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Leishmaniasis is a neglected tropical disease (NTD) caused by parasites belonging to the Leishmania genus for which there is no vaccine available for human use. Thus, the aims of this study are to evaluate the immunoprotective effect of a first-generation vaccine against L. amazonensis and to identify its immunodominant antigens. BALB/c mice were inoculated with phosphate buffer sodium (PBS), total L. amazonensis antigens (TLAs), or TLA with Poly (I:C) and Montanide ISA 763. The humoral and cellular immune response was evaluated before infection. IgG, IgG1, and IgG2a were measured on serum, and IFN-γ, IL-4, and IL-10 cytokines as well as cell proliferation were measured on a splenocyte culture from vaccinated mice. Immunized mice were challenged with 104 infective parasites of L. amazonensis on the footpad. After infection, the protection provided by the vaccine was analyzed by measuring lesion size, splenic index, and parasite load on the footpad and spleen. To identify immunodominant antigens, total proteins of L. amazonensis were separated on 2D electrophoresis gel and transferred to a membrane that was incubated with serum from immunoprotected mice. The antigens recognized by the serum were analyzed through a mass spectrometric assay (LC-MS/MS-IT-TOF) to identify their protein sequence, which was subjected to bioinformatic analysis. The first-generation vaccine induced higher levels of antibodies, cytokines, and cell proliferation than the controls after the second dose. Mice vaccinated with TLA + Poly (I:C) + Montanide ISA 763 showed less footpad swelling, a lower splenic index, and a lower parasite load than the control groups (PBS and TLA). Four immunodominant proteins were identified by mass spectrometry: cytosolic tryparedoxin peroxidase, an uncharacterized protein, a kinetoplast-associated protein-like protein, and a putative heat-shock protein DNAJ. The identified proteins showed high levels of conserved sequence among species belonging to the Leishmania genus and the Trypanosomatidae family. These proteins also proved to be phylogenetically divergent to human and canine proteins. TLA + Poly (I:C) + Montanide ISA 763 could be used as a first-generation vaccine against leishmaniasis. The four proteins identified from the whole-protein vaccine could be good antigen candidates to develop a new-generation vaccine against leishmaniasis.
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1 Introduction

Leishmaniasis is a parasitic disease caused by protozoa belonging to the Leishmania genus, which is considered to be a neglected tropical disease (NTD) by the World Health Organization (WHO) (1). This disease is distributed throughout 98 countries, including 20 countries of the American continent, such as Brazil and Argentina (1). There are different clinical manifestations of leishmaniasis, depending on the Leishmania species, parasite load, and the immunological, nutritional, and genetic background of the host (2, 3). The clinical forms of the disease include cutaneous, mucocutaneous, and visceral leishmaniasis. There are also several other forms that can be considered collectively as tegumentary leishmaniasis (4). In Argentina, there are four species responsible for the clinical manifestations: L. amazonensis, L. braziliensis, L. guyanensis, and L. infantum (5). L. amazonensis is a relevant species in the American continent, which is mainly responsible for the more severe forms of cutaneous clinical manifestation, such as diffuse cutaneous leishmaniasis (6).

Currently, there are no licensed vaccines available for human use that prevent leishmaniasis (7). Even though there are three commercial vaccines available against canine leishmaniasis (8), these would not necessarily have the same effectiveness against leishmaniasis in all countries of the world. It could be due to the complex immune response elicited by different Leishmania species (9, 10), which are not distributed equally in geographical terms (11). In addition, they would also require adequation for human use, including changes to the adjuvants (12).

The use of adjuvants in vaccines is very important to increase and modulate the immune response towards an appropriate profile. Polyinosinic–polycytidilic acid [Poly (I:C)] is a Toll-like receptor 3 (TLR-3) agonist that elicits both Th1 innate and adaptive immunity (13). Hence, this molecule induces IFN production and upregulates the co-stimulatory and activation markers such as CD86, CD40, and MHC class II in an IFN-dependent manner (14). Furthermore, it has been demonstrated that Poly (I:C) can induce the cross-presentation of antigens by DC and, consequently, enhance the CD8+ T-cell response, which is important to control intracellular parasitic infection (15). Our research group has previously demonstrated that total L. amazonensis antigens (TLAs), obtained by cycles of freezing and thawing or sonication, combined with Poly (I:C) as adjuvant, were able to partially protect BALB/c mice against the L. amazonensis infection (16, 17).

However, nucleotide acid-based adjuvants, such as Poly (I:C), are unstable due to their degradation by nucleases (14). As a result, the use of particulate formulations, such as emulsions, could be a good strategy to solve this problem (18). Montanide ISA 763 is a water-in-oil emulsion that generates a depot in the site of inoculation, allowing a slow release of the antigen. Also, this emulsion protects antigens from enzymatic degradation; modifies its electric charge, becoming more immunogenic; and improves the antigen uptake by antigen-presenting cells (APCs) (19). Our group has demonstrated that this oleaose adjuvant was effective against L. amazonensis infection when it was combined with TLA obtained by cycles of freezing and thawing (20). In addition, the efficacy of the use of Montanide as an adjuvant in vaccines against cutaneous leishmaniasis has been demonstrated by other authors, with more conclusive reults than the BCG adjuvant (21, 22). Consequently, the combination of Poly (I:C), as a TLR-3 ligand, with Montanide ISA 763, as water-in-oil emulsion, may prevent both the antigen and immunostimulant adjuvant from degradation and enhance the efficacy of the vaccine against leishmaniasis.

Although the development of first-generation vaccines is an economic strategy in order to enable production in low-income countries, they are unstable, they present problems associated with standardization, and there is also a lack of knowledge about their composition (23). One-protein-based vaccines could solve this problem, but the antigen selection is the main point to be considered. A successful approach used to identify the best antigen candidates for vaccines against pathogens is the use of immunoproteomics, which is based on a two-dimensional electrophoresis followed by Western blotting (24–26).

In this study, a reverse vaccinology approach has been applied to identify L. amazonensis protective antigens. First, TLA formulated with Poly (I:C) has been emulsified in Montanide ISA 763 to evaluate their immune response and protective effect against the experimental infection by L. amazonensis in a mouse model. After demonstration of efficacy as indicated by low parasite loads and decreased lesion size in vaccinated animals, serum from immunoprotected mice was used to identify protective immunodominant antigens by immunoproteomics.



2 Materials and Methods


2.1 Animals

Six- to 8-week-old female BALB/c mice were used to perform two independent experiments. All animals were kept under standard conditions (barriers, 12-h light cycle, controlled room temperature, and water and food provided ad libitum). All animals were cared for in accordance with the Core Principles for the Care and Use of animals in research by the NIH. All procedures performed in studies involving animals were approved by the Institutional Animal Care and Use Committee of the School of Medical Science, Universidad Nacional de Cuyo (protocol approval no. 80/2016).



2.2 Vaccine Formulations and Immunization

TLAs were obtained as previously reported (17). L. amazonensis (MHOM/VE/84/MEL) promastigotes were cultured until their late logarithmic phase in RPMI-1640 supplemented with 20% fetal bovine serum (FBS) and antibiotics (100 μg/ml streptomycin and 100 IU/ml ampicillin). Promastigotes were washed three times with phosphate buffer sodium (PBS) and disrupted by 5 cycles of freezing (-80°C) and thawing (56°C). The concentration of proteins was measured by bicinchoninic acid assay according to the manufacturer’s instructions (Thermo Scientific).

One hundred micrograms of TLA was formulated with 50 μg of Poly (I:C) and Montanide ISA 763 in a 70:30 (v/v) relation up to a final volume of 200 μl.

In order to analyze the immune response conferred by the first-generation vaccine, 5 animals per group were inoculated in a homologous prime/boost scheme with 2 doses every 21 days between them. The animal groups were as follows: PBS, TLA, and TLA + Poly (I:C) + Montanide ISA 763.



2.3 Humoral and Cellular Immune Response

Twenty-one days after each immunization, blood samples were obtained from twice-immunized mice. Anti-TLA IgG antibodies were determined 21 days after prime and boost, while anti-TLA IgG1 and IgG2a isotypes were determined 21 days after boost by enzyme-linked immunosorbent assay (16). Thus, 96-well plates were incubated with 3 μg/well of TLA overnight at 4°C. Unspecific sites were blocked with blocking buffer (PBS with 5% semi-skimmed milk) for 30 min at 37°C. Plates were incubated with serum samples (1:500 or 1:1,000 dilution to IgG or IgG isotype determination) for 1 h at 37°C. Secondary horseradish peroxidase-conjugated IgG antibody at 1:10,000, biotin-conjugated IgG1 at 1:2,000, or IgG2a (BD Pharmingen) at 1:1,000 in blocking buffer was added and the plates were incubated for 1 h at 37°C. For biotin-conjugated antibodies, plates were incubated with HRP-conjugated streptavidin at 1:2,000 in blocking buffer for 1 h at 37°C. Plates were incubated with 50 μl/well of tetramethylbenzidine (TMB, BD Bioscience) for 30 min, and the reaction was stopped with 2 N sulfuric acid. Absorbances were measured at 450 nm in an ELISA-plate reader (Thermo Scientific). Results were presented as the mean of optical density (O.D.) value + the standard error of the mean (SEM).

Twenty-one days after being boosted, the mice were euthanized, their spleens were removed and homogenized, and their red blood cells were lysed with ammonium chloride-potassium buffer (ACK, pH 7) and resuspended in RPMI-1640 media supplemented with 10% BSF, antibiotics, and β-mercaptoethanol (1:280,000). Splenocytes were plated in 96-well plates at 5 × 105 cells/well in triplicate. Splenocytes were incubated with supplemented media (unstimulated control) or 1 μg/well TLA. Plates were incubated for 72 h at 37°C, 5% CO2 in a humid atmosphere.

Supernatants were recovered to determine IFN-γ, IL-4, and IL-10 cytokines by sandwich ELISA, according to the manufacturer’s instructions (BD Pharmingen).

After 72 h of incubation, cells were used to determine cell proliferation by Thiazolyl Blue Tetrazolium Bromide (MTT) assay (27). With that purpose, cells were incubated with 0.5 mg/ml of MTT (Sigma) for 4 h. Supernatant was removed, and formazan crystals were dissolved with 50 μl/well of dimethyl sulfoxide (DMSO). Absorbances were measured at 570 nm in an ELISA-plate reader (Thermo Scientific). Cell proliferation index was calculated according to the following formula:

PI = (OD value from stimulated cell)/(OD value from unstimulated cell).



2.4 Challenge and Infection Outcome

To analyze the protection outcome given by the first-generation vaccine, 5 animals per group were inoculated three times every 14 days with the same vaccine formulation. Fourteen days after the last immunization, animals were infected with 104 late-stationary-phase L. amazonensis promastigotes on the right footpad. The protection outcome given by the vaccine was analyzed by different parameters: footpad swelling, splenic index, and parasite load on the footpad and spleen.

Footpad lesion was measured weekly over an 11-week period using a digital caliper (SCHWYZ, ED-10P). The value of each uninfected footpad was subtracted from each infected footpad.

Eleven weeks after infection, the mice were weighed and then euthanized. Their right foot and their spleen were removed and weighed. Splenic index was calculated according to the following formula:

Splenic index = (body weight/spleen weight) × 100

Parasite load was evaluated in the infected footpad and spleen. Therefore, the spleen and the infected footpad were homogenized in RPMI-1640 media supplemented with 20% FBS and antibiotics. Obtained suspensions were incubated in 96-well plates, and a 10-fold dilution was performed. After 14 days of incubation, wells were observed under an inverted microscope and the number of parasites was determined by the highest dilution where viable parasites were observed (28).



2.5 Identification of Immunodominant Antigens

To identify immunodominant antigens, total proteins of L. amazonensis were separated on 2D electrophoresis gel and transferred to a membrane that was incubated with serum from mice inoculated with PBS (negative control) and first-generation vaccine [TLA + Poly (I:C) + Montanide ISA 763]. Some recognized proteins by serum were analyzed by liquid chromatography–ion-trap time-of-flight tandem mass spectrometric assay (LC-MS/MS-IT-TOF) to identify their protein sequence.


2.5.1 Total Protein Extraction

L. amazonensis promastigotes were cultured in RPMI-1640 supplemented with 20% FBS and antibiotics until their early-stationary growth phase. Dead parasites were removed by centrifugation at 50 × g for 10 min at 4°C, and 109 live promastigotes were washed three times with PBS pH 7 (1,500 × g for 10 min at 4°C). The obtained pellet was resuspended in 1 ml of TNE buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, and 5 mM EDTA) with protease inhibitors (Sigma P2714). Samples were frozen 5 times with N liquid and thawed at 56°C, and proteins were precipitated with trichloroacetic acid (TCA, 10%). The obtained pellet was washed with acetone and resuspended in a 2D gel rehydration buffer [7 M urea, 2 M thiourea, and 4% CHAPS (Ludwig Biotec)]. Proteins were quantified with a 2D-Quanti kit (GE Healthcare), and their integrity was corroborated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE).



2.5.2 Isoelectric Focusing

For every 250 µg of protein, 1.5% of immobilized pH gradient buffer (IPG), 20 mM dithiothreitol (DTT), and rehydration buffer up to a final volume of 125 µl were added.

Isoelectric focusing strips (4 cm, pH 4–7, Ready IPG Strip, Bio-Rad) were rehydrated with samples for 24 h at 20°C. They were isoelectronic focused using an Ettan Multiphor 3 system covered with PlusOne dry strip cover fluid (GE Healthcare), under the following conditions: 200 Vh 300 V step (STP), 300 Vh 1,000 V gradient (GRD), 4,800 Vh 5000 V GRD, 3,000 Vh 5,000 V STP, 18 h 300 V STP, and 1 h 5,000 V STP.



2.5.3 Electrophoresis (Second Dimension) and Western Blot

After IEF, each strip was incubated for 15 min with 50 mM Tris-HCl buffer (pH 8.8), 6 M urea, 30% (v/v) glycerol, 2% (p/v) SDS, 0.002% bromophenol blue (p/v), and 1% (p/v) of dithiothreitol (DTT) in order to disrupt disulfide bridges. Then, a second incubation of 15 min was carried out with the same buffer, but replacing DTT with 125 mM iodoacetamide, in order to acetylate the thiol groups. Strips were placed in 12% polyacrylamide gel with SDS and sealed with agarose, bromophenol blue, and tris-glycine. A molecular weight marker (Bio-Rad Precision Plus Protein Standards Dual Color) was used, and the electrophoresis was run at 30 mA/gel in a Mini-PROTEAN ® II system (Bio-Rad) until the running front reached the bottom.

Three gels were fixed for 2 h with a solution containing 10% acetic acid and 40% ethanol, and then incubated for 30 h with a solution containing colloidal Coomassie Brilliant Blue G-250 and 20% methanol. Later, the gels were distained with 20% methanol for 1.5 h and stored at 4°C in 10% ammonium bicarbonate. Images were obtained using the Chemi-Doc Imaging System (Bio-Rad).

Proteins from other gels were transferred to a nitrocellulose membrane at 250 mA for 2 h using Mini Protean II equipment. Unspecific sites were blocked with 5% skimmed milk in PBS for 2 h. Then, membranes were incubated for 2 h with a pool of serum (dilution 1:400 in 5% BSA, PBS, and 0.1% Tween 20) from mice immunized twice with PBS or TLA + Poly (I:C) + Montanide ISA 763. After that, membranes were incubated for 2 h at room temperature with anti-mouse IgG (dilution 1:5,000 in 5% BSA, PBS, and 0.1% Tween 20, Sigma). Finally, the membranes were revealed with a chemiluminescent reaction (Bio Rad Claruty Wester ECL), and the images were acquired using the Chemi-Doc Imaging System (Bio-Rad).



2.5.4 Protein Digestion

Images obtained from membranes and gels were merged using Image Master Platinum software (GE HealthCare). Thirteen spots were identified, excised, destained with 50% acetonitrile and 25 mM ammonium bicarbonate pH 8, and dehydrated with 50% acetonitrile. Additionally, samples from a molecular weight marker and gel without protein were used as positive and negative controls.

After evaporating the remaining liquid with SpeedVac (AQ-Vac Eppendorf concentrator plus), proteins were digested by incubation for 16 h at 37°C with 10 µl of 20 µg/ml trypsin from porcine pancreas (Sigma) and 50 µl of 25 mM ammonium bicarbonate, pH 8. Peptides were obtained by incubation for 15 min with 30 µl of a solution containing 50% acetonitrile and 5% formic acid. Finally, samples were concentrated with the SpeedVac system up to 10 µl.



2.5.5 Mass Spectrometry Analysis

The obtained peptides were analyzed with a liquid chromatography tandem mass spectrometric assay (LC-MS/MS) using an ion-trap time-of-flight (IT-TOF) instrument. An electrospray ion-trap time-of-flight (ESI-IT-TOF) mass spectrometer (Shimadzu Co) from the mass spectrometry facility from Universidad de São Paulo was used, according to a previously published protocol (29).

Protein sequence results were acquired in Mascot Generic Format (MGF) using Protein Post Rus Analyses (Shimadzu Co) and analyzed by Mascot Server version 2.4 or Peaks Studio version 7 using a personalized database for all Leishmania genus sequences from UniProt with the following parameters: 1 lost cleavage, mass tolerance 0.2 Da, carbamide-methyl-cysteine fixed modification, and variable of oxidized methionine.

The following parameters were taken into account to consider the protein sequence as positive: coverage percentage, number of peptides (minimum 2), and -10log p-value (must be equal to or higher than 50). Also, peptides from selected sequences were compared with theoretical peptides after digestion with trypsin using a Peptide Cutter tool (https://expasy.org/tools/peptidecutter) to confirm the sequences of the identified proteins.



2.5.6 Bioinformatic Analysis


2.5.6.1 Determination of Experimental and Theoretical Molecular Weight and Isoelectric Point

The experimental isoelectric points (pIs) and molecular weights (Mws) of identified spots were calculated using the Image Master Platinum program (GE HealthCare). Theoretical Mw and pI were calculated using the Compute pI/Mw bioinformatic tool (https://www.expasy.org/compuete_pi).



2.5.6.2 Alignment of Protein Sequences by pBLAST

The protein sequences identified by mass spectrometry were analyzed by alignment of sequence using protein–protein Basic Local Alignment Search Tool (pBLAST). Sequences were compared with a protein database of the Leishmania genus, Trypanosomatidae family, Homo sapiens, and Canis familiaris lupus species.



2.5.6.3 Protein Function Analysis

In order to assign a possible function to the identified proteins, they were analyzed by gene ontology (GEO) using the InterPro database (https://www.ebi.ac.uk/interpro/).



2.5.6.4 Identification of Conserved Domains

Conserved domains of proteins were analyzed by UniProt (https://www.uniprot.org/database/DB-0214) and NCBI (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) conserved domain databases. The second one uses a Reverse Position-Specific BLAST.





2.6 Statistical Analysis

Statistically significant differences among groups were evaluated by parametric (one or two-way ANOVA) or non-parametric (Kruskal–Wallis) tests and Dunnet’s, Bonferroni, or Dunn’s post-tests according to each case, using R studio and GraphPad Prism 5.0 software. The displayed results are representative of two independent experiments.




3 Results


3.1 TLA + Poly (I:C) + Montanide Formulation Enhances the Immune Response

To evaluate whether TLA + Poly (I:C) + Montanide formulation induces a strong immune response, five BALB/c mice per group were immunized twice with a first-generation vaccine; TLA-specific IgGs were measured 21 days after each immunization; and IgG1/IgG2a, cytokine production, and cell proliferation were measured 21 days after the booster (Figure 1A). As it can be seen in Figure 1B, both TLA alone and TLA combined with adjuvants induced seroconversion after the second dose (p < 0.001). However, IgG antibodies were higher in the group that received TLA + Poly (I:C) + Montanide ISA 763 (p < 0.01). Both groups of animals produced high levels of IgG1 (p < 0.001) but not of IgG2a (Figure 1C).




Figure 1 | Humoral and cellular immune response in immunized mice. Vaccination scheme (A). Anti-Leishmania IgG antibodies (B) using serum samples dilution (1:500) obtained 3 weeks after each immunization. Anti-Leishmania IgG1 and IgG2a (C) antibodies using serum samples dilution (1:1,000) obtained 3 weeks after boost. Results are presented as the mean ± standard error of mean (SEM) of optical density (O.D.) values from biological replicates obtained from 5 animals per groups. Cytokine levels of IFN-γ (D), IL-4 (E), and IL-10 (F) measured by enzyme-linked immunosorbent assay (ELISA) using supernatant of splenocytes stimulated with TLA for 72 h 3 weeks after boost; results are presented as the mean ± SEM of cytokine concentration (pg) from biological replicates obtained from 5 animals per group. Cell proliferation assay (G) determined by MTT on stimulated splenocytes with TLA for 72 h 3 weeks after boost; results are presented as the mean ± SEM of the cell proliferation index (ratio of unstimulated control) from biological replicates obtained from 5 animals per group. Asterisks indicate significant differences among groups: *p < 0.05; **p < 0.01; ***p < 0.001 by one-way (C–G) or two-way (A, B) ANOVA and Tukey’s or Bonferroni post-tests.



The adjuvanted vaccine formulation induced higher levels of IFN-γ, IL-4, and cell proliferation than both control groups (Figures 1D, E, G), as well as higher levels of IL-10 than the PBS control group (Figure 1F).



3.2 TLA + Poly (I:C) + Montanide Ameliorates L. amazonensis Infection

To evaluate protection against L. amazonensis infection, five animals per group received 3 doses of one formula subcutaneously in the interscapular region and were challenged on the right footpad 14 days after the last immunization with L. amazonensis promastigotes. The results shown in Figure 2 demonstrate that mice immunized with TLA + Poly (I:C) + Montanide ISA 763 displayed a reduced L. amazonensis infection. Vaccinated mice with TLA + Poly (I:C) + Montanide ISA 763 showed a smaller lesion size than the PBS control group from week 8 (p < 0.01, asterisks above the line) as well as the TLA control group since week 9 (p < 0.001, asterisks under the line) (Figure 2A). These results were maintained until the end of the protocol at week 11 (p < 0.001). The adjuvanted vaccine formulation reduced parasite load on the footpad and the spleen compared with PBS and TLA control groups (Figures 2B, D). Mice immunized with TLA + Poly (I:C) + Montanide showed less splenic index than the PBS control group (Figure 2C), with similar values to non-infected mice. An increase of splenic index indicates splenomegaly, which is an indicator of inflammation due to the arrival of parasite to the spleen.




Figure 2 | Protection analysis in immunized mice. Five animals per group were infected with 10,000 promastigotes of L. amazonensis by intradermic injection via the right footpad 14 days after the last boost. Footpad swelling (mm) was measured weekly until 11 weeks after infection; data are presented as the mean ± SEM (A). Parasite load was determined by limiting dilution in the right footpad 11 weeks after infection; data are presented as the mean ± SEM of –log number of parasites (B). Splenic index was calculated 11 weeks after infection; data are presented as the mean ± SEM (C). Parasite load was determined by limiting dilution in the spleen 11 weeks after infection; data are presented as the mean ± SEM of –log number of parasites (D). Asterisks represent differences between groups *p < 0.05; **p < 0.01; ***p < 0.001 by ANOVA (A–C) and Kruskal–Wallis (D) tests.





3.3 Identification of Four Leishmania Antigens by Immunoproteomic Analysis

Total proteins of L. amazonensis were separated in 2D electrophoresis gel according to their isoelectric point and molecular weight (Figure 3A). In order to evaluate the antigenicity of obtained spots, immunoblotting was carried out and the membranes were incubated with serum from mice receiving PBS (as an unspecified control) or TLA + Poly (I:C) + Montanide ISA 763 (Figures 3B, C). Western blot analysis showed that serum from the PBS control mice recognized 5 nonspecific proteins (shown as blue circles in Figure 3B).




Figure 3 | Immunoproteomic analysis by 2D Western blot. Total L. amazonensis proteins distributed in a 2D SDS-PAGE stained with Comassie Brillant Blue (A). Membrane of 2D Western blot incubated with a pool of serum from the PBS control mice (B). Membrane of 2D Western blot incubated with a pool of serum from mice immunized with TLA + Poly (I:C) + Montanide ISA 763 (C). Blue circles represent spots recognized by the PBS control serum. Red circles represent spots analyzed by mass spectrometry. Green circles represent negative and positive controls of protein in gel.



Moreover, a large amount of proteins were recognized by serum from immunoprotected mice. These proteins were mainly distributed between 35 and 250 kDa with a pI between 4 and 5 (Figure 3C). Two spots were recognized by both sera, corresponding to a cross-reactivity (blue circles in Figure 3C); therefore, those were excluded in the protein sequence identification.

From the observed proteins, 13 spots were excised from gel (red circles), with a positive and a negative control (green circles, S+ and S-) to be analyzed by mass spectrometry.

As seen in Table 1, the amino acid sequences from four spots (3, 6, 7, and 11) were identified by mass spectrometry and considered positive according to the inclusion criteria detailed in the Materials and Methods section.


Table 1 | Characteristics of the identified immunodominant proteins.





3.4 Analysis of Families, Domains, Functions, and Conservation of Identified Proteins

Families and domains of identified proteins were analyzed by the UniProt database, whereas their function was analyzed by gene ontology analysis using the InterPro database. Using the BLASTp bioinformatic tool, protein sequences were compared with the database of the Leishmania genus (Taxid: 5658), Trypanasomatid family (Taxid: 5654), Homo sapiens (Taxid: 9606), and Canis lupus familiaris (Taxid: 9615) (Supplementary Files).

Firstly, the cytosolic tryparedoxin peroxidase (L. amazonensis) protein contains 199 amino acids, with a thioredoxin domain at the 6–165 position. This domain mediates its participation in redox reactions, usually via reversible oxidation of a cysteine residue leading to a cysteine-sulfenic acid that can either be stabilized or react with an unmodified cysteine residue and form a stable but reversible disulfide bond. When a GEO analysis was carried out, antioxidant, peroxiredoxin, and oxidoreductase activities were found.

Secondly, according to the UniProt analysis, the uncharacterized protein (L. mexicana) contains a coiled-coil domain at the 88–115 position. A coiled coil is a type of secondary structure composed of two or more alpha helices that entwine to form a cable structure. In proteins, the helical cables perform a mechanical role in forming stiff bundles of fibers. When a GEO analysis was carried out on this protein, no GEO terms were found. Using the NCBI conserved domains database, it was observed that this protein showed a non-specific hit. This hit was an Mpr1p, Pad1p N-terminal (MPN) domain without catalytic isopeptidase activity found in the eukaryotic translation initiation factor 2 (eIF2) subunit h (eIF2h), which is related to protein synthesis.

Thirdly, according to UniProt, no domains were identified in the kinetoplast-associated protein-like protein (KAP) (L. infantum); as a result, the entirety of its 660-amino-acid-long sequence revealed a disordered region. No GEO terms were found either. However, using the NCBI database, two specific hits were found: a trichohyalin–plectin–homology (TPH) domain and a TolA protein. The TPH domain has been associated with mitochondrial movement, whereas the TolA protein is part of the Tol–Pal complex that is required for maintaining outer-membrane integrity.

Finally, according to the NCBI and UniProt analysis, the putative heat-shock protein (HSP) DNAJ (L. major) showed a DNAJ domain at the 6–70 position and a molecular chaperone with the C-terminal Zn finger domain at the 120–205 position. The GEO results showed that this protein participates in the biological process of protein folding and heat response. In addition, this protein has different molecular functions related among them: ATP binding, HSP70 protein binding, metal ion binding, and unfolded protein binding.

According to the BLASTp bioinformatic tool, the four identified proteins showed a highly conserved level (up to 99% of identity) among Leishmania species, which causes different clinical manifestations. Also, all these proteins, except the uncharacterized protein from L. mexicana, are highly conserved among species belonging to the Trypanosomatid family, which causes human disease, such as Chagas and African trypanosomiasis. Furthermore, all these proteins showed a low level of protein conservation when compared to all proteins of the human and dog database. In those cases, the percentage of identity was lower than 60% with no sequence identity for the uncharacterized protein from L. mexicana (Supplemetary File).




4 Discussion

Leishmaniasis is a parasitic disease for which there is no available vaccine for human use (7). As a result, continuous research is needed in order to develop a vaccine. In this study, a combination of two adjuvants with different action mechanisms was proposed to enhance vaccine protection against L. amazonensis. Hence, TLA was formulated with Poly (I:C) and Montanide ISA 763, and its immune response and protective effect were evaluated. The synergistic priming effect on the immune response to the antigen given by the combination of both adjuvants has been suggested by other authors in a therapeutic cancer vaccine (30).

In the current study, the formulation containing TLA, Poly (I:C), and Montanide ISA 763 induced an increased humoral and cellular immune response, characterized by high levels of total IgG and IgG1 antibodies, IFN-γ, IL-4, and IL-10. Despite increases in all cytokines given by the immunization with this formula, IFN-γ levels were higher than the others. Unfortunately, with this approach, it is still unclear which immune cell subset (CD4 T, CD8, or B cells) is responsible for IFN-γ production. However, more studies concerning T-cell-dependent immune responses before and after infection would be necessary to better understand underlying mechanisms given by the evaluated vaccine formula and how they are modulated by the ongoing L. amazonensis infection. As L. amazonensis may infect APCs and skew T-cell priming, the possibility that L. amazonensis infection may modulate the vaccine-induced T-cell response should not be discarded (31).

The role of antibodies on Leishmania infection is unclear. Some authors suggest that increasing antibody titers after infection could help the parasite’s entry into the host cells and the development of the disease (32). In contrast, other authors suggest that disease outcome depends on different factors, such as the infective dose, the quantity of opsonized parasites, the interaction between IgG, and the different Fc-γ receptors, among others (33). Moreover, Rostamian and colleagues observed that a protective adjuvated recombinant protein increased IgG1 antibodies after immunization and decreased them after challenge (34). As a result, more detailed studies are needed to evaluate the humoral immune response after infection to understand the observed results.

Even though TLA + Poly (I:C) + Montanide induced a mixed Th1:Th2:Treg immune response, it was able to improve BALB/c mice from infection by L. amazonensis. This achievement was reflected in their smaller lesion size, lower splenic index, and lower parasite load on the footpad and spleen than the control group. Similar results were found by Shakri and collaborators using a vaccine formulated with the recombinant L. major stress-inducible protein 1 (LmSTI1) and Montanide ISA 50 against infection by L. major (35). They showed that even though the vaccine enhanced the IFN-γ, IL-4, IL-10, and IL-17 cytokines, this also decreased lesion size and parasite load. Additionally, it has been observed that asymptomatic patients show a low parasite load, due to the increase in pro-inflammatory cytokines controlled by the IL-10 production (36). Our results demonstrate the importance of a balance between IFN-y and IL-10 production in order to control the disease without causing tissular damage.

Therefore, stimulated splenocytes from mice immunized with TLA and adjuvants exhibited a significant increase in cell proliferation. Although cell proliferation of splenocytes does not have a direct correlation with effector function of T lymphocytes, this is broadly employed to evaluate the immunological characteristics elicited by antigens in vaccines (37).

The scheme of immunization and site of infection could change the outcome of a given vaccine. Aligned with our data, Mehravaran and colleagues performed an L. amazonensis challenge 14 days after the last booster, which obtained good results (38). However, Salari et al. and Lage et al. demonstrated that their vaccines also displayed protection from L. amazonensis challenge 3–4 weeks after the last booster, indicating that different L. amazonensis challenge protocols may be valuable and adaptable (39, 40). Moreover, it has been demonstrated that the site of the Leishmania infection determines disease severity and immune response (41).

In the present study, a serological-proteomic analysis was made by two-dimensional Western blot, where total L. amazonensis proteins were separated in 2D gel and incubated with a pool of sera from immunoprotected BALB/c mice. A similar approach was successful in order to identify antigens used for experimental vaccines (42, 43). Here, four immunodominant proteins were identified, which are possible candidates to produce new-generation vaccines based on one protein. The identified proteins were as follows: cytosolic tryparedoxin peroxidase from L. amazonensis, a non-characterized protein from L. mexicana, a KAP from L. infantum, and a putative HSP DNAJ from L. major.

As it can be seen in Table 1, identified proteins were not from L. amazonensis in all the cases, despite being the species used for the analysis. The reason for this could be that not all protein sequences of L. amazonensis are in the database. As a result, all Leishmania spp. databases were used for the analysis. However, some differences between theoretical and experimental pI and Mw were observed, mainly in the KAP of L. infantum. This could be due to post-translation modifications and protein processing observed in Leishmania spp., even in the KAP of Leishmania (44, 45).

One of the identified proteins was the cytosolic tryparedoxin peroxidase. It belongs to the 2-cysteine peroxiredoxin family and has been characterized on Leishmania genus and other trypanosomatids. This protein is a virulence factor that participates against the oxidative stress as an antioxidant enzyme via metabolism of hydrogen peroxide to water. For that, it has an important role in the survival of parasites inside the target cells, as well as in drug resistance (46, 47). Moreover, it has been demonstrated that this protein is expressed in the promastigote and amastigote forms (48). In accordance with previous reports, we observed that cytosolic tryparedoxin peroxidase is highly conserved in trypanosomatids protozoa (49). It has been evidenced that this protein elicits IL-4 and IL-10 expression, and it also suppresses IL-12 and IFN-γ expression in blood-derived monocytes from patients with visceral leishmaniasis. Hence, this protein acts as an immunosuppressant, promoting disease progression (50). Nevertheless, this protein has not been used as an antigen for vaccine development against leishmaniasis.

Furthermore, a KAP was recognized by sera from immunized mice. There are different types of KAPs, and their function and location have been studied on different kinetoplastid protozoa, but not in Leishmania spp (51–53). Its main function is related to organizing the kDNA network, guaranteeing the packaging and segregation of mitochondrial DNA (mtDNA) (54). However, it has been demonstrated that KAP6 depletion in T. brucei parasites stopped its cell growth (52), although it was not observed on either KAP3 knockout T. cruzi parasites or KAP2 and KAP3 double-knockout Crithidia fasciculata (51, 53).

Finally, the identified HSP DNAJ, just like the other members of the HSP family, is a highly conserved molecular chaperone. It has been demonstrated that it has an important function in the life cycle and survival of parasites inside mammalian host cells (55). Several virulence factors, including HSP, have been used as antigens to develop vaccines against leishmaniasis (56). In particular, HSP has been used as a vaccine antigen against other infectious diseases and also against cancer. The HSP antigen has been used as peptide, protein, and DNA vaccines (57).

Some authors suggest that antigens that promote a susceptibility-inducing immune response during early infection could be protective when combined with Th1-promoting adjuvants in prophylactic vaccines (58). These data support the idea that virulence factors such as tryparedoxin peroxidase and HSP can be promising candidates to develop a one-protein vaccine against leishmaniasis. The proteins identified by immunoblot may not precisely induce a cellular immune response as the IgG levels must be identified and T-cell peptide analysis must be carried out to fulfill this task. However, the peptide nature and the IgG-switched humoral immune response against these antigens may reflect a conventional germinal center reaction where T–B cell cooperation and T-cell priming have occurred. The T-cell-specific immunodominance from these proteins would shed light on L. amazonensis biology to develop a more effective vaccine. The study of the T-cell epitopes of these peptides was not included in the scope of this study.

Additionally, a vaccine antigen against Leishmania should be immunogenic, conserved among the Leishmania species, and phylogenetically divergent to any human or canine protein (according to the host where the vaccine will be used) to avoid autoimmunity (59). Here, it can be demonstrated that identified proteins showed a low phylogenetic conservation when they were compared to the human and canine protein databases. In addition, these proteins manifested a high conservation compared to the Leishmania genus and even the Trypanosomatid family protein databases.

In conclusion, all these data suggest that TLA and Poly (I:C) emulsified with Montanide ISA 763 could be a good candidate for a first-generation vaccine against cutaneous leishmaniasis caused by L. amazonensis. Moreover, the four identified proteins from the first-generation vaccine could be protective immunodominant antigens to be considered for vaccine development against leishmaniasis disease.
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