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ABSTRACT
Treatment for visceral leishmaniasis (VL) is hampered mainly by the toxicity and/or high cost of antileishmanial drugs. What is more, variability on sensitivity and/or specificity of diagnostic tests hinders effective disease management. In this context, prophylactic vaccination should be considered as a strategy to prevent disease. In the present study, immunogenicity of the Leishmania eukaryotic Elongation Factor-1 beta (EF1b) protein, classified as a Leishmania virulence factor, was evaluated in vitro and in vivo and tested, for the first time, as a vaccine candidate against Leishmania infantum infection. The antigen was administered as DNA vaccine or as recombinant protein (rEF1b) delivered in saponin. BALB/c mice immunization with a DNA plasmid and recombinant protein plus saponin induced development of specific Th1-type immunity, characterized by high levels of IFN-(, IL-12, GM-CSF, both T cell subtypes and antileishmanial IgG2a isotype antibodies, before and after infection. This immunological response to the vaccines was corroborated further by parasitological analysis of the vaccinated and then challenged mice, which showed significant reductions in the parasite load in their liver, spleen, bone marrow and draining lymph nodes, when compared to the controls. Vaccination using rEF1b/saponin induced a more robust Th1 response and parasitological protection when compared to the DNA vaccine. Furthermore, in vitro analysis of lymphoproliferation, IFN-( and IL-10 levels in human PBMC cultures showed as well development of a specific Th1-type response. In conclusion, data suggest that EF1b could be a promising vaccine candidate to protect against L. infantum infection.
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1. Introduction
Leishmaniases are vector-borne neglected diseases caused by approximately 20 distinct species of protozoan parasites of the genus Leishmania. This disease complex is a major health problem in several countries around the world, where approximately 380 million people are at risk of contracting infection and about 2 million new cases are registered annually [1]. The main clinical manifestations of disease comprise tegumentary (TL) and visceral leishmaniasis (VL), mainly caused by Leishmania donovani species in Asia and Eastern Africa and by L. infantum species in Latin America, Central Asia and Mediterranean region [2]. Treatment against VL is toxic to the patient and expensive. In addition, parasite resistance has been registered [3]. Since drug discovery is a long and costly process [4], prophylactic vaccination should be considered to prevent spread of the disease.
Protective immunity against VL is based on the development of a parasite-specific Th1-type response characterized by production of cytokines, such as IFN-γ, IL-12, TNF-α and GM-CSF, among others [5]. These compounds induce nitric oxide production by activation of phagocytic cells, which kill internalized parasites [6]. Both CD4+ and CD8+ T cell subtypes contribute to protection against infection by the parasite, which is required for a sustained immunity directed against virulence antigens through a mechanism dependent on IFN-( presence [7]. Thus, effective vaccine candidates should be able to activate the host immune system through both T cell subtypes in order to protect against Leishmania infection [8].
Distinct parasite proteins have been evaluated as vaccine candidates against VL and, although most of them have showed induction of cellular and humoral response in vaccinated mice [9-12], thorough analysis of their immunogenicity and/or protective response in other mammalian models or in clinical studies is still to be determined [13-15]. In addition, few studies have compared the administration of these proteins using different adjuvants with DNA vaccines. Mammalian cells are capable of expressing genes encoded on DNA plasmids and immunization with such plasmids may induce humoral and cellular responses directed against the native encoded protein [16-18]. In addition, DNA vaccines are cost effective and more stable than recombinant proteins delivered with an adjuvant [19].
Eukaryotic Elongation proteins have been characterized as Leishmania virulence factors, since they can interact with and/or inactivate infected macrophages, causing progression of disease [20,21]. In addition, since these proteins have been attributed with an essential role in parasite survival within the infected mammalian hosts, they have been characterized also as antileishmanial drug targets [22]. Some proteins belonging to the class of the Elongation protein family, previously identified in L. donovani species through proteomics assays, have been shown to induce IFN-( production in PBMC cultures of cured VL patients [23]. Similarly, in a prior immunoproteomic study in both L. infantum promastigotes and amastigotes, we showed the presence of specific antibodies directed against the eukaryotic Elongation Factor-1 beta (EF1b) protein in VL patients’ sera by immunoblotting [24]. Furthermore, in a previous study, we already cloned, expressed and purified this protein, and tested it as a recombinant antigen (rEF1b) for the diagnosis of canine and human VL [25]. Results showed that rEF1b was highly sensitive and specific for diagnosing both symptomatic and asymptomatic canine VL, as well as for the human disease. A prognostic role of this recombinant antigen was also shown, since low levels of rEF1b-specific antibody were observed after patient treatment [25].

In this context, and in response to the need for identifying new prophylactic, diagnostic and/or prognostic targets against VL, in the present study, rEF1b protein plus saponin and a DNA construct encoding for EF1b were evaluated as potential vaccine antigens in BALB/c mice against L. infantum infection and compared. Efficacy of vaccination was assessed by both immunological and parasitological analyses. Their immunogenicity was shown in vitro in PBMC cultures obtained from L. infantum-infected patients, before and after treatment, as well as from healthy Brazilian subjects, by analysis of lymphoproliferative response and IFN-( and IL-10 production.
2. Materials and methods
2.1. Animals and parasites

Female BALB/c mice (8 weeks of age) were obtained from the breeding facilities from the Department of Biochemistry and Immunology, Institute of Biological Sciences, Federal University of Minas Gerais (UFMG), Belo Horizonte, Minas Gerais, Brazil, and maintained under specific pathogen-free conditions. The study was approved by the Committee on the Ethical Handling of Research Animals from UFMG (protocol number 333/2015). L. infantum (MHOM/BR/1970/BH46) parasite was used for infection studies. Stationary promastigotes were grown at 24ºC in complete Schneider's medium (Sigma-Aldrich, USA), supplemented with 20% (v/v) heat-inactivated fetal bovine serum (FBS, Sigma-Aldrich, USA), 20 mM L-glutamine, 200 U/mL penicillin and 100 µg/mL streptomycin, pH 7.4. Soluble Leishmania antigenic extract (SLA) was prepared from stationary promastigotes as described elsewhere [26]. 

2.2. Immunogens preparartion
The gene encoding for EF1b (LINF_340014000) was cloned from L. infantum genomic DNA as previously described [25], with primers 5´-GGATCCACCATGGGATCTCTAAAGGACGTGAGC-3´ (Forward) and 5´-GAATTCAGGTGCAGTCGATGGATATC-3´ (Reverse). The PCR-amplified DNA fragment was purified, double-digested with BamHI and EcoRI restriction enzymes and linked into the pET28a-TEV vector (Promega, USA). The resulting clone was sequence checked (MegaBace 1000 automatic sequencer apparatus, Amersham Biosciences, USA) and used to transform Arctic Express E. coli competent cells. Transformed bacterial cells were grown in LB medium and expression of rEF1b protein was induced with 1 mM isopropyl β-D-thiogalactopiranoside (IPTG; Promega, Montreal, Canada) for 4 h at 12ºC. Cells were harvested by centrifugation at 3,000 x g for 10 min at 4ºC and the bacterial pellet was lysed in phosphate-buffered saline (PBS) pH 7.4 supplemented with 0.25 mg/mL lysozyme, 25 U/mL benzonase nuclease, 10 mM imidazol, 1 mM PMSF and 2 mM β-mercaptoethanol (all reagents supplied by Sigma-Aldrich, USA). Lysates were sonicated six times on an ice bath for 30 seconds/pulse (38 MHz), with 30 seconds rest in between pulses, followed by six cycles of freezing (liquid nitrogen) and thawing (water bath), and stored at 4ºC. The recombinant protein was purified in a nickel nitrilotriacetic (Ni-NTA) column (GE Healthcare Life Sciences, USA) and eluted fractions were concentrated using an Amicon® ultra-15 centrifugal filter with a 10,000 nominal molecular weight limit (NMWL, Millipore, Germany), followed by further purification on a SuperdexTM 200 gel-filtration column (GE Healthcare, USA). The purified protein was passed through a polymyxin-agarose column (Sigma-Aldrich, USA) to remove any residual endotoxin content (<10 ng of lipopolysaccharides per 1 mg of recombinant protein, measured by Quantitative Chromogenic Limulus Amebocyte Assay QCL-1000, BioWhittaker, MD, USA). The L. infantum eukaryotic EF1b-encoding plasmid was obtained by ligation of the EF1b gene DNA fragment into a pVAX vector (Thermo Fisher Scientific, Massachusetts, USA). The insert size and orientation were checked by DNA sequencing. Empty pVAX vector was used as vaccine control. The plasmids were purified from E. coli DH5( cells (Thermo Fisher Scientific, Massachusetts, USA) transformed with the Qiagen Endofree Plasmid Maxi kit (Qiagen®, Hilden, Germany), with pyrogen-free material and the pellet was resuspended in pyrogen-free PBS at pH 7.4, according to manufacturer’s instructions. Quality of plasmid preparation was evaluated by 1% (w/v) agarose gel electrophoresis and absorbance, with optical density (OD) values ratios (260 nm/280 nm) ranging from 1.8 to 2.0.

2.3. Human blood samples 
This study was approved by the Ethics Committee from UFMG (protocol number CAAE-66026117.3.0000.5149). Patients received a copy of the study policy, which was reviewed by a third person, and were asked to sign a consent form in Portuguese before blood collection. L. infantum-infected patients (n=6, comprise of 3 males and 3 females, with ages ranging from 35 to 63 years) living in an endemic region of disease (Belo Horizonte) were diagnosed by Polymerase Chain Reaction (PCR) technique, which identifies L. infantum kDNA in aspirates from spleen and/or bone marrow [27]. PCR-positive patients presented also positive serological results when tested with the Kalazar Detect™ Test Kit (InBios International, Inc., Seattle, WA, USA). Blood samples (20 mL) were collected from each patient before and six months after treatment with pentavalent antimonials (Sanofi Aventis Farmacêutica Ltda., Suzano, São Paulo, Brazil). Blood samples collected from healthy Brazilian subjects living in the same endemic region of disease (n=6, 2 males and 4 females, ranging from 27 to 45 years of age, Belo Horizonte) were also collected. Control patients showed no clinical manifestation of VL disease and tested negative on the serological assay.

2.4. Lymphoproliferation assay

Peripheral Blood Mononuclear Cells (PBMCs) were purified by Ficoll Hypaque density gradient centrifugation (GE Healthcare Bio-Sciences AB, Uppsala, Sweden) and cells (1 x 107/mL) were cultured in RPMI 1640 medium supplemented with 20% (v/v) FBS, 2 mM L-glutamine, 200 U/mL penicillin, 100 µg/mL streptomycin, 50 μM 2-mercaptoethanol, 1 mM sodium pyruvate and 1× non-essential amino acids. Cells were left untreated (medium, background control) or stimulated with rEF1b or L. infantum SLA (10 and 50 µg/mL, respectively) for five days at 37°C in 5% (v/v) CO2. After four days, 20 μL 5-bromo-2’-deoxyuridine labelling solution was added and samples were incubated for further 18 h at 37°C in 5% (v/v) CO2. Lymphoproliferative response was analyzed by ELISA assay using the Cell Proliferation BiotrakTM version 2 ELISA kit (GE Healthcare Bio-Sciences AB, Uppsala, Sweden), according to the manufacturer’s instructions. Results were calculated as the ratio between the OD values of non-stimulated versus stimulated cultures.
2.5. Human cytokine production
To evaluate the IFN-( and IL-10 production in cell supernatants from PBMC cultures, sandwich ELISA kits (BD OptEIA™ Human IFN-γ and IL-10 ELISA Set kits, catalog numbers 555142 and 555157, respectively) were used. Briefly, 96-well plates (Nunc, Nunclon(, Roskilde, Denmark) were coated with 100 µL/well capture antibody (anti-IFN-γ or anti-IL-10) diluted in coating buffer (0.1 M sodium carbonate, pH 9.5) for 18 h at 4°C. Wells were blocked with 250 μL PBS with 0.05% (v/v) Tween 20 (PBS-T), plus 5% (v/v) bovine serum albumin (BSA), for 1 h at room temperature. Next, the blocking buffer was removed and the cell supernatants (100 μL) were added and incubated for 2 h at 4°C. The wells were washed with PBS-T and incubated with biotinylated anti-IFN-γ or anti-IL-10 monoclonal antibody (1 μg/mL each, in PBS-T) for 1 h at room temperature. After five washes, wells were incubated with working detector diluted in PBS-T, for 1 h at room temperature. Plates were then washed seven times with PBS-T and 100 µL of substrate solution was added to each well and incubated further for 30 min at room temperature in the dark. Reactions were stopped by addition of 50 µL 2 N H2SO4 and OD values were immediately measured using an ELISA microplate spectrophotometer at 450 nm. Sensitivity limits for IFN‐γ and IL‐10 were 4.4 and 5.3 pg/mL, respectively.
2.6. Mice immunization and challenge infection 
BALB/c mice (n=16 per group) received saline or were immunized with either saponin (25 µg) or rEF1b (10 µg) plus saponin (25 µg) (rEF1b/Saponin group), both by subcutaneous route, or with pVAX (50 µg) or pVAX/EF1b (50 µg) by intramuscular route. Three doses were administered at a two-week interval. Thirty days after the last dose, mice (n=8 per group) were euthanized and their spleens and sera samples were collected. The remaining animals (n=8 per group) were infected subcutaneously with 107 L. infantum stationary promastigotes, and were followed up for 45 days after which animals were euthanized and sera samples and organs were collected for immunological and parasitological assays.
2.7. Cellular response
Cellular response was evaluated before (30 days after the last vaccine dose) and after (45 days post-infection) challenge [28]. For this, animals’ spleens (n=8 per group) were collected and splenocytes (5 x 106/mL) were incubated in RPMI 1640 medium supplemented with 20% (v/v) FBS, 20 mM L-glutamine, 200 U/mL penicillin and 100 µg/mL streptomycin at pH 7.4. Cells were non-stimulated (medium) or stimulated with rEF1b or L. infantum SLA (10 and 50 (g/mL, respectively) for 48 h at 37°C in 5% (v/v) CO2. IFN-(, IL-4, IL-10, IL-12, and GM-CSF levels were measured in the cell supernatants by capture ELISA (BD OptEIA TM set mouse, Pharmingen®, San Diego, CA, USA), according to manufacturer’s instructions. Nitrite production was evaluated post-challenge in the same cell supernatants by Griess reaction. The origin of IFN-( production in the rEF1b/Saponin and pVAX/EF1b groups was evaluated post-infection by addition of monoclonal antibodies against mouse CD4 (GK 1.5) or CD8 (53-6.7) (5 (g/mL each) in the corresponding cultures in vitro. Appropriate isotype-matched controls (no azide/low endotoxinTM), rat IgG2a (R35-95), and rat IgG2b (95-1) were employed (Pharmingen®, USA).

2.8. Antibody production
Thirty days after the last vaccine dose and 45 days post-infection, murine sera samples were collected and rEF1b and SLA-specific IgG1 and IgG2a isotype levels were determined by ELISA assay. Briefly, rEF1b and SLA (0.5 and 1.0 µg/well, respectively) were used as antigens and sera samples were diluted 1:100 in PBS-T. Anti-mouse IgG1 and IgG2a horseradish-peroxidase conjugated antibodies (Sigma-Aldrich, USA) were used at 1:5,000 and 1:10,000 dilutions, respectively, in PBS-T. Reactions were developed by addition of a solution composed by 30 vol. H2O2, ortho-phenylenediamine and citrate-phosphate buffer at pH 5.0, and stopped by addition of 2 N H2SO4. OD values were measured in an ELISA microplate spectrophotometer (Molecular Devices, Spectra Max Plus, Canada) at 492 nm.
2.9. Immunoblotting
An immunoblotting assay was performed using rEF1b- and pVAX/EF1b-immunized mice sera (n=4). Samples collected from non-immunized and non-infected mice were used as control (n=4). For this, rEF1b (10 µg) was subjected to a 12% (w/v) SDS-PAGE and blotted onto a nitrocellulose membrane (0.2 (m pore size, Sigma-Aldrich, USA). A low range protein ladder standard (InvitrogenTM, Life Technologies, USA) was used. Membranes were blocked with PBS-T plus 5% (v/v) albumin solution and incubated for 1 h at 37oC, before undergoing the first incubation with the sera pools (all diluted 1:100 in PBS-T). Membranes were washed with PBS-T and anti-mouse IgG horseradish-peroxidase conjugated antibody was added (1:10,000 diluted in PBS-T; Sigma-Aldrich, USA) and incubated for 1 h at 37°C. Reactions were developed for 30 min by addition of chloronaphtol, diaminobenzidine and 30 vol. H2O2, and stopped by addition of distilled water.

2.10. Parasite burden assay
The parasite load was evaluated at 45 days post-infection by limiting dilution technique [29]. Briefly, the spleen, liver, bone marrow (BM) and draining lymph nodes (dLN) were collected from animals (n=8 per group) and homogenized in a glass tissue grinder with sterile PBS. Centrifugation at 150 × g allowed removal of tissue debris and concentration of cells. Pellets were resuspended in 1 mL Schneider’s insect medium, supplemented with 20% (v/v) FBS. 220 μL of these cells suspensions were plated onto 96-well flat-bottom microtiter plates (Nunc, Nunclon(, Roskilde, Denmark) and serially diluted (in log-folds, 10-1 to 10-12) in Schneider’s medium. Each sample was plated in triplicate at 24°C and measured after 7 days of being cultured. Results were expressed as the negative log of the titer adjusted per milligram of organ. 
2.11. Statistical analysis

Results were entered into Microsoft Excel (version 10.0) spreadsheets and analyzed by GraphPad PrismTM (version 6.0 for Windows). Statistical analyses were performed by one-way analysis of variance (ANOVA) followed by Bonferroni’s post-test for comparisons between the groups. Differences were considered significant when P < 0.05. Experiments were repeated and results were similar.
3. Results
3.1. Development of Immunogenicity in stimulated PBMC cultures
Lymphoproliferation and immunogenicity were evaluated in vitro in PBMC cultures obtained from L. infantum-infected patients before and after treatment, as well as from healthy Brazilian subjects. Results showed that rEF1b induced lymphoproliferation in both treated patients’ and healthy subjects’ cells, when compared to data obtained using SLA as a control stimulus (Fig. 1). Cytokine dosage on cell supernatants showed higher IFN-( levels in rEF1b-stimulated cell cultures derived from treated patients and healthy subjects, compared to IL-10 values (Fig. 2A). Furthermore, ratios between IFN-( and IL-10 levels suggested development of a protein-specific Th1 immune response in vitro (Fig. 2B).
3.2. Development of murine immune response before L. infantum infection
The cellular response induced in BALB/c mice by distinct vaccination schedules was evaluated before challenge infection. Results showed that rEF1b/Saponin and pVAX/EF1b-vaccinated mice produced significantly higher levels of IFN-(, IL-12 and GM-CSF, with corresponding low IL-4 and IL-10 levels, when compared to the control (saline, saponin and pVAX) groups (Fig. 3). Humoral response analysis using sera samples from vaccinated animals showed that immunization with rEF1b/Saponin induced higher levels of anti-rEF1b IgG2a isotype antibodies when compared to IgG1 levels (Fig. 4). Control mice groups produced instead low and similar IgG1 and IgG2a isotype levels. Although immunization with pVAX/EF1b also induced an increase in the levels of anti-protein IgG2a, these values were lower in comparison to those obtained with the recombinant protein delivered in saponin.
3.3. Cellular and humoral responses generated after infection

The immune response was evaluated also 45 days after infection. Results showed that rEF1b/Saponin and pVAX/EF1b-vaccinated and infected mice produced significantly higher levels of IFN-(, IL-12 and GM-CSF, with corresponding low IL-4 and IL-10 levels, when compared to the control groups (Fig. 5A). In addition, ratios between IFN-( and IL-10 levels suggested development of protein-specific Th1 immune response in vitro (Fig. 5B). The source of IFN-( production in the vaccinated and infected mice was evaluated in vitro by addition of anti-CD4 or anti-CD8 monoclonal antibodies into the cultures. Results showed that CD8+ T cells were the main responsible for IFN-( production in the pVAX/EF1b-vaccinated mice group, whereas CD4+ T cells were the main T cell subtype responsible for producing this cytokine in the rEF1b/Saponin group (Fig. 6). Nitrite production was also measured in the cell supernatant of the spleen cells cultures after challenge, and results showed that rEF1b/Saponin and pVAX/EF1b mice groups produced significantly higher levels of this molecule in comparison to the corresponding controls (Fig. 7).

Murine humoral response analysis after infection showed also that rEF1b/Saponin-immunized and challenged mice presented significantly higher levels of anti-rEF1b and anti-SLA IgG2a isotype antibodies, when compared to the control groups, which instead presented higher levels of antileishmanial IgG1 isotype antibodies (Fig. 8). In a similar fashion, pVAX/EF1b mice group presented also higher IgG2a levels than IgG1, although lower than those found in rEF1b/Saponin-vaccinated mice. Moreover, antibodies in sera from pVAX/EF1b-immunized mice specifically recognized the recombinant protein by immunoblot assay (Supplementary figure).

3.4. Evaluation of parasite burden

The parasite load was evaluated 45 days post-infection in the vaccinated and infected animals. Results showed that immunization with either rEF1b/Saponin or pVAX/EF1b induced significant reduction of the parasite burden in the spleen (Fig. 9A), liver (Fig. 9B), dLNs (Fig. 9C) and BM (Fig. 9D) in comparison to the saline, saponin and pVAX control groups. In addition, reduction in the parasitism was more significant in animals receiving rEF1b/Saponin than in those immunized with pVAX/EF1b. 
4. Discussion
In a recent immunoproteomic study performed with L. infantum promastigotes and amastigotes, we identified presence of antibodies specific to EF1b protein in VL patients’ sera [24]. This protein was then cloned, expressed, purified and tested as a diagnostic marker for canine and human VL, displaying high sensitivity and specificity when tested against large human and canine serological panels [25]. Identification of new prophylactic, diagnostic and/or prognostic targets against VL is urgent. Based on the fact that Elongation Factors are known to be involved in protein synthesis [29,30] and are considered as Leishmania virulence factors for their importance in immune suppression of infected hosts [31], in the present study, we evaluated EF1b antigen as a vaccine candidate against L. infantum infection. Protection conferred by some Elongation Factors has been studied against L. donovani infection [32-34]; however, investigation of their protective efficacy against L. infantum species, the causative agent of VL in the Americas, has not been reported to date. In this study, we evaluated immunogenicity of EF1b as an antigen when administered as DNA vaccine or as recombinant protein plus adjuvant, and compared immunologically and parasitologically both immunization strategies, mainly due to the scarce of studies in the literature using the latter experimental approach [35-37].
Leishmania parasites have learnt how to manipulate to their own benefit the mammalian hosts´ immune systems, by interfering with the processes of antigen presentation and delivery during the early phase of infection [38]. Parasitic evasion strategies can alter the protective response of infected hosts resulting in development of active disease, such as those induced by Leishmania virulence factors [39,40]. These proteins, such as LACK [26,41] and KMP-11 [42,43], have been shown to be implicated in the production of Th2-type cytokines when administered in the absence of any adjuvants. However, the incorporation of these compounds as delivery systems has altered their immunological profile and led to the development of protective immunological response against infection [44,45]. In the current study, as a proof of concept, we tested EF1b administered as DNA vaccine or as the recombinant protein associated with saponin as adjuvant, since both strategies have been proved to stimulate IFN-( production. Immunization with rEF1b protein without any adjuvants induced to a lower, but significant, Th1-type response (data not shown). Similar effect was observed when the protein was used to stimulate PBMC cultures from VL patients and healthy subjects.
Parasite-specific T cell response is required to combat L. infantum infection through secretion of Th1-type cytokines, such as IFN-γ, IL-2, IL-12, GM-CSF, among others, which induce the phagocytic activity of macrophages and stimulate differentiation of T and B cells [26,46]. High levels of IFN-γ, IL-12, and GM-CSF were found in cell supernatants of protein- or SLA-stimulated spleen cells from both rEF1b/Saponin and pVAX/EF1b groups, evidencing induction of a Th1-type cellular response. In agreement with this profile, sera collected from these two same groups presented with increased IgG2a isotype level and higher IgG2a/IgG1 ratios, verifying a Th1-type response. On the contrary and as expected, a Th2-type response was observed with the control groups, in agreement with development of disease after infection.
There is currently no licensed vaccine against human VL and most vaccine studies are still in their early research and development stages. Success of a vaccine candidate generally depends on the defined antigen, delivery system and/or immune adjuvant, immunization route and immunogen composition. Recombinant proteins have been widely tested as second-generation vaccines antigens to protect against VL [35,47,48] as they present with the advantage of standardization and purity. However, variable degree of success in vaccine development has been mainly determined by vaccine formulations and adjuvants of choice as these recombinant antigens usually present limited immunogenicity, in part depending on the animal model being tested [49,50]. An alternative strategy could be to compare the efficacy of recombinant antigens with that of protein-encoding eukaryotic plasmids. With the latter, protein candidates are taken up and processed by the phagocytic cell machinery, native protein is synthetized in the cell cytosol and the resulting T cell epitopes are then processed and presented to MHC class I and II molecules [46,51,52]. In this study, immunization with pVAX/EF1b effectively induced development of a Th1-type cellular and humoral response before and after infection, with corresponding lower parasitism levels in distinct organs of the immunized mice. However, a higher parasitological and immunological protection was induced by immunization with the recombinant protein plus adjuvant, suggesting that the vaccination strategy with the DNA plasmid could potentially be optimized for increased efficacy in mammalian models.
In the current study, IFN-( in the rEF1b/Saponin group was mainly produced by CD4+ T cells, while CD8+ T cells were the main responsible for IFN-( production in the DNA plasmid-immunized mice. These findings agree with prior studies described in the literature, reporting induction of IFN-( secretion by CD8+ T cells in response to plasmid-immunization, while recombinant proteins as vaccine antigens stimulated the production of this cytokine by CD4+ T cells [47,53,54]. Most importantly, results in this study demonstrate that L. infantum EF1b protein sequence presents T cell epitopes for both T cell subtypes, highlighting EF1b as a promising alternative vaccine candidate to protect mammalian hosts against L. infantum infection.
Recovery from VL usually confers life-long immunity against re-infection by the parasite. In fact, healthy individuals living in endemic regions of disease, or those asymptomatics, can develop parasite-specific immune response and be protected against infection [55,56]. Thus, a rationale to search for new human vaccine candidates could use PBMC cultures derived from both subjects and healthy controls, aiming to predict the immunogenicity of such antigens when encountered with these immune cells [57,58]. In our study, rEF1b proved to be immunogenic when used as a stimulus for PBMC cultures from treated patients and healthy individuals, which produced higher IFN-( and lower IL-10 levels than the non-stimulated controls. In addition, positive lymphoproliferation was also observed, strengthening the case of using EF1b in future studies for its thorough validation as a vaccine candidate against human VL.
Limitations of this study include the lack of experimental analysis with longer immunization schedules in order to optimize the DNA plasmid vaccine efficacy. Studies to evaluate long-term immune memory induced by vaccination with both the recombinant protein and the DNA plasmid are also missing and worth of further analysis. Nevertheless, data presented here clearly demonstrate the ability of EF1b to stimulate a protective parasitological and immunological response against L. infantum infection, and thus this antigen merits serious consideration in future studies regarding to its adjuvant activity as well as for vaccine development to protect against American VL.    
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FIGURE LEGENDS
Figure 1. Lymphoproliferation assay in PBMC cultures from visceral leishmaniasis patients and healthy subjects. The lymphoproliferative response specific to rEF1b and L. infantum SLA was evaluated in PBMC cultures derived from VL patients before and after treatment, as well as from healthy subjects. Briefly, cells (1 × 107 per mL) were cultured in complete RPMI 1640 medium and left untreated (medium, background control) or stimulated with rEF1b or SLA (10 or 50 µg/mL, respectively) for 120 h at 37°C in 5% (v/v) CO2. Lymphoproliferation was assessed by ELISA assay using the Cell proliferation BiotrakTM version 2 ELISA kit (GE Healthcare), according to the manufacturer’s instructions. Results were calculated as the ratio between the optical density values for the non-stimulated versus stimulated cultures. Bars indicate the mean ± standard deviation of the groups. (*) indicates statistically significant difference in relation to the untreated and treated patients (P < 0.05). (**) indicates statistically significant difference in relation to the untreated patients (P < 0.05).

Figure 2. Human cytokine assay with PBMC cultures’ supernatants. PBMCs (1 x 107 per mL) derived from VL patients (n=6) before and six months after treatment, as well as from healthy subjects (n=6), were cultured in vitro and left untreated (medium, background control) or stimulated with rEF1b or SLA (10 and 50 µg/mL, respectively) for 120 h at 37°C in 5% (v/v) CO2. (A) IFN-γ and IL-10 levels measured in the cell supernatant by capture ELISA using commercial kits. (B) Ratios between IFN-γ and IL-10 levels. Bars indicate the mean ± standard deviation of the groups. (*) indicates statistically significant difference in relation to the untreated and treated patients (P < 0.05). (**) indicates statistically significant difference in relation to the untreated patients (P < 0.05). (#) indicates statistically significant difference in relation to the healthy subjects and treated patients (P < 0.05). (##) indicates statistically significant difference in relation to the treated patients (P < 0.05).

Figure 3. Cellular response elicited before challenge infection. BALB/c mice (n=8 per group) received saline or were immunized with saponin, rEF1b/Saponin, pVAX or pVAX/EF1b and, 30 days after the last vaccine dose, they were euthanized and their spleens collected. Spleen cells (5 x 106 per mL) were cultured in complete RPMI 1640 medium and left untreated (medium) or stimulated with rEF1b or SLA (10 and 50 (g/mL, respectively) for 48 h at 37°C in 5% (v/v) CO2. (A) IFN-(, IL-4, IL-10, IL-12 and GM-CSF levels measured in the cell supernatants by capture ELISA. (B) Ratios between IFN-γ and IL-10 levels. Bars indicate the mean ± standard deviation of the groups. (*) indicates statistically significant difference in relation to the saline and saponin groups (P < 0.05). (**) indicates statistically significant difference in relation to the pVAX group (P < 0.05). (***) indicates statistically significant difference in relation to the pVAX/EF1b group (P < 0.05).

Figure 4. Antibody production generated in response to vaccination, before infection. Mice were vaccinated (n=8 per group) and, 30 days after the last vaccine dose, their sera samples were collected. Evaluation of anti-rEF1b and anti-SLA IgG1 and IgG2a isotype levels by ELISA assay Bars indicate the mean ± standard deviation of the groups. (*) indicates statistically significant difference in relation to the saline, saponin, pVAX and pVAX/EF1b groups (P < 0.05).

Figure 5. Cytokine production elicited after L. infantum infection. Mice (n=8 per group) were vaccinated and later challenged with L. infantum promastigotes. Forty-five days after infection, vaccinated mice were euthanized and their spleens collected. Spleen cells (5 x 106 per mL) were incubated in complete RPMI 1640 and left untreated (medium) or stimulated with rEF1b or SLA (10 and 50 (g/mL, respectively) for 48 h at 37°C in 5% (v/v) CO2. (A) IFN-(, IL-4, IL-10, IL-12 and GM-CSF levels measured in the cell supernatants. (B) Ratios between IFN-γ and IL-10 levels. Bars indicate the mean ± standard deviation of the groups. (*) indicates statistically significant difference in relation to the saline and saponin groups (P < 0.05). (**) indicates statistically significant difference in relation to the pVAX group (P < 0.05). (***) indicates statistically significant difference in relation to the pVAX/EF1b group (P < 0.05). (#) indicate statistically significant difference in relation to the pVAX/EF1b and rEF1b/Saponin groups (P < 0.05).

Figure 6. IFN-( source in the vaccinated and infected mice. Mice (n=8 per group) were vaccinated and infected with L. infantum promastigotes. Forty-five days after infection, they were euthanized and their spleens collected. Spleen cells (5 x 106 per mL) were incubated in complete RPMI 1640 and left untreated (medium) or stimulated with rEF1b or SLA (10 and 50 (g/mL, respectively), in the absence or presence of monoclonal antibodies against mouse CD4+ or CD8+ molecules, for 48 h at 37°C in 5% (v/v) CO2. IFN-( levels were measured in the cell supernatant by a capture ELISA. Bars indicate the mean ± standard deviation of the groups. (*) indicate statistically significant difference in relation to the use of anti-CD4 and anti-CD8 monoclonal antibodies (P < 0.05). (**) indicate statistically significant difference in relation to the use of anti-CD8 monoclonal antibody (P < 0.05).

Figure 7. Nitrite production after challenge infection. Mice (n=8 per group) were vaccinated and challenged with L. infantum promastigotes and, 45 days after infection, they were euthanized and their spleens were collected. Spleen cells (5 x 106 per mL) were incubated in complete RPMI 1640 and left untreated (medium) or stimulated with rEF1b or SLA (10 and 50 (g/mL, respectively) for 48 h at 37°C in 5% (v/v0 CO2. Nitrite production was measured in the cell supernatants by Griess reaction. Bars indicate the mean ± standard deviation of the groups. (*) indicates statistically significant difference in relation to the saline and saponin groups (P < 0.05). (**) indicates statistically significant difference in relation to the pVAX group (P < 0.05). (***) indicates statistically significant difference in relation to the pVAX/EF1b group (P < 0.05). 

Figure 8. Humoral response elicited after infection with L. infantum. Immunized mice (n=8 per group) infected with L. infantum promastigotes were euthanized 45 days post-challenge and their sera samples were collected. The anti-rEF1b and anti-SLA IgG1 and IgG2a isotype levels were measured by an ELISA assay. Bars indicate the mean ± standard deviation of the groups. (*) indicates statistically significant difference in relation to the saline, saponin and pVAX groups (P < 0.05). (#) indicate statistically significant difference in relation to the pVAX/EF1b and rEF1b/Saponin groups (P < 0.05).

Figure 9. Parasite burden assay. Vaccinated and infected mice (n=8 per group) were euthanized 45 days post-challenge, when their organs were collected for estimation of the parasite load by limiting-dilution technique. Results were expressed as the negative log of the titer adjusted per milligram of spleen (A), liver (B), draining lymph nodes (C) and bone marrow (D). Bars indicate the mean ± standard deviation of the groups. (*) indicates statistically significant difference in relation to the saline and saponin groups (P < 0.05). (**) indicates statistically significant difference in relation to the pVAX group (P < 0.05). (***) indicates statistically significant difference in relation to the pVAX/EF1b group (P < 0.05).

Supplementary figure. Immunoblotting assays using rEF1b protein. Immunoblottings experiments were performed using rEF1b (10 µg), which was electrophoresed in SDS-12% PAGE gel and blotted onto a nitrocellulose membrane (0.2 (m pore size, Sigma-Aldrich, USA). A low range protein ladder standard (InvitrogenTM, Life Technologies, USA) was used (lane A). A non-immunized and non-infected mouse (n=4) sera pool (lane B), as well as from pVAX/EF1b- and rEF1b/saponin-vaccinated animals (n=4 in each, lanes C and D, respectively), were also employed. The recombinant protein (~26.0 kDa) is marked in the figure (red square). Sera samples were pooled and used at a 1:100 dilution. Membranes were washed with PBS-T and anti-mouse IgG horseradish-peroxidase conjugated antibody was added (1:10,000 diluted in PBS-T; Sigma-Aldrich, USA) and incubated for 1 h at 37°C. Reactions were developed for 30 min by addition of chloronaphtol, diaminobenzidine and 30 vol. H2O2, and stopped by addition of distilled water.
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