cell epitopes using in vitro and in vivo assays.

RESULTS

Constructing and characterizing recombinant ChimeraT

The ChimeraT was constructed using selected CD4+ and CD8+ T
cell epitopes from the amino acid sequences of PHB, EIF5a,
LiHyp1, and LiHyp2 proteins. The following epitopes were
selected: PHB (amino acids 104–131); EIF5a (amino acids

71–101); LiHyp1 (amino acids 163–183) and LiHyp2 (amino acids
416–439) (Fig. 1a, Table 1). These epitopes were predicted to be

antigenic (threshold values >1.0) when evaluated by the IEDB
program (Fig. 1b). In the linear amino acid sequence of ChimeraT,
two glycine residues were added between the epitopes to
enhance solubility of the recombinant protein and the epitopes

were arranged to mimic their arrangement in their respective
source protein. The physicochemical characteristics of ChimeraT
and the individual T-cell epitopes, i.e. number of amino acids,

molecular weight, isoelectric point estimate, instability index,
aliphatic index, and GRAVY (grand average of hydropathy) values,
are shown in Table 1.

Lymphoproliferation and cytokine production in human cells
stimulated with ChimeraT, individual T-cell epitopes, and
recombinant proteins

To evaluate the ability of ChimeraT, individual T-cell epitopes, and

recombinant proteins to stimulate human cells, PBMCs were
purified from blood samples from VL patients before and after
treatment and from healthy subjects. The antigens stimulated

cellular proliferation from both patients and healthy individuals, as
shown by increased stimulation index (SI) values (Fig. 2).
Stimulation using ChimeraT induced high lymphoproliferative
responses than the individual proteins in VL patients after

treatment and healthy subject group (Fig. 2a). This profile was
also observed using cells from VL patients before treatment,
although values were lower than those observed for the other two
groups. In comparison with the recombinant proteins rPHB, rEIF5a,

rLiHyp1, and rLiHyp2 and L. infantum Soluble Leishmania Antigen
(SLA), ChimeraT induced significantly higher lymphoproliferation
in PBMC isolated from treated patients and healthy subjects

(Fig. 2b).
We next examined the ability of ChimeraT, the individual peptides,

and recombinant proteins to induce IFN-γ and IL-10 secretion in
stimulated PBMC cultures. Compared to stimulation with the
individual peptides, ChimeraT induced higher levels of IFN-γ secretion
into the cell supernatants of cells from VL patients before and after

treatment, and from healthy subjects (P< 0.05, P< 0.01 and P< 0.001,
respectively) (Fig. 3a). By contrast, IL-10 levels were low and similar in
all groups. Ratios between the IFN-γ and IL-10 levels were calculated,

and mean values of ~16.0, ~4.0, and ~7.0 were found for cells from
healthy individuals, VL patients before and after treatment, which
were stimulated with ChimeraT, respectively. Furthermore, these
ratios were significantly higher than those found after stimulation

using the individual peptides (P< 0.01, P< 0.005, and P< 0.0001,
respectively).
A similar picture was seen when comparing ChimeraT and the

individual recombinant proteins and SLA (Fig. 3b). Stimulation
with the ChimeraT induced significantly higher IFN-γ levels into
the cell supernatants of cells from VL patients before and after

treatment, and from healthy subjects (P < 0.05, P < 0.01, and P <
0.005, respectively), as compared to the values using the
individual proteins as stimuli (Fig. 3b). By contrast, SLA induced

the production of significantly higher IL-10 levels in stimulated cell
cultures from VL patients before and after treatment, and from
healthy subjects, as compared to the use of ChimeraT and
individual proteins (P < 0.001, P < 0.01, and P < 0.01, respectively).

Ratios between IFN-γ and IL-10 levels were also calculated, and
cells from healthy individuals, VL patients before and after
treatment, stimulated with ChimeraT showed significantly higher
ratios (~12, ~4, and 7 respectively) than those observed after

stimulation with individual proteins and SLA (P < 0.05, P < 0.01,
and P < 0.001, respectively).
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Fig. 1 Bioinformatics tools used to construct the ChimeraT protein. a Initially, T-cell epitopes (highlighted in red) of Prohibitin
(XP_001468827.1), EIF5a (XP_001466105.1), LiHyp1 (XP_001468941.1), and LiHyp2 (XP_001462854.1) proteins were predicted with the
Rankpep program and confirmed by NetCTLPan 1.1 and NetMHCII 2.3 programs. b Epitope antigenicity was predicted using the online tool
integrated into the Immune Epitope Database Analysis Resource (IEDB) database by the Kolaskar & Tongaonkar Antigenicity method. The
selected epitopes of Prohibitin (XP_001468827.1), EIF5a (XP_001466105.1), LiHyp1 (XP_001468941.1) and LiHyp2 (XP_001462854.1) proteins
are located above the red line and circled in red on the black graphs.
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Immunization with ChimeraT prevents the development of
infection in mice

BALB/c mice were immunized with ChimeraT or the correspond-
ing whole recombinant proteins (rPHB, rEIF5a, rLiHyp1, and
rLiHyp2) delivered with saponin adjuvant and 30 days after the
last vaccine dose, they were challenged with L. infantum
promastigotes. The spleens, livers, bone marrows, and draining
lymph nodes were collected at 45 days after infection and
parasitism was evaluated by a limiting-dilution technique.
Compared to the control groups (saline and saponin), immuniza-
tion with rPHB/saponin, rEIF5a/saponin, rLiHyp1/saponin, and
rLiHyp2/saponin significantly reduced parasite loads in the spleen,

liver, bone marrow and draining lymph nodes, by log orders of
magnitude of ~2.5–4.0, ~2.0–3.0, ~2.0–3.0, and ~3.0–4.5, respec-
tively (P < 0.0001) (Fig. 4). Notably, immunization with ChimeraT/
saponin led to significantly greater reductions in parasite burden
by ~6.0–9.0 log orders of magnitude, when compared to the

Fig. 2 Lymphoproliferation induced by ChimeraT and the specific
T-cell epitopes in visceral leishmaniasis patients and healthy
subjects. PBMC were isolated from VL patients (n= 10) before and
after treatment and from healthy subjects (n= 10). Induction of
lymphoproliferative response (stimulation index, SI) by ChimeraT
was compared to the PHB, EIF5a, LiHyp1 or LiHyp2 synthetic
peptides (a), and the corresponding source recombinant proteins
and SLA (b). Data are the mean of 10 tested individuals in each
group and the error bars denote the standard deviations. (*)
indicates statistically significant differences compared to the VL
patients before treatment (P < 0.001). Statistics were done using
one-way analysis of variance (ANOVA), followed by Bonferroni´s
post-test, which was used for multiple comparisons, and P values <
0.05 were considered significant.

Fig. 3 Cytokine production in human PBMC from visceral
leishmaniasis patients and healthy subjects. To evaluate specific
IFN-γ and IL-10 production in the culture supernatant from VL
patients before and after treatment (n= 10) and healthy subjects
(n= 10), PBMC (107 cells per mL) were stimulated with ChimeraT or
with PHB, EIF5a, LiHyp1 or LiHyp2 synthetic peptides (a) or the
corresponding source recombinant proteins and SLA (b). Control
cells were maintained in medium alone. Cell supernatants were
collected and IFN-γ and IL-10 production was measured by capture
ELISA. The bars indicate the mean and the error bars denote the
standard deviation of the groups. (*) indicates statistically significant
differences compared to values obtained from cells stimulated with
the individual peptides or recombinant proteins (P < 0.05, P < 0.01,
and P < 0.001 respectively; see text). (+) indicates statistically
significant differences compared to values obtained from cells
stimulated with ChimeraT and individual proteins (P < 0.001, P < 0.01,
and P < 0.01 respectively; see text). Statistics were done using one-
way analysis of variance (ANOVA), followed by Bonferroni´s post-
test, which was used for multiple comparisons, and P values < 0.05
were considered significant.

Table 1. Physiochemical properties of ChimeraT and the individual T-cell epitopes.

Protein/peptide Amino acid sequence Number of
amino
acids

Molecular
weight
(kDa)

Isoelectric
point

Instability
index

Aliphatic
index

GRAVY

ChimeraT YIMSGPARYVYFHMVLPVEAQGG
RLEDQAPSTHNVEVPFVKTFTYS
VLDIQPNEGGNYDPNVWCAVPNCITCDRLDPSNRG
GVRVLYQPNVENLYHIYRHIGVNAETVL

109 12.31 5.40 51.03 84.77 −0.245

LiHyp1 epitope YIMSGPARYVYFHMVLPVEAQ 21 2.47 6.75 50.78 88.10 0.386

EIF5a epitope RLEDQAPSTHNVEVPFVKTFTYSVLDIQPNE 31 3.54 4.50 57.65 78.39 −0.535

LiHyp2 epitope NYDPNVWCAVPNCITCDRLDPSNR 24 2.76 4.43 39.18 60.83 −0.667

PHB epitope VRVLYQPNVENLYHIYRHIGVNAETVL 27 3.21 6.90 54.73 129.63 0.007

GRAVY grand average of hydropathy.
ChimeraT was constructed using amino acid sequences containing selected CD4+ and CD8+ T-cell epitopes from Prohibitin (PHB; Amino Acids 104–131), EIF5a
(Amino Acids 71–101), LiHyp1 (Amino Acids 163–183) and LiHyp2 (Amino Acids 416–439) proteins.
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control groups (P < 0.0001). Furthermore, immunization with
ChimeraT/saponin induced significant reduction in parasitism
when compared to immunization with the rEIF5a/saponin,
rLiHyp1/saponin, and rLiHyp2/saponin groups (P < 0.05), but was
not statistically different to the rPHB/saponin group (P ≥ 0.05)
(Fig. 4).

Cellular response generated before and after L. infantum infection

The cellular response developed after immunization with the
recombinant proteins and ChimeraT was evaluated in BALB/c
mice, before and after L. infantum challenge. For this evaluation,
spleen cells were collected from mice 30 days after the last
vaccine dose and before challenge (Fig. 5), as well as 45 days after
infection (Fig. 6). Cells were stimulated in vitro with the
homologous antigen, i.e. ChimeraT or the recombinant proteins,
as well as with the synthetic peptides and L. infantum SLA. Before
challenge, stimulated spleen cells of the ChimeraT and recombi-
nant protein-immunized mice produced significantly higher levels
of IFN-γ, IL-12 and GM-CSF, compared with the values obtained in
the control (saline and saponin) groups (Fig. 5a). Moreover,
immunization with ChimeraT followed by homologous stimulation
or with SLA stimulation induced higher IFN-γ levels, when
compared to the values obtained in the groups immunized with
the recombinant proteins plus adjuvant. Ratios between IFN-γ and
IL-10 levels also showed the higher immunogenicity of ChimeraT
(ratio ~35.0) over the recombinant proteins (ratios ~15.0–20.0)
(Fig. 5b). In addition, stimulation of spleen cells with Chimera T
induced significantly higher IFN-γ than that induced using the
individual peptides as stimuli (Fig. 5c). In all cases, IL-4 and IL-10
production was low and similar in all groups.
After challenge, the Th1 cellular response profile was main-

tained in mice immunized with ChimeraT and the recombinant
proteins, with significantly increased levels of IFN-γ, IL-12 and GM-
CSF, associated with low IL-4 and IL-10 production, as compared
to the saline and saponin groups (Fig. 6a). Moreover, ChimeraT/

saponin-immunized mice showed significantly higher levels of
IFN-γ, when their spleen cells were stimulated with the ChimeraT
or SLA, as compared to data obtained in the groups immunized
with the recombinant proteins plus adjuvant (Fig. 6a). Conversely,
splenocytes collected from mice injected with saline or saponin
produced significantly higher levels of IL-4 and IL-10 when SLA
was used as a stimulus, in comparison to the other groups. The
increased ratio between IFN-γ and IL-10 cytokines again demon-
strated the higher immunogenicity of ChimeraT (ratio ~50.0) over
the recombinant proteins (ratios ~20.0–25.0) (Fig. 6b). In addition,
the Th1-type response was maintained with in vitro stimulation of
spleen cells with ChimeraT and the peptide epitopes, with
cytokine levels significantly increasing after challenge, when
ChimeraT was used as stimulus, in comparison to the values
obtained with the individual peptides (P < 0.05) (Fig. 6c). Taken
together, data for splenic cytokine production obtained before
and after parasite challenge demonstrated that immunization with
ChimeraT/saponin induced a more polarized Th1-type response
profile than immunization with rPHB/saponin, rEIF5a/saponin,
rLiHyp1/saponin or rLiHyp2/saponin.
The participation of CD4+ and CD8+ T cell subtypes in

producing IFN-γ in the ChimeraT/saponin group was evaluated
by adding monoclonal antibodies to block production of this
cytokine in the stimulated cultures. Results showed significantly
lower values of IFN-γ, when CD4+ and CD8+ cells were stimulated
with ChimeraT and blocked with the specific monoclonal
antibodies, in the order of 65 and 50%, respectively (Fig. 7a). In
addition, IFN-γ levels produced by T-cell subtypes stimulated with
the SLA were reduced by 67 and 50%, respectively (Fig. 7a). Nitrite
(NO2

-) production was evaluated by Griess reaction, and homo-
logous stimulation of spleen cells from mice immunized with
ChimeraT/saponin and the recombinant proteins plus saponin
induced significantly higher levels of this molecule, when
compared to the values obtained in the control groups. Higher
NO2

− levels were observed also in the cell supernatants of the

Fig. 4 Evaluation of the parasite burden. BALB/c mice (n= 8 per group) were immunized with ChimeraT, rPHB, rEIF5a, rLiHyp1 or rLiHyp2
(15 μg each per mouse) mixed with saponin. Controls received saline or saponin alone. Thirty days after the last vaccine dose, mice were
challenged with 107 L. infantum stationary promastigotes and, 45 days after infection, their spleens, livers, draining lymph nodes, and bone
marrows were collected and the parasite load was quantified by a limiting-dilution technique. Data were expressed as the negative log of the
titer adjusted per milligram of organ; the columns indicate the means and the error bars, the standard deviations. (*) indicates statistically
significant difference compared to the saline and saponin groups (P < 0.0001). (**) indicates statistically significant difference compared to the
rEIF5a/saponin, rLiHyp1/saponin and rLiHyp2/saponin groups (P < 0.05). Statistics were done using one-way analysis of variance (ANOVA),
followed by Bonferroni´s post-test, which was used for multiple comparisons, and P values < 0.05 were considered significant.
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Fig. 5 Cytokine responses before L. infantum infection. BALB/c mice (n= 8 per group) were immunized with ChimeraT, rPHB, rEIF5a, rLiHyp1
or rLiHyp2 (15 μg each per mouse) mixed with saponin. Controls received saline or saponin alone. Thirty days after the last vaccine dose, their
spleen cells were collected and cultured (5 × 106 cells per mL) in DMEM (Medium) or stimulated with each homologous protein used for
immunization (10 µg/mL each) or L. infantum SLA (50 µg/mL) for 48 h at 37 °C with 5% (v/v) CO2. a Measurement of IFN-γ, IL-12, GM-CSF, IL-4,
and IL-10 cytokine levels in cell supernatants. b Ratios between mean IFN-γ and IL-10 levels. c Evaluation of IFN-γ, IL-12, GM-CSF, IL-4, and IL-10
production in spleen cells of the Chimera T/saponin-immunized mice stimulated in vitro with synthetic peptide epitopes. The bars indicate
the mean and the error bars denote the standard deviation of the groups. (*) indicates significant difference in relation to the groups of mice
immunized with the recombinant proteins plus adjuvant (P < 0.005). (**) indicates significant difference in relation to using the individual
peptides as stimuli (P < 0.01). Statistics were done using one-way analysis of variance (ANOVA), followed by Bonferroni´s post-test, which was
used for multiple comparisons, and P values < 0.05 were considered significant.

Fig. 6 Cytokine production after L. infantum challenge. BALB/c mice (n= 8 per group) immunized with ChimeraT, rPHB, rEIF5a, rLiHyp1 or
rLiHyp2 (15 μg each per mouse) plus saponin were challenged with 107 L. infantum stationary promastigotes and, 45 days after infection, their
spleens were collected. Spleen cells (5 × 106 per mL) were cultured in DMEM (medium, control) or stimulated with each immunizing protein
(10 µg/mL each) or L. infantum SLA (50 µg/mL) for 48 h at 37 °C with 5% (v/v) CO2. a Measurement of IFN-γ, IL-12, GM-CSF, IL-4, and IL-10
cytokine levels in cell supernatants. b Ratios between the IFN-γ and IL-10 levels. c Evaluation of IFN-γ, IL-12, GM-CSF, IL-4, and IL-10 production
in spleen cells from the Chimera T/saponin-immunized mice stimulated in vitro with the synthetic peptide epitopes. The bars indicate the
mean and the error bars denote the standard deviation of the groups. (*) indicates significant difference in relation to the groups of mice
immunized with the recombinant proteins plus adjuvant and challenged with L. infantum parasites (P < 0.005). (**) indicates significant
difference in relation to using the individual peptides as stimuli (P < 0.01). (+) indicates significant difference in relation to the groups of mice
immunized with the Chimera T or recombinant proteins plus adjuvant and challenged with L. infantum parasites (P < 0.001). Statistics were
done using one-way analysis of variance (ANOVA), followed by Bonferroni´s post-test, which was used for multiple comparisons, and P values
< 0.05 were considered significant.
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ChimeraT/saponin-immunized mice compared to the individual
proteins, peptides or SLA (Fig. 7b).

Presence of IgG1 and IgG2a isotype antibody in immunized mice,
before and after L. infantum infection

The humoral response was evaluated in sera from immunized
animals before and after challenge with L. infantum. Before
challenge, immunization with ChimeraT/saponin and the recom-
binant proteins plus saponin all induced significantly higher
homologous protein-specific IgG2a levels than the control groups
(Fig. 8a). The IgG2a levels were also significantly higher than IgG1
levels induced by the same antigens. Although SLA-specific
antibody production was lower in all of the groups, those
immunized with ChimeraT and the recombinant proteins still
showed predominance of the IgG2a isotype (Fig. 8a). After
infection, the higher levels of IgG2a and lower levels of IgG1
were maintained against ChimeraT and the homologous proteins,
but increased levels of parasite-specific IgG2a antibodies were
now observed (Fig. 8b). As expected, the control mice challenged
with L. infantum produced significantly higher levels of SLA-
specific anti-parasite IgG1 antibodies, when compared to the
IgG2a levels (Fig. 8b).

DISCUSSION

In the present study, we designed in silico a recombinant multi-
epitope vaccine for VL named ChimeraT. The vaccine contains
amino acid sequences corresponding to specific T-cell epitopes
from four L. infantum proteins, which we previously showed to be
antigenic in canine and/or human disease27,34,38. The most
significant findings were that ChimeraT (i) protected mice against
L. infantum infection and (ii) induced a Th1-type immune response
in PBMC from VL patients after treatment and healthy subjects,
which was characterized by high IFN-γ and low IL-10 levels and
positive lymphoproliferative responses. The protective efficacy of
ChimeraT validates the use of specific T-cell epitopes grouped into
a single recombinant chimeric molecule as potential vaccine
candidates, and is based on recent advances in understanding the
mechanisms of cellular immunity in leishmaniasis40. Multiple
epitope-based vaccines present potential advantages when

Fig. 7 Involvement of CD4+ and CD8+ T-cell subtypes in the IFN-γ
and nitrite secretion. a Quantification of IFN-γ production levels in
T cell supernatants of the ChimeraT/saponin-immunized mice and
challenged with L. infantum. Cells were stimulated with ChimeraT or
SLA (10 and 50 µg/mL, respectively) in the absence (medium,
control) or presence of anti-CD4+, anti-CD8+ or anti-IL-12 mono-
clonal antibodies for 48 h at 37 °C with 5% (v/v) CO2. b Nitrite
secretion levels in the culture supernatants of all infected and
vaccinated mice, evaluated in vitro by the Griess method. The bars
indicate the mean and the error bars denote the standard deviation
of the groups. In a (*) indicates statistically significant difference
compared with no antibody treatment (P < 0.0001). In b (*) indicates
statistically significant difference compared with the control saline
and saponin groups (P < 0.0001). Statistics were done using one-way
analysis of variance (ANOVA), followed by Bonferroni´s post-test,
which was used for multiple comparisons, and P values < 0.05 were
considered significant.

Fig. 8 IgG1 and IgG2a antibody isotype levels in immunized mice
before and after L. infantum infection. BALB/c mice (n= 16 per
group) were immunized with ChimeraT, rPHB, rEIF5a, rLiHyp1 or
rLiHyp2 mixed with saponin adjuvant and, 30 days after the last
vaccine dose, serum samples were collected from 8 animals per
group. The remaining mice (n= 8 per group) were challenged and,
45 days after infection, their serum samples were also collected.
IgG1 and IgG2a isotype antibody levels were measured against the
homologous proteins and SLA by an ELISA, a before infection and
b after infection. The bars indicate the mean and the error bars
denote the standard deviation of the groups. In a (*) indicates
significant difference in relation to the control saline and saponin
control groups (P < 0.0001). In b (**) indicates statistically significant
difference in relation to the recombinant proteins/saponin groups
(P < 0.0001). Statistics were done using one-way analysis of variance
(ANOVA), followed by Bonferroni´s post-test, which was used for
multiple comparisons, and P values < 0.05 were considered
significant.
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compared with vaccines using single or combinations of
recombinant proteins. We showed that vaccine design can be
tailored by selecting the most antigenic CD4+ and CD8+ T-cell
epitopes from immunogenic Leishmania proteins and thus
avoiding epitopes present in whole proteins with low immuno-
genicity or undesirable immunodominance41. Other advantages of
multiple epitope-based vaccines include safety, reduced cost of
manufacture, facile quality control, and the opportunity to
rationally engineer the epitopes to further increase their
immunological potency39,42.
In our current study, the rationale for selecting T-cell epitopes

from Leishmania PHB, EIF5a, LiHyp1, and LiHyp2 proteins is based
on our previous studies that demonstrated their vaccine and/or
diagnostic potential27,34,38. We confirmed the protective activities
of the individual recombinant proteins, but demonstrated clearly
that ChimeraT was superior. Lymphoproliferation and cytokine
production were evaluated as a measure of T-cell activation, and
our data showed that stimulation with ChimeraT induced higher
lymphoproliferation and IFN-γ production than the individual
recombinant proteins or synthetic peptide epitopes. Moreover,
higher responses were obtained with PBMC from healthy
individuals and from VL patients after treatment than the
responses observed from VL patients before treatment: this
observation suggests the use of ChimeraT as a possible
immunogen to protect against VL in humans. Our findings are
in agreement with previous reports showing that PBMC of VL
patients after treatment that were stimulated in vitro with other
Leishmania protein, e.g. rTriose Phosphate Isomerase, rProtein
Disulfide Isomerase or rElongation Factor-2, all in combination
with rHSP7043, or recombinant Elongation Factor-2, Enolase,
Aldolase, Triose Phosphate Isomerase, Protein Disulfide Isomerase
or p45 proteins44, induced high IFN-γ and IL-12 levels, as well as
low IL-10 production, when compared to disease active patients.
Furthermore, Joshi et al.41 recently reported that three individual
T-cell epitopes (derived from Enolase, P-14 and Triose Phosphate
Isomerase, but not linked together in a chimera) induced
significant lymphoproliferative and Th1-biased cytokine responses
both in golden hamsters and healthy subjects. Immunization of
golden hamsters with such peptides plus Bacillus Calmette-Guerin
(BCG) as adjuvant (tuberculosis vaccine) showed ~75% protective
efficacy against L. donovani infection. Our current study also
demonstrates the vaccine potential of a T-cell epitope-based
Leishmania chimeric antigen and its improved protective efficacy
by combining multiple epitopes into a single molecule, which
facilitates easier manufacture, quality control, and delivery. More-
over, the protective responses induced by ChimeraT were
achieved using a single moiety adjuvant saponin, and not with
a complex multi-component adjuvant mixture, such as BCG.
In our study, we also examined the cytokine production profile

amongst vaccinated mice, before and after L. infantum challenge.
The secretion of pro-inflammatory IFN-γ, IL-12, and GM-CSF
cytokines was significantly higher in ChimeraT-immunized mice
when compared to immunization with the individual recombi-
nant proteins delivered with the same adjuvant. In general,
although the levels of murine anti-inflammatory IL-4 and IL-10
cytokines were low in all groups before infection, examination of
the IFN-γ/IL-10 ratios showed that the values were higher
following ChimeraT/saponin immunization when compared to
the individual proteins. These data clearly demonstrate an
enhanced Th1-type immune activation induced by ChimeraT/
saponin, which is of prime importance since IFN-γ production is
crucial for host clearance of intracellular pathogens, such as
Leishmania40. By contrast, IL-10 is considered a Th2-type cytokine
and its production is contra-indicative for protection against
Leishmania13,45.
The involvement of T cell subtypes in IFN-γ production was

evaluated in mice vaccinated with ChimeraT/saponin. Our data
showed that CD4+ and CD8+ T cell subtypes appeared to have an

important role in the production of this cytokine. A limitation of
our study is that our experiments were based on inhibition of IFN-
γ production by treatment with specific antibodies against CD4+

and CD8+ molecules, although this experimental strategy has
been used in several reports on the immunogenicity of other
Leishmania antigens34,46–48. Additional support for our findings
could be obtained with intracellular cytokine staining and
quantification with flow cytometry to determine the proportion
of both IFN-γ-producing T cell subtypes and their contribution to
vaccine efficacy.
Another key finding from our study was that immunization with

ChimeraT and the individual recombinant proteins induced
predominantly anti-Leishmania IgG2a antibodies, which was also
associated with a Th1-type immune response. Although ChimeraT
was constructed with predicted T cell epitopes of four immuno-
genic Leishmania proteins, our study showed that ChimeraT/
saponin induced not only a cellular immune response, but also a
humoral immune responses in vaccinated mice. This observation
agrees with other studies that reported the development of a
humoral immune response specific to recombinant chimerae used
to immunize mice39,49. It is probable that this humoral response
profile, based on anti-ChimeraT and anti-parasite IgG2a isotype
antibody, is correlated with IFN-γ production and with the
protective phenotype observed against L. infantum infection.
We also measured NO2

− production as a proxy for nitric oxide
(NO) and showed that spleen cells from mice immunized with
ChimeraT and the recombinant proteins produced significant
NO2

− after stimulation with homologous antigen. This is another
important attribute for the ChimeraT vaccine, since the production
of this molecule by the inducible NO synthase is believed to be a
key defense mechanism against Leishmania50. In addition,
secretion of GM-CSF as an activation marker of macrophages
was also increased in the protected and vaccinated animals.
However, TNFα, which is a cardinal cytokine for macrophage
activation, as well as a broader range of other inflammatory
cytokines, could also have been measured and reflects a limitation
of our study. Nevertheless, GM-CSF is an important cytokine
associated with macrophage activation, resistance and matura-
tion, against different intracellular pathogens including L. major51,
L. donovani52, and L. infantum22,27,46. Our current study also agrees
with a previous study that showed that BALB/c mice vaccinated
with Leishmania ribosomal proteins (LRP) plus saponin produced
high levels of GM-CSF when compared to the control groups.
This high production of GM-CSF was also maintained after
infection in the vaccinated animals and was LRP- and SLA-
specific53. In addition, immunization of human volunteers with a
crude Leishmania preparation using GM-CSF as an adjuvant
induced a parasite-specific Th1 response54 and administration of
a therapeutic vaccine containing four Leishmania antigens
combined with GM-CSF correlated with the resolution of mucosal
lesions present in an antimonial-refractory mucosal leishmaniasis
patient55.
ChimeraT represents our latest attempt to develop a chimera

vaccine using an in silico approach. Our first Recombinant
Chimeric Protein vaccine (RCP1, 268 amino acids with a relative
molecular mass (Mr) of 31.6 kDa) was constructed with specific
CD4+ and CD8+ T-cell epitopes from the hypothetical
amastigote-specific proteins LiHyp1 and LiHyp6, from the
conserved hypothetical protein LiHyV and from the IgE-
dependent histamine-releasing factor HRF49. Our second Recom-
binant Chimera Protein vaccine (RCP2, 422 amino acids with a Mr
of 47.0 kDa) was constructed with T-cell epitopes from PHB, Small
Glutamine-rich Tetratricopeptide repeat-containing protein (SGT)
and Leishmania hypothetical protein LiHyS39. However, the amino
acid sequences chosen from all the source proteins to produce
RCP1 and RCP2 were larger polypeptides, including for the two
antigens that are shared with ChimeraT. Similar to ChimeraT,
immunization with RCP1 and RCP2 also developed Th1-type
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immune responses, which were characterized by high IFN-γ
derived from both T-cell subtypes, low IL-10 levels, and significant
reductions in the parasite burden in organs of infected and
immunized mice39,49. However, in our current study, we compared
ChimeraT with the individual corresponding recombinant proteins
and synthetic peptides, which was not done with either RCP1 or
RCP2. Our new study data demonstrate clearly that ChimeraT was
more efficient than the whole recombinant Leishmania source
proteins.
On close examination of the humoral immune response in the

current study, it was interesting to note that L. infantum infection
of control mice (receiving saline or saponin alone) induced IgG
antibodies that recognized SLA in ELISA. By contrast, parasite
infection did not induce IgG antibodies that recognized ChimeraT
protein. It is possible that parasite infection does not induce
antibodies directed against the homologous protein T cell
epitopes, and/or if any antibodies are induced, they have low
affinity. Notably, we observed similarly low levels of anti-protein
antibodies in control mice infected with Leishmania in our studies
of the earlier chimera vaccines RCP1 and RCP239,49.
Studies have used in silico immuno-bioinformatics tools to

attempt the prediction of T-cell epitopes in Leishmania pro-
teins39,41. Indeed, the design of vaccine candidates is being
refined with increased knowledge of the nature of the antigens
targeted by the mammalian immune response and by exploiting
distinctive algorithms to predict and select molecules with the
highest probability of inducing beneficial immune responses56,57.
The selection of future vaccine candidates can also be done by
studying immune responses on isolated PBMC from VL patients
and healthy subjects13,34. In addition, thought needs to be given
to an appropriate adjuvant to use with ChimeraT for human
vaccination. Although saponin is a proven adjuvant for use in
mice, it is no longer recommended for use in humans and
therefore future studies with human-compatible adjuvants and
delivery systems are certainly necessary. ChimeraT induced
lymphoproliferation in PBMC cultures from VL patients after
treatment and from healthy subjects, in addition to stimulating
IFN-γ production. In this context, ChimeraT could be considered as
a promising candidate for future translational studies in humans,
due to the induction of markers of immunogenicity from cells
isolated from non-exposed healthy individuals, as observed in
previous studies with other candidate vaccine antigens58–61.
In conclusion, we have developed ChimeraT, a new

polypeptide-based recombinant vaccine containing specific
T-cell epitopes derived from four Leishmania antigenic and/or
immunogenic proteins. Vaccination with ChimeraT/saponin
induced a Th1-type immune response and reduced parasite loads
in infected mice, and also induced the development of immune
responses in PBMC from both VL patients after treatment and
healthy subjects, characterized by a high lymphoproliferative
response and IFN-γ production. In this context, ChimeraT deserves
consideration as a promising candidate vaccine for human VL and
potentially for VL in other mammalian hosts.

METHODS

Construction of gene encoding ChimeraT protein

To construct the gene encoding ChimeraT, the amino acid sequences of the
proteins Prohibitin (XP_001468827.1), eukaryotic initiation factor 5a
(XP_001466105.1), Leishmania hypothetical protein 1 (LiHyp1, XP_001468941.1)
and Leishmania hypothetical protein 2 (LiHyp2, XP_001462854.1) were searched
using the SwissProt server (web.expasy.org/docs/swiss-prot). Prediction of the
CD4+ and CD8+ T-cell epitopes were done with Rankpep (imed.med.ucm.es/
Tools/rankpep.html)62 and confirmed by NetCTLPan 1.1 (http://www.cbs.dtu.dk/
services/NetCTLpan/)63 and NetMHCII 2.3 (http://www.cbs.dtu.dk/services/
NetMHCII/)64 servers, where the protein sequence was added in the input field,
and the H-2Db, H-2Dd, H-2Kb, H-2Kd, H-2Kk and H-2Ld alleles from mouse and
A2, A3, A24, and B7 alleles from human were evaluated to predict CD8+ T-cell
epitopes; while the H-2IAb, H-2IAd, H-2Ias, H-2IEd and H-2IEb alleles from mouse

and HLA-DR alleles from human were evaluated to predict the CD4+ T-cell
epitopes. The selected alleles were those frequent in more than 90% of the
human populations of any ethnic group, and in more than 90% of mice39,65. The
Kolaskar & Tongaonkar Antigenicity method66, an online tool integrated into the
immune epitope database analysis resource (IEDB) (http://tools.immuneepitope.
org/tools/bcell/iedb_input), was used to predict epitope antigenicity, where a
threshold value of 1.0 and window 25 were considered. The BepiPred 2.0
program was used to predict the B-cell epitopes, using a threshold value of 1.067.
Protein regions containing the combination of T-cell epitopes from humans and
mice, but without B-cell epitopes, were selected to construct the chimeric
protein. The following T-cell epitopes were selected: PHB (104-VRVLYQPNVEN-
LYHIYRHIGVNAETVL-131), EIF5a (71-RLEDQAPSTHNVEVPFVKTFTYSVLDIQPNE-
101), LiHyp1 (163-YIMSGPARYVYFHMVLPVEAQ-183) and LiHyp2 (416-NYDPNVW-
CAVPNCITCDRLDPSNR-439). To design the chimeric protein-encoding gene, the
amino acids of each epitope were translated into the corresponding DNA coding
sequence using the Standard Genetic Code Map and after conversion, the
sequences were grouped linearly with two glycine residues as spacers between
them to create a single protein. In the absence of a standard protocol to choose
the relative positions of the epitopes within the chimera protein, the position of
each epitope was chosen empirically to mimic their arrangement in their own
source protein. This was done by analyzing where in the origin proteins the
epitopes were located, i.e. whether they were closer to the C-terminus, N-
terminus or within the center of the amino acid sequences. Therefore, the
epitopes were ordered as follows: LiHyp1 epitope–GG–EIF5a
epitope–GG–LiHyp2 epitope–GG–PHB epitope. Codon optimization for expres-
sion in Escherichia coli was done in silico with the web Codon Optimization tool
(https://www.idtdna.com/CodonOpt) and optimized also to reduce the presence
of intramolecular interactions of mRNA, which were calculated by using the
MFOLD Program. The physicochemical characteristics of the ChimeraT and the
individual T-cell epitopes were calculated with the ProtParam tool68. The
ChimeraT-encoding gene and the individual peptides were synthesized
commercially (GenScript®, USA).

Cloning, expression, and purification of recombinant proteins

LiHyp1 (XP_001468941.1) and LiHyp2 (XP_001462854.1) genes and the
ChimeraT protein were cloned commercially from L. infantum genomic
DNA in the pET-28a(+)-TEV vector (Genscript®, USA), by using the primers:
5′-TCGAGGATCCATGCGCCAGCGAAAGCAC-3′ (forward) and 5′-GTCAA
AGCTTTCACGCCTCCGGTAGCTG-3′ (reverse) for LiHyp1 and 5′-TCGAGG
ATCCATGAGCCCACACGGCGTC-3′ (forward) and 5′-GTCAGCGGCCGCTC
AGTCCTCCTGACGTCG-3′ (reverse) for LiHyp2. To purify the rLiHyp1,
rLiHyp2, and ChimeraT proteins, antigens were expressed in E. coli DE3
cells (Artic Express Agilent Technologies, USA) after induction with 0.1, 0.5
and 1.0 mM of isopropyl β-D-1-thiogalactopyranoside (IPTG), respectively,
with shaking at 200 rpm for 24 h at 12 °C. The bacterial cells were ruptured
by six cycles of sonication with 30 s each (38 MHz), followed by six cycles of
freezing and thawing. Cellular debris was removed by centrifugation, and
lysates for rLiHyp1, rLiHyp2 and ChimeraT proteins were passed through a
HisTrap HP affinity column connected to an AKTA system (GE Healthcare
Life Sciences, USA), and further purified on a SuperdexTM 200 gel-filtration
column (GE Healthcare Life Sciences, USA).
L. braziliensis genomic DNA was used to amplify the nucleotide

sequence encoding EIF5a (XP_001466105.1) using forward primer
5′-GCTAGCATGTCTGACGAGGACCAC-3′ and reverse primer 5′-AAGCTT
CTACTTCTCCGCGGCATT-3′. The restriction sites for the NheI (GCTAGC)
and HindIII (AAGCTT) restriction enzymes are underlined in the primer
sequences. The PCR-amplified product was analyzed and excised from an
agarose gel, purified, double-digested with NheI and HindIII, and ligated to
a similarly digested pET28a-TEV vector. The recombinant plasmid was used
to transform electrocompetent E. coli BL21 Arctic Express (DE3) cells
(Agilent Technologies) by electroporation using a MicroPulser electropora-
tion apparatus (Bio-Rad Laboratories). The recombinant protein was
expressed by induction with 1.0 mM IPTG for 24 h at 12 °C with shaking
at 200 rpm. Cells were lysed by sonication (applying continuous pulses of
30 s, with 15 s intervals, at 38 MHz) and centrifuged at 13,000 × g for 20 min
at 4 °C. The recombinant protein was purified under non-denaturing
conditions, using a 5 ml His-Trap column (GE Healthcare Life Science)
attached to a fast protein liquid chromatography (FPLC) system (GE
Healthcare Life Science)37.
The specific nucleotide sequence encoding for PHB protein

(XP_001468827.1) was amplified by PCR from L. infantum kDNA by using
the following primers: 5′-ACTAGTGGATCCATGGCGGCCGAGGCGCGGAA
G-3′ (forward) and 5′-GGGCCCAAGCTTACTTCGCCCCGGAATGATC-3′

(reverse). The BamHI and NotI restriction enzymes were used. The DNA
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fragment was purified and ligated to pGEM®-T vector (Promega, USA) and
the recombinant plasmid was used to transform E. coli XL1-Blue competent
cells. The DNA fragment released after digestion of pGEM-rPHB was ligated
into a pET28a-TEV vector, and used to transform E. coli BL21 cells (Agilent
Technologies, USA). Expression of rPHB protein was induced with 0.5 mM
IPTG for 3 h at 37 °C, at which time cells were ruptured by seven cycles of
sonication (30 s each at 36 MHz), followed by six cycles of freeze and thaw.
Cell debris was removed by centrifugation and rPHB was purified using a
HisTrap HP affinity column connected to an AKTA system. The eluted
fractions were concentrated in Amicon® ultra-15 centrifugal filters of
10,000 nominal molecular weight limit (NMWL, Millipore, Germany),
and further purified on a SuperdexTM 200 gel-filtration column (GE
Healthcare, USA)34.
After purification, all recombinant proteins were passed through a

polymyxin-agarose column (Sigma-Aldrich, USA) to remove any residual
endotoxin (<10 ng of lipopolysaccharide per 1mg of protein, as quantified
with the Quantitative Chromogenic Limulus Amebocyte Assay QCL-1000)
(BioWhittaker, USA).

Human blood samples

The study was approved by the Ethics Committee of the Federal University
of Minas Gerais (UFMG; Belo Horizonte, Minas Gerais, Brazil), with protocol
number CAAE–32343114.9.0000.5149. All participants provided written
informed consent to take part in the study. Peripheral blood samples were
collected from patients with visceral leishmaniasis (VL, n= 10; 6 males and
4 females, with ages ranging from 24 to 58 years), before and six months
after treatment using pentavalent antimonials (Sanofi Aventis Farm-
acêutica Ltda, Suzano, São Paulo, Brazil). Infection was confirmed by PCR
targeting L. infantum kDNA in their aspirates from spleen and/or bone
marrow69. All patients received the same therapeutic schedule with
antimonials (20 mg Sb+5 per kg during 30 days), and none presented any
other infection or had any pre-existing clinical condition. Blood samples
were also collected from healthy subjects (n= 10; 7 males and 3 females,
with ages ranging from 24 to 45 years), and they did not present clinical
signal of disease and exhibited negative serological results by the Kalazar
Detect™ Test kit (InBios International®, USA). In addition, the healthy
subjects were from the general population with no known previous history
of contact with antigen aerosol.

Parasites and preparation of soluble Leishmania antigen (SLA)

L. infantum (MHOM/BR/1970/BH46) strain was used. Stationary-phase
promastigotes were grown at 24 °C in Schneider’s medium (Sigma-Aldrich,
USA), supplemented with 20% (v/v) heat-inactivated fetal bovine serum
(FBS; Sigma-Aldrich, USA), 20 mM L-glutamine, 100 U/mL penicillin and
50 µg/mL streptomycin pH 7.4.
To prepare SLA, 109 stationary promastigotes were washed three times

in cold sterile phosphate-buffered saline (PBS) pH 7.4. After six cycles of
freezing and thawing, followed by ultrasonication (Ultrasonic processor,
GEX600), with six cycles of 30 s at 38 MHz, the suspension was centrifuged
at 9000 × g for 30 min at 4 °C, and the supernatant containing L. infantum
SLA was collected. The protein concentration was estimated by the
Bradford method70 and aliquots were stored at −80 °C until use.

Lymphoproliferation assay and human cytokine production

The lymphoproliferative response was evaluated in peripheral blood
mononuclear cell (PBMC) cultures from VL patients before and after
treatment and healthy subjects34. PBMCs were purified from whole blood
by Ficoll Hypaque density gradient centrifugation (GE Healthcare Bio-
Sciences AB, Uppsala, Sweden). Cells (1 × 106 per mL) were cultured in
RPMI 1640 medium containing 20% (v/v) FBS, 2 mM L-glutamine, 200 U/mL
penicillin, 100 µg/mL streptomycin, 50 μM 2-mercaptoethanol, 1 mM
sodium pyruvate, and 1× non-essential amino acid, and then stimulated
with synthetic peptide (20 µg/mL, each), recombinant protein (10 µg/mL,
each) or L. infantum SLA (50 µg/mL), for 120 h at 37 °C in an atmosphere of
5%(v/v) CO2. Phytohemagglutinin (10 μg/mL; Sigma-Aldrich) was used as a
positive stimulant control. At 102 h incubation, 20 µL of 5‐bromo‐2’‐
deoxyuridine labeling solution was added, and the samples were
incubated for 18 h at 37 °C, 5% (v/v) CO2. Lymphoproliferation was
evaluated by ELISA, and the proliferation index was calculated by the ratio
between the optical density values of the stimulated and unstimulated
cultures.
IFN-γ and IL-10 levels were measured in the cell supernatants using

commercial kits (BD OptEIA™ Human IFN-γ and IL-10 ELISA Set, BD

Biosciences, USA), according to the manufacturer instructions. The
detection sensitivity limit was 4.4 and 5.3 pg/mL for IFN‐γ and IL‐10
cytokines, respectively. Results were interpolated from a standard curve
using reference recombinant cytokines.

Immunization schedule and challenge infection

The study was approved by the Committee on the Ethical Handling of
Research Animals of UFMG (code number 333/2015). The authors have
complied with all relevant ethical regulations for animal testing and
research. Female BALB/c mice (8 weeks old) were obtained from the
breeding facilities of the Department of Biochemistry and Immunology,
Institute of Biological Sciences, UFMG. Animals were vaccinated sub-
cutaneously (n= 16 per group) in their left hind footpad (20 µL) with each
recombinant protein (15 μg each) mixed with saponin (15 μg; Quillaja
saponaria bark saponin, Sigma-Aldrich). Control animals received saline or
saponin alone. Mice were immunized with three doses, each administered
at 14 day intervals, and 30 days after the last immunization, animals (n= 8
per group) were euthanized and blood samples for serum preparation and
spleens were collected for immunological evaluations. The remaining mice
(n= 8 per group) were infected subcutaneously with 107 L. infantum
stationary promastigotes in their right hind footpad.

Evaluation of the parasite load

Forty-five days after infection, the remaining mice (n= 8 per group) were
euthanized, and spleens, livers, bone marrow, and draining lymph nodes
were removed for parasitological and immunological analyses. The
parasite load was quantified by limiting-dilution technique. Briefly, organs
were weighed and homogenized using a glass tissue grinder in sterile PBS.
Tissue debris was removed by slow speed centrifugation (150 × g) and the
cells were concentrated by centrifugation at 2000 × g. Next, the cells were
suspended in 1mL of supplemented Schneider’s medium, and 10-fold
serial dilutions (from 10−1 to 10−12) were made in the same medium in 96-
well flat-bottom microtiter plates (Nunc, Nunclon®, Denmark). Each
individual sample was plated in triplicate and the presence of parasites
was analyzed by microscopy after 7 days of culture at 24 °C. Pipette tips
were discarded after each dilution step to avoid carrying adhered parasites
from one well to another. Results were expressed as the log of the titer (i.e.,
the dilution corresponding to the last positive well) adjusted per milligram
of organ39.

Evaluating the cellular response

Spleen cells were collected 30 days after the last vaccine dose and 45 days
after infection, and they were cultured as described previously39. Briefly,
cells (5 × 106 per mL) were maintained in DMEM (control) supplemented
with 20% (v/v) FBS, 20 mM L-glutamine, 200 U/mL penicillin and 100 µg/
mL streptomycin at pH 7.4, or separately stimulated with rPHB, rEIF5a,
rLiHyp1, rLiHyp2 or ChimeraT (10 μg/mL each) used for immunization or
with L. infantum SLA (50 μg/mL). In addition, the Chimera-T/saponin-group
splenocytes were stimulated with the PHB, EIF5a, LiHyp1, and LiHyp2-
derived epitopes (20 g/mL each). In all cases, plates were incubated for
48 h at 37 °C with 5% (v/v) CO2. Next, the cell supernatants were collected,
and IFN-γ, IL-4, IL-10, IL-12, and GM-CSF cytokine levels were quantified by
a capture ELISA (BD OptEIA TM set mouse kits, Pharmingen®, USA),
following the manufacturer’s instructions.
Nitrite production was quantified in the supernatants from cultures of

spleen cells isolated after infection with L. infantum. Spleen cells were
stimulated with protein and SLA for 48 h (with medium alone as control)
and culture supernatants (50 μL volumes) were mixed with an equal
volume of Griess reagent (Sigma-Aldrich, USA) and incubated for 30min at
room temperature in the dark. Optical density (OD) values were measured
in a microplate spectrophotometer (Molecular Devices, Spectra Max Plus,
Canada) at 570 nm and nitrite concentrations were calculated from
standard curve of known concentrations (100 µM to 0.78mM) and data
were expressed as μM Nitrite per 5 × 106 cells71.
The involvement of CD4+ and CD8+ T-cell subtypes in the production of

IFN-γ was evaluated in the ChimeraT/saponin group after infection. For
this, spleen cells (5 × 106 per mL) were in vitro stimulated with ChimeraT or
L. infantum SLA (10 and 50 µg/mL, respectively) in the absence (medium,
control) or presence of 5 μg/mL of anti-CD4 (GK 1.5), anti-CD8 (53-6.7) or
anti-IL-12 (C17.8) monoclonal antibodies, for 48 h at 37 °C with 5% (v/v)
CO2. The cell supernatant was then collected and IFN-γ levels were
measured using a commercial kit. Appropriate isotype-matched controls—
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rat IgG2a (R35-95) and rat IgG2b (95-1)—were used. All antibodies (with no
azide/low endotoxinTM) were purchased from BD (Pharmingen, USA).

Assessment of antibody response

The protein and parasite-specific IgG1 and IgG2a isotype levels were
evaluated in sera from parasite-challenged and/or vaccinated mice, which
were collected 30 days after the last vaccine dose and 45 days after
challenge. Briefly, titration curves were done to determine the most
appropriate antigen concentration and antibody dilution to be used.
Flexible microtiter immunoassay plates (Jetbiofil®, Brazil) were coated with
the individual rPHB, rEIF5a, rLiHyp1, rLiHyp2 or ChimeraT proteins (0.5, 0.5,
1.0, 0.5, and 1.0 µg per well, respectively) or with L. infantum SLA (1.0 µg
per well), all diluted in 100 µL/well of 50 mM carbonate coating buffer pH
9.6, for 18 h at 4 °C. Next, free binding sites were blocked using 250 µL of
PBS plus 0.05% (v/v) Tween 20 and 5% (w/v) non-fat dry milk, for 1 h at
37 °C. After washing the wells five times with PBS-0.05% (v/v) Tween 20
(PBST), murine sera (100 µL/well of 1/100 diluted in PBST) were added to
the wells and incubated for 1 h at 37 °C. Wells were washed as described
above, and then incubated for 1 h at 37 °C with anti-mouse IgG1 and IgG2a
horseradish-peroxidase conjugated antibodies (100 µL/well of 1/5,000 and
1/10,000 diluted in PBST, respectively) (Sigma-Aldrich, USA). After washing,
reactions were developed by incubation for 30min in the dark with a
solution containing ortho-phenylenediamine and H2O2 (30 vol.) diluted in
citrate-phosphate buffer, pH 5.0 (100 µL/well). Reactions were stopped by
adding 2 N H2SO4, and optical density (OD) values were read in an ELISA
microplate spectrophotometer (Molecular Devices, Spectra Max Plus,
Canada), at λ492 nm39.

Statistical analysis

Data were entered into Microsoft Excel (version 10.0) spreadsheets and
analyzed using GraphPad PrismTM (version 6.0 for Windows). Statistics were
done using one-way analysis of variance (ANOVA), followed by Bonferroni´s
post-test, which was used for multiple comparisons, and P values < 0.05 were
considered significant. Data generated from the mouse immunization and
infections and the evaluations of parasite load, as well as cellular and antibody
responses, are representative of two independent experiments.

Reporting summary

Further information on experimental design is available in the Nature
Research Reporting Summary linked to this paper.

DATA AVAILABILITY

All data generated or analyzed during this study are included in this published article.

Received: 31 January 2020; Accepted: 21 July 2020;

REFERENCES

1. Alvar, J. et al. Leishmaniasis worldwide and global estimates of its incidence. PLoS

ONE 7, e35671 (2012).

2. Burza, S., Croft, S. L. & Boelaert, M. Leishmaniasis. Lancet 392, 951–970

(2018).

3. Grimaldi, G. Jr. & Tesh, R. B. Leishmaniases of the New World: current

concepts and implications for future research. Clin. Microbiol. Rev. 6,

230–250 (1993).

4. Frezard, F. & Demicheli, C. New delivery strategies for the old pentavalent anti-

monial drugs. Expert Opin. Drug Deliv. 7, 1343–1358 (2010).

5. Sundar, S. & Singh, A. Recent developments and future prospects in the

treatment of visceral leishmaniasis. Ther. Adv. Infect. Dis. 3, 98–109

(2016).

6. Mishra, J., Dey, A., Singh, N., Somvanshi, R. & Singh, S. Evaluation of toxicity &

therapeutic efficacy of a new liposomal formulation of amphotericin B in a mouse

model. Indian J. Med. Res. 137, 767–776 (2013).

7. Sundar, S. & Chakravarty, J. Leishmaniasis: an update of current pharmacother-

apy. Expert Opin. Pharmacother. 14, 53–63 (2013).

8. Joshi, S. et al. Visceral leishmaniasis: advancements in vaccine development via

classical and molecular approaches. Front Immunol. 5, 1–18 (2014).

9. Srivastava, S., Shankar, P., Mishra, J. & Singh, S. Possibilities and challenges for

developing a successful vaccine for leishmaniasis. Parasites Vect. https://doi.org/

10.1186/s13071-016-1553-y (2016).

10. Rodrigues, V., Cordeiro-da-Silva, A., Laforge, M., Silvestre, R. & Estaquier, J. Reg-

ulation of immunity during visceral Leishmania infection. Parasit. Vectors 9, 118

(2016).

11. Koarada, S., Wu, Y., Olshansky, G. & Ridgway, W. M. Increased nonobese diabetic

Th1:Th2 (IFN-gamma:IL-4) ratio is CD4+ T cell intrinsic and independent of APC

genetic background. J. Immunol. 169, 6580–6587 (2002).

12. Vijayamahantesh et al. Immuno-informatics based approaches to identify CD8+ T

cell epitopes within the Leishmania donovani 3-ectonucleotidase in cured visceral

leishmaniasis subjects. Microbes Infect. 19, 358–369 (2017).

13. Portela, A. S. B. et al. Identification of immune biomarkers related to disease

progression and treatment efficacy in human visceral leishmaniasis. Immunobiol

223, 303–309 (2018).

14. Adem, E. et al. Successful treatment of human visceral Leishmaniasis restores

antigen-specific IFN-gamma, but not IL-10 Production. PLos Negl. Tropical Dis.

https://doi.org/10.1371/journal.pntd.0004468 (2016).

15. Ibarra-Meneses, A. V. et al. IFN-gamma, IL-2, IP-10, and MIG as biomarkers of

exposure to Leishmania spp., and of cure in human visceral Leishmaniasis. Front

Cell Infect. Microbiol. https://doi.org/10.3389/fcimb.2017.00200 (2017).

16. Kumar, R. et al. Leishmania specific CD4 T cells release IFN gamma that limits

parasite replication in patients with visceral Leishmaniasis. PLos Negl. Trop. Dis.

https://doi.org/10.1371/journal.pntd.0003198 (2014).

17. Fernández, L. et al. Antigenicity of Leishmania-activated C-kinase antigen (LACK)

in human peripheral blood mononuclear cells, and protective effect of prime-

boost vaccination with pCI-neo-LACK plus attenuated LACK-expressing vaccinia

viruses in hamsters. Front Immunol. 9, 843 (2018).

18. Pirdel, L. & Farajnia, S. A Non-pathogenic recombinant Leishmania expressing

lipophosphoglycan 3 against experimental infection with Leishmania infantum.

Scand. J. Immunol. 86, 15–22 (2017).

19. Banerjee, A. et al. Live attenuated Leishmania donovani centrin gene-deleted

parasites induce IL-23-dependent IL-17-protective immune response against

visceral Leishmaniasis in a murine model. J. Immunol. 200, 163–176 (2018).

20. Fiuza, J. A. et al. Intradermal Immunization of Leishmania donovani centrin knock-

out parasites in combination with salivary protein LJM19 from sand fly vector

induces a durable protective immune response in hamsters. PLoS Negl. Trop. Dis.

10, e0004322 (2016).

21. Keerti et al. Immunotherapeutic potential of Leishmania (Leishmania) donovani

Th1 stimulatory proteins against experimental visceral leishmaniasis. Vaccine 36,

2293–2299 (2018).

22. Lage, D. P. et al. Prophylactic properties of a Leishmania-specific hypothetical

protein in a murine model of visceral leishmaniasis. Parasite Immunol. 37,

646–656 (2015).

23. Ribeiro, P. A. F. et al. Immunogenicity and protective efficacy of a new Leishmania

hypothetical protein applied as a DNA vaccine or in a recombinant form against

Leishmania infantum infection. Mol. Immunol. 106, 108–118 (2019).

24. Moafi, M., Rezvan, H., Sherkat, R. & Taleban, R. Leishmania vaccines entered in

clinical trials: a review of literature. Int J. Prev. Med. 10, 95 (2019).

25. Ratnapriya, S., Keerti, Sahasrabuddhe, A. A. & Dube, A. Visceral leishmaniasis: an

overview of vaccine adjuvants and their applications. Vaccine 37, 3505–3519

(2019).

26. Jain, K. & Jain, N. K. Vaccines for visceral leishmaniasis: a review. J. Immunol.

Methods 422, 1–12 (2015).

27. Duarte, M. C. et al. A vaccine combining two Leishmania braziliensis proteins

offers heterologous protection against Leishmania infantum infection. Mol.

Immunol. 76, 70–79 (2016).

28. Garde, E. et al. Analysis of the antigenic and prophylactic properties of the

Leishmania translation initiation factors eIF2 and eIF2B in natural and experi-

mental Leishmaniasis. Front Cell Infect. Microbiol. 8, 112 (2018).

29. Martins, V. T. et al. Antigenicity and protective efficacy of a Leishmania

amastigote-specific protein, member of the super-oxygenase family, against

visceral leishmaniasis. PLoS Negl. Trop. Dis. 7, e2148 (2013).

30. Ribeiro, P. A. F. et al. A conserved Leishmania hypothetical protein evaluated for

the serodiagnosis of canine and human visceral and tegumentary leishmaniasis,

as well as a serological marker for the posttreatment patient follow-up. Diagn.

Microbiol. Infect. Dis. 92, 196–203 (2018).

31. Joshi, B., Ko, D., Ordonez-Ercan, D. & Chellappan, S. P. A putative coiled-coil

domain of prohibitin is sufficient to repress E2F1-mediated transcription and

induce apoptosis. Biochem. Biophys. Res. Commun. 312, 459–466 (2003).

32. Nijtmans, L. G. et al. Prohibitins act as a membrane-bound chaperone for the

stabilization of mitochondrial proteins. EMBO J. 19, 2444–2451 (2000).

33. Jain, R., Ghoshal, A., Mandal, C. & Shaha, C. Leishmania cell surface prohibitin: role

in host-parasite interaction. Cell Microbiol. 12, 432–452 (2010).

D.P. Lage et al.

11

Published in partnership with the Sealy Center for Vaccine Development npj Vaccines (2020)    75 

https://doi.org/10.1186/s13071-016-1553-y
https://doi.org/10.1186/s13071-016-1553-y
https://doi.org/10.1371/journal.pntd.0004468
https://doi.org/10.3389/fcimb.2017.00200
https://doi.org/10.1371/journal.pntd.0003198


34. Dias, D. S. et al. Recombinant prohibitin protein of Leishmania infantum acts as a

vaccine candidate and diagnostic marker against visceral leishmaniasis. Cell

Immunol. 323, 59–69 (2018).

35. Chen, K. Y. & Liu, A. Y. Biochemistry and function of hypusine formation on

eukaryotic initiation factor 5A. Biol. Signals 6, 105–109 (1997).

36. Coelho, V. T. et al. Identification of proteins in promastigote and amastigote-like

Leishmania using an immunoproteomic approach. PLoS Negl. Trop. Dis. 6, e1430 (2012).

37. Duarte, M. C. et al. Proteins selected in Leishmania (Viannia) braziliensis by an

immunoproteomic approach with potential serodiagnosis applications for tegu-

mentary Leishmaniasis. Clin. Vaccin. Immunol. 22, 1187–1196 (2015).

38. Lage, D. P. et al. Screening diagnostic candidates from Leishmania infantum

proteins for human visceral leishmaniasis using an immunoproteomics approach.

Parasitology 146, 1467–1476 (2019).

39. Dias, D. S. et al. Vaccination with a CD4(+) and CD8(+) T-cell epitopes-based

recombinant chimeric protein derived from Leishmania infantum proteins confers

protective immunity against visceral leishmaniasis. Transl. Res. 200, 18–34 (2018).

40. Singh, G., Pritam, M., Banerjee, M., Singh, A. K. & Singh, S. P. Genome based

screening of epitope ensemble vaccine candidates against dreadful visceral leish-

maniasis using immunoinformatics approach. Micro. Pathog. 136, 103704 (2019).

41. Joshi, S. et al. Immunogenicity and protective efficacy of T-cell epitopes derived

from potential Th1 stimulatory proteins of Leishmania (Leishmania) donovani.

Front Immunol. 10, 288 (2019).

42. Martins, V. T. et al. A recombinant fusion protein displaying murine and human

MHC class I- and II-specific epitopes protects against Leishmania amazonensis

infection. Cell Immunol. 313, 32–42 (2017).

43. Jaiswal, A. K. et al. Th1 stimulatory proteins of Leishmania donovani: comparative

cellular and protective responses of rTriose phosphate isomerase, rProtein dis-

ulfide isomerase and rElongation factor-2 in combination with rHSP70 against

visceral leishmaniasis. PLoS ONE 9, e108556 (2014).

44. Joshi, S. et al. Comparative analysis of cellular immune responses in treated

Leishmania Patients and hamsters against recombinant Th1 stimulatory proteins

of Leishmania donovani. Front. Microbiol. 7, 312 (2016).

45. Botana, L. et al. Cellular markers of active disease and cure in different forms of

Leishmania infantum-induced disease. Front. Cell Infect. Microbiol. 8, 381 (2018).

46. Martins, V. T. et al. A new Leishmania-specific hypothetical protein, LiHyT, used as

a vaccine antigen against visceral leishmaniasis. Acta Trop. 154, 73–81 (2016).

47. Dias, D. S. et al. Recombinant small glutamine-rich tetratricopeptide repeat-

containing protein of Leishmania infantum: potential vaccine and diagnostic

application against visceral leishmaniasis. Molec. Immunol. 91, 272–281 (2017).

48. Ribeiro, P. A. F. et al. A Leishmania hypothetical protein-containing liposome-

based formulation is highly immunogenic and induces protection against visceral

leishmaniasis. Cytokine 111, 131–139 (2018).

49. Martins, V. T. et al. A recombinant chimeric protein composed of human and

mice-specific CD4(+) and CD8(+) T-cell epitopes protects against visceral leish-

maniasis. Parasite Immunol. https://doi.org/10.1111/pim.12359 (2017).

50. Olekhnovitch, R. & Bousso, P. Induction, propagation, and activity of host nitric

oxide: lessons from Leishmania infection. Trends Parasitol. 31, 653–664 (2015).

51. Dumas, C. et al. Recombinant Leishmania major secreting biologically active

granulocyte-macrophage colony-stimulating factor survives poorly in macro-

phages in vitro and delays disease development in mice. Infect. Immun. 71,

6499–6509 (2003).

52. Murray, H. W. et al. Effect of granulocyte-macrophage colony-stimulating factor in

experimental visceral leishmaniasis. J. Clin. Invest. 95, 1183–1192 (1995).

53. Chavez-Fumagalli, M. A. et al. Vaccination with the Leishmania infantum riboso-

mal proteins induces protection in BALB/c mice against Leishmania chagasi and

Leishmania amazonensis challenge. Microbes. Infect. 12, 967–977 (2010).

54. Follador, I. et al. Immune responses to an inactive vaccine against American

cutaneous leishmaniasis together with granulocyte-macrophage colony-stimu-

lating factor. Vaccine 20, 1365–1368 (2002).

55. Badaro, R. et al. Successful use of a defined antigen/GM-CSF adjuvant vaccine to

treat mucosal Leishmaniasis refractory to antimony: A case report. Braz. J. Infect.

Dis. 5, 223–232 (2001).

56. Khatoon, N., Pandey, R. K. & Prajapati, V. K. Exploring Leishmania secretory pro-

teins to design B and T cell multi-epitope subunit vaccine using immunoinfor-

matics approach. Sci. Rep. 7, 8285 (2017).

57. Khatoon, N. et al. Exploratory algorithm to devise multi-epitope subunit vaccine

by investigating Leishmania donovani membrane proteins. J. Biomol. Struct. Dyn.

37, 2381–2393 (2019).

58. Gannavaram, S. et al. Biomarkers of safety and immune protection for genetically

modified live attenuated Leishmania vaccines against visceral leishmaniasis - dis-

covery and implications. Front. Immunol. https://doi.org/10.3389/fimmu.2014.00241

(2014).

59. Ramos, F. F. et al. Selection strategy of phage-displayed immunogens based on

an in vitro evaluation of the Th1 response of PBMCs and their potential use as a

vaccine against Leishmania infantum infection. Parasites Vect. https://doi.org/

10.1186/s13071-017-2576-8 (2017).

60. Costa, L. E. et al. Leishmania infantum -tubulin identified by reverse engineering

technology through phage display applied as theranostic marker for human

visceral Leishmaniasis. Int. J. Mol. Sci. https://doi.org/10.3390/ijms20081812

(2019).

61. Ribeiro, P. A. F. et al. Leishmania infantum amastin protein incorporated in distinct

adjuvant systems induces protection against visceral leishmaniasis. Cytokine

https://doi.org/10.1016/j.cyto.2020.155031 (2020).

62. Reche, P. A. & Reinherz, E. L. Prediction of peptide-MHC binding using profiles.

Methods Mol. Biol. 409, 185–200 (2007).

63. Stranzl, T., Larsen, M. V., Lundegaard, C. & Nielsen, M. NetCTLpan: pan-specific

MHC class I pathway epitope predictions. Immunogenetics 62, 357–368

(2010).

64. Jensen, K. K. et al. Improved methods for predicting peptide binding affinity to

MHC class II molecules. Immunology 154, 394–406 (2018).

65. Bakker, A. H. et al. Conditional MHC class I ligands and peptide exchange tech-

nology for the human MHC gene products HLA-A1, -A3, -A11, and -B7. Proc. Natl

Acad. Sci. USA 105, 3825–3830 (2008).

66. Kolaskar, A. S. & Tongaonkar, P. C. A semi-empirical method for prediction of

antigenic determinants on protein antigens. FEBS Lett. 276, 172–174

(1990).

67. Jespersen, M. C., Peters, B., Nielsen, M. & Marcatili, P. BepiPred-2.0: improving

sequence-based B-cell epitope prediction using conformational epitopes. Nucleic

Acids Res. 45, W24–W29 (2017).

68. Gasteiger, E. et al. ExPASy: The proteomics server for in-depth protein knowledge

and analysis. Nucleic Acids Res. 31, 3784–3788 (2003).

69. Humbert, M. V. et al. A rapid diagnostic test for human visceral Leishmaniasis

using novel Leishmania antigens in a laser direct-write lateral flow device. Emerg.

Microbes Infect. 8, 1178–1185 (2019).

70. Bradford, M. M. Rapid and sensitive method for quantitation of microgram

quantities of protein utilizing principle of protein-dye binding. Anal. Biochem. 72,

248–254 (1976).

71. Green, L. C. et al. Analysis of nitrate, nitrite, and [15N]nitrate in biological fluids.

Anal. Biochem. 126, 131–138 (1982).

ACKNOWLEDGEMENTS

This work was supported by grant MR/R005850/1 from the Medical Research Council

(VAccine deveLopment for complex Intracellular neglecteD pAThogEns - VALIDATE),

UK, and grant APQ-408675/2018-7 from the Conselho Nacional de Desenvolvimento

Científico e Tecnológico (CNPq), Brazil. The authors also thank the Brazilian agencies

Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES), CNPq and

the Fundação de Amparo à Pesquisa do Estado de Minas Gerais (FAPEMIG) for the

student scholarships.

AUTHOR CONTRIBUTIONS

M.C., and E.A.F.C. are equal principle investigators for this work. Conceived and

designed the experiments: M.C., R.A.M.A., B.T.S., and E.A.F.C. Performed the

experiments: D.P.L., P.A.F.R., D.S.D., D.D.O., D.V.C.M., F.F.R., L.M.C., B.T.S., V.T.M., L.P.,

T.T.O.S., G.S.V.T., J.A.O.S., J.S.O., and B.M.R. Analyzed the data: M.C., E.A.F.C., and M.V.H.

Contributed reagents/materials/analysis tools: B.M.R., R.A.M.A., and J.S.O. Wrote the

paper: M.C., E.A.F.C., and M.V.H.

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information is available for this paper at https://doi.org/10.1038/

s41541-020-00224-0.

Correspondence and requests for materials should be addressed to M.C.

Reprints and permission information is available at http://www.nature.com/

reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims

in published maps and institutional affiliations.

D.P. Lage et al.

12

npj Vaccines (2020)    75 Published in partnership with the Sealy Center for Vaccine Development

https://doi.org/10.1111/pim.12359
https://doi.org/10.3389/fimmu.2014.00241
https://doi.org/10.1186/s13071-017-2576-8
https://doi.org/10.1186/s13071-017-2576-8
https://doi.org/10.3390/ijms20081812
https://doi.org/10.1016/j.cyto.2020.155031
https://doi.org/10.1038/s41541-020-00224-0
https://doi.org/10.1038/s41541-020-00224-0
http://www.nature.com/reprints
http://www.nature.com/reprints


Open Access This article is licensed under a Creative Commons

Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give

appropriate credit to the original author(s) and the source, provide a link to the Creative

Commons license, and indicate if changes were made. The images or other third party

material in this article are included in the article’s Creative Commons license, unless

indicated otherwise in a credit line to the material. If material is not included in the

article’s Creative Commons license and your intended use is not permitted by statutory

regulation or exceeds the permitted use, you will need to obtain permission directly

from the copyright holder. To view a copy of this license, visit http://creativecommons.

org/licenses/by/4.0/.

© The Author(s) 2020

D.P. Lage et al.

13

Published in partnership with the Sealy Center for Vaccine Development npj Vaccines (2020)    75 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	A candidate vaccine for human visceral leishmaniasis based on a specific T cell epitope-containing chimeric protein protects mice against Leishmania infantum infection
	Introduction
	Results
	Constructing and characterizing recombinant ChimeraT
	Lymphoproliferation and cytokine production in human cells stimulated with ChimeraT, individual T-cell epitopes, and recombinant proteins
	Immunization with ChimeraT prevents the development of infection in mice
	Cellular response generated before and after L. infantum infection
	Presence of IgG1 and IgG2a isotype antibody in immunized mice, before and after L. infantum infection

	Discussion
	Methods
	Construction of gene encoding ChimeraT protein
	Cloning, expression, and purification of recombinant proteins
	Human blood samples
	Parasites and preparation of soluble Leishmania antigen (SLA)
	Lymphoproliferation assay and human cytokine production
	Immunization schedule and challenge infection
	Evaluation of the parasite load
	Evaluating the cellular response
	Assessment of antibody response
	Statistical analysis
	Reporting summary

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION


