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Different members of intracellular protein families are recognized by the immune system
of the vertebrate host infected by parasites of the genus Leishmania. Here, we have
analyzed the antigenic and immunogenic properties of the Leishmania eIF2 and eIF2B
translation initiation factors. An in silico search in Leishmania infantum sequence
databases allowed the identification of the genes encoding the α, β, and γ subunits
and the α, β, and δ subunits of the putative Leishmania orthologs of the eukaryotic
initiation factors F2 (LieIF2) or F2B (LieIF2B), respectively. The antigenicity of these factors
was analyzed by ELISA using recombinant versions of the different subunits. Antibodies
against the different LieIF2 and LieIF2B subunits were found in the sera from human and
canine visceral leishmaniasis patients, and also in the sera from hamsters experimentally
infected with L. infantum. In L. infantum (BALB/c) and Leishmania major (BALB/c or
C57BL/6) challenged mice, a moderate humoral response against these protein factors
was detected. Remarkably, these proteins elicited an IL-10 production by splenocytes
derived from infected mice independently of the Leishmania species employed for
experimental challenge. When DNA vaccines based on the expression of the LieIF2 or
LieIF2B subunit encoding genes were administered in mice, an antigen-specific secretion
of IFN-γ and IL-10 cytokines was observed. Furthermore, a partial protection against
murine CL development due to L. major infection was generated in the vaccinated
mice. Also, in this work we show that the LieIF2α subunit and the LieIF2Bβ and δ
subunits have the capacity to stimulate IL-10 secretion by spleen cells from naïve
mice. B-lymphocytes were identified as the major producers of this anti-inflammatory
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cytokine. Taking into account the data found in this study, it may be hypothesized that
these proteins act as virulence factors implicated in the induction of humoral responses
as well as in the production of the down-regulatory IL-10 cytokine, favoring a pathological
outcome. Therefore, these proteins might be considered markers of disease.
Keywords: Leishmania, antigens, interleukin-10, visceral leishmaniasis, translation initiation factors, experimental
murine models, vaccines

INTRODUCTION

presence of high titers of anti-Leishmania antibodies is thought to
be linked with pathology due to the adverse effects of deposition
of the immune complexes in different tissues (García-Alonso
et al., 1996; Jain et al., 2000). Moreover, the presence of IgG
immune complexes correlates to the down regulation of IL-12
production and the secretion of IL-10 by macrophages in mice
infected with L. major and in human VL patients (Miles et al.,
2005) depending on the density of the IgG complexes formed
(Gallo et al., 2010). In addition, most of these antigens are able to
induce cellular responses in CL and VL human patients or dogs
affected by CanVL (Probst et al., 2001; Rafati et al., 2007; Carrillo
et al., 2008; Meddeb-Garnaoui et al., 2010; Baharia et al., 2014).
During the last few years, attention has been focused on
translation initiation process in Leishmania, since it has emerged
as an important point of regulation of gene expression in these
parasites (Requena, 2012). In a recent work, the parasite eIF5A
has been studied at the molecular level, although its function
in Leishmania still remains unknown (Singh et al., 2014).
Studies performed with the components of the Leishmania eIF4F
complex (eIF4A, eIF4E, and eIF4G) (Yoffe et al., 2004, 2006,
2009; Pereira et al., 2013) and poly (A)-binding proteins (PABPs)
(da Costa Lima et al., 2010) have demonstrated that translation
initiation in Leishmania, as occurs in the rest of eukaryotes,
depends on the interaction with the 5′ CAP structure and
poly(A) tails present in the mRNAs. Similarly, the identification
of functional domains in the different subunits of Leishmania
eIF3 complex suggests a conserved mechanism in translation
initiation in Leishmania (Rezende et al., 2014). Little is known
about the components and functions of the heterotrimeric eIF2
factor in Leishmania. This factor has a GTP binding activity
and it is implicated in the formation of the ternary complex
that recruits the Met-tRNA to the small subunit of the ribosome
for translation initiation. To be functional, the participation
of the multi-subunit eIF2B complex is required. This guanine
exchange factor is responsible for the GDP-GTP recycling of
eIF2 (Hinnebusch, 2014). In Leishmania, phosphorylation of
the eIF2α subunit inhibits GTP recycling inducing the down
regulation of global translation occurring during promastigote
to amastigote differentiation (Chow et al., 2011; Cloutier et al.,
2012).
Protein factors implicated in the translation process in
Leishmania also play relevant roles regarding parasite persistence
in the vertebrate host. This is the case for the Leishmania αsubunit of the elongation factor-1 complex (EF-1), involved
in regulating the rate and fidelity of protein translation.
Remarkably, this factor is able to interact and activate
the macrophage tyrosine phosphatase-1 (SHP-1) resulting in

Leishmaniases comprise a complex group of diseases caused
by the infection of protozoa of the genus Leishmania.
These parasites multiply as intracellular amastigotes within
macrophages of their vertebrate hosts and as extracellular
promastigotes in the gut of the insect vector (phlebotomine
sand flies) (Dostálová and Volf, 2012). The parasite species as
well as the immune-competence state of the host determine
disease spectrum. Cutaneous leishmaniasis (CL) is the less severe
form of the disease. It is caused by infection, among other
species, with Leishmania major in the Old World and Leishmania
braziliensis in the New World. Visceral leishmaniasis (VL) is
characterized by parasite dispersion to internal organs causing
a form of the disease that results deadly if treatment is not
administered (Rodrigues et al., 2016). It has been estimated
that there are 20,000–40,000 deaths per year due to VL in the
less protected regions of the world (Alvar et al., 2012). The
parasite invades the patient internal organs causing episodes
of fever, weight loss, anemia, and swelling of the spleen and
the liver (Herwaldt, 1999; Torres-Guerrero et al., 2017). In the
Mediterranean countries, Middle-East, Asia, and South America,
VL it is caused by Leishmania infantum [synonym Leishmania
chagasi (Maurício et al., 2000)]. Wild canids and domestic dogs
are the major reservoir of these parasites playing a central
role in the transmission to humans by phlebotomine sand flies
(Palatnik-de-Sousa and Day, 2011; Esch and Petersen, 2013). The
infection in dogs also causes a severe form of VL complicated
with different cutaneous manifestations (CanVL) (Baneth et al.,
2008; Solano-Gallego et al., 2011, 2017; Abbehusen et al., 2017).
For both mammalian hosts, after infection some individuals can
remain asymptomatic mainly because of the induction of Th1
cellular responses and IFN-γ mediated macrophage activation
for destruction of intracellular parasites. On the other hand,
the symptomatic forms of the disease are associated with the
generation of IL-4 mediated humoral responses against parasite
antigens and an IL-10 dependent inhibition of macrophage
activation (Murray, 1997; Miles et al., 2005; Baneth et al., 2008).
Visceral leishmaniasis patients possess antibodies recognizing
different parasite antigens including surface molecules, some
secreted factors and different intracellular proteins belonging to
evolutionary conserved families that play essential cell functions.
These families comprise tubulins (Abanades et al., 2012), heat
shock proteins (Quijada et al., 1996, 1998), histones (Soto et al.,
1999; Maalej et al., 2003), or PUF proteins (Folgueira et al., 2010).
Some of these proteins families are also antigenic in CL patients
(Rafati et al., 2007; Souza et al., 2013; Duarte et al., 2015). The
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genedb.org) using the Saccharomyces cerevisiae (gene accession
numbers: YJR007W, 0YPL237W, YER025W, YKR026C,
YLR291C, YGR083, respectively) orthologous encoding
gene sequences as queries. Genomic DNA from L. infantum
(MCAN/ES/1996/BCN/150/MON-1) was employed as template
for PCR, since no introns are present in Leishmania DNA
(Requena, 2012). Primer sequences are available in the
Supplementary Table 1. The resultant PCR products were
cloned in the BamHI cut site of the pBluescript II SK vector
(Stratagene. CA, U.S.A). DNA inserts containing the coding
regions were obtained by BamHI digestion and subcloned in
the same cut site of the pcDNA3.1/N-HA (pcDNA) eukaryotic
expression vector (GenScript. NJ, U.S.A) for DNA vaccines, or
in the same site of the pQE30 prokaryotic expression vector
poly-linker (Qiagen, Hilden, Germany) for recombinant protein
production.

macrophage deactivation and parasite survival within this cell
type (Nandan et al., 2002). The recognition of some other parasite
proteins implicated in translation by the host immune system has
been also demonstrated. In this regard, the parasite PABPs have
been found to be antigenic proteins in canine and human VL
patients and humans affected by mucocutaneous leishmaniasis
(MCL) due to L. braziliensis infection (Guerra et al., 2011; Soto
et al., 2015). In addition, the L. braziliensis initiation factor
5a (LbeIF5A) is an antigenic protein recognized by the sera
from human patients infected with L. braziliensis (Duarte et al.,
2015). To date, the eIF4A is the most studied parasite translation
initiation factor because of its relation with the host immune
system. This protein seems to help the host for fighting against
infection, since it was described as an inductor of Th1 mediated
responses after infection in human patients (Skeiky et al., 1995)
and in experimental murine models of infection (Skeiky et al.,
1998). Remarkably, it is also able to activate macrophages
for controlling parasite replication by the induction of proinflammatory cytokines (Probst et al., 1997; Koutsoni et al.,
2014). Importantly, experimental vaccines based on the PABPs
(Soto et al., 2015) or LeIF4A, either alone (Skeiky et al., 1998) or
fused with other parasite antigens forming a recombinant polyprotein (Coler et al., 2002, 2007; Bertholet et al., 2009), have
the potential of inducing protection against the infection with
different Leishmania species. Similarly, a recombinant version
of the LbeIF5a factor was able to induce protection against
L. infantum (Duarte et al., 2016a) and Leishmania amazonensis
(Duarte et al., 2017) challenges when administered as part of a
polyprotein vaccine.
With the aim of exploring the antigenicity and prophylactic
properties of other Leishmania proteins involved in translation,
in this work we have worked with the L. infantum F2 (LieIF2)
and F2B (LieIF2B) proteins. With this purpose, the L. infantum
putative orthologs of the α-, β-, and γ-subunits of the eukaryotic
initiation factor eIF2 and the α-, β-, and δ subunits of the
eukaryotic factor eIF2B were produced as recombinant proteins
and tested in ELISA using human and canine VL sera. Given
that these initiation factors were found to be antigenic in natural
VL, analyses were extended to a highly susceptible experimental
model of VL, namely hamsters infected with L. infantum
(Requena et al., 2000b; Carrion et al., 2006). In addition, we
have analyzed the humoral and cellular responses elicited against
LieIF2 and LieF2B in murine models of VL (L. infantum-BALB/c)
and CL: susceptible (L. major-BALB/c) or resistant (L. majorC57BL/6). Finally, DNA vaccines based on both factors were
constructed and assayed in BALB/c and C57BL/6 CL mouse
models.

DNA Vaccines and Recombinant Proteins
Production
For DNA vaccine, the pcDNA clones were transformed in the
XL1-blue strain of Escherichia coli and grown. Plasmid DNA
extraction was performed with the Endofree plasmid Giga Kit
(Qiagen). The correct expression of the different DNA constructs
was analyzed by western-blot using an anti-HA antibody (Sigma,
MO, U.S.A) taking advantage of the presence of the HA tag in
the N-terminal region of the recombinant proteins. Samples were
obtained in COS-7 cells transfected with plasmid constructions
as described in Soto et al. (2015) but using an anti-mouse
IgG conjugated to horseradish peroxidase as secondary reagent
(Nordic Immunological Laboratories, Tilburg, The Netherlands).
E. coli M15 strain bacteria, transformed with the different
pQE30 recombinant plasmids were employed for obtaining the
Leishmania factors as recombinant proteins fused to an Nterminal His-tag. After over-expression of proteins in IPTGinduced cultures, the bacteria were centrifuged (5,000 × g) and
total protein extracts were solubilized in binding buffer (BB;
20 mM Tris HCl pH 8.0, 0.5 M NaCl, 5 mM imidazole, 8 M
urea, 1 mM 2-mercaptoethanol). For ELISA, solubilized total
extracts were passed through a Ni-NTA affinity chromatography
resin. Next, the column was washed in BB containing up to
20 mM imidazole. Finally, recombinant proteins were obtained
from the column by passing BB containing 0.5 M imidazole. For
final preparation, dialysis of the purified proteins with ELISA
denaturant coating buffer was performed (EDCB: 3 M urea, 0.5 M
NaCl, 5 mM imidazol, 1 mM 2-mercaptoethanol in 20 mM Tris
HCl pH 8). In order to use the recombinant proteins as stimuli in
cell culture assays, protein extracts were resuspended in BB. After
binding to the Ni-NTA resin, interacting proteins were refolded
on the affinity column as described (Shi et al., 1997). After,
elution buffer was replaced by PBS using dialysis. To remove
endotoxin traces, affinity chromatography polymyxin-agarose
(Sigma) columns were employed. The Quantitative Chromogenic
Limulus Amebocyte Assay QCL-1000 (BioWhittaker, MD,
U.S.A.) was used to determine the presence of lipopolysaccharide
(LPS). In all cases, proteins stocks presented <20 ng of LPS per
mg of recombinant protein. Freeze-thaw total parasite extracts,

MATERIALS AND METHODS
Cloning of L. infantum eIF2 (LieIF2) and
eIF2B (LieIF2B) Factors Coding Regions
The DNA regions encoding the LieIF2α (LinJ.03.0960), LieIF2β
(LinJ.08.0570), LieIF2γ (LinJ.09.1130), LieIF2Bα (LinJ.12.0001),
LieIF2Bβ (LinJ.10.1030), and LieIF2Bδ (LinJ.27.1090) subunits
were rescued from the L. infantum genome database (www.
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from the four different mammalian species present a positive
reaction against SLA (Supplementary Figure 1).

namely SLA (soluble Leishmania antigens), were prepared
as described elsewhere (Iborra et al., 2005). The Bio-Rad
Protein Bradford assay (Bio-Rad, CA, U.S.A.) was employed for
determination of protein concentrations.

ELISA Assays
The ELISAs were performed on MaxiSorp plates (Nunc, Roskilde,
Denmark). For coating, 0.2 µg per well of the recombinant
proteins (in EDCB) or 1 µg per well of SLA (in PBS) were
overnight incubated at 4◦ C. Next, four washes with PBS plus
0.5% Tween 20 (PBS-Tw) were performed. For blocking, PBSTw buffer supplemented with 5% non-fat milk was employed [1 h
at room temperature (RT)]. For the analyses of IgG responses,
human, canine, hamster, or mouse sera were assayed for 2 h at
RT (1/100 dilution in the same buffer employed for blocking).
Four washes with PBS-Tw were performed before incubation
with secondary antibodies conjugated to horseradish peroxidase
(1/2,000 dilution in the blocking solution for 1 h at RT). The
following antibodies, obtained from Nordic (Nordic BioSite,
Täby, Sweden) were employed: anti-dog IgG, anti-human IgG,
anti-hamster IgG. Finally, after four washes in PBS-Tw the TMB
ELISA substrate solution was employed for reaction developing.
After incubation for 15 min in the dark, reaction was stopped
by addition of 2 N H2 SO4 . Optical densities (O.D.) were read at
450 nm in an ELISA microplate spectrophotometer (Bio-Rad).
For murine samples, the IgG1 (BALB/c and C57BL6), IgG2a
(BALB/c), and IgG2c (C57BL/6) antigen-specific titers were
determined by ELISA following the same procedure except that
serial dilutions (1/2 dilution factor) of the sera were performed.
Anti-mouse IgG1, IgG2a, and IgG2c antibodies horseradish
peroxidase conjugated were employed as secondary reagents
(Nordic). Sera reactivity was determined as the reciprocal endpoint titer calculated as the inverse value of the highest serum
dilution factor giving an absorbance value above that of the
pre-immune sera.

Mice and Parasites
Female BALB/c and C57BL/6 mice (6–8 week old) were
purchased from Envigo (Barcelona, Spain). Two parasite species
were employed: L. infantum (MCAN/ES/96/BCN150) and
L. major [clone V1 (MHOM/IL/80(Friedlin)]. Promastigotes
were grown by culturing at 26◦ C in M3 medium (Gibco,
BRL, Grand Island, NY, U.S.A) containing 10% heat inactivated
fetal calf serum (FCS) and 200 U/ml penicillin and 100 µg/ml
streptomycin. L. major metacyclic promastigotes were isolated
from stationary cultures by negative selection using peanut
agglutinin (Vector Laboratories, Burlingame, CA, U.S.A). For
VL murine models, BALB/c mice were infected intravenously
(i.v.) with 5 × 106 stationary-phase promastigotes of L. infantum
in the tail vein. For murine CL models, BALB/c or C57BL/6
mice were infected by an intradermal (i.d.) inoculation in
both ears with 1 × 103 metacyclic L. major promastigotes. In
some experiments, BALB/c mice were challenged subcutaneously
(s.c.) in the footpad with 1 × 105 L. major promastigotes at
the stationary-phase. All procedures were performed according
to the Directive 2010/63/UE from the European Union and
RD53/2103 from the Spanish Government. Procedures were
approved by the next agencies: Severo Ochoa Molecular Biology
Center Animal Care and Use Committee (CEEA-CBMSO
21/138), Bioethical Committee of the CSIC (under reference
100/2014), Government of the Autonomous Community of
Madrid (Spain PROEX121/14).

Sera Collections
Human anonymized sera samples were randomly selected from
human VL diagnosed patients stored in a serum bank (LIPCPqGM-FIOCRUZ) built from independent studies previously
conducted in Brazil in a VL endemic area (n = 20) (Abanades
et al., 2012). Canine symptomatic VL sera (n = 38) were collected
in the Extremadura region of Spain (previously described in
Coelho et al., 2009). The sera from healthy individuals [human
(n = 10); dogs (n = 13)] were also employed for comparative
analysis. A collection of sera from hamster obtained from
animals infected with 103 (n = 5) or 104 (n = 4) L. infantum
promastigotes by the intracardiac (i.c.) route, built from a
previous published study was also employed (Requena et al.,
2000b). All animals (n = 9) presented splenomegaly and
detectable parasite burdens in the spleen and liver at the end of
the assay. Sera were taken before challenge and from month 1 to
month 11 post-challenge. Serum samples from healthy hamsters
were employed as controls (n = 17). To analyze the antigenicity
of the translation initiation factors, murine sera collection was
obtained from BALB/c mice i.v. challenged with L. infantum
(n = 8) and sera from BALB/c (n = 8) s.c. challenged with
L. major in the left footpad, or C57BL/6 mice (n = 8) i.d.
challenge with the same parasite species in both ears. All sera
were taken at week 8 after challenge. Sera taken from the same
mice before infection were employed as negative controls. Sera
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Analysis of the Cellular Immune Responses
For the analysis of cytokine responses, the spleens of the
mice were individually processed by mechanical homogenization
in complete RPMI medium (RPMI medium supplemented
with 10% heat-inactivated FCS, 20 mM L-glutamine, 200 U/ml
penicillin, and 100 µg/ml streptomycin) and splenocytes passed
through a cell strainer (70-µm pore size). Afterwards, cells
were cultured in RPMI complete medium at 5 × 106 cells
per ml at 37◦ C in 5% CO2 alone or stimulated with either
SLA or either LieIF2α, LieIF2β, LieIF2γ, LieIF2Bα, LieIF2Bβ,
or LieIF2Bδ recombinant proteins (all of them at 12 µg/ml
final concentration) for 72 h. In some experiments, a mix of
the LieIF2 subunits or a mix of the LieIF2B subunits were
employed (12 µg/ml final concentration; 4 µg/ml each subunit).
The levels of IFN-γ, IL-10, or IL-4 were determined in culture
supernatants by sandwich ELISA using monoclonal antibodies
specific for mouse cytokines (capture and detection) provided in
commercial kits (Pharmingen, San Diego, CA, U.S.A), following
the manufacturer’s instructions.
For the analysis of IL-10 production in naïve mice, spleen
cultures established from BALB/c and C57BL/6 mice were
cultured for 48 h in RPMI complete medium at 37◦ C in 5%
CO2 with 12 µg/ml of either recombinant proteins (LieIF2α,
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which promastigotes could be grown with up to 10 days of
incubation at 26◦ C (Buffet et al., 1995).

LieIF2β, LieIF2γ, LieIF2Bα, LieIF2Bβ, or LieIF2Bδ), LPS (0.1,
1, or 10 ng/ml) or medium alone. The presence of IL-10 was
determined in culture supernatants as indicated above. To
identify the cells producing IL-10, equivalent cultures were
prepared and stimulated. For the last 6 h BD GolgiStop protein
transport inhibitor was added to the cultures. Afterwards, cells
were harvested, washed twice in PBS with 1% FCS (PBS-St)
and incubated with Mouse Fc Block prior to surface staining.
Cells were then stained with fluorochrome-conjugated antibodies
against B220 AlexaFluor 647 or CD3 AlexaFluor 647 and isotypespecific control antibodies for 30 min on ice. Cells were washed
twice with PBS-St and fixed for 20 min in Cytofix/Cytoperm.
Next, cells were washed in PermWash Buffer and incubated
with PE-conjugated anti mouse IL-10 for 30 min at 4◦ C. Finally,
cells were washed twice and data were collected and analyzed
using a FACSCanto II Cytometer and FlowJo 10.0.7 software.
All reagents and antibodies used in the cytometric assays were
purchased from BD Biosciences (Franklin Lakes, NJ, U.S.A).

Statistical Analysis
Statistical analyses were performed using the Graph-Pad Prism
Program. A D’Agostino and Pearson test was employed to
analyze the Gaussian distribution of the samples when n ≥ 8.
The ELISAs cut-off values were calculated by comparison of
the reactivity values from infected and healthy groups using a
Receiver Operating Characteristic (ROC) analysis and defined
as the lowest O.D. value with a 100% of specificity. The MannWhitney or the Kruskal-Wallis (followed by Dunn’s multiple
comparison analysis) tests were employed for analyzing two or
more samples, respectively. Significant differences was indicated
as ∗ , + , x for P-value lower than 0.05, ∗∗ , ++ , xx for P-value lower
than 0.01 or ∗∗∗∗ , +++ , xxx for P value lower than 0.001.

RESULTS
Identification of Leishmania infantum eIF2
and eIF2B Factors

Vaccination, Clinical Follow-Up, and
Parasite Loads

The genes encoding L. infantum eIF2 (LieIF2) and eIF2B
(LieIF2B) factors were identified in the sequence database of
L. infantum (www.genedb.org) by BLAST searches employing
the S. cerevisiae orthologs sequences. We retrieved the entries
annotated as the putative α, β, and γ subunits of the LieIF2
and α, β, and δ subunits of the LieIF2B complexes. As it is
shown in Table 1, the high degree of conservation found for
these proteins among different Leishmania spp. decreases when
they are compared to their putative orthologs in yeast (the
species selected for in silico search) and humans (one of the
mammalian hosts of the parasite). To get additional evidence
about the identity of the rescued proteins, an in silico search
for conserved domains was performed (http://www.ebi.ac.uk/
interpro/). It was found that the L. infantum subunits of both
complexes possess equivalent structural domains to those present
in the human ones, including the GTP binding domain located at
the amino-terminal region of the eIF2-γ subunit (Pain, 1996).

Mice (BALB/c and C57BL/6) were s.c. inoculated in the right
footpad three times, 2 weeks apart, with 200 µg of the following
preparations: empty pcDNA3 (200 µg), a mixture of pcDNAs
containing the genes encoding LieIF2 subunits (LieIF2α, LieIF2β,
and LieIF2γ; 67 µg each) or a mixture of of pcDNAs containing
the genes encoding LieIF2B subunits (LieIF2Bα, LieIF2Bβ, and
LieIF2Bδ, 67 µg each) prepared in PBS. As an additional control,
a group of mice received the same volume (30 µl) of the vaccine
diluent. For both mouse strains, animals (n = 8 per group)
were euthanized at the time of infection to analyze the immune
response elicited by vaccination. Parasite challenge was carried
out at the fourth week after vaccination s.c. in the left footpad of
the BALB/c mice or i.d. in the ear dermis of both BALB/c and
C57BL/6 mouse strains with the doses depicted above (section
Mice and Parasites). For the analysis of the clinical signs of
infection, the footpad swelling (thickness of the infected left
footpad minus thickness of the right footpad) or the diameter
of the ear lesions was weekly measured with a metric caliper.
BALB/c mice s.c. infected in the footpad were euthanized at
week 8 post-challenge (n = 8). The BALB/c mice i.d. infected
in the ear dermis were euthanized at week 5 (n =5) and at
week 8 (n = 5), whereas C57BL/6 mice were euthanized at
week 5 (n = 5) and at week 9 post-challenge (n = 5). For
parasite load determination, the popliteal lymph nodes (LNs)
draining the footpad (for s.c. infected animals), the ears, the
retromandibular draining LNs and the spleen of each mouse were
individually taken and mechanically homogenized in Schneider’s
complete medium (Schneider’s medium supplemented with
20% heat-inactivated FCS, 200 U/ml penicillin, and 100 µg/ml
streptomycin). Ear sheets were previously digested for 2 h at 37◦ C
in Dulbecco’s modified Eagle medium containing Liberase TL
enzyme (50 µg/ml; Roche Diagnostics, Mannheim, Germany).
Samples were serially diluted (1/3) in Schneider’s complete
medium and plated on triplicates in a 96-well plates. The number
of viable parasites was calculated from the highest dilution at
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TABLE 1 | Amino acid sequence comparison analysis.
Leishmania
infantum

Leishmania
major

Saccharomyces
cerevisiae

Homo
sapiens

LieIF2α

98.6 (99.3)

34.8 (58.4)

31.0 (51.1)

LieIF2β

99.1 (99.7)

25.6 (45.8)

25.8 (41.8)

LieIF2γ

99.6 (99.6)

50.3 (69.9)

53.5 (72.0)

LieIF2Bα

97.7 (98.7)

24.1 (43.3)

27.9 (49.0)

LieIF2Bβ

97.4 (97.9)

23.2 (36.6)

24.7 (37.4)

LieIF2Bδ

96.2 (97.7)

23.3 (40.9)

25.0 (41.1)

The percentages of identity (similarity) are shown, obtained using the “water” tool of the
EMBOSS suite of bioinformatics. L. infantum and yeast gene accession numbers are
included in the Materials and Methods section. L. major genes accession numbers are:
LmjF.03.0980, LmjF.08.0550, LmjF.09.1070 LmjF.12.0010, LmjF.10.0950, LmjF.27.1210.
Human NCBI reference sequence entries are: NP_004085.1, NP_003899.2,
NP_001406.1, NP_001405.1, NP_055054.1, NP_001029288.1.
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Antigenicity of Leishmania infantum eIF2
and eIF2B Factors in Natural and
Experimental VL

and cellular responses elicited against the recombinant versions
of these subunits using sera samples as well as spleen cells from
BALB/c mice infected either with L. infantum (VL murine model)
or with L. major (CL susceptible model). Samples from C57BL/6
mice infected with L. major were also analyzed (CL resistant
model). A moderate humoral response was found against the
LieIF2 and LieIF2B factors in these animals. All the subunits
were recognized by the sera from infected mice with percentages
ranging from 62.5 to 100% (Table 3 and Supplementary Figures
3A–C).
As occurs for anti-SLA antibodies (Supplementary Figure
4A) the immunoglobulins recognizing the six subunits were
predominantly of the IgG1 subclass in L. major infected BALB/c
mice (Figure 2A). In C57BL/6 mice a weak IgG2c predominant
response against the different subunits was observed (Figure 2B).
A mixed IgG1/IgG2a response against all the subunits was
observed in L. infantum infected BALB/c mice with the exception
of LieIF2γ that was predominantly recognized by IgG1 antibodies
(Figure 2C).
The analysis of the cytokine secretion after in vitro stimulation
of spleen cells from infected mice with the recombinant
subunits revealed a predominant IL-10 mediated response
in all experimental murine models. For the three LieIF2
(Figures 3A–C) and LieIF2B (Figures 3A–C) subunits, the
levels of IL-10 in culture supernatants were significantly
higher than the other two assayed cytokines (IFN-γ and IL4), with the exceptions of LieIF2β and LieIF2γ factors in
the VL model (Figure 3A). The levels of IFN-γ detected in
the supernatants of spleen cell cultures stimulated with the
recombinant factors were always lower than IL-10 amounts
(Figures 3A–C) contrasting with the parasite specific IFN-γ
predominant response observed when the same cells were
stimulated with SLA especially in VL and CL resistant models
(Supplementary Figure 4B).

We produced the six indicated subunits of the LieIF2 and
LieIF2B translation factors in E. coli and the resulting
His-tagged recombinant proteins were purified by affinity
chromatography. Firstly, we analyzed their antigenicity by
ELISA using different sera collections. The recognition of
sera collected from VL Brazilian human patients ranged
from 85.0% for LieIF2α to 20.0% for LieIF2Bα. Data were
summarized in Table 2 and the details regarding the sera
reactivity, determination of the cut-off values and the statistical
analysis were included in Supplementary Figure 2A. The
antigenicity of the subunits in the canine form of the
disease was also demonstrated, ranging the percentages of
positive samples between 73.7% for LieIF2γ and LieIF2Bβ
to 57.9% for LieIF2α and LieIF2Bα (Table 2; Supplementary
Figure 2B).
Next, we extended the studies to an experimental model of
the VL disease, namely hamster experimentally infected with
L. infantum. Eleven months after challenge, all the infected
animals had circulating antibodies against the subunits of
the LieIF2 and LieIF2B complexes (Table 2; Supplementary
Figure 2C). Additionally, in L. infantum-infected hamsters,
we studied the time course of appearance of anti-LieIF2
and anti-LieIF2B antibodies in parallel to anti-SLA along the
infection. With this purpose, hamster sera samples were collected
monthly after L. infantum challenge and analyzed by ELISA.
A continuous increase in the reactivity against either LieIF2
or LieIF2B subunits was observed from the first month postinfection reaching the highest reactivity value at the end of
the assay, following a similar kinetics to the SLA recognition
(Figure 1).

Immune Responses Elicited Against the
LieIF2 and LieIF2B Subunits in Murine
Models of VL and CL

Administration of the LieIF2 and LieIF2B
Subunits as DNA Vaccines Induces a
Partial Protection Against CL in Both
Susceptible and Resistant Murine Models

To further analyze the antigenic properties of the LieIF2 and
LieIF2B translation factors we take advantage of the high amino
acid sequence identity shared between the orthologous subunits
from L. infantum and L. major (Table 1). We studied the humoral

Given the remarkable antigenicity of these Leishmania proteins
in different hosts, we analyzed their immunogenicity when
administered as genetic vaccines (injection of naked DNA
eukaryotic expression plasmids). The correct expression of
the different plasmid constructs was demonstrated by western
blot using total protein extracts from COS cells transfected
with the plasmid collection (Figure 4A). Proteins bands of
expected sizes were recognized by an antibody specific for
the HA tag located in the N-terminal of the recombinant
Leishmania subunits produced in the mammalian cells
(Figure 4B).
Two different DNA vaccines were assayed: the LieIF2 vaccine,
composed by the same amounts of plasmids encoding the
LieIF2α, LieIF2β, and LieIF2γ subunits, and the LieIF2B vaccine,
containing the same amounts of the plasmids encoding the
LieIF2Bα, LieIF2Bβ, and LieIF2Bδ factors. To characterize
the immune response elicited by the vaccines, spleen cells

TABLE 2 | Percentages of sera positive for Leishmania eIF2 and eIF2B subunits.
Protein

Human VL

Canine VL

Hamster VL

LieIF2α

85.0

57.9

100

LieIF2β

45.0

65.8

100

LieIF2γ

60.0

73.7

100

LieIF2Bα

20.0

57.9

100

LieIF2Bβ

50.0

73.7

100

LieIF2Bδ

80.0

71.1

100

Human (n = 20), canine (n = 38), and hamster (n = 9) sera were assayed by ELISA against
the different subunits, obtained as recombinant proteins.
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FIGURE 1 | Time course of anti-leishmanial humoral response in infected hamsters. The presence of antibodies against the subunits of the LieIF2 factor (α, β, and γ),
the LieIF2B factor (α, β, and δ) or SLA was determined by ELISA using the sera from nine hamster infected by the intracardiac route with L. infantum promastigotes.
Sera were collected before challenge and monthly after infection until month 11th. Whisker (min to max) plots were employed to show the relative absorbance of the
sera (= absorbance values of a given serum obtained from an infected hamster divided by the absorbance value of the pre-immune sera from the same animal).

factors a specific IL-10 response was observed, although of
lesser magnitude regarding vaccinated groups (Figures 5, 6).
This comportment will be analyzed in more detail in the last
subsection of the results.
Additional immune-stimulation assays were done using
individual recombinant subunits instead of mixtures to in vitro
stimulate spleen cells from vaccinated mice. For BALB/c
mice, antigen-specific production of both IFN-γ and IL10 was elicited by all three LieF2 (Figure 7A) and LieIF2B
(Figure 7B) subunits, since we did not observe significant
differences in the levels of both cytokines for any of the
subunits. However, we detected a slight tendency to generate
higher levels of IL-10 by LieIF2α, LieIF2γ (Figure 7A), and
LieIF2Bα (Figure 7B) subunits, whereas LieIF2β (Figure 7A) and
LieIF2Bβ or LieIF2Bδ (Figure 7B) culture supernatants presented
a slight predominance of IFN-γ. In splenocytes from vaccinated
C57BL/6 mice, an antigen-specific production of IFN-γ and
IL-10 was also observed. In this mice strain, a predominant
IL-10 mediated response for all the subunits of the LieIF2
(Figure 8A) and LieIF2B (Figure 8B) factors was observed. This
was especially marked when the LieIF2α (Figure 8A) and the
LieIF2Bα (Figure 8B) subunits were employed as stimuli. In
these cultures the level of IL-10 was statistically incremented with

TABLE 3 | Percentages of murine sera positive for Leishmania eIF2 and eIF2B
subunits.
Protein

VL

CL susceptible

CL resistant

LieIF2α
LieIF2β

87.5

75

87.5

87.5

87.5

100

LieIF2γ

100

100

75

LieIF2Bα

87.5

100

62.5

LieIF2Bβ

87.5

87.5

87.5

LieIF2Bδ

62.5

100

100

Sera (n = 8 per group) from BALB/c mice infected with L. infantum (VL) or L. major
(CL susceptible) and C57BL/6 infected with L. major were assayed by ELISA against
the different subunits, obtained as recombinant proteins.

from vaccinated and control mice (immunized with the saline
excipient or the non-recombinant plasmid) were cultured in
the presence or in the absence of a mixture of the subunits
composing each one of the vaccines. Administration of the
genetic vaccines either in BALB/c (Figures 5A,B) or in C57BL/6
mice (Figures 6A,B) resulted in the induction of both IFN-γ
and IL-10 mediated responses against LieIF2 or LiF2B subunits.
Remarkably, when cells of the two control mouse groups were
stimulated with a mixture of either the LieIF2 or LieIF2B
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FIGURE 2 | Analysis of the humoral response elicited against LieIF2 and LieIF2B in murine models of leishmaniasis. Mice (n = 8) per group were experimentally
challenged with L. major [susceptible BALB/c mice, CLs (A); resistant C57BL/6 mice, CLr (B)] or with L. infantum [BALB/c mice, VL(C)]. The IgG1 (BALB/c and
C57BL/6), IgG2a (BALB/c), or IgG2c (C57BL/6) titers against the indicated LieIF2 (left panels) and LieIF2B (right panels) subunits were determined by ELISA at week 8
post-challenge. Asterisks show the statistical differences between the indicated subclasses (Mann–Whitney test). Results in each panel are representative of two
independent experiments.

measured as parasite load in the spleen, was very low in
the LieIF2 vaccinated mice in relation to that found for the
rest of the groups (Figure 9B). No significant differences in
disease evolution or parasite burdens were observed between
mice of the LieIF2B group and mice from both control groups
(Figures 9A,B).
We also analyzed the evolution of cutaneous lesions in control
and vaccinated animals after a challenge with highly infective
metacyclic promastigotes in the ear dermis of mice from the
BALB/c and C57BL/6 strains. In the BALB/c mice, LieIF2 and
LieIF2B vaccinated animals showed a slower evolution of the
lesions than the control groups that was more marked in
the LieIF2 group (Figure 9C). However, in any case, lesion
development was not contained and at the end of the study the

regard to the other studied cytokines. All the subunits stimulated
the production of very low levels of IL-4 in both mouse strains.
Finally, we tested the immune-prophylactic properties of these
DNA vaccines by challenging control and vaccinated mice with
L. major. For BALB/c mice, we firstly tested the effects of
vaccines in a model consisting in the inoculation of stationaryphase promastigotes into the footpad. We observed that the
disease evolution of the LieIF2 vaccinated mice was slower
than in the control groups showing a significant decrease in
footpad swelling in the last 3 weeks of the assay (Figure 9A). In
addition, LieIF2 vaccinated mice showed a significant reduction
of the parasite burdens in the popliteal LN draining the infected
footpad with respect the burdens found in both control groups
(Figure 9B). Also, the parasite dispersion to internal organs,
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FIGURE 3 | Analysis of the cellular response elicited against LieIF2 and LieIF2B in murine models of leishmaniasis. Mice (n = 8) per group were experimentally
challenged with L. infantum (BALB/c mice, VL) (A) or with L. major [susceptible BALB/c mice, CLs (B); resistent C57BL/6 mice, CLr (C)]. At week 8 post-challenge
spleen cells were prepared and cultured in the absence (Medium) or in the presence of the indicated LieIF2 and LieIF2B subunits. The presence of IFN-γ, IL-10, and
IL-4 cytokines in culture supernatants was measured by sandwich ELISA. The results are represented as Whisker (min to max) plots. Asterisks mark the statistical
differences among the three assayed cytokines (Kruskal–Wallis test). Results in each panel are representative of two independent experiments.

capacity to control Leishmania dispersion to internal organs
as revealed by the low number of parasites detected in their
spleens (Figure 9D). A partially protective effect of vaccination
was also observed in vaccinated C57BL/6 mice. Both LieIF2
and LieIF2B vaccinated mice developed lower ear lesions after
L. major inoculation than mice of control groups (Figure 9E).
Control in lesion development was correlated to the presence of
lower number of parasites in the ear and retromandibular LNs
5 weeks after challenge (Figure 9F, 5th week). At week 9 postchallenge animals from the control groups still showed higher
parasite numbers than vaccinated animals (Figure 9F, 9th week).

size of the lesions was similar in mice from vaccinated or control
groups. Local parasite loads mirrored lesion development. At
week 5 post-challenge, LieIF2 and LieIF2B vaccinated animals
showed a significant reduction of the parasite burdens in the
ears with respect to both control groups (Figure 9D). Regarding
the LN cells, only LieIF2 vaccinated mice showed lower number
of parasites than control groups (Figure 9D). However, as
occurred with the lesion size, at the end of the assay (8th
week after challenge) similar parasite loads were observed at
the ears and retromandibular LNs (Figure 9D). In addition,
LieIF2 and LieIF2B vaccinated animals present a remarkable
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FIGURE 5 | Cytokine response induced by LieIF2 and LieIF2B-based genetic
vaccination in BALB/c mice. Three groups of BALB/c mice (n = 8 per group)
were inoculated with PBS (Saline group), with the pcDNA non-recombinant
vector (pcDNA group) of with a mixture of the pcDNA-LieIF2α + pcDNA-LiF2β
+ pcDNA-LieIF2γ plasmids (LieIF2 group) or alternatively, with a mixture of the
pcDNA-LieIF2Bα + pcDNA-LiF2Bβ + pcDNA-LieIF2δ plasmids (LieIF2B
group) three times, 2 weeks apart. Four weeks after the last dose, spleen cells
from mice of the saline, pcDNA and LieIF2 or LieIF2B vaccinated groups were
extracted and cultured in the presence or in the absence (Med), and a mixture
of the LieIF2 subunits (LieIF2α, LieIF2β, and LieIF2γ) for LieIF2 vaccinated mice
(A) or a mixture of the LieIF2B subunits (LieIF2Bα, LieIF2Bβ, and LieIF2δ) for
LieIF2B vaccinated animals (B). Graphs show the level of the indicated
cytokines in the cell culture supernatant determined by sandwich ELISA.
Results are presented as Whisker (min to max) plots. Asterisks show the
statistical differences between the level of cytokines in the supernatants of the
stimulated and the non -stimulated cultures (Mann–Whitney test), whereas the
+ or the X symbols show the statistical differences among saline and
vaccinated mice or pcDNA and vaccinated mice, respectively (Kruskal–Wallis
test).

FIGURE 4 | Analysis of the expression of the DNA vaccines coding for the
LieIF2 and LieIF2B subunits. Untransfected COS7 (lane 1) as well as cells
transfected with pcDNA-HA (lane 2), pcDNA-HA-LieIF2α (lane 3),
pcDNA-HA-LieIF2β (lane 4), pcDNA-HA-LieIF2γ (lane 5), pcDNA-HA-LieIF2Bα
(lane 6), pcDNA-HA-LieIF2Bβ (lane 7), and pcDNA-HA-LieIF2Bδ (lane 8) for
72 h cells were harvested, lysed and separated on a 10% SDS-PAGE gel and
stained with Coomassie blue (A). A western blot performed with an equivalent
gel was incubated sequentially with an anti-HA antibody made in mouse and
an anti-mouse IgG antibody labeled with horseradish peroxidase and revealed
with 4-chloro-1-naphthol (B).

Analysis of the Implication of LieIF2 and
LieIF2B in the Induction of IL-10 Mediated
Responses in Naïve Mice
As it is shown in Figures 5, 6, stimulation of spleen cells from
either BALB/c or C57BL/6 control mice, receiving saline (or
empty pcDNA) in the immunization schedule, with a mixture
of LieIF2 (Figures 5A, 6A) or a mixture of LieIF2B (Figures 5B,
6B) subunits induced the production of moderate levels of IL10. To obtain more details about the subunits(s) responsible of
this effect, we processed the spleens from naïve mice (n = 6) and
the splenocytes were grown in the absence or in the individual
presence of the six subunits, monitoring the levels of IL-10
cytokine in the culture supernatants. The highest levels of IL-10
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were found after stimulation with the LieIF2α subunit, and the
three LieIF2B subunits in both BALB/c (Figure 10A) or C57BL/6
(Figure 10B) mice strains.
In a preliminary assay designed to analyze which cells
were responsible for the production of IL-10, parallel cultures
stimulated with these subunits, were analyzed by FACS to study
the percentages of IL-10+ B cells (B220+ ) or IL-10+ T cells
(CD3+ ). As it is shown in the Figure 10C, cultures stimulated
with the four subunits showed higher percentages of B220+ IL10+ cells than the control unstimulated cultures, although
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5C). Moreover, no differences were found in the percentages
of B220+ IL10+ cells between LPS stimulated or non-stimulated
cultures (Supplementary Figure 5D).

DISCUSSION
It is well-established that after Leishmania infection several
intracellular parasite proteins interact with the immune system
of the mammalian host. The existence of significant sequence
divergence for many intracellular conserved protein families
among Leishmania parasites and other eukaryotes is a common
feature that may be due to the ancient position of Leishmania
genus in the eukaryote phylogenetic tree (Sogin et al., 1986).
From an immunological point of view, the existence of these
differences is an important issue, since many of these protein
families are antigenic in human and canine VL patients and the
humoral and cellular responses are specific for parasite proteins
without cross-reactivity with the host counterparts (Soto et al.,
1999; Requena et al., 2000a; Maalej et al., 2003; Chenik et al.,
2006). The similarity values obtained for the LieIF2 and LieIF2B
subunits and their human orthologs range from 25 to 54%
(Table 1). These values were comparable to those reported for
other members of Leishmania translational machinery already
characterized: L. major eIF3 factor subunits (20–25%, Rezende
et al., 2014), Leishmania donovani eIF5A (45%, Singh et al.,
2014) or L. major eIF4F subunits, (eIF4E, 22%; eIF4A, 56%
and eIF4G, 25%, Dhalia et al., 2005). The data presented in
this work demonstrate that the LieIF2 and LieIF2B are humoral
markers of VL, since all the subunits were recognized by the
sera of human and canine patients. The variability observed
in the reactivity values found for each individual recombinant
subunit in both mammalian hosts suggests the existence of
individual differences in antigen recognition among human and
canine patients. A similar behavior was observed in other studies
performed with individual parasite antigenic proteins, assayed
with sera collections obtained from patients naturally infected
with the parasite in endemic areas (Soto et al., 1999; Maalej
et al., 2003; Goto et al., 2009). Comparison of the percentages of
positive individuals revealed important differences in the pattern
of recognition between both species (Table 2). In humans,
the LieIF2α subunit was the antigen recognized by a larger
number of sera, whereas LieIF2Bβ and LieIF2γ were the most
recognized by canine samples. Differences in canine and human
immune responses to these and other Leishmania antigens may
be reflecting differences in how the parasites interact with the
immune system of both hosts (Goto et al., 2009).
On the other hand, when an experimental model of VL
was employed, namely hamsters infected with L. infantum, we
observed a 100% of positivity (Table 2). The high percentage
value of antigenicity observed can be taken as an indication
that the degree of individual variability in the recognition of
both factors in this inbred experimental model is lower than
that existing in human and dog natural populations. However,
individual differences in the reactivity values of the hamster
sera persisted, since data followed non-parametric distributions
(Supplementary Figure 3C). Something similar occurred when

FIGURE 6 | Cytokine response induced by LieIF2 and LieIF2B-based genetic
vaccination in C57BL/6 mice. Three groups of C57BL/6 mice (n = 8 per
group) were inoculated with PBS (Saline group), with de pcDNA
non-recombinant vector (pcDNA group) of with a mixture of the
pcDNA-LieIF2α + pcDNA-LiF2β + pcDNA-LieIF2γ plasmids (LieIF2 group) or
alternatively, with a mixture of the pcDNA-LieIF2Bα + pcDNA-LiF2Bβ +
pcDNA-LieIF2δ plasmids (LieIF2B group) three times, 2 weeks apart. Four
weeks after the last dose, spleen cells from mice of the saline, pcDNA and
LieIF2 or LieIF2B vaccinated groups were extracted and cultured in the
presence, or in the absence (Med), of a mixture of the LieIF2 subunits (LieIF2α,
LieIF2β, and LieIF2γ) for LieIF2 vaccinated mice (A) or a mixture of the LieIF2B
subunits (LieIF2Bα, LieIF2Bβ, and LieIF2δ) for LieIF2B vaccinated animals (B).
Graphs show the level of the indicated cytokines in the cell culture supernatant
determined by sandwich ELISA. Results are presented, as Whisker (min to
max) plots. Asterisks show the statistical differences between the level of
cytokines in the supernatants of the stimulated and the non-stimulated
cultures (Mann–Whitney test), whereas the + or the X symbols show the
statistical differences among saline and vaccinated mice or pcDNA and
vaccinated mice, respectively (Kruskal–Wallis test).

statistical significance was only attained in the cultures stimulated
with either LieIF2Bα or LieIF2Bβ subunits in both mouse strains;
Figure 10C shows the data and statistics and Supplementary
Figure 5A shows representative dot-plots. On the other hand, no
differences were found for CD3+ IL10+ cells between stimulated
and unstimulated cultures (Figure 10D; Supplementary Figure
5B). As an additional control, stimulation of the splenocytes was
carried out in the presence of amounts of LPS similar (0.1 ng/ml)
and up to two orders of magnitude higher than those found in
the protein preparations. In these conditions, we detected low
levels of the cytokine in the supernatants (Supplementary Figure
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FIGURE 7 | Cytokine response against LieIF2 and LieIF2B subunits in vaccinated BALB/c mice. Spleen cells cultures established from BALB/c mice vaccinated with
LieIF2 and LieIF2B genetic vaccines as indicated in the legend of Figure 5 were stimulated with the single LieIF2 subunits (LieIF2α, LieIF2β, and LieIF2γ) for LieIF2
vaccinated mice (A) or the single LieIF2B subunits (LieIF2Bα, LieIF2Bβ, and LieIF2δ) for LieIF2B vaccinated animals (B) or grown in medium alone. Graphs show the
level of the indicated cytokines in the cell culture supernatant determined by sandwich ELISA. Results are presented, as Whisker (min to max) plots. Asterisks mark
the statistical differences among the levels found in the culture supernatants of the three assayed cytokines (Kruskal–Wallis test). Results in each panel are
representative of two independent experiments.

FIGURE 8 | Cytokine response against LieIF2 and LieIF2B subunits in vaccinated C57BL/6 mice. Spleen cells cultures established from C57BL/6 mice vaccinated
with LieIF2 and LieIF2B genetic vaccines as indicated in the legend of Figure 6 were stimulated with the single LieIF2 subunits (LieIF2α, LieIF2β, and LieIF2γ) for
LieIF2 vaccinated mice (A) or the single LieIF2B subunits (LieIF2Bα, LieIF2Bβ, and LieIF2δ) for LieIF2B vaccinated animals (B) or grown in medium alone. Graphs show
the level of the indicated cytokines in the cell culture supernatant determined by sandwich ELISA. Results are presented, as Whisker (min to max) plots. Asterisks
mark the statistical differences among the levels found in the culture supernatants of the three assayed cytokines (Kruskal–Wallis test). Results in each panel are
representative of two independent experiments.

the sera samples employed in this work were assayed with
other antigenic proteins such as the surface protein KMP-11 or
intracellular antigens such as PUF proteins, the HSP20, HSP70,
and HSP83 stress proteins, the H2A and H3 histones or the
LiP2a and LiP2b acidic ribosomal proteins (Requena et al., 2000b;
Montalvo-Alvarez et al., 2008; Folgueira et al., 2010). Inclusion
of this experimental model in our work allowed us to make
a longitudinal analysis of the humoral response appearance.
Interestingly, similar profiles were observed for the anti-LieIF2
or anti-LieIF2B response and antibody generation against SLA
extracts, representing the whole parasite antigenic repertoire. A
continuous increase in the intensity of the response against the
factors and SLA found in this work (Figure 1) was concomitant
to the increase in the number of proteins recognized by the sera
of the hamster as shown previously (Requena et al., 2000b). At the
end of the study, most of the parasite proteins became antigenic,
being this observation in accordance with the induction of
exacerbated humoral responses during disease progression in
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symptomatic VL human and canine patients (Miles et al., 2005;
Kumar and Nylén, 2012; Fernandez-Cotrina et al., 2013; Hasker
et al., 2014). It can be concluded then that the production of
antibodies against both factors occurs from the first moments
of infection. This demonstrates an early encounter between both
factors and the immunological system of the host and it is ruled
out that its antigenicity is due to the induction of the polyclonal
responses associated with the pathology of the VL (Deak et al.,
2010).
The intracellular location of the translation factors does not
seem to be an impediment for their antigenicity. Similarly, many
proteins with nuclear and cytosolic location, such as protein
related to the translational machinery, enzymes implicated in
parasite metabolism, heat shock proteins or histones have been
described as immunodominant antigens not only in human and
canine VL (Requena et al., 2000a; Coelho et al., 2009; Soto et al.,
2009, 2015; Ramírez et al., 2013; Baharia et al., 2014; Sundar and
Singh, 2014; Siripattanapipong et al., 2017), but also in human
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FIGURE 9 | Course of L. major infection in vaccinated mice. BALB/c (n = 18 per group) or C57BL/6 (n = 10 per group) were inoculated with saline, with pcDNA, with
the LieIF2 or with the LieIF2B genetic vaccines three times 2 weeks apart. Four weeks after the last inoculation mice were challenge with L. major, following the next
scheme: 5 × 105 stationary phase promastigotes in the footpad (BALB/c, n = 8 per group) or 1 × 103 metacyclic promastigotes in the dermis of both ears (BALB/c
and C57BL/6, n = 10 per group). In (A) the mean ± SD of the difference of thickness between the infected and the uninfected footpad (n = 8 mouse per group) is
represented. The asterisks symbolize the statistically decrease of footpad swelling of the LieIF2 vaccinated group with respect saline or pcDNA groups (Kruskal–Wallis
test). In (C) (BALB/c) and (E) (C57BL/6), the ear lesion diameter (mean ± SD) is shown (n = 20 ears from week 2 to week 5 post-challenge and n = 10 ears from
week 6 to the end of the assay). The statistically significant decrease of ear lesion found in LieIF2 (* asterisks) or in LieIF2B (+ symbol) vaccinated mice with respect
saline of pcDNA group is shown (Kruskal-Wallis test). In the three panels, and for simplicity, the lower value of significance found when data from vaccinated were
compared to saline and pcDNA control data is indicated in the graph. The number of viable parasites in the left popliteal LNs and spleens (BALB/c mice infected in the
footpad; B) , or the ears, the retromandibular LNs and the spleens in BALB/c (D) or C57BL/6 (F) mice challenged in the ear dermis were individually determined by
limiting dilution at the indicated weeks post-challenge. Mean ± SD of the log10 of the parasite burdens in the complete organs is shown. Asterisks represent the
significant differences between the indicated groups (Kruskal–Wallis test). In (B), biological samples from eight animals per group were employed. In (D,F), samples
from five animals were employed at the indicated times post-challenge. All the samples were processed individually.

CL patients having moderate anti-Leishmania humoral responses
(Ramírez et al., 2013; Souza et al., 2013; Duarte et al., 2015).
Interaction of these proteins with B lymphocytes for antibody
secretion may occur through complement mediated lysis of the
non-metacyclic parasites causing the release of the whole internal
cellular compounds (Mosser and Edelson, 1984; Ambrosio and
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De Messias-Reason, 2005; Moreno et al., 2010). Also, noninfective promastigotes can be lysed through the activity of
neutrophil extracellular traps although metacyclic promastigotes
are resistant to this innate immunity mechanism (GuimaraesCosta et al., 2009, 2014; Hurrell et al., 2016). The release of
different intracellular antigenic proteins contained in secreted
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FIGURE 10 | LieF2α, LieF2B β, and LieIF2δ subunits induce the secretion of IL-10 in B lymphocytes. Spleen cell cultures were established from naïve BALB/c or
C57BL/6 mice (n = 6 each strain). BALB/c (A) of C57BL/6 (B) cells were independently cultured without stimulus (Medium) or with the indicated recombinant
subunits. Graphs show the level of IL-10 culture supernatants. Frequencies of B220+ cells (C) of CD3+ cells (D) producing IL-10 in the cultures after recall with the
indicated recombinant factors. Data are represented as Whisker (min to max) plots. Asterisks show the statistical differences between the data of the stimulated and
the non-stimulated cultures (Kruskal–Wallis test).

vesicles (Silverman et al., 2008; Cuervo et al., 2009; Torrecilhas
et al., 2012) may be also an alternative form of presentation of
those antigens to the host immune system, since Leishmania is
able to release microvesicles in the mammalian host (Silverman
and Reiner, 2012) and their contents have been found to induce
humoral responses in murine susceptible hosts (HernándezChinea, 2007), canine (Lima et al., 2016), and human patients
(Soares et al., 2015) as well as inhibitory signaling for dendritic
cells activation (Markikou-Ouni et al., 2015; Iborra et al., 2016;
von Stebut and Tenzer, 2018). Interestingly, whereas in patients
with the active form of the disease they induce strong humoral

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

responses (Requena et al., 2000a; Maalej et al., 2003; Rafati et al.,
2007; Costa et al., 2012; Souza et al., 2013) as well as IL-10
mediated responses (Bottrel et al., 2001; de Carvalho et al., 2003;
Antonelli et al., 2004; Carvalho et al., 2005) in asymptomatic or in
cured patients these proteins usually induce Th1-like responses
(Probst et al., 2001; Bourreau et al., 2003; Baharia et al., 2014;
Jaiswal et al., 2014; Cecilio et al., 2017). For this reason, these
proteins are considered adequate humoral and cellular markers
of infection, and the immune response elicited against them can
be useful employed to monitor the development of the infection
and also the success of the treatments.
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et al., 2013). On the other hand, IL-10 plays a major role in CL
disease evolution of BALB/c mice, as demonstrated by the healing
phenotype shown by IL-10 deficient mice (Schwarz et al., 2013)
or in the murine VL disease (Murphy et al., 2001). The fact that
some of the subunits of the LieIF2 and LieIF2B factors are able
to induce the secretion of IL-10 in spleen cells from both BALB/c
or C57BL/6 naïve mice could be reinforcing the idea that these
factors can be considered virulence factors. As mentioned above,
the generation of early humoral responses to them is evidence
of their rapid presentation to host B lymphocytes, cells that are
also involved in the development of the disease throughout IL10 production (Andreani et al., 2015; Silva-Barrios et al., 2017).
The ability of the factors to induce the secretion of IL-10 in
these cells would contribute to generate an anti-inflammatory
environment in the infected tissues that would facilitate the
progression of the parasite. A similar comportment has been
postulated for the parasite cytosolic tryparedoxin, since it has
been implicated in the induction of IL-10 by B cells of naïve
mice (Cabral et al., 2008). The exposure of these intracellular
Leishmania proteins may participate in immune-pathological
processes by targeting B-cell to produce specific antibodies and
leading to IL-10 secretion. The effect may be similar to the
exposure to sand fly saliva factors that, by up-modulating IL10 production enhance Leishmania infection in mice infected
with cutaneous-tropic species (Norsworthy et al., 2004) or in
human patients (Carvalho et al., 2012, 2015; Gollob et al., 2014).
Data obtained in this work reinforce the implication of different
parasite proteins in the modulation of the host immune system in
order to facilitate the progress of infection. Previously reported
examples are the LACK protein, a homolog of the receptor
for activated C kinase in mammalian cells, which mounts an
early IL-4 response after Leishmania infection (Launois et al.,
1997) or some parasite secreted antigens that modulate C57BL/6
immune system toward a Th2 response (Tabatabaee et al., 2011).
Also, the ribosomal protein S3a was found to be implicated
in the induction of polyclonal expansion of B cells beside the
inhibition of T cell proliferative responses (Cordeiro-Da-Silva
et al., 2001).
Modulating the response against some of these
immunologically active proteins by their administration in
combination with adequate adjuvants was postulated as an
interesting field of research for development of prophylactic or
therapeutic vaccines (Badaro et al., 2001; Duarte et al., 2016b;
Reguera et al., 2016). As a proof of concept, the inoculation
of parasite ribosomal proteins combined with un-methylated
CpG motives [ligands for the pro-inflammatory TLR-9 (Reed
et al., 2013)] resulted in the protection against L. major infection
inducing IFN-γ-mediated responses in C57BL/6 or BALB/c
mice, correlated to the control of the humoral responses and
IL-10 production driven by these parasite antigens in the last
model (Iborra et al., 2008). In this work, as a proof of concept
we tested DNA-vaccines based on both factors, taking advantage
of the capacity of these genetic vaccines to induce IFN-γ
mediated cellular responses specific for the proteins encoded
in the plasmid vectors (Kaur et al., 2016; Kumar and Samant,
2016; Maspi et al., 2017). Our data showed that the LieIF2
and LieIF2B vaccinated mice produced IFN-γ in response to
the corresponding subunits of both factors. However we also

A limitation of this work is that we have not tested cellular
samples from natural leishmaniasis patients to analyze the
cellular responses elicited against both factors. However, as an
alternative, we moved onto murine models of leishmaniasis in
order to understand the relationships of the parasite LieIF2 and
LieIF2B and the host cellular immune system. First we found that
these factors are also antigenic in mice infected with L. infantum
(BALB/c) or L. major (BALB/c and C57BL/6) (Table 3). As it is
deduced from data included in the Figure 2 and Supplementary
Figure 4, the quality of the anti-LieIF2 or anti-LieIF2B humoral
response was qualitatively similar to that observed for SLA,
although with a lower intensity. The humoral response against
the translation factors in the L. infantum infected BALB/c showed
the mixed IgG1/IgG2a pattern found in this VL model against
SLA, concomitant to the chronic infection in the spleen and
the active destruction in the liver conducted by a parasitespecific T-cell dependent macrophage activation (Engwerda and
Kaye, 2000; Garg and Dube, 2006; Loría-Cervera and AndradeNarváez, 2014; Sacks and Melby, 2015). In the highly susceptible
BALB/c-L. major model we found a predominant IgG1 antibody
response against both factors, associated with the SLA-dependent
Th2 response typically found in this mouse strain. In the resistant
model C57BL/6-L. major, the low reactivity found against the
factors was associated with the induction of IgG2c antibodies
related to the generation of protective Th1-mediated responses
(Sacks and Noben-Trauth, 2002; Sacks and Melby, 2015). The
patterns of LieIF2- and LieIF2B-driven production of IFN-γ
fits well with the different evolution of the disease in the three
distinct murine models. Although in all cases production of this
inflammatory cytokine is limited, there is a greater tendency for
its secretion by cells from the C57BL/6 mice resistant to CL and
in the BALB/c VL, where parasites are eliminated in the liver
(Figure 3). On the other hand, the L. major infected susceptible
animals were unable to produce LieIF2 and LieIF2B-dependent
IFN-γ (Figure 3). Of note, a predominance of LieIF2 and LieIF2B
factors-mediated IL-10 production was observed in the three
experimental models of murine leishmaniasis regardless clinical
evolution (Figure 3). This down-regulatory cytokine has been
related to disease progression in mice models of CL (NobenTrauth et al., 2003; Ronet et al., 2010; Buxbaum, 2015; Lee et al.,
2017) or VL (Murphy et al., 2001; Faleiro et al., 2016) and in
human CL or VL patients (Nylén et al., 2007; Carvalho et al.,
2012, 2015; Gollob et al., 2014; Nabavi et al., 2018). Parasite
proteins implicated in IL-10 production are being considered
virulence factors and markers of disease. This is the case of the
parasite KMP-11, a surface located protein that is implicated in
the stimulation of IL-10 production by patients affected by CL
and also in cultured murine macrophages infected in vitro by
L. amazonensis (de Carvalho et al., 2003; de Mendonça et al.,
2015). Similarly, the recombinant version of the papLe22 antigen
is able to induce IL-10 secretion in human patients affected by
VL (Suffia et al., 2000). In this work, we have found that the
LieIF2- and LieIF2B-related IL-10 production occurred in the
three murine models tested, although was higher in magnitude
in the CL models (Figure 3). The immunological consequences
of this production may be different. It has been previously
reported that deficiency in IL-10 does not alter the final healing
phenotype after L. major challenge in C57BL/6 mice (Schwarz
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org
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progression of the infection. The induction of partial protective
responses in C57BL/6 by the administration of LieIF2 or LieIF2Bbased DNA vaccines opens the possibility of designing new
formulations combining different subunits and adjuvants or
new forms of antigen delivery to improve their prophylactic
capacities.

detected a LieIF2- and LieIF2B-specific production of IL-10
following immunization (Figures 5–8). In agreement with the
results obtained in this work, the incapacity to control IL-4 or
IL-10 production beside the induction of IFN-γ was considered
as a bad marker for protection (Roberts et al., 2005) as it has been
correlated with the inability to generate protective responses in
BALB/c mice against L. major (Sjölander et al., 1998; Iborra et al.,
2005, 2007) or L. infantum (Pirdel et al., 2014). The failure in
protection showed in this work for the BALB/c CL model may
be related to the necessity to control the responses mediated by
IL-4 and by IL-10 besides generating IFN-γ as occurred with
other tested vaccines against the parasite in CL (Gomes et al.,
2012; Soto et al., 2015; Duarte et al., 2017) or VL models (Goto
et al., 2011; Martins et al., 2017). On the other hand, protection
in the C57BL/6-L. major model was associated to the induction
of rapid IFN-γ mediated responses after infective challenge
rather than the control of Th2 or IL-10 mediated responses
as occurred with different vaccines based on parasite antigens
or Leishmania live vaccines (Iborra et al., 2005; Kébaïer et al.,
2006; Doroud et al., 2011; Peters et al., 2012; Solana et al., 2017).
In this sense, the appearance of less severe lesions in C57BL/6
vaccinated mice after L. major infective challenge allows to
reinforce the conclusion that both factors play a prominent role
in the immune response after Leishmania infection.
We conclude that the subunits forming LieIF2 and LieIF2B
factors are able to interact with the host immune system
during Leishmania infection in different mammalian hosts. The
induction of antibodies against the different subunits allows their
classification as humoral markers of the disease. In addition,
our findings related to the LieIF2 and LieIF2B production of
IL-10 in mice infected with L. major also highlight the role of
these factors as cellular markers of the disease and link them
with the promotion of susceptibility against leishmaniasis. Since
some of the LieIF2 and LieIF2B subunits are able to induce
the secretion of IL-10 in B cells from naïve mice, they may
be considered virulence factors implicated in the induction of
early down-regulatory immune responses that may facilitate the

AUTHOR CONTRIBUTIONS
EG, SI, and MS: conceived and designed the experiments; EG,
LC, JS, LR, and MS: performed the experiments; EG, LC, VG,
MM, JR, SI, and MS: analyzed the data; CG-N, AB, MB-N, and
JR: contributed reagents, materials, analysis tools; EG, JR, SI, and
MS: wrote the manuscript. All authors read and approved the
final version of the manuscript.

FUNDING
The research made for this study was supported in Spain by
grants from Ministerio de Ciencia e Innovación FISPI14/00366
and FISPI14/00366 (FEDER FUNDING) and the Fondo
de Investigaciones Sanitarias (ISCIII-RETICRD16/0027/0008FEDER). A Brazilian grant from CNPq within the Ciencia
sem Fronteiras-PVE program (Ref: 300174/2014-4) is also
acknowledged. SI is funded by grant SAF2015-74561-JIN
(FEDER FUNDING) by the Spanish Ministerio de Economía y
Competitividad. Finally, Institutional grants from the Fundación
Ramón Areces and Banco de Santander to the CBMSO are also
acknowledged. The funders had no role in study design, data
collection and analysis, decision to publish, or preparation of the
manuscript.

SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcimb.
2018.00112/full#supplementary-material

REFERENCES

cells with an immunoregulatory phenotype. PLoS Negl. Trop. Dis. 9:e0003543.
doi: 10.1371/journal.pntd.0003543
Antonelli, L. R., Dutra, W. O., Almeida, R. P., Bacellar, O., and Gollob, K.
J. (2004). Antigen specific correlations of cellular immune responses
in human leishmaniasis suggests mechanisms for immunoregulation.
Clin. Exp. Immunol. 136, 341–348. doi: 10.1111/j.1365-2249.2004.02
426.x
Badaro, R., Lobo, I., Nakatani, M., Muiños, A., Netto, E. M., Coler, R. N., et al.
(2001). 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. doi: 10.1590/S1413-86702001000400008
Baharia, R. K., Tandon, R., Sahasrabuddhe, A. A., Sundar, S., and Dube, A.
(2014). Nucleosomal histone proteins of L. donovani: a combination of
recombinant H2A, H2B, H3 and H4 proteins were highly immunogenic
and offered optimum prophylactic efficacy against Leishmania challenge
in hamsters. PLoS ONE 9:e97911. doi: 10.1371/journal.pone.00
97911
Baneth, G., Koutinas, A. F., Solano-Gallego, L., Bourdeau, P., and Ferrer, L.
(2008). Canine leishmaniosis - new concepts and insights on an expanding

Abánades, D. R., Arruda, L. V., Arruda, E. S., Pinto, J. R., Palma, M. S., Aquino, D.,
et al. (2012). Immunodominant antigens of Leishmania chagasi associated with
protection against human visceral Leishmaniasis. PLoS Negl. Trop. Dis. 6:e1687.
doi: 10.1371/journal.pntd.0001687
Abbehusen, M. M. C., Almeida, V. D. A., Solcà, M. D. S., Pereira, L. D. S., Costa,
D. J., Gil-Santana, L., et al. (2017). Clinical and immunopathological findings
during long term follow-up in Leishmania infantum experimentally infected
dogs. Sci. Rep. 7:15914. doi: 10.1038/s41598-017-15651-8
Alvar, J., Vélez, I. D., Bern, C., Herrero, M., Desjeux, P., Cano, J., et al. (2012).
Leishmaniasis worldwide and global estimates of its incidence. PLoS ONE
7:e35671. doi: 10.1371/journal.pone.0035671
Ambrosio, A. R., and De Messias-Reason, I. J. (2005). Leishmania (Viannia)
braziliensis: interaction of mannose-binding lectin with surface glycoconjugates
and complement activation. An antibody-independent defence mechanism.
Parasite Immunol. 27, 333–340. doi: 10.1111/j.1365-3024.2005.00782.x
Andreani, G., Ouellet, M., Menasria, R., Gomez, A. M., Barat, C., and Tremblay, M.
J. (2015). Leishmania infantum amastigotes trigger a subpopulation of human B

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

16

April 2018 | Volume 8 | Article 112

Garde et al.

Leishmania Antigenic eIF2 and eIF2B

Leishmaniasis by elicitation of CD4+ T cells. Infect. Immun. 75, 4648–4654.
doi: 10.1128/IAI.00394-07
Coler, R. N., Skeiky, Y. A., Bernards, K., Greeson, K., Carter, D., Cornellison, C. D.,
et al. (2002). Immunization with a polyprotein vaccine consisting of the T-Cell
antigens thiol-specific antioxidant, Leishmania major stress-inducible protein
1, and Leishmania elongation initiation factor protects against leishmaniasis.
Infect. Immun. 70, 4215–4225. doi: 10.1128/IAI.70.8.4215-4225.2002
Cordeiro-Da-Silva, A., Borges, M. C., Guilvard, E., and Ouaissi, A. (2001).
Dual role of the Leishmania major ribosomal protein S3a homologue
in regulation of T- and B-cell activation. Infect. Immun. 69, 6588–6596.
doi: 10.1128/IAI.69.11.6588-6596.2001
Costa, M. M., Penido, M., Dos Santos, M. S., Doro, D., De Freitas, E.,
Michalick, M. S., et al. (2012). Improved canine and human visceral
leishmaniasis immunodiagnosis using combinations of synthetic peptides
in enzyme-linked immunosorbent assay. PLoS Negl. Trop. Dis. 6:e1622.
doi: 10.1371/journal.pntd.0001622
Cuervo, P., De Jesus, J. B., Saboia-Vahia, L., Mendonça-Lima, L., Domont, G. B.,
and Cupolillo, E. (2009). Proteomic characterization of the released/secreted
proteins of Leishmania (Viannia) braziliensis promastigotes. J. Proteomics 73,
79–92. doi: 10.1016/j.jprot.2009.08.006
da Costa Lima, T. D., Moura, D. M., Reis, C. R., Vasconcelos, J. R., Ellis, L.,
Carrington, M., et al. (2010). Functional characterization of three Leishmania
poly(A) binding protein homologues with distinct binding properties to RNA
and protein partners. Eukaryotic Cell 9, 1484–1494. doi: 10.1128/EC.00148-10
Deak, E., Jayakumar, A., Cho, K. W., Goldsmith-Pestana, K., Dondji, B., Lambris,
J. D., et al. (2010). Murine visceral leishmaniasis: IgM and polyclonal Bcell activation lead to disease exacerbation. Eur. J. Immunol. 40, 1355–1368.
doi: 10.1002/eji.200939455
de Carvalho, L. P., Soto, M., Jerônimo, S., Dondji, B., Bacellar, O.,
Luz, V., et al. (2003). Characterization of the immune response to
Leishmania infantum recombinant antigens. Microbes Infect. 5, 7–12.
doi: 10.1016/S1286-4579(02)00051-5
de Mendonca, S. C., Cysne-Finkelstein, L., and Matos, D. C. (2015). Kinetoplastid
membrane protein-11 as a vaccine candidate and a virulence factor in
Leishmania. Front. Immunol. 6:524. doi: 10.3389/fimmu.2015.00524
Dhalia, R., Reis, C. R., Freire, E. R., Rocha, P. O., Katz, R., Muniz, J. R.,
et al. (2005). Translation initiation in Leishmania major: characterisation of
multiple eIF4F subunit homologues. Mol. Biochem. Parasitol. 140, 23–41.
doi: 10.1016/j.molbiopara.2004.12.001
Doroud, D., Zahedifard, F., Vatanara, A., Najafabadi, A. R., and Rafati, S. (2011).
Cysteine proteinase type I, encapsulated in solid lipid nanoparticles induces
substantial protection against Leishmania major infection in C57BL/6 mice.
Parasite Immunol. 33, 335–348. doi: 10.1111/j.1365-3024.2011.01289.x
Dostálová, A., and Volf, P. (2012). Leishmania development in sand
flies: parasite-vector interactions overview. Parasit. Vectors 5:276.
doi: 10.1186/1756-3305-5-276
Duarte, M. C., Lage, D. P., Martins, V. T., Chávez-Fumagalli, M. A., Roatt, B.
M., Menezes-Souza, D., et al. (2016b). Recent updates and perspectives on
approaches for the development of vaccines against visceral leishmaniasis. Rev.
Soc. Bras. Med. Trop. 49, 398–407. doi: 10.1590/0037-8682-0120-2016
Duarte, M. C., Lage, D. P., Martins, V. T., Costa, L. E., Carvalho, A. M. R.
S., Ludolf, F., et al. (2017). A vaccine composed of a hypothetical protein
and the eukaryotic initiation factor 5a from Leishmania braziliensis crossprotection against Leishmania amazonensis infection. Immunobiology 222,
251–260. doi: 10.1016/j.imbio.2016.09.015
Duarte, M. C., Lage, D. P., Martins, V. T., Costa, L. E., Lage, L. M.,
Carvalho, A. M., et al. (2016a). A vaccine combining two Leishmania
braziliensis proteins offers heterologous protection against Leishmania
infantum infection. Mol. Immunol. 76, 70–79. doi: 10.1016/j.molimm.2016.
06.014
Duarte, M. C., Pimenta, D. C., Menezes-Souza, D., Magãlhaes, R. D., Diniz,
J. L., Costa, L. E., et al. (2015). Proteins selected in Leishmania (Viannia)
braziliensis by an immunoproteomic approach with potential serodiagnosis
applications for Tegumentary Leishmaniasis. Clin. Vaccine Immunol. 22,
1187–1196. doi: 10.1128/CVI.00465-15
Engwerda, C. R., and Kaye, P. M. (2000). Organ-specific immune
responses associated with infectious disease. Immunol. Today 21, 73–78.
doi: 10.1016/S0167-5699(99)01549-2

zoonosis: part one. Trends Parasitol. 24, 324–330. doi: 10.1016/j.pt.2008.
04.001
Bertholet, S., Goto, Y., Carter, L., Bhatia, A., Howard, R. F., Carter, D., et al.
(2009). Optimized subunit vaccine protects against experimental leishmaniasis.
Vaccine 27, 7036–7045. doi: 10.1016/j.vaccine.2009.09.066
Bottrel, R. L., Dutra, W. O., Martins, F. A., Gontijo, B., Carvalho, E.,
Barral-Netto, M., et al. (2001). Flow cytometric determination of
cellular sources and frequencies of key cytokine-producing lymphocytes
directed against recombinant LACK and soluble Leishmania antigen
in human cutaneous leishmaniasis. Infect. Immun. 69, 3232–3239.
doi: 10.1128/IAI.69.5.3232-3239.2001
Bourreau, E., Pascalis, H., Prévot, G., Kariminia, A., Jolly, N., Milon, G., et al.
(2003). Increased production of interferon-gamma by Leishmania homologue
of the mammalian receptor for activated C kinase-reactive CD4+ T cells among
human blood mononuclear cells: an early marker of exposure to Leishmania?
Scand. J. Immunol. 58, 201–210. doi: 10.1046/j.1365-3083.2003.01280.x
Buffet, P. A., Sulahian, A., Garin, Y. J., Nassar, N., and Derouin, F. (1995). Culture
microtitration: a sensitive method for quantifying Leishmania infantum in
tissues of infected mice. Antimicrob. Agents Chemother. 39, 2167–2168.
doi: 10.1128/AAC.39.9.2167
Buxbaum, L. U. (2015). Interleukin-10 from T cells, but not macrophages and
granulocytes, is required for chronic disease in Leishmania mexicana infection.
Infect. Immun. 83, 1366–1371. doi: 10.1128/IAI.02909-14
Cabral, S. M., Silvestre, R. L., Santarém, N. M., Tavares, J. C., Silva, A. F., and
Cordeiro-Da-Silva, A. (2008). A Leishmania infantum cytosolic tryparedoxin
activates B cells to secrete interleukin-10 and specific immunoglobulin.
Immunology 123, 555–565. doi: 10.1111/j.1365-2567.2007.02725.x
Carrillo, E., Crusat, M., Nieto, J., Chicharro, C., Thomas Mdel, C., Martínez,
E., et al. (2008). Immunogenicity of HSP-70, KMP-11 and PFR-2 leishmanial
antigens in the experimental model of canine visceral leishmaniasis. Vaccine
26, 1902–1911. doi: 10.1016/j.vaccine.2008.01.042
Carrión, J., Nieto, A., Iborra, S., Iniesta, V., Soto, M., Folgueira, C., et al. (2006).
Immunohistological features of visceral leishmaniasis in BALB/c mice. Parasite
Immunol. 28, 173–183. doi: 10.1111/j.1365-3024.2006.00817.x
Carvalho, A. M., Cristal, J. R., Muniz, A. C., Carvalho, L. P., Gomes, R., Miranda,
J. C., et al. (2015). Interleukin 10-dominant immune response and increased
risk of cutaneous leishmaniasis after natural exposure to Lutzomyia intermedia
sand flies. J. Infect. Dis. 212, 157–165. doi: 10.1093/infdis/jiv020
Carvalho, L. P., Passos, S., Dutra, W. O., Soto, M., Alonso, C., Gollob, K. J., et al.
(2005). Effect of LACK and KMP11 on IFN-gamma production by peripheral
blood mononuclear cells from cutaneous and mucosal leishmaniasis patients.
Scand. J. Immunol. 61, 337–342. doi: 10.1111/j.1365-3083.2005.01581.x
Carvalho, L. P., Passos, S., Schriefer, A., and Carvalho, E. M. (2012). Protective
and pathologic immune responses in human tegumentary leishmaniasis. Front.
Immunol. 3:301. doi: 10.3389/fimmu.2012.00301
Cecílio, P., Pérez-Cabezas, B., Fernández, L., Moreno, J., Carrillo, E., Requena, J.
M., et al. (2017). Pre-clinical antigenicity studies of an innovative multivalent
vaccine for human visceral leishmaniasis. PLoS Negl. Trop. Dis. 11:e0005951.
doi: 10.1371/journal.pntd.0005951
Chenik, M., Louzir, H., Ksontini, H., Dilou, A., Abdmouleh, I., and Dellagi, K.
(2006). Vaccination with the divergent portion of the protein histone H2B of
Leishmania protects susceptible BALB/c mice against a virulent challenge with
Leishmania major. Vaccine 24, 2521–2529. doi: 10.1016/j.vaccine.2005.12.027
Chow, C., Cloutier, S., Dumas, C., Chou, M. N., and Papadopoulou,
B. (2011). Promastigote to amastigote differentiation of Leishmania
is markedly delayed in the absence of PERK eIF2alpha kinasedependent eIF2alpha phosphorylation. Cell. Microbiol. 13, 1059–1077.
doi: 10.1111/j.1462-5822.2011.01602.x
Cloutier, S., Laverdière, M., Chou, M. N., Boilard, N., Chow, C., and Papadopoulou,
B. (2012). Translational control through eIF2alpha phosphorylation
during the Leishmania differentiation process. PLoS ONE 7:e35085.
doi: 10.1371/journal.pone.0035085
Coelho, E. A., Ramírez, L., Costa, M. A., Coelho, V. T., Martins, V. T., ChávezFumagalli, M. A., et al. (2009). Specific serodiagnosis of canine visceral
leishmaniasis using Leishmania species ribosomal protein extracts. Clin.
Vaccine Immunol. 16, 1774–1780. doi: 10.1128/CVI.00295-09
Coler, R. N., Goto, Y., Bogatzki, L., Raman, V., and Reed, S. G. (2007).
Leish-111f, a recombinant polyprotein vaccine that protects against visceral

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

17

April 2018 | Volume 8 | Article 112

Garde et al.

Leishmania Antigenic eIF2 and eIF2B

cannot be reverted by strong Th1 inducers. Clin. Exp. Immunol. 150, 375–385.
doi: 10.1111/j.1365-2249.2007.03501.x
Iborra, S., Carrion, J., Anderson, C., Alonso, C., Sacks, D., and Soto, M. (2005).
Vaccination with the Leishmania infantum acidic ribosomal P0 protein plus
CpG oligodeoxynucleotides induces protection against cutaneous leishmaniasis
in C57BL/6 mice but does not prevent progressive disease in BALB/c mice.
Infect. Immun. 73, 5842–5852. doi: 10.1128/IAI.73.9.5842-5852.2005
Iborra, S., Martínez-Lóopez, M., Cueto, F. J., Conde-Garrosa, R., Del Fresno, C.,
Izquierdo, H. M., et al. (2016). Leishmania uses mincle to target an inhibitory
ITAM signaling pathway in dendritic cells that dampens adaptive immunity to
infection. Immunity 45, 788–801. doi: 10.1016/j.immuni.2016.09.012
Iborra, S., Parody, N., Abánades, D. R., Bonay, P., Prates, D., Novais, F.
O., et al. (2008). Vaccination with the Leishmania major ribosomal
proteins plus CpG oligodeoxynucleotides induces protection against
experimental cutaneous leishmaniasis in mice. Microbes Infect. 10, 1133–1141.
doi: 10.1016/j.micinf.2008.06.002
Jain, A., Berthwal, M., Tiwari, V., and Maitra, S. C. (2000). Immune complex
mediated lesions in experimental Kala Azar: an ultrastructural study. Indian
J. Pathol. Microbiol. 43, 13–16.
Jaiswal, A. K., Khare, P., Joshi, S., Kushawaha, P. K., Sundar, S., and
Dube, A. (2014). Th1 stimulatory proteins of Leishmania donovani:
comparative cellular and protective responses of rTriose phosphate
isomerase, rProtein disulfide isomerase and rElongation factor-2 in
combination with rHSP70 against visceral leishmaniasis. PLoS ONE 9:e108556.
doi: 10.1371/journal.pone.0108556
Kaur, S., Kaur, T., and Joshi, J. (2016). Immunogenicity and protective efficacy of
DNA vaccine against visceral leishmaniasis in BALB/c mice. J. Biomed. Res. 30,
304–313. doi: 10.7555/JBR.30.20150125
Kébaïer, C., Uzonna, J. E., Beverley, S. M., and Scott, P. (2006). Immunization with
persistent attenuated 1lpg2 Leishmania major parasites requires adjuvant to
provide protective immunity in C57BL/6 mice. Infect. Immun. 74, 777–780.
doi: 10.1128/IAI.74.1.777-780.2006
Koutsoni, O., Barhoumi, M., Guizani, I., and Dotsika, E. (2014). Leishmania
eukaryotic initiation factor (LeIF) inhibits parasite growth in murine
macrophages. PLoS ONE 9:e97319. doi: 10.1371/journal.pone.0097319
Kumar, A., and Samant, M. (2016). DNA vaccine against visceral leishmaniasis:
a promising approach for prevention and control. Parasite Immunol. 38,
273–281. doi: 10.1111/pim.12315
Kumar, R., and Nylén, S. (2012). Immunobiology of visceral leishmaniasis. Front.
Immunol. 3:251. doi: 10.3389/fimmu.2012.00251
Launois, P., Maillard, I., Pingel, S., Swihart, K. G., Xénarios, I., Acha-Orbea,
H., et al. (1997). IL-4 rapidly produced by Vβ4 Vα8 CD4+ T cells instructs
Th2 development and susceptibility to Leishmania major in BALB/c mice.
Immunity 6, 541–549. doi: 10.1016/S1074-7613(00)80342-8
Lee, S. H., Charmoy, M., Romano, A., Paun, A., Chaves, M. M., Cope, F. O., et al.
(2017). Mannose receptor high, M2 dermal macrophages mediate nonhealing
Leishmania major infection in a Th1 immune environment. J Exp Med. 215,
357–375. doi: 10.1084/jem.20171389
Lima, B. S., Fialho, L. C. Jr., Pires, S. F., Tafuri, W. L., and Andrade, H.
M. (2016). Immunoproteomic and bioinformatic approaches to identify
secreted Leishmania amazonensis, L. braziliensis, and L. infantum proteins
with specific reactivity using canine serum. Vet. Parasitol. 223, 115–119.
doi: 10.1016/j.vetpar.2016.04.019
Loría-Cervera, E. N., and Andrade-Narváez, F. J. (2014). Animal models for the
study of leishmaniasis immunology. Rev. Inst. Med. Trop. Sao Paulo 56, 1–11.
doi: 10.1590/S0036-46652014000100001
Maalej, I. A., Chenik, M., Louzir, H., Ben Salah, A., Bahloul, C., Amri, F.,
et al. (2003). Comparative evaluation of ELISAs based on ten recombinant or
purified Leishmania antigens for the serodiagnosis of Mediterranean visceral
leishmaniasis. Am. J. Trop. Med. Hyg. 68, 312–320.
Markikou-Ouni, W., Drini, S., Bahi-Jaber, N., Chenik, M., and Meddeb-Garnaoui,
A. (2015). Immunomodulatory effects of four Leishmania infantum potentially
excreted/secreted proteins on human dendritic cells differentiation and
maturation. PLoS ONE 10:e0143063. doi: 10.1371/journal.pone.0143063
Martins, V. T., Duarte, M. C., Lage, D. P., Costa, L. E., Carvalho, A. M., Mendes,
T. A., et al. (2017). A recombinant chimeric protein composed of human
and mice-specific CD4+ and CD8+ T-cell epitopes protects against visceral
leishmaniasis. Parasite Immunol. 39:e12359. doi: 10.1111/pim.12359

Esch, K. J., and Petersen, C. A. (2013). Transmission and epidemiology of zoonotic
protozoal diseases of companion animals. Clin. Microbiol. Rev. 26, 58–85.
doi: 10.1128/CMR.00067-12
Faleiro, R. J., Kumar, R., Bunn, P. T., Singh, N., Chauhan, S. B., Sheel, M., et al.
(2016). Combined immune therapy for the treatment of Visceral Leishmaniasis.
PLoS Negl. Trop. Dis. 10:e0004415. doi: 10.1371/journal.pntd.0004415
Fernandez-Cotrina, J., Iniesta, V., Belinchon-Lorenzo, S., Munoz-Madrid, R.,
Serrano, F., Parejo, J. C., et al. (2013). Experimental model for reproduction
of canine visceral leishmaniosis by Leishmania infantum. Vet. Parasitol. 192,
118–128. doi: 10.1016/j.vetpar.2012.10.002
Folgueira, C., Martínez-Bonet, M., and Requena, J. M. (2010). The Leishmania
infantum PUF proteins are targets of the humoral response during visceral
leishmaniasis. BMC Res. Notes 3:13. doi: 10.1186/1756-0500-3-13
Gallo, P., Gonçalves, R., and Mosser, D. M. (2010). The influence of IgG density
and macrophage Fc (gamma) receptor cross-linking on phagocytosis and IL-10
production. Immunol. Lett. 133, 70–77. doi: 10.1016/j.imlet.2010.07.004
García-Alonso, M., Blanco, A., Reina, D., Serrano, F. J., Alonso, C., and Nieto, C.
G. (1996). Immunopathology of the uveitis in canine leishmaniasis. Parasite
Immunol. 18, 617–623. doi: 10.1046/j.1365-3024.1996.d01-39.x
Garg, R., and Dube, A. (2006). Animal models for vaccine studies for visceral
leishmaniasis. Indian J. Med. Res. 123, 439–454.
Gollob, K. J., Viana, A. G., and Dutra, W. O. (2014). Immunoregulation in
human American leishmaniasis: balancing pathology and protection. Parasite
Immunol. 36, 367–376. doi: 10.1111/pim.12100
Gomes, R., Teixeira, C., Oliveira, F., Lawyer, P. G., Elnaiem, D. E., Meneses,
C., et al. (2012). KSAC, a defined Leishmania antigen, plus adjuvant
protects against the virulence of L. major transmitted by its natural vector
Phlebotomus duboscqi. PLoS Negl. Trop. Dis. 6:e1610. doi: 10.1371/journal.pntd.
0001610
Goto, Y., Bhatia, A., Raman, V. S., Liang, H., Mohamath, R., Picone, A.
F., et al. (2011). KSAC, the first defined polyprotein vaccine candidate
for visceral leishmaniasis. Clin. Vaccine Immunol. 18, 1118–1124.
doi: 10.1128/CVI.05024-11
Goto, Y., Howard, R. F., Bhatia, A., Trigo, J., Nakatani, M., Netto, E.
M., et al. (2009). Distinct antigen recognition pattern during zoonotic
visceral leishmaniasis in humans and dogs. Vet. Parasitol. 160, 215–220.
doi: 10.1016/j.vetpar.2008.10.097
Guerra, N., Vega-Sendino, M., Pérez-Morgado, M. I., Ramos, E., Soto, M.,
Gonzalez, V. M., et al. (2011). Identification and functional characterization
of a poly(A)-binding protein from Leishmania infantum (LiPABP). FEBS Lett.
585, 193–198. doi: 10.1016/j.febslet.2010.11.042
Guimãraes-Costa, A. B., Desouza-Vieira, T. S., Paletta-Silva, R., FreitasMesquita, A. L., Meyer-Fernandes, J. R., and Saraiva, E. M. (2014).
3′ -nucleotidase/nuclease activity allows Leishmania parasites to escape
killing by neutrophil extracellular traps. Infect. Immun. 82, 1732–1740.
doi: 10.1128/IAI.01232-13
Guimarães-Costa, A. B., Nascimento, M. T., Froment, G. S., Soares, R. P., Morgado,
F. N., Conceição-Silva, F., et al. (2009). Leishmania amazonensis promastigotes
induce and are killed by neutrophil extracellular traps. Proc. Natl. Acad. Sci.
U.S.A. 106, 6748–6753. doi: 10.1073/pnas.0900226106
Hasker, E., Malaviya, P., Gidwani, K., Picado, A., Ostyn, B., Kansal, S., et al. (2014).
Strong association between serological status and probability of progression to
clinical visceral leishmaniasis in prospective cohort studies in India and Nepal.
PLoS Negl. Trop. Dis. 8:e2657. doi: 10.1371/journal.pntd.0002657
Hernández-Chinea, C. (2007). Leishmania amazonensis: humoral response to
amastigote excreted-antigens in murine leishmaniasis. Exp. Parasitol. 116,
492–496. doi: 10.1016/j.exppara.2007.01.014
Herwaldt, B. L. (1999). Leishmaniasis. Lancet 354, 1191–1199.
doi: 10.1016/S0140-6736(98)10178-2
Hinnebusch, A. G. (2014). The scanning mechanism of eukaryotic
translation
initiation.
Annu.
Rev.
Biochem.
83,
779–812.
doi: 10.1146/annurev-biochem-060713-035802
Hurrell, B. P., Regli, I. B., and Tacchini-Cottier, F. (2016). Different Leishmania
species drive distinct neutrophil functions. Trends Parasitol. 32, 392–401.
doi: 10.1016/j.pt.2016.02.003
Iborra, S., Abanades, D. R., Parody, N., Carrión, J., Risueño, R. M., Pineda, M.
A., et al. (2007). The immunodominant T helper 2 (Th2) response elicited in
BALB/c mice by the Leishmania LiP2a and LiP2b acidic ribosomal proteins

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

18

April 2018 | Volume 8 | Article 112

Garde et al.

Leishmania Antigenic eIF2 and eIF2B

Pirdel, L., Hosseini, A. Z., and Rasouli, M. (2014). Immune response in
susceptible BALB/c mice immunized with DNA encoding Lipophosphoglycan
3 of Leishmania infantum. Parasite Immunol. 36, 700–707. doi: 10.1111/pim.
12147
Probst, P., Skeiky, Y. A., Steeves, M., Gervassi, A., Grabstein, K. H., and Reed,
S. G. (1997). A Leishmania protein that modulates interleukin (IL)-12, IL10 and tumor necrosis factor-α production and expression of B7-1 in human
monocyte-derived antigen-presenting cells. Eur. J. Immunol. 27, 2634–2642.
doi: 10.1002/eji.1830271024
Probst, P., Stromberg, E., Ghalib, H. W., Mozel, M., Badaro, R., Reed, S. G.,
et al. (2001). Identification and characterization of T cell-stimulating antigens
from Leishmania by CD4 T cell expression cloning. J. Immunol. 166, 498–505.
doi: 10.4049/jimmunol.166.1.498
Quijada, L., Requena, J. M., Soto, M., and Alonso, C. (1996). During
canine viscero-cutaneous leishmaniasis the anti-Hsp70 antibodies are
specifically elicited by the parasite protein. Parasitology 112(Pt 3), 277–284.
doi: 10.1017/S0031182000065793
Quijada, L., Requena, J. M., Soto, M., and Alonso, C. (1998). Analysis of the
antigenic properties of the L. infantum Hsp70: design of synthetic peptides
for specific serodiagnosis of human leishmaniasis. Immunol. Lett. 63, 169–174.
doi: 10.1016/S0165-2478(98)00071-6
Rafati, S., Gholami, E., Hassani, N., Ghaemimanesh, F., Taslimi, Y., Taheri,
T., et al. (2007). Leishmania major heat shock protein 70 (HSP70) is not
protective in murine models of cutaneous leishmaniasis and stimulates strong
humoral responses in cutaneous and visceral leishmaniasis patients. Vaccine.
25, 4159–4169. doi: 10.1016/j.vaccine.2007.03.006
Ramírez, L., Santos, D. M., Souza, A. P., Coelho, E. A., Barral, A., Alonso, C., et al.
(2013). Evaluation of immune responses and analysis of the effect of vaccination
of the Leishmania major recombinant ribosomal proteins L3 or L5 in two
different murine models of cutaneous leishmaniasis. Vaccine 31, 1312–1319.
doi: 10.1016/j.vaccine.2012.12.071
Reed, S. G., Orr, M. T., and Fox, C. B. (2013). Key roles of adjuvants in modern
vaccines. Nat. Med. 19, 1597–1608. doi: 10.1038/nm.3409
Reguera, R. M., Morán, M., Pérez-Pertejo, Y., García-Estrada, C., and BalanaFouce, R. (2016). Current status on prevention and treatment of canine
leishmaniasis. Vet. Parasitol. 227, 98–114. doi: 10.1016/j.vetpar.2016.07.011
Requena, J. M. (2012). Lights and shadows on gene organization and regulation of
gene expression in Leishmania. Front. Biosci. 17, 2069–2085. doi: 10.2741/3840
Requena, J. M., Alonso, C., and Soto, M. (2000a). Evolutionarily conserved proteins
as prominent immunogens during Leishmania infections. Parasitol. Today 16,
246–250. doi: 10.1016/S0169-4758(00)01651-3
Requena, J. M., Soto, M., Doria, M. D., and Alonso, C. (2000b). Immune
and clinical parameters associated with Leishmania infantum infection in
the golden hamster model. Vet. Immunol. Immunopathol. 76, 269–281.
doi: 10.1016/S0165-2427(00)00221-X
Rezende, A. M., Assis, L. A., Nunes, E. C., Da Costa Lima, T. D., Marchini,
F. K., Freire, E. R., et al. (2014). The translation initiation complex eIF3 in
trypanosomatids and other pathogenic excavates–identification of conserved
and divergent features based on orthologue analysis. BMC Genomics 15:1175.
doi: 10.1186/1471-2164-15-1175
Roberts, M. T., Stober, C. B., Mckenzie, A. N., and Blackwell, J. M. (2005).
Interleukin-4 (IL-4) and IL-10 collude in vaccine failure for novel exacerbatory
antigens in murine Leishmania major infection. Infect. Immun. 73, 7620–7628.
doi: 10.1128/IAI.73.11.7620-7628.2005
Rodrigues, V., Cordeiro-Da-Silva, A., Laforge, M., Silvestre, R., and Estaquier, J.
(2016). Regulation of immunity during visceral Leishmania infection. Parasit.
Vectors 9:118. doi: 10.1186/s13071-016-1412-x
Ronet, C., Hauyon-La Torre, Y., Revaz-Breton, M., Mastelic, B., Tacchini-Cottier,
F., Louis, J., et al. (2010). Regulatory B cells shape the development of Th2
immune responses in BALB/c mice infected with Leishmania major through
IL-10 production. J. Immunol. 184, 886–894. doi: 10.4049/jimmunol.0901114
Sacks, D. L., and Melby, P. C. (2015). Animal models for the analysis of
immune responses to leishmaniasis. Curr. Protoc. Immunol. 108, 11–24.
doi: 10.1002/0471142735.im1902s108
Sacks, D., and Noben-Trauth, N. (2002). The immunology of susceptibility and
resistance to Leishmania major in mice. Nat. Rev. Immunol. 2, 845–858.
doi: 10.1038/nri933

Maspi, N., Ghaffarifar, F., Sharifi, Z., Dalimi, A., and Dayer, M. S. (2017).
Immunogenicity and efficacy of a bivalent DNA vaccine containing LeIF and
TSA genes against murine cutaneous leishmaniasis. APMIS 125, 249–258.
doi: 10.1111/apm.12651
Maurício, I. L., Stothard, J. R., and Miles, M. A. (2000). The
strange case of Leishmania chagasi. Parasitol. Today. 16, 188–189.
doi: 10.1016/S0169-4758(00)01637-9
Meddeb-Garnaoui, A., Toumi, A., Ghelis, H., Mahjoub, M., Louzir, H.,
and Chenik, M. (2010). Cellular and humoral responses induced by
Leishmania histone H2B and its divergent and conserved parts in cutaneous
and visceral leishmaniasis patients, respectively. Vaccine 28, 1881–1886.
doi: 10.1016/j.vaccine.2009.11.075
Miles, S. A., Conrad, S. M., Alves, R. G., Jeronimo, S. M., and Mosser, D. M. (2005).
A role for IgG immune complexes during infection with the intracellular
pathogen Leishmania. J. Exp. Med. 201, 747–754. doi: 10.1084/jem.20041470
Montalvo-Alvarez, A. M., Folgueira, C., Carrion, J., Monzote-Fidalgo, L.,
Canavate, C., and Requena, J. M. (2008). The Leishmania HSP20 is antigenic
during natural infections, but, as DNA vaccine, it does not protect BALB/c
mice against experimental L. amazonensis infection. J. Biomed. Biotechnol.
2008:695432. doi: 10.1155/2008/695432
Moreno, I., Dominguez, M., Cabanes, D., Aizpurua, C., and Torano, A. (2010).
Kinetic analysis of ex vivo human blood infection by Leishmania. PLoS Negl.
Trop. Dis. 4:e743. doi: 10.1371/journal.pntd.0000743
Mosser, D. M., and Edelson, P. J. (1984). Activation of the alternative complement
pathway by Leishmania promastigotes: parasite lysis and attachment to
macrophages. J. Immunol. 132, 1501–1505.
Murphy, M. L., Wille, U., Villegas, E. N., Hunter, C. A.,
and Farrell, J. P. (2001). IL-10 mediates susceptibility to
Leishmania donovani infection. Eur. J. Immunol. 31, 2848–2856.
doi: 10.1002/1521-4141(2001010)31:10<2848::AID-IMMU2848>3.0.CO;2-T
Murray, H. W. (1997). Endogenous interleukin-12 regulates acquired resistance
in experimental visceral leishmaniasis. J. Infect. Dis. 175, 1477–1479.
doi: 10.1086/516482
Nabavi, N. S., Pezeshkpoor, F., Valizadeh, N., Ahmadi Ghezeldasht, S., and Rezaee,
S. A. (2018). Increased Th17 functions are accompanied by Tregs activities in
lupoid leishmaniasis. Parasite Immunol. 40:e12507. doi: 10.1111/pim.12507
Nandan, D., Yi, T., Lopez, M., Lai, C., and Reiner, N. E. (2002). Leishmania EF1alpha activates the Src homology 2 domain containing tyrosine phosphatase
SHP-1 leading to macrophage deactivation. J. Biol. Chem. 277, 50190–50197.
doi: 10.1074/jbc.M209210200
Noben-Trauth, N., Lira, R., Nagase, H., Paul, W. E., and Sacks, D. L.
(2003). The relative contribution of IL-4 receptor signaling and IL10 to susceptibility to Leishmania major. J. Immunol. 170, 5152–5158.
doi: 10.4049/jimmunol.170.10.5152
Norsworthy, N. B., Sun, J., Elnaiem, D., Lanzaro, G., and Soong, L.
(2004). Sand fly saliva enhances Leishmania amazonensis infection by
modulating interleukin-10 production. Infect. Immun. 72, 1240–1247.
doi: 10.1128/IAI.72.3.1240-1247.2004
Nylén, S., Maurya, R., Eidsmo, L., Manandhar, K. D., Sundar, S., and Sacks,
D. (2007). Splenic accumulation of IL-10 mRNA in T cells distinct from
CD4+ CD25+ (Foxp3) regulatory T cells in human visceral leishmaniasis. J.
Exp. Med. 204, 805–817. doi: 10.1084/jem.20061141
Pain, V. M. (1996). Initiation of protein synthesis in eukaryotic cells. Eur. J.
Biochem. 236, 747–771. doi: 10.1111/j.1432-1033.1996.00747.x
Palatnik-de-Sousa, C. B., and Day, M. J. (2011). One Health: the global
challenge of epidemic and endemic leishmaniasis. Parasit. Vectors 4:197.
doi: 10.1186/1756-3305-4-197
Pereira, M. M., Malvezzi, A. M., Nascimento, L. M., Lima, T. D., Alves, V. S.,
Palma, M. L., et al. (2013). The eIF4E subunits of two distinct trypanosomatid
eIF4F complexes are subjected to differential post-translational modifications
associated to distinct growth phases in culture. Mol. Biochem. Parasitol. 190,
82–86. doi: 10.1016/j.molbiopara.2013.06.008
Peters, N. C., Bertholet, S., Lawyer, P. G., Charmoy, M., Romano, A., RibeiroGomes, F. L., et al. (2012). Evaluation of recombinant Leishmania polyprotein
plus glucopyranosyl lipid A stable emulsion vaccines against sand flytransmitted Leishmania major in C57BL/6 mice. J. Immunol. 189, 4832–4841.
doi: 10.4049/jimmunol.1201676

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

19

April 2018 | Volume 8 | Article 112

Garde et al.

Leishmania Antigenic eIF2 and eIF2B

Soto, M., Ramirez, L., Pineda, M. A., Gonzalez, V. M., Entringer, P. F.,
Indiani De Oliveira, C., et al. (2009). Searching genes encoding Leishmania
antigens for diagnosis and protection. Sch. Res. Exchange 2009:173039.
doi: 10.3814/2009/173039
Soto, M., Requena, J. M., Quijada, L., Perez, M. J., Nieto, C. G., Guzman, F., et al.
(1999). Antigenicity of the Leishmania infantum histones H2B and H4 during
canine viscerocutaneous leishmaniasis. Clin. Exp. Immunol. 115, 342–349.
doi: 10.1046/j.1365-2249.1999.00796.x
Souza, A. P., Soto, M., Costa, J. M., Boaventura, V. S., De Oliveira, C. I., Cristal,
J. R., et al. (2013). Towards a more precise serological diagnosis of human
tegumentary leishmaniasis using Leishmania recombinant proteins. PLoS ONE
8:e66110. doi: 10.1371/journal.pone.0066110
Suffia, I., Ferrua, B., Stien, X., Mograbi, B., Marty, P., Rousseau, D., et al. (2000).
A novel Leishmania infantum recombinant antigen which elicits interleukin
10 production by peripheral blood mononuclear cells of patients with visceral
leishmaniasis. Infect. Immun. 68, 630–636. doi: 10.1128/IAI.68.2.630-636.2000
Sundar, S., and Singh, B. (2014). Identifying vaccine targets for antileishmanial vaccine development. Expert Rev. Vaccines 13, 489–505.
doi: 10.1586/14760584.2014.894467
Tabatabaee, P. A., Abolhassani, M., Mahdavi, M., Nahrevanian, H., and
Azadmanesh, K. (2011). Leishmania major: secreted antigens of Leishmania
major promastigotes shift the immune response of the C57BL/6 mice toward
Th2 in vitro. Exp. Parasitol. 127, 46–51. doi: 10.1016/j.exppara.2010.06.033
Torrecilhas, A. C., Schumacher, R. I., Alves, M. J., and Colli, W. (2012). Vesicles as
carriers of virulence factors in parasitic protozoan diseases. Microbes Infect. 14,
1465–1474. doi: 10.1016/j.micinf.2012.07.008
Torres-Guerrero, E., Quintanilla-Cedillo, M. R., Ruiz-Esmenjaud, J.,
and Arenas, R. (2017). Leishmaniasis: a review. F1000Res 6:750.
doi: 10.12688/f1000research.11120.1
von Stebut, E., and Tenzer, S. (2018). Cutaneous leishmaniasis: distinct functions
of dendritic cells and macrophages in the interaction of the host immune
system with Leishmania major. Int. J. Med. Microbiol. 308, 206–214.
doi: 10.1016/j.ijmm.2017.11.002
Yoffe, Y., Léger, M., Zinoviev, A., Zuberek, J., Darzynkiewicz, E., Wagner, G.,
et al. (2009). Evolutionary changes in the Leishmania eIF4F complex involve
variations in the eIF4E-eIF4G interactions. Nucleic Acids Res. 37, 3243–3253.
doi: 10.1093/nar/gkp190
Yoffe, Y., Zuberek, J., Lerer, A., Lewdorowicz, M., Stepinski, J., Altmann,
M., et al. (2006). Binding specificities and potential roles of isoforms of
eukaryotic initiation factor 4E in Leishmania. Eukaryotic Cell 5, 1969–1979.
doi: 10.1128/EC.00230-06
Yoffe, Y., Zuberek, J., Lewdorowicz, M., Zeira, Z., Keasar, C., Orr-Dahan, I., et al.
(2004). Cap-binding activity of an eIF4E homolog from Leishmania. RNA 10,
1764–1775. doi: 10.1261/rna.7520404

Schwarz, T., Remer, K. A., Nahrendorf, W., Masic, A., Siewe, L., Müller, W.,
et al. (2013). T cell-derived IL-10 determines leishmaniasis disease outcome
and is suppressed by a dendritic cell based vaccine. PLoS Pathog. 9:e1003476.
doi: 10.1371/journal.ppat.1003476
Shi, P. Y., Maizels, N., and Weiner, A. M. (1997). Recovery of soluble, active
recombinant protein from inclusion bodies. BioTechniques 23, 1036–1038.
Silva-Barrios, S., Charpentier, T., and Stäger, S. (2017). The deadly dance
of B cells with Trypanosomatids. Trends Parasitol. 34, 155–171.
doi: 10.1016/j.pt.2017.10.001.
Silverman, J. M., Chan, S. K., Robinson, D. P., Dwyer, D. M., Nandan, D., Foster,
L. J., et al. (2008). Proteomic analysis of the secretome of Leishmania donovani.
Genome Biol. 9:R35. doi: 10.1186/gb-2008-9-2-r35
Silverman, J. M., and Reiner, N. E. (2012). Leishmania exosomes deliver preemptive
strikes to create an environment permissive for early infection. Front. Cell.
Infect. Microbiol. 1:26. doi: 10.3389/fcimb.2011.00026
Singh, S., Raju, K., Jatekar, D., Dinesh, N., Paul, M. S., and Sobhia, M.
E. (2014). Leishmania donovani eukaryotic initiation factor 5A: molecular
characterization, localization and homology modelling studies. Microb. Pathog.
73, 37–46. doi: 10.1016/j.micpath.2014.05.005
Siripattanapipong, S., Kato, H., Tan-Ariya, P., Mungthin, M., and Leelayoova,
S. (2017). Comparison of recombinant proteins of Kinesin 39, Heat Shock
Protein 70, Heat Shock Protein 83, and Glycoprotein 63 for antibody detection
of Leishmania martiniquensis Infection. J. Eukaryot. Microbiol. 64, 820–828.
doi: 10.1111/jeu.12415
Sjölander, A., Baldwin, T. M., Curtis, J. M., and Handman, E. (1998). Induction of
a Th1 immune response and simultaneous lack of activation of a Th2 response
are required for generation of immunity to leishmaniasis. J. Immunol. 160,
3949–3957.
Skeiky, Y. A., Guderian, J. A., Benson, D. R., Bacelar, O., Carvalho, E. M.,
Kubin, M., et al. (1995). A recombinant Leishmania antigen that stimulates
human peripheral blood mononuclear cells to express a Th1-type cytokine
profile and to produce interleukin 12. J. Exp. Med. 181, 1527–1537.
doi: 10.1084/jem.181.4.1527
Skeiky, Y. A., Kennedy, M., Kaufman, D., Borges, M. M., Guderian, J. A., Scholler,
J. K., et al. (1998). LeIF: a recombinant Leishmania protein that induces an
IL-12-mediated Th1 cytokine profile. J. Immunol. 161, 6171–6179.
Soares, K. A., Ayala Urdapilleta, A. A., Dos Santos, G. M., Carneiro, A. L.,
Gomes, C. M., Roselino, A. M., et al. (2015). Field validation of a Leishmania
(Leishmania) mexicana exo-antigens ELISA for diagnosing tegumentary
leishmaniasis in regions of Leishmania (Viannia) predominance. Braz. J. Infect.
Dis. 19, 302–307. doi: 10.1016/j.bjid.2015.03.010
Sogin, M. L., Elwood, H. J., and Gunderson, J. H. (1986). Evolutionary diversity
of eukaryotic small-subunit rRNA genes. Proc. Natl. Acad. Sci. U.S.A. 83,
1383–1387. doi: 10.1073/pnas.83.5.1383
Solana, J. C., Ramírez, L., Corvo, L., De Oliveira, C. I., Barral-Netto, M.,
Requena, J. M., et al. (2017). Vaccination with a Leishmania infantum HSP70II null mutant confers long-term protective immunity against Leishmania
major infection in two mice models. PLoS Negl. Trop. Dis. 11:e0005644.
doi: 10.1371/journal.pntd.0005644
Solano-Gallego, L., Cardoso, L., Pennisi, M. G., Petersen, C., Bourdeau, P., Oliva,
G., et al. (2017). Diagnostic challenges in the era of canine Leishmania infantum
vaccines. Trends Parasitol. 33, 706–717. doi: 10.1016/j.pt.2017.06.004
Solano-Gallego, L., Miró, G., Koutinas, A., Cardoso, L., Pennisi, M. G., Ferrer,
L., et al. (2011). LeishVet guidelines for the practical management of canine
leishmaniosis. Parasit. Vectors 4:86. doi: 10.1186/1756-3305-4-86
Soto, M., Corvo, L., Garde, E., Ramírez, L., Iniesta, V., Bonay, P., et al.
(2015). Coadministration of the three antigenic Leishmania infantum Poly (A)
Binding Proteins as a DNA vaccine induces protection against Leishmania
major infection in BALB/c Mice. PLoS Negl. Trop. Dis. 9:e0003751.
doi: 10.1371/journal.pntd.0003751

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
The handling Editor declared a past co-authorship with one of the authors
JR.
Copyright © 2018 Garde, Ramírez, Corvo, Solana, Martín, González, Gómez-Nieto,
Barral, Barral-Netto, Requena, Iborra and Soto. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

20

April 2018 | Volume 8 | Article 112

