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Liposomal Elongation Factor-1α Triggers Effector CD4 and CD8 T Cells for Induction of Long-Lasting Protective Immunity against Visceral Leishmaniasis
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Despite advances, identification and formulation of safe and effective vaccine for long-lasting protection against leishmaniasis is still inadequate. In this study, we have identified a novel antigen, leishmanial elongation factor-1α (EF1-α), as an immunodominant component of solubilized leishmanial membrane antigens that reacts with visceral leishmaniasis (VL) sera and induces cellular proliferative and cytokine response in PBMCs of cured VL subjects. Leishmanial EF1-α is a 50 kDa antigen that plays a crucial role in pathogen survival by regulating oxidative burst in the host phagocytes. Previously, immunodominant truncated forms of EF1-α from different species of Leishmania have been reported. Formulation of the L. donovani 36 kDa truncated as well as the cloned recombinant EF1-α in cationic liposomes induce strong resistance to parasitic burden in liver and spleen of BALB/c mice through induction of DTH and a IL-10 and TGF-β suppressed mixed Th1/Th2 cytokine responses. Multiparametric analysis of splenocytes for generation of antigen-specific IFN-γ, IL2, and TNF-α producing lymphocytes indicate that cationic liposome facilitates expansion of both CD4+ as well as CD8+ memory and effector T cells. Liposomal EF1-α is a novel and potent vaccine formulation against VL that imparts long-term protective responses. Moreover, the flexibility of this formulation opens up the scope to combine additional adjuvants and epitope selected antigens for use in other disease forms also.
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INTRODUCTION

The most serious form of leishmaniasis is caused by visceralizing parasites belonging to Leishmania donovani complex. The disease is characterized by severe manifestations, such as hepatosplenomegaly, fever, pancytopenia, hypergammaglobulinemia, immune suppression, and death without appropriate treatment (1). Antileishmanial chemotherapies are long, expensive, and have adverse side effects. This compounded with the emergence of drug-resistant strains and increased HIV co-infection in developing countries underscore the need for an effective and safe vaccine (2).

Cure from leishmaniasis in most cases leads to attainment of long-term immunity to reinfection raising the prospect of developing a preventive vaccine (3). Despite several advances including three licensed vaccines (Leishmune®, Leishtec®, and Canileish®) against canine visceral leishmaniasis (VL), a preventive vaccine for human use in the near future is still elusive (4–9). The major obstacles in vaccine development are to characterize the immunology of long-lasting protective immunity and to devise safe and effective strategies to achieve this goal.

Chronically progressive VL is marked by subverted host antigen-presenting cells (APCs) and consequent T cell dysfunction (10). Restoration of Th1 type immune response and phagocyte activation ensures cure. Induction of similar recall response is, therefore, considered essential for resistance to subsequent infection (11, 12). However, apart from generating protective response, the major challenge in vaccine development is to maintain the responses for a long duration, preferably lifelong.

Considering safety parameters, defined antigen-based vaccines are preferred, and consequently a majority of vaccines against human leishmaniasis under clinical investigation but yet to get licensed are protein based, notably, stable emulsion of MPLA/GLA with recombinant fusion antigens LEISH-F1, LEISH-F2, and LEISH-F3 (8).

Although elicitation of cell-mediated responses is considered to be involved in antileishmanial adaptive immunity, most protein-based vaccines fail to induce cellular immune response without adjuvant or delivery systems. Adjuvants and/or delivery systems can be devised to prevent extracellular degradation and premature clearance of antigens. Previous preclinical and clinical studies suggest antigen persistence as crucial aspect for generation of long-lasting immunity against leishmaniasis. In addition to dose sparing, without compromising antigen persistence, adjuvant-delivery system may facilitate uptake and presentation for induction of cellular immune responses (13). Liposomes facilitate antigen uptake and presentation into the MHC class II pathway of phagocytic APCs, including macrophages and DCs. Positively charged liposomes are known to be preferentially taken up by APCs compared to their neutral and anionic counterparts (14). Moreover, cationic liposomes facilitate cross-presentation to MHC class I pathway, and hence, are efficient inducers of CD8+ T cell response (15).

A major thrust in vaccine development has been on rational identification and design of defined antigens. However, it is unlikely that a single recombinant antigen can induce uniform and strong immune response in heterogeneous population with diverse HLA haplotypes. Moreover, devising defined multiantigenic or multiepitope (cocktail or fusion) vaccine formulations require identification of potent component antigens or epitopes. The key to identification of these protective antigens is to determine the role played by the antigens in pathogenicity of VL and to determine the intrinsic epitope induced immunogenicity in human context. A number of potent antigens, such as KMP11, triose phosphate isomerase, A2, NH36, H2B, CPA, CPB, etc., have been screened for their immunogenicity with human PBMCs, so as to rationally overcome the limitations of animal studies (16–18).

This prompted us to use redundant method to identify an immunogenic antigen from solubilized leishmanial membrane antigens (SLA), a mixture of dominant polypeptides enriched from total leishmanial membrane antigens (LAg). SLA formulated with cationic liposomes conferred almost complete protection as a prophylactic as well as therapeutic vaccine against L. donovani challenge infection (19, 20). In the present study, we purified a polypeptide of 36 kDa from SLA in its native form and identified it as a truncated form of elongation factor-1α (EF1-α) of L. donovani, using matrix-assisted laser desorption ionization–time of flight (MALDI-TOF/TOF) mass spectrometry. Nandan et al. were the first to identify L. donovani EF1-α as an important virulence factor that shares a unique biochemical feature in binding and activation of tyrosinephosphatase-1 (SHP-1) to downregulate inducible nitric oxide synthase (iNOS) expression within host phagocytes (21). The antigen was also biochemically and structurally characterized and compared with mammalian homologue of EF1-α to identify distinct structural and biochemical differences that may lead to potential drug targets (22). Herein, we investigated the immunogenicity of 36 kDa antigen from SLA that reacts with anti-EF1-α antibodies, in inducing proliferation, IFN-γ, and IL-12 from PBMC of cured VL patients. We account the protective efficacy of both the anti-EF1-α reactive 36 kDa antigen and recombinant EF1-α in cationic liposomes against L. donovani infection and explored the immune responses correlating with long-lasting protection in murine model. We also investigated the role of cationic liposomes for induction of effector CD4+ and CD8+ T cells and memory responses for long-lasting immunity against VL with entrapped protein antigen.

MATERIALS AND METHODS

Parasites and Culture Condition

Promastigotes of L. donovani, strain AG83 (ATCC® PRA413™) maintained by passage in Syrian hamsters were cultured at 22°C in medium 199 (pH 7.4) with 10% heat-inactivated fetal bovine serum, 2 mM L-glutamine, 100 U of penicillin G sodium, and 100 μg of streptomycin sulfate per milliliter and sub-cultured in the same medium at an average density of 2 × 106 cells/ml (23).

Preparation of SLA

SLA from L. donovani promastigotes, was prepared as detailed earlier (24). The detergent octyl β D-glucopyranoside used for solubization was removed from SLA preparation by serial dialysis in 20 mM PBS (pH 7.2) and SLA was stored at −20°C until use. The amount of protein obtained from 1.0 g cell pellet, as assayed by the method of Lowry et al. (25), was approximately 2 mg.

Gel-Filtration Chromatography

SLA was fractionated by gel-filtration chromatography on a Sepharose CL-6B column (Sigma-Aldrich) of 80 cm height and 1 cm radius. Briefly the column was equilibrated with 5 mM Tris–HCl (pH 7.6) with 0.01% octyl-β-D-glucopyranoside buffer. 2 ml of SLA (0.75 mg/ml) in 5 mM Tris–HCl with 0.01% octyl-β-D-glucopyranoside was applied to the column and flow through was maintained at 2 ml per minute. Individual fractions of 1 ml were collected and assessed for proteins by measuring the absorbance at 280 nm. The column was calibrated with molecular mass standards (Bio-Rad) thyroglobulin (610 kDa), aldolase (158 kDa), ovalbumin (44 kDa), and myoglobin (17 kDa). Fractions containing protein were run on SDS-PAGE. The 36 kDa protein-enriched fractions were lyophilized, dialyzed, and stored at −20°C until use.

Cloning, Expression, and Purification of L. donovani EF1-α

PCR amplification of the gene corresponding to EF1-α was carried out using standard conditions similar to that described by Saiki et al. (26). The ORF of L. donovani (AG83) (GenBank assembly accession: GCA_001989955.1; NCBI, BioProject Accession—PRJNA297706) EF1-α was amplified using forward 5′-ACCATGGGCAAGGATAAGGTG-3′ and reverse 5′-CTTCTTCGCAGCCTTCG-3′ primers. The amplified gene was cloned into the multiple cloning site of plasmid pET15b. The cloned vector was transformed into Escherichia coli Rosetta for expression by isopropyl-β-D-thiogalactoside (IPTG) induction. After lysis of IPTG-induced bacterial cells by sonication and centrifugation, the pellets of inclusion bodies were resuspended in 50 mM Tris–HCl (pH 8) buffer containing 200 mM NaCl and 8 M urea and 10 mM imidazole and then centrifuged to collect the supernatant. The supernatants were allowed to bind to Ni-NTA agarose matrix equilibrated in the same buffer for 2 h at 4°C. After binding, the matrix was washed thrice with 50 mM Tris–HCl, 200 mM NaCl, and 8 M urea buffer containing 50 mM imidazole and 0.1% TritonX-100 to remove non-specifically bound endotoxins, followed by another three washes without the detergent. The proteins were eluted by 500 mM imidazole in 50 mM Tris–HCl, 200 mM NaCl, and 8 M urea buffer and serially dialyzed with decreasing urea concentration in PBS buffer (pH 7.2). The residual endotoxins were removed by passing through a 10 kDa filtration cut (Millipore). The endotoxin level was measured by chromogenic quantitation method using Limulus Amebocyte Lysate QCL-1000TM kit (Lonza) according to manufacturer’s instructions and found to be 0.6 ± 0.1 EU/ml. The purity of rEF1-α were confirmed by SDS-PAGE (27) and protein concentration was determined by Lowry’s method (25). Confirmation of the expressed proteins was done by immunoblotting using anti-EF1-α antibody (Upstate Biotechnology, CA, USA).

Human Subjects

The human subjects of the present study consisted of 10 VL patients, admitted to the School of Tropical Medicine (Kolkata, India), mainly from Bihar and West Bengal. Each of the 10 patients were sampled for blood before and after successful treatment with amphotericin B by i.v. drip in dextrose solution on alternate days of total dosage of 20 mg/kg of body weight. Ten individuals from CSIR-Indian Institute of Chemical Biology (IICB) (Kolkata, India) were included as healthy controls (HCs) with no previous history of VL and 10 individuals with disease other than leishmaniasis were used for control experiments. The study was approved by the institutional Ethical Committee on Human Subjects, CSIR-IICB and also by School of Tropical Medicine (Kolkata, India) (Ref. No. CREC-STM/319). Written informed consents were obtained from all patients and donors for blood sampling. Plasma and PBMCs were obtained from the heparinized blood samples of treated VL patients and HCs by density sedimentation (Histopaque-1077; Sigma-Aldrich) (28).

Immunoblot Analysis

Protein samples were separated by SDS-10% PAGE according to the method of Laemmli (27). Following electrophoretic transfer of the resolved proteins to nitrocellulose membrane, the membrane strips were blocked for 2 h with 5% BSA in 100 mM Tris-buffered saline, pH 7.6, washed once with 0.05% Tween-20 in TBS (washing buffer), and incubated for 1 h with individual human sera or monoclonal anti-EF1-α antibody (Upstate Biotechnology) in 1:1,000 or 1:100 dilutions, respectively, in washing buffer. The blots were then washed three times and incubated again for 1 h with 1:1,000 dilution of HRP-conjugated goat anti-human IgG or goat anti-mouse IgG antibodies (Bangalore Genei), followed by five washes as before except the last wash, which was done without Tween-20. Enzymatic activity was revealed with luminol (MERK) to detect chemiluminescence.

Lymphoproliferation and Cytokine Assay

PBMCs were isolated from heparinized blood by density sedimentation (Histopaque-1077; Sigma-Aldrich) as described previously (28). The PBMCs (1 × 106 cells/200 μl/well) were cultured in triplicate in a 96-well flat-bottom plate (Nunc) and stimulated with SLA (10 μg/ml) or EF1-α (2.5 μg/ml) for 72 h at 37°C at 5% CO2. After 72 h, supernatants were analyzed for IFN-γ and IL-12 by ELISA (BD Pharmingen), according to the manufacturer’s instructions. The remaining cells were pulsed with 1 μCi of [3H]-Thymidine (Amersham Biosciences) per well and incubated for another 16–18 h and harvested on glass fiber paper. Thymidine incorporation was measured after incubation for 16–18 h in a β-scintillation counter (Beckman Instruments) (24).

Liposomal Formulation and Entrapment of Antigens

Liposomes were prepared as detailed earlier by dispersion of lipid film of 1,2-distearoyl-sn-glycero-3-phosphocholine, cholesterol, and stearylamine at a molar ratio of 7:2:2 in either 1 ml of 0.02 M PBS (pH 7.4) alone or containing 0.5 mg/ml of purified native or recombinant EF1-α (23). The mixture was then vortexed and sonicated in an ultrasonicator (Misonix, New York, NY, USA) for 40 s, followed by incubation at 4°C for 2 h. The excess free antigens were removed by ultracentrifugation at 100,000 × g for 1 h at 4°C. The proteins entrapped in liposome were estimated indirectly by deducting the amount washed proteins from the initial using Lowry’s method (29).

Immunization of Mice

BALB/c mice were bred in the animal facility of CSIR-IICB (Kolkata, India). At the onset of experiments, all the mice were 4–6 weeks old. The studies were performed according to the institutional guidelines of the Committee for the Purpose of Control and Supervision on Experimental Animals, Ministry of Environment and Forest, Govt. of India, and approved by the Institutional Animal Ethics Committee (147/1999/CPSCEA) of CSIR-IICB.

For post immunization and short-term protective efficacy studies, a set of 40 BALB/c mice in four groups were immunized by intraperitoneal injections of 200 μl of PBS (G1), empty cationic liposome (G2), 2.5 μg of 36 kDa purified EF1-α in PBS (G3) or incorporated in cationic liposome (G4) in a total volume of 200 μl. Mice were boosted two times at 2-week intervals. Ten days after the last booster, serum (blood) samples were collected, and five animals from each group were sacrificed to collect spleens for study of immune response post immunization, and the remaining five mice per group were challenged with virulent parasites. For studies with recombinant antigens, a similar experimental set of 40 mice in four groups PBS (R1), Liposome (R2), recombinant EF1-α (R3), and liposomal rEF1-α (R4) were used and the experimental set up was same as discussed for native antigen. For long-term protective studies, 20 mice equally distributed in four groups PBS control (F1), empty cationic liposome (F2), 36 kDa purified EF1-α (F3), and liposomal rEF1-α (F4) were immunized similarly and were challenge infected 12 weeks post last booster dose. In T cell subset depletion experiments, 35 mice were distributed in seven groups- PBS (D1), liposome (D2), liposomal EF1-α (D3), liposomal EF1-α + anti-CD4 (D4), liposomal EF1-α + anti-CD8 (D5), liposomal EF1-α + anti-CD4 + anti-CD8 (D6), liposomal EF1-α + control IgG (D7). The D4 mice received 1 mg of monoclonal antibodies GK1.5 for depletion of CD4+ T cells and D5 mice received monoclonal antibodies GK 2.43 for depletion of CD8+ T cells, while D6 mice received both, GK1.5 and 2.43, 2 days before each vaccination and 2 days after last vaccination. This schedule resulted in greater than 95% depletion of CD4+ and CD8+ T cells, as assessed by FACS analysis. For D7 mice rat IgG was used as a control in depletion experiments. The mice were infected 10 days after the final booster dose. All the experimental sets were repeated two times.

Infectious Challenge and Evaluation of Infection

Ten days and twelve weeks after the last booster the mice were intravenously challenged with 2.5 × 107 freshly transformed stationary-phase promastigotes in 200 μl PBS as described earlier (23, 30). After 90 days, the mice were sacrificed to determine the parasite burden in liver and spleen (31). The amastigote nuclei were counted by the microscopic examination of Giemsa-stained impression smears of liver and spleen. The parasite load was expressed as Leishman Donovan units calculated as number of amastigote nuclei per 1,000 cell nuclei multiplied by organ weight in milligrams (Stauber). Viable L. donovani parasites in the mice were enumerated by limiting dilution assay (LDA) as previously reported (29). Tissues from liver and spleen were weighed and homogenized in complete Schnieder’s insect media with 10% FBS. The homogenized tissue were cultured in fivefold serial dilutions at 22°C for 21 days in 96-well tissue culture plates (Nunc) with 1 mg tissue homogenate at the initial well. The culture plates were examined for the presence of transformed motile promastigotes every 7 days for 21 days. The reciprocal of the highest dilution at which viable promastigotes were detected was considered to be the concentration of parasites per mg of tissue. The total organ parasite burdens were calculated by multiplying the reciprocal per mg dilution value with the total weight of the respective organs in milligrams.

Determination of DTH, Antibody, Cell Proliferation, and Cytokine Responses

DTH response was evaluated post immunization and infection by measuring the difference in footpad swelling 24 h following intradermal injection of test footpad with 40 μg of LAg in 50 μl PBS with that of control PBS-injected footpad using a constant-pressure caliper (Starrett Company) (23). Sera from both immunized and infected mice were analyzed by ELISA for the presence of antigen-specific IgG1 and IgG2a antibodies as described previously (23). Similar ELISA method was used to determine reactivity of human sera with SLA and EF1-α. For cell proliferation and cytokine assay, single cell suspensions of splenocytes were prepared in RPMI 1640 complete medium containing 10% FBS, 100 U/ml penicillin G sodium, 100 μg/ml streptomycin sulfate, and 50 μM β-mercaptoethanol (Sigma-Aldrich) (complete medium). Then, the cells were cultured in triplicate at a density of 2 × 105 cells/200 μl/well in 96-well flat-bottom plate (Nunc) and stimulated with antigens (2.5 μg/ml) in the presence or absence of anti-CD4 and anti-CD8 monoclonal antibody (1 μg/106 cells; BD Pharmingen). The cells were incubated for 72 h at 37°C in a humified chamber containing 5% CO2. After 72 h incubation, culture supernatants were collected, and the concentrations of IFN-γ, IL-4, IL-12p40, TNF-α, IL-10 (BD Pharmingen) and TGF-β (R&D Systems) were quantified by ELISA in accordance with the manufacturers instructions. For TGF-β, supernatants were acidified prior to the assay (32). The remaining cells were pulsed with 1μCi of [3H]-Thymidine (Amersham Biosciences) per well and incubated for another 16–18 h and harvested on glass fiber paper. Thymidine uptake was measured in a β-scintillation counter (Beckman Instruments) (24).

Multiparametric Flow Cytometry

Splenocytes from immunized animals were plated at 1 × 106 cells/well in 24-well flat-bottom plate and stimulated with 5 μg of rEF1-α for 12 h at 37°C. Brefeldin A (10 μg/ml) was added to the cultures 2 h before harvesting. The cells were washed in PBS containing 0.1% NaN3/1% FCS and stained with PE-conjugated anti-CD3 and either PerCP5.5-conjugated anti-CD4 or APC-Cy7-CD8 mAb (BD Pharmingen) for 30 min at 4°C. The cells were then permeabilized with 1× BD Perm2 reagent for 10 min at 4°C, followed by washing with the above-described buffer containing 0.1% saponin and the cells were fixed using cytoperm kit. Then the intracellular cytokines were stained with APC-conjugated anti-IFN-γ, FITC-conjugated anti-IL2 and PE-Cy7-conjugated anti-TNF-α for 30 min at 4°C. After proper washing, cells were analyzed on BD LSR-Fortessa flow cytometer on at least 100,000 events and analyses were carried out by FlowJo software as described previously (33). For memory markers, the splenocytes apart from CD3-PE, CD4-PE-Cy7, and CD8-APC-Cy7, surface markers were also stained with APC-conjugated anti-CD62L and PerCP5.5-conjugated anti-CD44. After fixation the cells were analyzed similarly as described above.

Stastitical Analysis

GraphPad Prism 5.0 software was used for all the statistical analysis. For groups involving human sera and PBMCs, two-tailed, Mann–Whitney U test was used for comparision between two groups. ROC curves for ELISA were plotted to determine the cutoff values at 95% confidence intervals to discriminate between VL patients and HCs. For experimental mice studies, the differences between the data sets were analyzed by ANOVA with Bonferroni’s post test corrections. For comparisons between two groups, unpaired two-tailed t tests were performed. A value of p ≤ 0.05 was considered significant.

RESULTS

Immunological Recognition of 36 kDa Leishmanial Antigen with VL Patient Sera, and Anti-EF1-α Monoclonal Antibody

Solubilized leishmanial membrane antigens is a solubilized pool of membrane antigens obtained from L. donovani promastigotes. SDS-PAGE of SLA reveals a low complexity composition consisting of approximately eight to ten major bands varying from 72–25 kDa (Figure 1A). The search for antigens as potent vaccine candidates from SLA was done by western blot analysis using sera from two individual VL patients, before and after treatment (Figure 1B). The blots were also probed with sera from healthy, malaria (ML) and viral disease controls which did not show specific reactivity to SLA (Figure 1B). 36 kDa band from SLA along with other bands showed reactivity with sera from active VL patients with persistent recognition after successful chemotherapy in both the patients. The 36 kDa antigen in its native form was purified using Sepharose CL-6B gel-filtration chromatography. To identify the 36 kDa band, fraction enriched with 36 kDa protein was separated by SDS-PAGE (Figure 1A; Figure S1 in Supplementary Material). The mass spectrometry analysis of tryptic digest of 36 kDa band identified the protein as EF1-α of L. donovani (accession no. AAL08019) with eight peptides matched and 18% sequence coverage (Table S1 in Supplementary Material). Immunoblotting and ELISA of 36 kDa antigen was performed to verify the recognition of this antigen by sera from VL patient before and after treatment (Figures 1C,E). Sera from VL patients, before and after treatment reacted specifically while sera from healthy and ML controls did not react to the 36 kDa purified antigen from SLA (Figures 1C,E). Reactivity of the 36 kDa antigen with anti- EF1-α monoclonal antibody confirmed the identity of the protein as truncated form of EF1-α. ELISA of individual VL sera before and after treatment were carried out with control, healthy and other diseases. The cutoff values of reactivity were determined to be 0.1465 and 0.0895 for SLA and 36 kDa antigen, respectively (Figures 1D,E).
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FIGURE 1 | 36 kDa purified fraction of solubilized leishmanial membrane antigens (SLA) recognized by visceral leishmaniasis (VL) sera and anti-elongation factor-1α (EF1-α) monoclonal antibody. Silver stained SDS-PAGE of SLA and 36 kDa purified antigen (A). SLA (5 μg) and purified 36 kDa antigen (3 μg) protein were separated on 10% SDS-PAGE. Marker lane was merged to indicate the molecular weight of each band (raw images in Figure S1 in Supplementary Material). (B). 4 μg of SLA was electro-transferred from SDS-PAGE gel to nitrocellulose membrane. Blots were probed with sera from two VL patients before (AVL1, AVL2) and after treatment (CVL1, CVL2), one healthy (HC), one malaria (ML), and one viral fever (V) control subjects. (C). Western blot analysis of 36 kDa antigen purified from SLA probed with sera from VL patient, before (AVL1) and after (CVL1) treatment, healthy control (HC), ML and by anti-EF1-α monoclonal antibodies (αEF1-α) (Upstate, CA). (D,E) ELISA of SLA and 36 kDa purified antigen of SLA with sera of VL subjects before (AVL) and after cure (CVL) along with healthy (HC) and other disease controls (OD). Each sample was run in duplicates. ROC curve was plotted with 95% confidence interval between the AVL and HC groups.



Induction of Th1-Type Cellular Responses to EF1-α in VL Patients at Cure

As 36 kDa truncated EF1-α demonstrated reactivity with VL patients’ sera, ability of this antigen to stimulate PBMCs isolated from posttreated VL patients for in vitro proliferative and cytokine responses were assayed. At cure, PBMCs from 9 out of the 10 patients studied elicited lymphoproliferative responses (Figure 2A) and also secreted higher levels of IFN-γ and IL-12 in comparison to PBMCs from healthy individuals (Figures 2B,C) when stimulated with SLA. PBMCs from eight cured patients showed significantly higher levels of proliferation, IFN-γ and IL-12 production (p < 0.05) compared to HCs when stimulated with EF1-α.
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FIGURE 2 | Antigen-specific lymphroliferative and cytokine response in PBMCs of cured visceral leishmaniasis (VL) patients. PBMC were isolated from healthy controls (HCs) (n = 10) represented as red dots, VL patients after treatment (n = 10) represented as blue square blocks. PBMC were stimulated with medium, elongation factor-1α (EF1-α) (2.5 μg/ml), solubilized leishmanial membrane antigens (SLA) (10 μg/ml) for 96 h. (A) Lymphoproliferation were measured by [3H] thymidine incorporation after another 16–18 h of culture and is expressed in counts per minute. (B) After 96 h, IFN-γ were measured by ELISA from the supernatants of cultures. (C) IL-12 from the 96-h culture supernatants were measured. Each symbol represents the proliferation or cytokine production for one patient. Thick horizontal lines represent the mean values of each group and ***p < 0.001 vs. HC.



Liposomal EF1-α Mediated Induction of Mixed Th1/Th2 Immune Responses in BALB/c Mice

The antibody and recall cell-mediated immune (CMI) responses were evaluated 10 days after the last vaccination. Liposomal EF1-α vaccination resulted in higher titers of antigen-specific both IgG2a and IgG1 (Figures 3A,B). Mice that received free EF1-α had very low level of both the isotypes. The ratio of IgG2a:IgG1 in mice immunized with liposomal EF1-α was >1 (Figure 3A). In vivo DTH response was estimated by measuring antigen induced footpad swelling. Mice receiving EF1-α either in PBS or entrapped in cationic displayed a significantly higher DTH response as compared to control PBS and empty liposomal groups (Figure 3C) indicating induction of antigen-specific CMI responses. Splenocytes isolated from the mice that received liposomal EF1-α immunization exhibited stronger proliferative response (Figure 3D) and stimulation of both IFN-γ and IL-4 than the control PBS immunized mice (Figures 3E,F) (p < 0.001). Blocking experiments with anti-CD4 and anti-CD8 monoclonal antibody to assess the relative contributions of CD4+ and CD8+ T cells revealed that both the treatments blocked the proliferation and IFN-γ release, whereas addition of anti-CD4 inhibited the IL-4 production in liposomal EF1-α immunized mice. Again, levels of other type 1 cytokines IL-12 and TNF-α were measured in the splenocytes supernatants of liposomal EF1-α-vaccinated mice. A higher level of IL-12 (Figure 3G) (p < 0.001) was observed. Importantly, no significant changes in the level IL-10 and TGF-β production were observed (Figures 3H,I). In order to determine whether the immune response triggered post immunization could resist parasite infectivity, the mice were evaluated for DTH, proliferation, and cytokine response, 90 days after infection with virulent L. donovani parasites. A similar surge in DTH response (Figure 4A), antigen-specific proliferation of splenocytes (Figure 4B) and IFN-γ response (Figure 4C) were observed in liposomal EF1-α-vaccinated mice. Interestingly, while a surge in the levels of IL-4, IL-10, and TGF-β were observed in control mice, the regulatory cytokines (Figures 4D–F) were significantly inhibited in liposomal EF1-α immunized group. In addition to higher IFN-γ and IL-12 levels, secretion of TNF-α was also enhanced in liposomal EF1-α immunized mice (data not shown).
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FIGURE 3 | Antigen-specific immune responses in BALB/c mice post immunization. Prechallenge antibody, DTH, proliferative and cytokine responses in mice immunized with PBS (G1), liposome (G2), purified 36 kDa elongation factor-1α (EF1-α) in PBS (G3) and entrapped in cationic liposome (G4) were evaluated. (A) Ten days after the last immunization, serum samples were collected and assayed for antigen-specific IgG1 and IgG2a antibodies at 200 dilutions by ELISA. (B) The ratio of absorbance between IgG2a and IgG1 were plotted. (C) DTH responses were measured as the difference (in millimeters) between the thickness of the test (LAg-injected) and control (PBS-injected) footpads at 24 h. Spleens were collected and splenocytes were stimulated in vitro with EF1-α (2.5 μg/ml) for 72 h in presence or absence of anti-CD4 and anti-CD8 monoclonal antibody(1 μg/106 cells). (D) Antigen-specific splenocyte proliferation was determined by [3H] thymidine incorporation after another 16–18 h of culture and expressed as counts per minute. Each sample was examined in triplicates from five mice per group. The culture supernatants were also assayed for IFN-γ (E), IL-4 (F), IL-12 (G), IL-10 (H), TGF-β (I) by capture ELISA. Data are representative of mean ± SE of five individual mice per group examined in duplicates (*p < 0.05; **p < 0.01; ***p < 0.001).
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FIGURE 4 | Antigen-specific immune responses in immunized BALB/c mice 3 months post challenge infection with virulent Leishmania donovani. Three months after challenge, infection in immunized mice groups PBS (G1), cationic liposome (G2), purified 36 kDa elongation factor-1α (EF1-α) (G3) liposomal 36 kDa EF1-α (G4), DTH, proliferative and cytokine responses were evaluated. (A) DTH responses were measured as the difference (in millimeters) between the thickness of the test (LAg-injected) and control (PBS-injected) footpads at 24 h. Spleens were collected and splenocytes were stimulated in vitro with EF1-α (2.5 μg/ml) for 72 h in presence or absence of anti-CD4 and anti-CD8 monoclonal antibody(1 μg/106 cells). (B) Antigen-specific splenocyte proliferation was determined by [3H] thymidine incorporation after another 16–18 h of culture and expressed as counts per minute. Each sample from five mice per group was examined in triplicate. The culture supernatants were also assayed for IFN-γ (C), IL-4 (D), IL-10 (E), and TGF-β (F) by capture ELISA. Data are representative of mean ± SE of five individual mice per group each examined in duplicates (*p < 0.05; **p < 0.01; ***p < 0.001).



Short- and Long-term Protective Efficacies of Liposomal EF1-α and the Involvement of Both CD4+ and CD8+ T Cells

Our data demonstrated that mice immunized with EF1-α alone, were resistant to hepatic infection at partial level at 90 days after challenge infection (Figure 5A). Again, mice receiving liposomal EF1-α acquired higher resistance (79%), significantly higher than that afforded by the free antigen (p < 0.01). In BALB/c mice persistence of L. donovani in the spleen causes concomitant development of considerable organ-specific pathology similar to that seen in the human kala-azar. It was, therefore, more important to evaluate the impact of vaccination in this organ. In spleen, immunization with liposomal EF1-α demonstrated 81% protection (Figure 5B). The reduction in parasitic load was statistically higher than that by EF1-α (p < 0.01), which by itself could induce partial reduction in spleen parasite burden. In order to confirm the relative contribution of both CD4+ and CD8+ T cells to vaccine-elicited protection in liposomal EF1-α mice, both the T-cell subset depletion experiments were performed. As shown in Figures 5C,D, liposomal EF1-α mice effectively control the parasite replication in both liver and spleen after 90 days of challenge infection. In contrast, treatment of liposomal EF1-α immunized mice with anti-CD4 and anti-CD8 antibodies partially reversed parasite multiplication in both liver and spleen, which was not observed when the mice were treated with control antibody. Moreover, the immunized mice depleted of both CD4+ and CD8+ T cells failed to control infection and showed higher parasite burden, confirming liposomal EF1-α-protectively immunized mice were incapable of controlling challenge infection when both CD4+ and CD8+ T cells were depleted. Finally, in order to evaluate the durability of the immunity induced by the liposomal EF1-α vaccine, another set of animals were immunized similarly but challenged 12 weeks after boosting. Ninety days after infection when parasite loads were well expressed in both liver and spleen, mice were sacrificed and parasite loads were quantified. Mice vaccinated with liposomal EF1-α were protected against parasite growth in both liver (71%) and spleen (68%) (Figures 5E,F). On the contrary, free EF1-α immunization failed to provide any durable protection against visceral infection. These data indicate that this liposomal formulation of EF1-α protein vaccine was able in sustaining long-term immunity in mice.
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FIGURE 5 | Protective efficacy (short and long) of elongation factor-1α (EF1-α) alone or entrapped in cationic liposomes in normal and CD4 and/or CD8 depleted BALB/c mice. Liver (A) and spleen (B) parasite burdens in mice challenged 10 days after final immunization with PBS (G1), cationic liposome (G2), purified 36 kDa EF1-α (G3), and liposomal 36 kDa EF1-α (G4) as Leishman Donovan Units. Parasite burdens in cationic liposomal EF1-α-vaccinated mice after depletion of CD4+ or/and CD8+. Mice were vaccinated intraperitoneally three times with either PBS (D1), liposome (D2), liposomal EF1-α (D3), liposomal EF1-α + anti-CD4 (D4), liposomal EF1-α + anti-CD8 (D5), liposomal EF1-α + anti-CD4 + anti-CD8 (D6), liposomal EF1-α + control rat IgG (D7) and challenge infected after 10 days of final immunization. Depletion with either anti-CD4 or anti-CD8 monoclonal antibody, or both, 2 days before each vaccination and 2 days after last vaccination. Liver (C) and spleen (D) parasite burdens were measured 90 days after challenge as Leishman Donovan Units. Liver (E) and spleen (F) parasite burdens of mice challenge infected 12 weeks after final immunization with PBS (F1), cationic liposome (F2), purified 36 kDa EF1-α (F3), and liposomal 36 kDa EF1-α (F4) were measured 90 days after challenge as Leishman Donovan Units. All the results are represented as mean ± SE of five individual mice per group (*p < 0.05; **p < 0.01; ***p < 0.001).



Induction of Protective Immunity by Recombinant EF1-α in Cationic Liposomal Formulation

The whole gene from L. donovani EF1-α was cloned with overhang codons of six histidine amino acids and overexpressed in Rossetta strain of E. coli by IPTG induction. The recombinant antigen was purified and the purity >95% was confirmed by SDS-PAGE (Figure 6A). The antigen was then electro-transferred to nitrocellulose membrane. The identity of the purified antigen was verified by probing with anti-EF1-α monoclonal antibody (Upstate, CA, USA) (Figure 6B). In order to compare whether the recombinant whole EF1-α could impart similar immune response and protection as native isolated rEF1-α, similar vaccination and infection protocol were applied and the immune response following immunization and infection were determined. The immune response with liposomal rEF1-α in both post immunization and post infection studies were concominantly similar to the native rEF1-α (Figures S4 and S5 in Supplementary Material). Furthermore, our data demonstrated that mice immunized with rEF1-α alone were resistant to hepatic infection at partial level at 90 days after challenge infection (Figure 6C). Again, mice receiving liposomal rEF1-α acquired higher resistance (83%), significantly higher than that afforded by the free antigen (p < 0.01). In spleen, immunization with liposomal rEF1-α demonstrated 71% protection (Figure 6D). The reduction in splenic parasitic load in rEF1-α immunized mice was statistically higher than that of controls (p < 0.01). Estimation of viable parasites by LDA indicates a 7- to 6-log fold reduction in parasite burden in liver (Figure 6E) and in spleen (Figure 6F), respectively.
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FIGURE 6 | Protective efficacy of recombinant elongation factor-1α (EF1-α) expressed and isolated from Escherichia coli. The gene from Leishmania donovani EF1-α was cloned into the multiple cloning site of plasmid pET15b, transformed, and overexpressed in Rossetta strain of E. coli by isopropyl-β-D-thiogalactoside induction. The recombinant antigen was purified from overexpressed bacterial lysate under denaturing condition by Ni-NTA chromatography, residual endotoxins were removed by 10-kd cut (Millipore) and purity was confirmed by SDS-PAGE (A). The antigen was then electro-transferred to nitrocellulose membrane. The identity of the purified antigen was verified by probing with anti-EF1-α monoclonal antibody (Upstate, CA, USA) (B). Mice were vaccinated intraperitoneally three times with 2.5 μg of rEF1-α alone (R3) or entrapped in cationic liposomes (R4) at 2-week intervals. Control groups received PBS (R1) or empty liposomes (R2). Ten days after the last immunization, the mice were challenged intravenously with 2.5 × 107 promastigotes of L. donovani. Liver (C) and spleen (D) parasite burdens were measured 90 days after challenge as Leishman Donovan Units, and estimates of viable parasites in liver (E) and spleen (F) were determined by Limiting Dilution assay. The results are mean ± SE of five individual mice per group (*p < 0.05; **p < 0.01; ***p < 0.001).



Multifunctional T Cell and Memory Response to Liposomal rEF1-α in BALB/c Mice

In order to determine the functional involvement of different subsets of T cells in imparting protective immunity against murine VL, splenocytes of immunized mice were stimulated with and stained for various surface markers and internally trapped cytokines. Both the percentage of CD4+ and CD8+ T cells producing IFN-γ and TNF-α were significantly higher in the liposomal rEF1-α group (Figures 7B,C). The multiparametric analysis of cytokines using Boolean gating Strategy (Figure 7A; Figure S2 in Supplementary Material) indicates that although the proportion of double and triple cytokines producing T cells are lower than single cytokine producing T cells, liposomal rEF1-α-vaccinated mice show enhanced expansion of IFN-γ and/or TNF-α as well as multifunctional triple positive T cells as compared to control PBS and liposomal group (Figures 7D,E). Moreover, there was a significant increase in frequency of both CD4+ and CD8+ T cells which are double positive for effector memory markers CD44 and CD62L (Figures 7F,G).
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FIGURE 7 | Multifunctional T cell response to liposomal rEF1-α in BALB/c mice. Mice were immunized intraperitoneally three times with 2.5 μg of rEF1-α alone (R3) or entrapped in cationic liposomes (R4) at 2-week intervals (n = 3 per group). Control groups received PBS (R1) or empty liposomes (R2). Ten days after the last immunization, spleens were isolated and splenocytes (106 cells/ml) were stimulated in vitro with rEF1-α (2.5 μg/ml) for 12 h. Splenocytes were then stained for various surface markers and internally trapped cytokines. Multiparametric analysis of cytokines and memory markers were performed using Boolean gating Strategy by using FloJo analysis software. (A) Representative plot of gating strategy of cytokine producing T cells. (B) Plot of percentage CD4+ cells producing IFN-γ, IL2, TNF-α individually and (D) frequency of CD4+ cells expressing the three cytokines in seven possible combinations. (C) Plot of percentage CD8+ cells producing IFN-γ, IL2, TNF-α individually and (E) frequency of CD8+ cells expressing the three cytokines in seven possible combinations. Plots of frequency of CD4+ and CD8+ cells double positive for CD44 and CD62L has been represented in (F,G), respectively. Results are expressed as means ± SEM of three independent experiments *p < 0.05; **p < 0.01; ***p < 0.001.



DISCUSSION

Development of an effective vaccine has been an essential aim for the control of leishmaniasis. Major impediment to develop safe subunit vaccine strategy against this disease lies in identifying relevant antigens and devising formulations that can impart sustained protective immunity (16). Herein, we have identified a novel leishmanial antigen, L. donovani EF1-α and evaluated the vaccine potential of the antigen both in its native truncated form as well as in recombinant form against VL. We report EF1-α in a liposomal formulation induces long-term protective immunity against L. donovani infection in BALB/c mice by activation and differentiation of polyfunctional T cells.

Immunological screening is a rational approach to identify antigens that can potentially trigger immune responses for impairment of pathogenicity (12). Sand fly salivary antigens, known for their important role in immunomodulation and parasite infectivity, have been exploited as transmission blocking vaccine candidates against leishmaniasis (34, 35). Moreover, several antigens from the parasite have been reported to induce immunomodulatory effect that can be exploited for designing vaccine against leishmaniasis. Rationally, a number of parasite antigens including sand fly salivary components have been identified as potent vaccine candidates based on preliminary reactivity with sera from infected dogs and humans (36–38). Nevertheless, persisting reactivity to VL sera at cure, where immune response skews toward protective type, is more suitably exploited to identify putative protective antigens. Our results demonstrate consistent serological reactivity of 36 kDa SLA antigen in VL patients both before and after treatment. Previously, we have reported SLA to induce excellent protective as well as therapeutic immunity against L. donovani infection in BALB/c mice (19, 20). As a reservoir of protective subunit antigens, we reported the protective efficacy of different components of SLA (30). Previously uncharacterized immunodominant 36 kDa antigen of SLA, was purified in its native form and identified as EF1-α, a translation factor belonging to GTPase superfamily, of L. donovani by MALDI-TOF/TOF. The reactivity of the purified fraction of anti-EF1-α monoclonal antibody and sera of active and cure VL patients further confirms its identity. Genomic analysis, however, reveals EF1-α from L. donovani as an ~50 kDa protein, encoded by a stretch of 1,347 nucleotide gene sequence (gene sequence id.—FR799604.2). Although different truncated forms of EF1-α have been reported, its mechanism and evolutionary function have not been characterized. For instance, Piedro-Quintello et al. identified a 29 kDa immunodominant L. mexicana antigen as a different molecular form of EF1-α (39). Moreover, in a separate study, different immunodominant fractions ranging from 30 to 36 kDa were identified as truncated forms of L. infantum EF1-α (40). Leishmanial EF1-α shares a unique biochemical feature in binding and activation of tyrosinephosphatase-1 (SHP-1) to downregulate iNOS expression inside host phagocyte (21). The attenuation of iNOS-mediated oxidative burst is crucial for survival of Leishmania in the host cells. This important pathogenicity associated protein, despite being reported to dominantly react to VL sera, has not been tested for its immunogenicity and vaccine potential thereof (40).

A CMI response is essential for clearance of intracellular pathogen. Therefore, apart from proteome serology, identification and prediction of protective antigen has been rationally based upon the ability to stimulate CMI response in PBMCs of healed or asymptomatic VL subjects. A number of prospective vaccine antigens, like HASPB,- KMP11, A2, EF2, TSH, STM, CPB, CPC, NH36, etc., were identified by their ability to induce lymphoproliferative and Th1 cytokine response in PBMCs of protected subjects (41–44). Herein, we demonstrate a comparative analysis of recall response induced by purified 36 kDa truncated EF1-α and SLA. While PBMCs of 9 out of 10 cured VL patients proliferated in response to SLA as compared to 8 in case of native EF1-α, similar upsurge in secretion of IFN-γ and IL-12 were also observed. The ability of SLA to induce better recall response can be due to heterogeneity of antigens suggestive of better efficacy of multiantigenic/epitope vaccines as compared to subunit antigens. To our knowledge, this is the first report demonstrating stimulation of Th1 response by cured VL patients in response to EF1-α, making it a strong constituent candidate for defined multiantigenic vaccine strategy. Serological and cellular immunoreactivity of the leishmanial virulence-associated protein EF1-α prompted further evaluation for its immunogenicity and protective efficacy in Leishmania model.

Leishmania survives and establishes chronic pathogenesis inside host phagocytes mainly by evading and attenuating the microbicidal effector functions (45). Priming of immune response to activate and augment oxidative killing of amastigotes by the host phagocytes is one of the major objectives of vaccine design. Evaluation of immune response triggered post immunization with both native and recombinant EF1-α formulated with cationic liposome disclose induction of cellular immune response as evident from strong DTH response as compared to PBS and liposome controls. Moreover, an upsurge in antigen-stimulated production of IFN-γ, IL-12, and TNF-α in the vaccinated splenocytes was observed. The Th1 cytokine IFN-γ along with supplementary effect of TNF-α activate JAK-STAT signaling pathway to upregulate iNOS production and hence promote oxidative burst (46). IFN-γ is also known to promote antibody class switching to IgG2a type (47). Concomitant to cytokine secretion a dominant titer of IgG2a over IgG1 in Liposomal EF1-α-vaccinated mice was observed. However, along with IFN-γ the increased level of IL-4 in the vaccinated mice indicate that a mixed Th1/Th2 response were generated post immunization. In order to understand whether the immune response triggered by EF1-α and its liposomal formulation was sufficient to resist L. donovani infection, parasite burden and the consequent immune response post infection were studied.

Unlike other infection models of Leishmania where infection onset is early and leads to self healing response especially in C5BL6 mice, infection with L. donovani AG83 is chronically progressive in BALB/c mice. Infectious challenge of L. donovani AG83 in BALB/c mice leads to establishment of hepatic and splenic infection at 8 weeks and peaking up to 16 weeks post challenge and hence parasite load in liver and spleen were studied at 90 days post challenge to determine vaccine efficacy (31, 48). Leishmania infection modulates the host immune response to secrete immunosuppressive cytokines, such as IL-10 and TGF-β, which favors parasite survival by deactivating the host phagocytes (10). Neutralizing effect of immunosuppressive cytokines to the effector function of Th1 cytokines have been reported in different forms of leishmaniasis (49). Our results suggest that the increased levels of IL-4, IL-10, and TGF-β in the control infected mice is concomitant to the higher parasite burden observed in both liver and spleen. In contrast to the control groups, a significant fall in the levels of Th2 and regulatory cytokines, with high Th1 cytokines in the vaccinated mice is correlated with the resistance to infection following challenge with virulent parasites. Therefore, apart from maintaining high DTH and Th1 cytokine responses, downregulation of immunosuppressive cytokines is crucial for parasite clearance. The response and protective immunity generated from crude 36 kDa antigen identified as truncated EF1-α was furthermore validated with whole recombinant EF1-α that imparts similar protective responses. A considerable decrease in parasite load was observed in liver and spleen of mice challenged with virulent parasites 10 days (short-term study) and 90 days (long-term study) after last immunization with liposomal EF1-α. Interestingly mice immunized with EF1-α alone could partially resist infection in short-term studies but failed to impart long-term protection.

Experimental as well as clinical studies with first generation vaccines suggest that protein-based antigens without suitable adjuvant and delivery system fail to impart durable protection, a requisite feature for a successful vaccine against VL (50, 51). Evidence to long-lasting protection can be extracted from studies with live vaccines and infection induced acquired immunity imparting durable resistance to reinfection (51). A persisting antigen or pathogen is crucial for the expansion of multifunction CD4+ and CD8+ T cells that can boost effector as well as memory response (52–54). Our results with ex vivo depletion studies demonstrate that cationic liposome formulation of EF1-α facilitates activation of IFN-γ producing CD4+ as well as CD8+ T cells. Moreover, in vivo depletion of either CD4+ or CD8+ T cells at the time of vaccination partially reversed the inhibition of parasite multiplication. The reversion of protection was observed when both the T cell subsets were depleted, suggesting both CD4+ and CD8+ T cells are activated by vaccination with liposomal EF1-α. Direct evidence of the involvement of effector CD4+ and CD8+ T cell was confirmed with recombinant EF1-α by multiparametric flow cytometric analysis. Previously, we have reported cationic liposomes as an efficient delivery system for entry of antigens into the MHC class I pathway and thus are efficient inducers of CD8+ T cell responses (15). Herein, we investigated cationic liposome-mediated expansion of single cytokine producing as well as multifunctional effector CD4+ and CD8+ T cell by multiparametric flowcytometric analysis. Various studies have shown that induction of single cell polyfunctionality of T cells leads to better vaccine-induced protection against leishmaniasis (55, 56). Our results demonstrate that immunization with liposomal EF1-α leads to induction of significantly higher population of antigen-specific triple positive (IFN-γ+TNF-α+IL2+) CD4+ and CD8+ T cells in comparison to infected untreated controls. However, the proportion of single and double cytokine producing (IFN-γ+ and/or TNF-α+) CD4+ as well as CD8+ T cells was more than triple-positive multifunctional T cells. Thus, both multifunctional and single or double cytokine producing effector CD4+ and CD8+ T cells are generated in liposomal EF1-α-vaccinated mice. Apart from cytokine secreting T cells, our results demonstrate that vaccination with liposomal EF1-α leads to enhanced differentiation of CD44 and CD62L positive T cells. The CD44 and CD62L positive central memory T cells are crucial for generation of long-lasting vaccine-mediated immunity (57). The findings are consistent to our previous reports on liposomal vaccine-mediated durable protection against VL (58). We report cationic liposome-mediated induction of multifunctional effector as well as memory T cells.

Liposomal EF1-α is a novel Th1-stimulating vaccine formulation that imparts significant protection in BALB/c mice against challenge with L. donovani after a short as well as long-term immunization protocol. Our results also indicate that induction of Th1 response with elevated levels of IFN-γ, IL-12, and TNF-α and an inhibition of IL-4, IL-10, and TGF-β levels can tilt the immune system toward protection against VL. Furthermore, studies with selective in vivo depletion of T cells and aided with multiparametric analysis of splenocytes we demonstrate the essential role of cationic liposomes in expansion of both CD4+ and CD8+ T cells for long-lasting protection against L. donovani in murine model. However, since the study was carried out through intraperitoneal route of immunization, combining additional adjuvant(s) with cationic liposome would be essential to be effective through human administrable subcutaneous route.

ETHICS STATEMENT

The study with human samples was approved by the Ethical Committee on Human Subjects, CSIR-IICB and also by School of Tropical Medicine (Kolkata, India). Written informed consents were obtained from all patients and donors for blood sampling. The studies with mice were performed according to the institutional guidelines of the Committee for the Purpose of Control and Supervision on Experimental Animals (CPCSEA), Ministry of Environment and Forest, Govt. of India, and approved by the Institutional Animal Ethics Committee (147/1999/CPSCEA) of CSIR-Indian Institute of Chemical Biology.

AUTHOR CONTRIBUTIONS

AS, SB, and NA conceived the study, designed the experiments, analyzed the data, and wrote the manuscript. SB, AS, RC, SE, ND, MA, AB, and US performed and optimized the experiments, prepared figures, and contributed reagents. All authors critically revised and approved the manuscript.

ACKNOWLEDGMENTS

The authors are thankful to ex-Director of CSIR-IICB, Kolkata, Prof. Siddhartha Roy and the present Director Dr. Samit Chattopadhyay for supporting this work. The authors are also thankful to Mithun Maji for his assistance in preparation of this manuscript. The authors thank Mr. Sandip Chakraborty of the CSIR-IICB Proteomics Centre for technical assistance in mass spectrometry and Mr. Tanmoy Dalui for analysis of multiparametric flowcytometry.

FUNDING

The authors gratefully acknowledge the financial support from Council of Scientific and Industrial Research (CSIR)-BSC 0114 and Department of Science Technology (DST)-J.C. Bose Fellowship, Department of Atomic Energy (DAE)-Raja Ramanna Fellowship, and University Grant Commission (UGC), Government of India.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at http://www.frontiersin.org/articles/10.3389/fimmu.2018.00018/full#supplementary-material.

REFERENCES

1. Chappuis F, Sundar S, Hailu A, Ghalib H, Rijal S, Peeling RW, et al. Visceral leishmaniasis: what are the needs for diagnosis, treatment and control? Nat Rev Microbiol (2007) 5(11):873–82. doi:10.1038/nrmicro1748

2. Singh OP, Singh B, Chakravarty J, Sundar S. Current challenges in treatment options for visceral leishmaniasis in India: a public health perspective. Infect Dis Poverty (2016) 5(1):19. doi:10.1186/s40249-016-0112-2

3. Scott P, Novais FO. Cutaneous leishmaniasis: immune responses in protection and pathogenesis. Nat Rev Immunol (2016) 16(9):581–92. doi:10.1038/nri.2016.72

4. Nogueira FS, Moreira MA, Borja-Cabrera GP, Santos FN, Menz I, Parra LE, et al. Leishmune vaccine blocks the transmission of canine visceral leishmaniasis: absence of Leishmania parasites in blood, skin and lymph nodes of vaccinated exposed dogs. Vaccine (2005) 23(40):4805–10. doi:10.1016/j.vaccine.2005.05.011

5. Grimaldi G Jr, Teva A, Dos-Santos CB, Santos FN, Pinto ID, Fux B, et al. Field trial of efficacy of the Leish-tec(R) vaccine against canine leishmaniasis caused by Leishmania infantum in an endemic area with high transmission rates. PLoS One (2017) 12(9):e0185438. doi:10.1371/journal.pone.0185438

6. Bongiorno G, Paparcone R, Foglia Manzillo V, Oliva G, Cuisinier AM, Gradoni L. Vaccination with LiESP/QA-21 (CaniLeish(R)) reduces the intensity of infection in Phlebotomus perniciosus fed on Leishmania infantum infected dogs – a preliminary xenodiagnosis study. Vet Parasitol (2013) 197(3–4):691–5. doi:10.1016/j.vetpar.2013.05.008

7. Palatnik-de-Sousa CB. Vaccines for canine leishmaniasis. Front Immunol (2012) 3:69. doi:10.3389/fimmu.2012.00069

8. Gillespie PM, Beaumier CM, Strych U, Hayward T, Hotez PJ, Bottazzi ME. Status of vaccine research and development of vaccines for leishmaniasis. Vaccine (2016) 34(26):2992–5. doi:10.1016/j.vaccine.2015.12.071

9. Gradoni L. Canine Leishmania vaccines: still a long way to go. Vet Parasitol (2015) 208(1–2):94–100. doi:10.1016/j.vetpar.2015.01.003

10. Faleiro RJ, Kumar R, Hafner LM, Engwerda CR. Immune regulation during chronic visceral leishmaniasis. PLoS Negl Trop Dis (2014) 8(7):e2914. doi:10.1371/journal.pntd.0002914

11. Murray HW, Xiang Z, Ma X. Responses to Leishmania donovani in mice deficient in both phagocyte oxidase and inducible nitric oxide synthase. Am J Trop Med Hyg (2006) 74(6):1013–5.

12. Kaye P, Scott P. Leishmaniasis: complexity at the host-pathogen interface. Nat Rev Microbiol (2011) 9(8):604–15. doi:10.1038/nrmicro2608

13. Reed SG, Orr MT, Fox CB. Key roles of adjuvants in modern vaccines. Nat Med (2013) 19(12):1597–608. doi:10.1038/nm.3409

14. Schwendener RA. Liposomes as vaccine delivery systems: a review of the recent advances. Ther Adv Vaccines (2014) 2(6):159–82. doi:10.1177/2051013614541440

15. Maji M, Mazumder S, Bhattacharya S, Choudhury ST, Sabur A, Shadab M, et al. A lipid based antigen delivery system efficiently facilitates MHC class-I antigen presentation in dendritic cells to stimulate CD8(+) T cells. Sci Rep (2016) 6:27206. doi:10.1038/srep27206

16. Sundar S, Singh B. Identifying vaccine targets for anti-leishmanial vaccine development. Expert Rev Vaccines (2014) 13(4):489–505. doi:10.1586/14760584.2014.894467

17. Barbosa Santos ML, Nico D, de Oliveira FA, Barreto AS, Palatnik-de-Sousa I, Carrillo E, et al. Leishmania donovani nucleoside hydrolase (NH36) domains induce T-cell cytokine responses in human visceral leishmaniasis. Front Immunol (2017) 8:227. doi:10.3389/fimmu.2017.00227

18. Pascalis H, Lavergne A, Bourreau E, Prevot-Linguet G, Kariminia A, Pradinaud R, et al. Th1 cell development induced by cysteine proteinases A and B in localized cutaneous leishmaniasis due to Leishmania guyanensis. Infect Immun (2003) 71(5):2924–6. doi:10.1128/IAI.71.5.2924-2926.2003

19. Mazumder S, Ravindran R, Banerjee A, Ali N. Non-coding pDNA bearing immunostimulatory sequences co-entrapped with leishmanial antigens in cationic liposomes elicits almost complete protection against experimental visceral leishmaniasis in BALB/c mice. Vaccine (2007) 25(52):8771–81. doi:10.1016/j.vaccine.2007.10.028

20. Bhowmick S, Ravindran R, Ali N. Leishmanial antigens in liposomes promote protective immunity and provide immunotherapy against visceral leishmaniasis via polarized Th1 response. Vaccine (2007) 25(35):6544–56. doi:10.1016/j.vaccine.2007.05.042

21. Nandan D, Yi T, Lopez M, Lai C, Reiner NE. Leishmania EF-1alpha activates the Src homology 2 domain containing tyrosine phosphatase SHP-1 leading to macrophage deactivation. J Biol Chem (2002) 277(51):50190–7. doi:10.1074/jbc.M209210200

22. Nandan D, Cherkasov A, Sabouti R, Yi T, Reiner NE. Molecular cloning, biochemical and structural analysis of elongation factor-1 alpha from Leishmania donovani: comparison with the mammalian homologue. Biochem Biophys Res Commun (2003) 302(4):646–52. doi:10.1016/S0006-291X(03)00216-X

23. Afrin F, Ali N. Adjuvanticity and protective immunity elicited by Leishmania donovani antigens encapsulated in positively charged liposomes. Infect Immun (1997) 65(6):2371–7.

24. Afrin F, Rajesh R, Anam K, Gopinath M, Pal S, Ali N. Characterization of Leishmania donovani antigens encapsulated in liposomes that induce protective immunity in BALB/c mice. Infect Immun (2002) 70(12):6697–706. doi:10.1128/IAI.70.12.6697-6706.2002

25. Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein measurement with the Folin phenol reagent. J Biol Chem (1951) 193(1):265–75.

26. Saiki RK, Gelfand DH, Stoffel S, Scharf SJ, Higuchi R, Horn GT, et al. Primer-directed enzymatic amplification of DNA with a thermostable DNA polymerase. Science (1988) 239(4839):487–91. doi:10.1126/science.2448875

27. Laemmli UK. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature (1970) 227(5259):680–5. doi:10.1038/227680a0

28. Saha S, Mondal S, Ravindran R, Bhowmick S, Modak D, Mallick S, et al. IL-10- and TGF-beta-mediated susceptibility in kala-azar and post-kala-azar dermal leishmaniasis: the significance of amphotericin B in the control of Leishmania donovani infection in India. J Immunol (2007) 179(8):5592–603. doi:10.4049/jimmunol.179.8.5592

29. Das A, Ali N. Combining cationic liposomal delivery with MPL-TDM for cysteine protease cocktail vaccination against Leishmania donovani: evidence for antigen synergy and protection. PLoS Negl Trop Dis (2014) 8(8):e3091. doi:10.1371/journal.pntd.0003091

30. Bhowmick S, Ali N. Identification of novel Leishmania donovani antigens that help define correlates of vaccine-mediated protection in visceral leishmaniasis. PLoS One (2009) 4(6):e5820. doi:10.1371/journal.pone.0005820

31. Bhowmick S, Ravindran R, Ali N. gp63 in stable cationic liposomes confers sustained vaccine immunity to susceptible BALB/c mice infected with Leishmania donovani. Infect Immun (2008) 76(3):1003–15. doi:10.1128/IAI.00611-07

32. Bhowmick S, Mazumdar T, Ali N. Vaccination route that induces transforming growth factor beta production fails to elicit protective immunity against Leishmania donovani infection. Infect Immun (2009) 77(4):1514–23. doi:10.1128/IAI.01739-07

33. Guha R, Gupta D, Rastogi R, Vikram R, Krishnamurthy G, Bimal S, et al. Vaccination with Leishmania hemoglobin receptor-encoding DNA protects against visceral leishmaniasis. Sci Transl Med (2013) 5(202):202ra121. doi:10.1126/scitranslmed.3006406

34. Oliveira F, de Carvalho AM, de Oliveira CI. Sand-fly saliva-Leishmania-man: the trigger trio. Front Immunol (2013) 4:375. doi:10.3389/fimmu.2013.00375

35. Collin N, Gomes R, Teixeira C, Cheng L, Laughinghouse A, Ward JM, et al. Sand fly salivary proteins induce strong cellular immunity in a natural reservoir of visceral leishmaniasis with adverse consequences for Leishmania. PLoS Pathog (2009) 5(5):e1000441. doi:10.1371/journal.ppat.1000441

36. Agallou M, Athanasiou E, Samiotaki M, Panayotou G, Karagouni E. Identification of immunoreactive Leishmania infantum protein antigens to asymptomatic dog sera through combined immunoproteomics and bioinformatics analysis. PLoS One (2016) 11(2):e0149894. doi:10.1371/journal.pone.0149894

37. Coler RN, Reed SG. Second-generation vaccines against leishmaniasis. Trends Parasitol (2005) 21(5):244–9. doi:10.1016/j.pt.2005.03.006

38. Abdeladhim M, Kamhawi S, Valenzuela JG. What’s behind a sand fly bite? The profound effect of sand fly saliva on host hemostasis, inflammation and immunity. Infect Genet Evol (2014) 28:691–703. doi:10.1016/j.meegid.2014.07.028

39. Piedra-Quintero ZL, Apodaca-Medina AI, Beltran-Lopez E, Leon-Sicairos CR, Chavez-Ontiveros J, Rendon-Maldonado JG, et al. Immunoproteomic identification of p29 antigen as the elongation factor-1alpha of Leishmania mexicana. Vector Borne Zoonotic Dis (2015) 15(7):449–52. doi:10.1089/vbz.2014.1712

40. Kamoun-Essghaier S, Guizani I, Strub JM, Van Dorsselaer A, Mabrouk K, Ouelhazi L, et al. Proteomic approach for characterization of immunodominant membrane-associated 30- to 36-kiloDalton fraction antigens of Leishmania infantum promastigotes, reacting with sera from Mediterranean visceral leishmaniasis patients. Clin Diagn Lab Immunol (2005) 12(2):310–20. doi:10.1128/CDLI.12.2.310-320.2005

41. Osman M, Mistry A, Keding A, Gabe R, Cook E, Forrester S, et al. A third generation vaccine for human visceral leishmaniasis and post kala azar dermal leishmaniasis: first-in-human trial of ChAd63-KH. PLoS Negl Trop Dis (2017) 11(5):e0005527. doi:10.1371/journal.pntd.0005527

42. Joshi S, Yadav NK, Rawat K, Tripathi CD, Jaiswal AK, Khare P, et al. Comparative analysis of cellular immune responses in treated Leishmania patients and hamsters against recombinant Th1 stimulatory proteins of Leishmania donovani. Front Microbiol (2016) 7:312. doi:10.3389/fmicb.2016.00312

43. Carrillo E, Fernandez L, Ibarra-Meneses AV, Santos MLB, Nico D, de Luca PM, et al. F1 domain of the Leishmania (Leishmania) donovani nucleoside hydrolase promotes a Th1 response in Leishmania (Leishmania) infantum cured patients and in asymptomatic individuals living in an endemic area of leishmaniasis. Front Immunol (2017) 8:750. doi:10.3389/fimmu.2017.00750

44. Gannavaram S, Dey R, Avishek K, Selvapandiyan A, Salotra P, Nakhasi HL. Biomarkers of safety and immune protection for genetically modified live attenuated Leishmania vaccines against visceral leishmaniasis – discovery and implications. Front Immunol (2014) 5:241. doi:10.3389/fimmu.2014.00241

45. Shadab M, Ali N. Evasion of host defence by Leishmania donovani: subversion of signaling pathways. Mol Biol Int (2011) 2011:343961. doi:10.4061/2011/343961

46. Ivashkiv LB, Donlin LT. Regulation of type I interferon responses. Nat Rev Immunol (2014) 14(1):36–49. doi:10.1038/nri3581

47. Toellner KM, Luther SA, Sze DM, Choy RK, Taylor DR, MacLennan IC, et al. T helper 1 (Th1) and Th2 characteristics start to develop during T cell priming and are associated with an immediate ability to induce immunoglobulin class switching. J Exp Med (1998) 187(8):1193–204. doi:10.1084/jem.187.8.1193

48. Mukhopadhyay S, Bhattacharyya S, Majhi R, De T, Naskar K, Majumdar S, et al. Use of an attenuated leishmanial parasite as an immunoprophylactic and immunotherapeutic agent against murine visceral leishmaniasis. Clin Diagn Lab Immunol (2000) 7(2):233–40.

49. Rodrigues V, Cordeiro-da-Silva A, Laforge M, Silvestre R, Estaquier J. Regulation of immunity during visceral Leishmania infection. Parasit Vectors (2016) 9:118. doi:10.1186/s13071-016-1412-x

50. Kedzierski L. Leishmaniasis vaccine: where are we today? J Glob Infect Dis (2010) 2(2):177–85. doi:10.4103/0974-777X.62881

51. Mendonca SC. Differences in immune responses against Leishmania induced by infection and by immunization with killed parasite antigen: implications for vaccine discovery. Parasit Vectors (2016) 9:492. doi:10.1186/s13071-016-1777-x

52. Zaph C, Uzonna J, Beverley SM, Scott P. Central memory T cells mediate long-term immunity to Leishmania major in the absence of persistent parasites. Nat Med (2004) 10(10):1104–10. doi:10.1038/nm1108

53. Seder RA, Darrah PA, Roederer M. T-cell quality in memory and protection: implications for vaccine design. Nat Rev Immunol (2008) 8(4):247–58. doi:10.1038/nri2274

54. Okwor I, Kuriakose S, Uzonna J. Repeated inoculation of killed Leishmania major induces durable immune response that protects mice against virulent challenge. Vaccine (2010) 28(33):5451–7. doi:10.1016/j.vaccine.2010.05.077

55. Darrah PA, Patel DT, De Luca PM, Lindsay RW, Davey DF, Flynn BJ, et al. Multifunctional TH1 cells define a correlate of vaccine-mediated protection against Leishmania major. Nat Med (2007) 13(7):843–50. doi:10.1038/nm1592

56. De Luca PM, Macedo AB. Cutaneous leishmaniasis vaccination: a matter of quality. Front Immunol (2016) 7:151. doi:10.3389/fimmu.2016.00151

57. Pakpour N, Zaph C, Scott P. The central memory CD4+ T cell population generated during Leishmania major infection requires IL-12 to produce IFN-gamma. J Immunol (2008) 180(12):8299–305. doi:10.4049/jimmunol.180.12.8299

58. Mazumder S, Maji M, Das A, Ali N. Potency, efficacy and durability of DNA/DNA, DNA/protein and protein/protein based vaccination using gp63 against Leishmania donovani in BALB/c mice. PLoS One (2011) 6(2):e14644. doi:10.1371/journal.pone.0014644

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.

Copyright © 2018 Sabur, Bhowmick, Chhajer, Ejazi, Didwania, Asad, Bhattacharyya, Sinha and Ali. 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.

OPS/images/fimmu-09-00018-g005.jpg
250

5
5
H
H &
H
<
%
mmwmnn

oarn) 0 (uoords) nat
i |«
b
(uo9ids) n@1 w (s9a) n@1
o ;
B
4 4
i %
£y °
H §
n %
s . %
H %
‘o
4
T & I % %
g &8 & 8 g g
(soa7) na [=] (ueads) na1





OPS/images/fimmu-09-00018-g006.jpg
<
2
) ) °
4 .
w (uaa)dg) uapanq ajiseaed 0'6o|

500

z =
g &

[$) (1aA7) nan

r
3 o

w (49A17) uapuingq ayiseaed °'6o|

.
g =

(uasds) nan

2504
2004
50





OPS/images/fimmu-09-00018-g003.jpg
& & T 8§ 3
©  (wnw) Bugioms pediooy

wiuogy 1e (L9BIEZOBI) ‘a'0 Jo oney
o

H %

0 1g61
- 1gG2a

LI

20
0.5

wiuogy 18 ‘a0
<

F

iy
HHE
i 8.
fams |
5888
rEi%
558
ul L:]u)
g 8 8 8
(ju/Bd) p1
i
H §
%mmH
m%mH
B
s
| I
B
H
Ju]
(w/Bd) A-Nd1

£ +anti-CDB +anti-CD4

ownuiw sod suNogy

o

1

(ubd) 9401
)
&
2 S
% %
: msa& ﬁ_:_m i
T
i
b
. H
“
: m_sw& Nz_m





OPS/images/fimmu-09-00018-g004.jpg
!

B3 Only EF1-a in media = P
= 80000 B +ant =) 15001 £ Only EF1-a in media el
£ 3 santi - . +anti-CD4 B
£ 0 +anti st E3 +anti-CD8
2 £ so000{ = 3 +anti-CDB +anti-CD4
£ — e £ 100 i .
3 £ e B =
2 : = 3 -, H
s 2 40000 B T e
g H B g E s Ll =
5 S 20000{ E B |
S H
i g |

e n = E
& & & & e &
D E F
" 3 Only EF1-a in media
200{ =T 4 mm santicDs
e EE +anti-CD8 .
= = 3 +anti-CD8 +anti-CD4 £
E 150 H %
g ey ) H
3 100 e = 2 S
3 I I g s
50 [l






OPS/images/fimmu-09-00018-g007.jpg
Boolean Gating
combinations of
IFN-y, IL2 and TNF-a

b =¥ cos

>
SIS

. o
= e -
B : o —
M — :
g i ——r—
EE §. =
S g
i 1
3 L]
o M ® at & & >
P e & o @ & & @ @

PR
PV
E P EE






OPS/images/cover.jpg
? frontiers

in Immunology

Liposomal Elongation Factor-1a
Triggers Effector CD4 and CD8 T
Cells for Induction of Long-
Lasting Protective Immunity
against Visceral Leishmaniasis





OPS/images/fimmu-09-00018-g001.jpg
100
75 100 —

75—

50

37 7 —

25 25 —

b 4 HC AVL oL ML
HC AVL1 CVL1 AVL2 CVL2 ML V.

o
*
*
*
m

Optical density at 450nm
Optical density at 450nm






OPS/images/fimmu-09-00018-g002.jpg
Counts per minute

g

H

g

 Healthy Control
= Cured VL

[ AP

IFN-y (pg/ml)

B 0

2

H

3

o Healthy Control

= Cured VL

OnlyMedia  SLA EFla

Only Media

SLA

IL12 (pg/ml)

o Healthy Control
B CuedVL s

Only Media

SLA

EF1w





OPS/images/logo.jpg
Ghesk for

i@





