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Abstract: Leishmaniasis is a vector-borne disease caused by an intracellular parasite of the genus
Leishmania with different clinical manifestations that affect millions of people worldwide, while
the visceral form may be fatal if left untreated. Since the available chemotherapeutic agents are
not satisfactory, vaccination emerges as the most promising strategy for confronting leishmaniasis.
In the present study, a reverse vaccinology approach was adopted to design a pipeline starting
from proteome analysis of three different Leishmania species and ending with the selection of a
pool of MHCI- and MHCII-binding epitopes. Epitopes from five parasite proteins were retrieved
and fused to construct a multi-epitope chimeric protein, named LeishChim. Immunoinformatics
analyses indicated that LeishChim was a stable, non-allergenic and immunogenic protein that could
bind strongly onto MHCI and MHCII molecules, suggesting it as a potentially safe and effective
vaccine candidate. Preclinical evaluation validated the in silico prediction, since the LeishChim
protein, encapsulated simultaneously with monophosphoryl lipid A (MPLA) into poly(D,L-lactide-
co-glycolide) (PLGA) nanoparticles, elicited specific cellular immune responses when administered
to BALB/c mice. These were characterized by the development of memory CD4+ T cells, as well
as IFNγ- and TNFα-producing CD4+ and CD8+ T cells, supporting the potential of LeishChim as a
vaccine candidate.

Keywords: leishmaniasis; reverse vaccinology; MHCI-binding epitopes; MHCII-binding epitopes;
multi-epitope vaccine; cellular immunity; memory T cells; cytokine production

1. Introduction

Leishmaniasis is a group of diseases that are caused by intracellular parasites of
the genus Leishmania and display a spectrum of clinical manifestations from self-healing
cutaneous to life-threatening visceral forms of disease [1]. The diseases are prevalent
in large areas of tropical, subtropical and Mediterranean countries. According to the
WHO, 310 million people are at risk; nearly 90,000 new cases of visceral leishmaniasis
annually occur, with 30,000 deaths per year [2]. Leishmania is an obligate intracellular
parasite with two different life forms: amastigote and promastigote. More than 20 species
are responsible for the four common manifestations of the disease which accounts for
cutaneous leishmaniasis (CL), mucocutaneous leishmaniasis (MCL), diffuse cutaneous
leishmaniasis (DCL) and visceral leishmaniasis (VL) [3,4]. The first line of confronting the
disease includes drug treatment; however, the currently available drugs are characterized
by high toxicity, parasite resistance and high cost [5–7]. In that frame, alternative control
measures such as the development of effective vaccines have been suggested, aiming to
prevent the spread of leishmaniasis. Vaccination has been proposed as the most effective
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strategy for controlling infectious diseases, since it can induce long-term protection with
appropriate immune responses [8]. Several vaccination strategies, including killed or
attenuated parasites, subunit or DNA vaccines, have been developed [9,10]; however, no
vaccine for humans has entered the market until now.

The elicitation of T cell-mediated immune responses is considered critical for Leishma-
nia infection control. In particular, the interaction of antigen-presenting cells with CD4+

and/or CD8+ T cells mediate T helper 1 (TH1) responses through the secretion of pro-
inflammatory cytokines, such as IFNγ and TNFα, which in turn enhance the activation of
macrophages and the subsequent parasite control. The efficiency of CD4+ TH1 and cyto-
toxic CD8+ T cell responses to mediate resistance or cure in VL depends on their memory
phenotype. On the contrary, TH2 responses associated with an anti-inflammatory cytokine
profile inhibit macrophage activation favoring disease establishment (reviewed in [11,12]).

Based on the fact that the elicitation of TH1 CD4+ and cytotoxic CD8+ T cells has been
associated with effective vaccination against experimental leishmaniasis [13,14], vaccine
formulations consisting of different antigenic helper and cytotoxic T lymphocyte epitopes
(HTL and CTL) and adjuvants have been tested by several research groups [15]. The
advance in immunoinformatics approaches has contributed to the identification of specific
HTL and CTL epitopes that could be included in multi-epitope vaccines [16]. This vaccina-
tion strategy, contrary to previous efforts including killed or attenuated parasites, appears
to have several advantages such as specificity, stability, absence of infectious agents and
large-scale production at low cost [15].

Based on the above knowledge regarding vaccine development, we conducted a
subtractive hierarchical analysis on the Leishmania proteome with the ultimate goal of
designing a universal multi-epitope chimeric protein vaccine. Our analysis resulted in the
identification of five antigenic parasite proteins, from which their most promising epitopes
were selected and fused into a chimeric protein, namely LeishChim. The physicochemical
properties, the secondary and tertiary structure, as well as the immune profile of this pro-
tein, were predicted using bioinformatics tools. Subsequently, LeishChim’s antigenicity was
also assessed in vivo. For this purpose, protein was co-encapsulated with monophosphoryl
lipid A (MPLA), a known TLR-4 ligand, into biodegradable poly(D,L-lactide-co-glycolide)
(PLGA) nanoparticles (NPs) in order to enhance the delivery as well as its immunogenic
properties. PLGA NPs possess several advantages, such as protection from degrada-
tion by enzymes, controlled antigen release, as well as adjuvant co-encapsulation [17,18],
making them ideal candidates as delivery vehicles for tumor [19], viral [20] or parasitic
antigens [21–23]. Eventually, the immune profile elicited by the nanovaccine formulation
was further evaluated in an experimental BALB/c model.

2. Materials and Methods
2.1. Data Retrieval and Proteome Analysis

The proteome of the L. infantum, L. major and L. braziliensis species was retrieved as
FASTA format from TriTrypDB database (http//:tritrypdb.org, accessed on 23 November
2018). BLASTp tool was used to identify proteins, having >80% conservancy among the
three studied species (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins, accessed
on 5 December 2018). Followingly, cellular localization of the retrieved proteins was identi-
fied with CELLO. CELLO (http://cello.life.nctu.edu.tw, accessed on 6 December 2018) is a
multi-class SVM classification system that uses 4 types of sequence coding schemes: the
amino acid composition, the dipeptide composition, the partitioned amino acid compo-
sition and the sequence composition based on the physicochemical properties of amino
acids. It combines votes from these classifiers and uses the jury votes to determine the
final assignment. The accuracy for prediction of CELLO algorithm is 87% for eukary-
otic sequences [24]. In parallel, SignalP v5.0 (http://www.cbs.dtu.dk/services/SignalP/,
accessed on 15 December 2018) algorithm was used to predict secreted proteins. The Sig-
nalP 5.0 server predicts the presence of signal peptides and the location of their cleavage
sites in proteins from archaea, Gram-positive bacteria, Gram-negative bacteria and eukarya.

http//:tritrypdb.org
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins
http://cello.life.nctu.edu.tw
http://www.cbs.dtu.dk/services/SignalP/
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Version 5.0 uses a deep neural network-based approach that improves signal peptide pre-
diction across all domains of life and distinguishes between three types of prokaryotic
signal peptides [25].

2.2. Antigenicity and Allergenicity Evaluation

The antigenicity of the retrieved proteins was predicted via employment of Anti-
genPro and VaxiJen. AntigenPro (http://scratch.proteomics.ics.uci.edu/, accessed on
5 December 2018) is a homologue-free, sequence-based prediction model capable of screen-
ing entire proteomes for the antigens most likely to generate a protective humoral im-
mune response with an accuracy of 82% [26]. Threshold was set to 0.4. VaxiJen v2.0
(http://www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html, accessed on 15 January
2019) is an alignment-independent method based on auto-cross covariance (ACC) transfor-
mation of protein sequences into uniform vectors of principal amino acid properties. The
accuracy of the method depends on organism selection and varies from 70% to 89% [27]. For
the needs of this study, the parasite was selected as the target organism and the threshold
was set to 0.5. Proteins with antigenicity values above threshold in both algorithms were fur-
ther evaluated for the probability to cause allergic reactions. The allergenicity of leishmanial
proteins was evaluated by three different algorithms: AllerTop v.2.0, AlgPred and Aller-
genFP v.1.0. AllerTop v.2.0 server (http://www.ddg-pharmfac.net/AllerTOP/index.html,
accessed on 20 January 2019) is an available online server based on ACC transformation
of protein sequences into uniform equal-length vectors. Using k-nearest neighbors (kNN)
algorithm, it predicts allergens and non-allergens with 85.3% accuracy [28]. The AlgPred,
available at https://webs.iiitd.edu.in/raghava/algpred/submission.html (accessed on
20 January 2019, utilizes a dataset of 578 allergens and 700 non-allergens. AlgPred is an
SVM (support vector machine)-based method that predicts allergens with an accuracy of
85% [29]. AllergenFP (https://ddg-pharmfac.net/AllergenFP/, accessed on 21 January
2019) is an alignment-free server that distinguishes between allergens and non-allergens
by their structural and physicochemical properties. The algorithm’s accuracy is 87% for
allergens and 89% for non-allergens [30]. Proteins predicted as antigenic and non-allergens
by all three algorithms were then subjected to epitope mapping analysis.

2.3. T Cell Epitope Prediction, Epitope Selection and Vaccine Construction

Three different algorithms were used for the prediction of epitopes of antigenic and
non-allergenic proteins recognized from human MHC class I haplotypes: IEDB, NetMHC-
pan and SYFPEITHI. IEDB is an online server (http://tools.iedb.org/mhci/, accessed
on 5 February 2019) that predicts MHC-binding epitopes by different prediction meth-
ods. In this study, the IEDB recommended method was used, while HLA allele reference
set was chosen. Cut-off score was adjusted to <1.0 and peptides recognized from more
than three HLA alleles were finally qualified [31]. Regarding the NetMHCpan algorithm
(http://www.cbs.dtu.dk/services/NetMHCpan/, accessed on 7 February 2019), epitopes
with binding force to the histocompatibility molecules <50 nM (Strong Binder, SB) or
<500 nM (Weak Binder, WB), respectively, were selected [32]. For SYFPEITHI server, avail-
able at http://www.syfpeithi.de/bin/MHCServer.dll/EpitopePrediction.htm (accessed on
8 February 2019, the acceptance limits were set >20 [33].

The prediction of MHCII-binding epitopes was also performed with three servers:
IEDB, NETMHCIIpan and SYFPEITHI. IEDB (http://tools.iedb.org/mhcii/, accessed on
10 February 2019) was employed to predict 15-mer-length epitopes. This online resource
contains an extensive collection of experimentally measured immune epitopes. Antigenic
proteins were submitted to IEDB server as 15 mers overlapping by ten residues. In order
to split the proteins, an online server was used (www.bioinformatics.nl/cgi-bin/emboss/
splitter, accessed on 10 February 2019). A percentile rank cut-off <20 was employed and
peptides binding to more than 50%, i.e., 13, of the full HLA reference set alleles, were finally
selected [31]. The NETMHCIIpan 3.2 server is an online tool (http://www.cbs.dtu.dk/
services/NetMHCIIpan/, accessed on 15 February 2019) constructed using an extended

http://scratch.proteomics.ics.uci.edu/
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dataset of quantitative MHC–peptide binding affinity data [34]. A set of 20 DQ, DP and
DR alleles was used, common with those used in IEDB reference set. Threshold was set as
<10 and peptides binding more than 10 alleles were finally selected. The third online tool
for MHCII-binding epitopes’ prediction was SYFPEITHI (http://www.syfpeithi.de/bin/
MHCServer.dll/EpitopePrediction.htm, accessed on 10 February 2019). Cut-off was set >20
and peptides binding to more than three out of the six available alleles were qualified for
further study.

The above-mentioned tools were also used for the prediction of epitopes recognized
by BALB/c MHCI (H2-Dd, H2-Kd and H2-Ld) and MHCII (H2-IAd and H2-IEd) molecules
aiming to identify epitopes commonly recognized by human and mouse.

The set of epitopes predicted from the above analysis were run in BLASTp tool in
order to exclude those having >45% homology to human or murine genome in order
to avoid autoimmune or allergic reactions. Next, proteins including >5 MHCI and/or
MHCII epitopes that covered >20% of their sequence and, moreover, showed <45% of
homology to human or murine sequence, were forwarded for chimeric protein design.
Subsequently, sequences including neighboring or overlapping epitopes from proteins
LinJ.34.0420 (Hypothetical protein), LinJ.18.0650 (Serine/threonine kinase-like protein),
LinJ.28.2200 (DNA-directed RNA polymerase-like protein), LinJ.28.0780 (Hypothetical
protein) and LinJ.20.0600 (Conserved unknown protein) were assembled in tandem to
construct a chimeric protein named LeishChim.

2.4. Immunoinformatics Analysis of Chimeric Protein
2.4.1. Physicochemical Properties

The physicochemical properties of LeishChim were determined using the Protparam
server (https://web.expasy.org/protparam/, accessed on 11 March 2019) [35]. The pre-
dicted physicochemical parameters included molecular weight (MW), instability index,
grand average of hydropathicity (GRAVY), aliphatic index and theoretical pI.

2.4.2. Secondary and Tertiary Structure

The secondary structure of the chimeric protein was predicted using PSIPRED algo-
rithm [36], whereas protein’s tertiary structure was predicted via i-TASSER server (https:
//zhanglab.dcmb.med.umich.edu/I-TASSER/, accessed on 11 March 2019). i-TASSER
identifies structural templates from the PDB by the multiple-threading approach LOMETS,
with full-length atomic models constructed by iterative template-based fragment assem-
bly simulations [37]. The quality of the model predicted by i-TASSER was estimated by
a confidence score (C-score). A model with higher C-score is of higher confidence. The
visualization of the 3D model was conducted using PyMOL molecular visualization system.

2.4.3. Refinement and Validation of Tertiary Structure Model

The tertiary structure of LeishChim was refined with GalaxyRefine server (http:
//galaxy.seoklab.org/cgi-bin/submit.cgi?type=REFINE, accessed on 11 March 2019). This
server relies on a method that first rebuilds side chains and performs side-chain repack-
ing and subsequent overall structure relaxation by molecular dynamics simulation [38].
GalaxyRefine improves the initial models with a probability > 50% [39]. In order to vali-
date the 3D model and detect potential errors in the predicted model, ProSA-web server
was applied, while its correctness was determined by ERRAT and Ramachandran plots.
ProSA-web (https://prosa.services.came.sbg.ac.at/prosa.php, accessed on 11 March 2019)
calculates an overall quality score for a specific input structure. The server requires only
Ca atoms so that low resolution structures can be evaluated. ProSA-web calculates the
interaction energy of each residue with the rest of the structure and shows an error in the
protein structure if the calculated score is out of the protein native range [40]. The ERRAT
server (https://servicesn.mbi.ucla.edu/ERRAT/, accessed on 12 March 2019) differentiates
between correctly and incorrectly determined regions of the protein structures based on
characteristic atomic interaction [41]. Ramachandran plots were assessed with PROCHEK

http://www.syfpeithi.de/bin/MHCServer.dll/EpitopePrediction.htm
http://www.syfpeithi.de/bin/MHCServer.dll/EpitopePrediction.htm
https://web.expasy.org/protparam/
https://zhanglab.dcmb.med.umich.edu/I-TASSER/
https://zhanglab.dcmb.med.umich.edu/I-TASSER/
http://galaxy.seoklab.org/cgi-bin/submit.cgi?type=REFINE
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(https://www.ebi.ac.uk/thornton-srv/software/PROCHECK/index.html, accessed on
12 March 2019), which checks the stereochemical quality of a protein structure, producing
a number of PostScript plots analyzing its overall and residue-by-residue geometry [42].

2.4.4. In Silico Prediction of LeishChim’s Docking to MHC Class I and II Molecules

The prediction of the chimeric protein’s ability to dock to different MHCI and MHCII
molecules was conducted with PatchDock server (https://bioinfo3d.cs.tau.ac.il/PatchDock/
patchdock.html, accessed on 12 March 2019). PatchDock is inspired by object recognition
and image segmentation techniques used in Computer Vision. The algorithm has three
main steps: molecular shape representation, surface patch matching and filtering and
scoring [43]. Docking was predicted against HLA-A*0201, HLA-A*0101, HLA-B*0702,
HLA-B*3501, HLA-DRB1*03:01, HLA-DRB5*01:01, HLA-DRB1*01:01, HLA-DRB3*02:02.
FireDock server was utilized for the refinement of the docking model. FireDock also refines
scores solutions produced by fast rigid-body docking algorithms according to an energy
function [44].

2.4.5. Molecular Dynamics (MD) Simulation of LeishChim-MHCI/MHCII Complexes

The prediction of the stability of LeishChim protein’s binding to MHCI and MHCII
molecules was performed with MD simulation using iMODS webserver (http://imods.
chaconlab.rog, accessed on 17 January 2023). This particular server was employed due to the
advantage of being efficient and faster compared to other processes of MD simulations [45].
iMODS server creates protein models as a set of atoms connected by harmonic springs
and uses normal mode analysis (NMA) to analyze the collective motion of proteins [46].
Deformability, B-factors, eigenvalues, mode variance plot, covariance map and elastic
network are provided to assess the flexibility and stiffness of the complex, as well as the
correlated, uncorrelated and anti-correlated motions between dynamical regions [47].

2.4.6. CTL, HTL, B Cell Linear and Conformational Epitope Prediction

NetCTL 1.2 server (http://www.cbs.dtu.dk/services/NetCTL/, accessed on
25 August 2020) was utilized to predict the CTL epitopes in LeishChim. Prediction involves
a combination of three approaches, MHCI binding affinity, TAP transport efficiency and
proteasomal C-terminal cleavage. CTL epitope prediction was restricted by 12 MHCI
supertypes [48]. MHCI peptide binding epitope prediction was attained by the use of
artificial neural networks, TAP transport efficiency was achieved by an approach based
on weight matrix [49], while C-terminal proteasomal cleavage site was predicted by the
artificial neural network from NetChop 3.1 server (https://services.healthtech.dtu.dk/
service.php?NetChop-3.1, accessed on 25 August 2020). Scores of all three predictions were
merged together and sensitivity or specificity values can be achieved by the conversion of
the threshold from the merged score. Threshold for epitope identification was set at 0.75.
The prediction of MHCII-binding epitopes was performed as described above (Section 2.3).

Furthermore, ElliPro was used to predict linear and conformational B cell epitopes in
chimeric protein. This server predicts antibody epitopes based on a protein antigen’s 3D
structure [50]. Cut-off was set at 0.5.

2.4.7. Immune Simulations

In silico immune simulations were performed using C-ImmSim online server (https:
//kraken.iac.rm.cnr.it/C-IMMSIM/, accessed on 25 November 2020) to predict the im-
mune profile raised by LeishChim. The C-ImmSim utilizes the Celada–Seiden model for
describing both humoral and cellular immune profiles of mammalian immune system
responding to designed vaccines [51]. Simulation was run using 2 injections at a time step
of 45, while vaccine was administered with no LPS. All other parameters were as by default,
i.e., random seed 12345, simulation volume 10, simulation steps 100. As host molecules,
MHCI A0101 and 0201, B0702 and 0735 as well as MHCII DRB1 0101 and 0301 were chosen.

https://www.ebi.ac.uk/thornton-srv/software/PROCHECK/index.html
https://bioinfo3d.cs.tau.ac.il/PatchDock/patchdock.html
https://bioinfo3d.cs.tau.ac.il/PatchDock/patchdock.html
http://imods.chaconlab.rog
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https://services.healthtech.dtu.dk/service.php?NetChop-3.1
https://services.healthtech.dtu.dk/service.php?NetChop-3.1
https://kraken.iac.rm.cnr.it/C-IMMSIM/
https://kraken.iac.rm.cnr.it/C-IMMSIM/
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2.5. Expression of Chimeric Protein

The chimeric multi-epitope protein LeishChim was submitted for codon optimization
and was commercially synthesized by GeneCust (Boynes, France). Briefly, the recombinant
protein was expressed in Escherichia coli BL21 (DE3) and the pET-22b(+) vector was used to
insert the optimized sequence. The expression was induced with 0.5 mM IPTG for 3 h at
37 ◦C. Then, the protein was purified in Ni-NTA column and analyzed by SDS-PAGE. The
endotoxin was removed by the endotoxin removal beads and the endotoxin level was less
than 1 EU/µg.

2.6. PLGA Vaccine Preparation and Characterization
2.6.1. Materials

Poly(lactide-co-glycolide) (PLGA) (Resomer RG752H, MW: 4–15 kDa), polyvinyl
alcohol (PVA) (MW: 30–70 kDa, 87–90% hydrolyzed), monophosphoryl lipid A (MPLA),
phosphate-buffered saline (PBS, 10x, pH 7.4) were purchased from Sigma. All other reagents
were of analytical grade and commercially available.

2.6.2. Preparation and Characterization of PLGA Nanoparticles

PLGA nanoparticles (NPs) containing the chimeric protein LeishChim and the adju-
vant monophosphoryl lipid A (MPLA) were prepared by the double emulsion method.
Initially, 2.9 mL of a PLGA solution in chloroform (31 mg/mL) was mixed with 0.1 mL of
an MPLA solution (10 mg/mL) in methanol:chloroform (1:4 v/v). A water-in-oil (w/o)
emulsion was subsequently formed by adding 0.3 mL of LeishChim solution in urea 8M
(5 mg/mL) into that of PLGA/MPLA. The emulsification was performed in an ice bath
with the aid of a microtip sonicator (Sonicator Sonics Vibra Cell VC-505) at 40% ampli-
tude for 45 s. Subsequently, the w/o emulsion was added into an aqueous PVA solution
(12 mL, 1 w/v %) and the mixture was emulsified via sonication at 40% amplitude for
2 min. The resulting double (w/o/w) emulsion was stirred overnight to allow the evap-
oration of chloroform. The PLGA NPs were then purified by means of four successive
centrifugation–redispersion cycles (in HPLC water, at 20,000 rpm and 4 ◦C for 10 min)
and were subsequently lyophilized (CoolSafe 55-4, Labogene). Blank, MPLA-loaded and
LeishChim-loaded PLGA NPs were also prepared and used as controls. For the preparation
of LeishChim-loaded PLGA NPs, the protein solution (0.3 mL, 5 mg/mL) was added
into 3.0 mL of a PLGA chloroform solution (30 mg/mL). Finally, for the synthesis of the
MPLA-loaded and the blank NPs, the protein solution was replaced with 0.3 mL of PBS.

The average particle diameter of the PLGA NPs was determined by photon correlation
spectroscopy and their zeta potential via aqueous electrophoresis measurements (Malvern
Nano ZS90, Worcestershire, UK). All measurements were performed with aqueous disper-
sions of PLGA NPs prior to their lyophilization.

2.6.3. Quantification of Antigen Loading

A micro-bicinchoninic acid (micro BCA) protein assay kit (Pierce Biotechnology,
Rockford, IL, USA) was used to quantify LeishChim loading (wt%) in the PLGA NPs.
In brief, 2.5 mg of lyophilized NPs were initially dissolved in 0.25 mL of DMSO for 1 h and
further dissolved in 1.25 mL of 0.05N NaOH/0.5% SDS for 3 h at 25 ◦C. LeishChim concen-
tration was determined using a micro BCA protein assay kit according to the manufacturer’s
instructions for 96-microwell plates (Corning Inc., Corning, NY, USA). The absorbance of
the NP solutions was measured at 562 nm using a microplate reader (EL808IU-PC, BioTek
Instruments, Inc., Winooski, VT, USA). Blank PLGA NPs were also used as controls. The
antigen encapsulation efficiency (%) was calculated by the ratio of LeishChim mass in the
NPs over the LeishChim mass in the recipe. Similarly, LeishChim loading was calculated
by the ratio of the encapsulated mass of the protein over the total mass of NPs.
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2.6.4. Quantification of MPLA Loading

A Limulus Amebocyte Lysate (LAL) kit (Kinetic-QCL 192 test kit, 50-650U, LONZA)
was used for quantifying MPLA loading (wt%) in the PLGA NPs. More specifically, the
mass of MPLA in the nanoparticles was determined by subtracting the measured quantity
of MPLA in the supernatants (collected after the washing cycles of the PLGA NPs and
diluted in LAL reagent water) from the initial quantity of MPLA in the recipe. MPLA
encapsulation efficiency was equal to the ratio of the measured MPLA mass in the PLGA
NPs over the mass of MPLA in the recipe. Likewise, MPLA loading was equal to the ratio
of encapsulated MPLA mass over the total mass of NPs.

2.6.5. In Vitro Release Studies

The in vitro release of LeishChim and MPLA from PLGA NPs was performed in PBS
at 37 ◦C. A number of vials containing 0.5 mg of NPs dispersed in 0.5 mL of PBS were
incubated in a thermomixer (Thermomixer Compact, Eppendorf) at 37 ◦C and 1400 rpm.
At specific time points (e.g., 0, 1, 2, 4, 6, 8, 12, 24, 48 h, 1, 2, 3, 4 weeks) 0.5 mL of the NPs
dispersion was collected following centrifugation at 15,000 rpm and 4 ◦C for 10 min. The
amounts of LeishChim and MPLA in the collected supernatants were quantified by the
micro-BCA and LAL kits, respectively.

2.6.6. In Vitro Stability

The storage stability of the PLGA NPs containing LeishChim and MPLA was examined
in PBS (pH 7.4) at 4 ◦C. Several vials containing 1 mg of PLGA NPs dispersed in 1 mL
of PBS were incubated at 4 ◦C and the particle size distribution (PSD) was measured at
various time points (i.e., 0, 2 and 4 weeks).

2.7. Experimental Animals

For our studies, female BALB/c mice (6 to 8 weeks old) were used. Mice were housed
under specific pathogen-free environmental (SPF) conditions in Hellenic Pasteur Institute
and were provided with sterile food and water ad libitum. All procedures complied to Eu-
ropean Directive 2010/63/EU and PD 86/2020-A’ 199, ethical use and welfare of laboratory
animals based on 3+1R and the guidelines of PREPARE and ARRIVEs. The experimental
protocol was positively evaluated by the Institutional Protocol Evaluation Committee,
and it was licensed under the registered code 6381/11-12-2017 by the Official Veterinary
Authorities of Attiki’s Prefecture. Animals’ welfare was assessed by the competent users
and was supervised daily by the members of Institutional Welfare Body.

2.8. Vaccination Schedule

BALB/c mice (n = 5 animals/group) were vaccinated subcutaneously into the scruff
with (i) PLGA-LeishChim, (ii) PLGA-LeishChim-MPLA or (iii) soluble LeishChim twice
with 15 days interval. Mice injected with PBS served as control group. Each mouse received
2.5 µg of the chimeric protein and 3 µg of MPLA encapsulated in 300 µg of PLGA. Soluble
LeishChim was given at similar dose to that encapsulated into PLGA NPs. Fifteen days
post booster vaccination, spleens were collected from 5 mice from each group, and spleen
cells were used for determining cellular immune responses (Figure 1).

2.9. LeishChim-Specific Spleen Cell Proliferation Assay

Spleens were aseptically removed, and single cell suspensions were cultured in trip-
licates in 96-well round-bottom plates at a density of 2 × 105 cells/200 µL/well in the
presence of LeishChim (5 µg/mL) for 96 h. Cells exposed to ConA (6 µg/mL) or medium
alone served as positive and negative control of the assay, respectively. Cells proliferation
was determined by measuring [3H]-TdR (Perkin-Elmer, Boston, MA, USA) incorporation
during the last 18 h of the culture period on a microplate scintillation β-counter (Microbeta
Trilux, Wallac, Turcu, Finland). Results were obtained as counts per minute (cpm) and
presented as stimulation index (S.I.). S.I. was calculated according to the following formula:
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S.I. = cpm measured in lymphocytes in the presence of antigen or mitogen / cpm measured
in lymphocytes in medium alone.
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Figure 1. Vaccination schedule. BALB/c mice were vaccinated subcutaneously twice, with 15 days
intervals, with (i) PLGA-LeishChim, (ii) PLGA-LeishChim-MPLA or (iii) soluble LeishChim and
15 days post booster vaccination, spleens were removed.

2.10. Flow Cytometry Analysis for Determination of LeishChim-Specific Memory and
Cytokine-Producing T Cells

Single spleen cell suspensions were cultured in 24-well cell culture plates at a density
of 1 × 106 cells/mL in the presence of 5 µg/mL LeishChim for 24 h. Next, the cells
were triple-stained with anti-CD44-APC (clone IM7), anti-CD62L-PE (clone MEL-14) and
anti-CD4-PerCP-Cy5.5 (clone RM4-5) or anti-CD8-PerCP-Cy5.5 (clone 53–6.7) mAbs at a
dilution of 1:100 in PBS supplemented with 3% v/v FBS (FACS buffer) and were incubated
for 30 min at 4 ◦C in the dark. For intracellular cytokine staining, cells were incubated with
10 µg/mL Brefeldin A (Cayman, Ann Arbor, MI, USA) for the last 4 h of incubation, were
fixed with paraformaldehyde (2% w/w) and were permeabilized with FACS buffer/0.1%
saponin. Subsequently, spleen cells were stained with anti-IFNγ-PE (clone XMG1.2) and
anti-TNF-α-FITC (clone MP6-XT22). All antibodies used were from Biolegend. Cells were
analyzed using a FACS Calibur system (Becton-Dickinson, San Jose, CA, USA) running
CellQuest software. Data were analyzed using FlowJo software version 10.0 (Tree Star Inc.,
Ashland, OR, USA).

2.11. Statistical Analysis

All results are expressed as mean ± standard deviation (SD). GraphPad Prism version
6.0 software (San Diego, CA, USA) was used for statistical analysis. One-way ANOVA
with multiple-comparisons Tukey–Kramer post-test or two-way ANOVA with multiple-
comparisons Bonferroni post-test were performed, when required, in order to assess statisti-
cally significant differences among experimental groups. A value of p < 0.05 was considered
significant for all analyses.

3. Results
3.1. Conserved Leishmania Protein Retrieval and Identification of Cellular Localization

In order to identify proteins that could be used as vaccine candidates against all clinical
forms of leishmaniasis, the whole proteome of L. infantum, L. major and L. braziliensis was
retrieved as FASTA format from TriTrypDB database. Analysis with BLASTp unveiled
232 proteins showing >80% homology among the three species. According to subcellular
localization, 14 proteins were identified as extracellular, 11 as plasma membrane proteins,
56 as cytoplasmic, 70 as nuclear proteins and 74 as mitochondrial proteins, while only
2 proteins were identified as secreted (LinJ.31.0930 and LinJ.31.0960) (Table S1).

3.2. Antigenicity and Allergenicity Evaluation

An important step in a pipeline that aims to the design of a vaccine candidate protein
is the antigenicity prediction. For that reason, the antigenicity of the retrieved proteins
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was predicted with the use of VaxiJen and AntigenPro servers. According to the results
obtained, 66 proteins were identified as antigenic with values > 0.5 in both algorithms.
Next, these proteins were evaluated as potential allergens, since candidate antigens should
be non-allergens for hosts. Proteins that were predicted as probable allergens even in one
of the three servers used (AllerTop v.2.0, AlgPred και AllergenFP v.1.0.) were excluded
from further study. The evaluation resulted in 26 antigenic non-allergenic proteins. Eleven
of these proteins were nuclear including ribosomal proteins and RNA polymerases, seven
were cytoplasmic among which were three isoforms of beta tubulin, six were ribosomal pro-
teins localized in mitochondria and two proteins were extracellular. Out of the 26 proteins,
4 were hypothetical or of unknown function (Table 1).

Table 1. Characteristics of the Leishmania spp. Proteins predicted as candidate antigens.

No Sequence ID Function Cellular Localization 1
Antigenicity
(VaxiJen 2,

ANTIGENPro 3)

1 LinJ.35.1030 casein kinase, putative Cytoplasm 0.5737/0.836

2 LinJ.35.1540 rieske iron-sulfuric protein, mitochondrion
precursor Cytoplasm 0.5906/0.785

3 LinJ.08.1290 beta tubulin Cytoplasm 0.5436/0.764

4 LinJ.21.2240 beta tubulin Cytoplasm 0.5349/0.780

5 LinJ.36.5660 branch point binding protein, putative Cytoplasm 0.7933/0.917

6 LinJ.08.1280 beta tubulin Cytoplasm 0.5334/0.784

7 LinJ.28.0780 hypothetical protein Cytoplasm 0.5545/0.652

8 LinJ.28.2940 receptor for activated C kinase 1 Extracellular 0.6190/0.814

9 LinJ.22.1300 cyclophilin 6, putative Extracellular 0.5135/0.775

10 LinJ.16.0470 60S ribosomal protein L21, putative Mitochondria 0.5437/0.665

11 LinJ.20.0600 conserved protein, unknown function Mitochondria 0.6737/0.735

12 LinJ.34.0420 hypothetical protein, conserved Mitochondria 0.5455/0.779

13 LinJ.34.3620 ribosomal protein L14, putative Mitochondria 0.8221/0.624

14 LinJ.35.3810 60S ribosomal protein L27A/L29, putative Mitochondria 0.7317/0.754

15 LinJ.24.0040 60S ribosomal protein L17, putative Mitochondria 0.6032/0.850

16 LinJ.20.0250 transmembrane protein, putative Nucleus 0.5086/0.576

17 LinJ.18.0650 serine/threonine kinase-like protein, putative Nucleus 0.5320/0.546

18 LinJ.33.1560 RNA-binding protein, putative Nucleus 0.5448/0.809

19 LinJ.28.2200 DNA-directed RNA polymerase-like protein Nucleus 0.5213/0.918

20 LinJ.10.0050 ribosomal protein l35a, putative Nucleus 0.6450/0.869

21 LinJ.28.0210 Histone H2B variant V Nucleus 0.5420/0.616

22 LinJ.32.0930 60S ribosomal protein L18a, putative Nucleus 0.5872/0.509

23 LinJ.33.3340 small nuclear ribonucleoprotein SmD2 Nucleus 0.5678/0.534

24 LinJ.36.6680 40S ribosomal protein S8, putative Nucleus 0.8525/0.616

25 LinJ.21.0440 Protein of unknown function (DUF667) Nucleus 0.5903/0.840

26 LinJ.27.1450 DNA-directed RNA polymerase II-like protein Nucleus 0.5001/0.731
1 Cellular localization was predicted with CELLO server. 2,3 Antigenicity was predicted with VaxiJen and
AntigenPro algorithms.

3.3. MHC I- and II-Binding Epitope Identification, Selection and Vaccine Construction

The inclusion of specific epitopes that bind to MHCI or MHCII molecules in chimeric
constructs increase the possibility of elicitation of specific humoral and cellular immune
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responses, a prerequisite for a successful vaccine candidate. For that reason, epitope
analysis was conducted in the 26 selected proteins using IEDB, NetMHCpan, NetMHCIIpan
and SYFPEITHI algorithms. Epitopes identified by all three algorithms for human and
mouse MHCI and MHCII alleles were selected (File S2, Table 2).

Table 2. Number of predicted epitopes, identified with IEDB, NetMHCpan, NetMHCIIpan and
SYFPEITHI algorithms, against human and mouse MHCI and MHCII molecules.

No Protein (Code) No of MHCI Epitopes No of MHCII Epitopes

Human Mouse Human Mouse

1 LinJ.08.1290 2 13 4 38

2 LinJ.08.1280 2 13 3 38

3 LinJ.21.2240 2 13 3 40

4 LinJ.22.1300 2 6 4 18

5 LinJ.21.0440 3 6 5 24

6 LinJ.36.6680 3 6 3 61

7 LinJ.16.0470 0 5 0 2

8 LinJ.32.0930 1 5 0 5

9 LinJ.24.0040 2 4 0 9

10 LinJ.34.0420 2 4 1 29

11 LinJ.18.0650 0 4 2 35

12 LinJ.28.2200 3 3 0 21

13 LinJ.28.0780 1 3 0 50

14 LinJ.35.1540 6 3 2 64

15 LinJ.20.0250 5 3 1 37

16 LinJ.36.5660 4 2 3 38

17 LinJ.34.3620 1 2 3 55

18 LinJ.33.1560 3 2 1 10

19 LinJ.33.3340 1 2 5 3

20 LinJ.35.3810 1 1 3 3

21 LinJ.28.0210 1 1 4 44

22 LinJ.10.0050 4 1 0 39

23 LinJ.20.0600 0 1 6 25

24 LinJ.27.1450 3 0 0 6

25 LinJ.35.1030 2 11 4 26

26 LinJ.28.2940 2 5 0 35

The selected MHCI- and MHCII-binding epitopes were further analyzed in order to
exclude those showing >45% homology against human or murine amino acid sequences,
so that autoimmune or allergic reactions to be avoided. The protein epitopes that showed
low homology and were recognized from BALB/c mouse and/or human MHCI or MHCII
molecules were further selected (Table S2). Moving down our pipeline, the number of
proteins serving as the pool for epitope selection was further reduced to nine, which
included those with >5 MHCI and MHCII epitopes, which in total covered >20% of protein’s
sequence and, moreover, showed <45% of homology to human and murine sequence.
Finally, amino acid sequences from proteins DNA-directed RNA polymerase-like protein
(LinJ.28.2200), Hypothetical protein (LinJ.34.0420), Conserved unknown (LinJ.20.0600),
Hypothetical protein (LinJ.28.0780) and Serine/threonine kinase-like protein (LinJ.18.0650)
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which included neighboring or overlapping epitopes strongly binding to MHCI and or
MHCII molecules were selected (Table 3). Subsequently, the sequences were fused in
tandem resulting in a 407-amino-acid construct consisting of 11 MHCI and 50 MHCII
epitopes (Figure 2) that will be referred to as LeishChim.

Table 3. List of the finally selected Leishmania antigenic proteins.

No Protein
(Code)

Number of
MHCI Epitopes

Number of
MHCII Epitopes

(%) Coverage
of Amino Acid

Sequence

Homology
Human/Mouse

1 LinJ.34.0420 4 2 30.8% no

2 LinJ.18.0650 4 9 23.6% 41.29/42.97

3 LinJ.28.2200 3 4 46.7% 40.26/29.92

4 LinJ.28.0780 3 50 81.1% no

5 LinJ.20.0600 1 14 38.2% no
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Figure 2. Schematic representation of the LeishChim construct. (a) The construct is composed of
sequences obtained from 5 different proteins which were placed in tandem. (b) Amino acid sequence
of LeishChim. Different font colors correspond to each protein from which sequence was derived and
numbers indicate which part of each protein was included in LeishChim. Illustrator for Biological
sequences (IBS) version 1.0 used for protein illustration is available at http://ibs.biocuckoo.org/
online.php#, accessed on 5 December 2018 [52].

3.4. Immunoinformatics Evaluation of Chimeric Protein
3.4.1. Physicochemical Properties, Antigenicity and Allergenicity Evaluation

The physicochemical properties of a protein reflect its stability, solubility or the dif-
ficulty of development and, subsequently, its suitability as a vaccine candidate. For that
reason, physicochemical characterization of the chimeric multi-epitope protein was con-
ducted using Protparam server. The molecular weight (MW) of LeishChim was computed
as 46,757.76 Da. The protein was predicted as basic with a theoretical pI value of 9.05. The
instability index was computed to be 45.65, while the aliphatic index was determined as
85.11. The GRAVY value for LeishChim was determined as −0.338, indicating that the
protein is hydrophilic. The half-life, which is related to the stability of the protein, was 1.4 h
in mammalian cells in vitro and >10 h in E. coli in vivo (Table 4).

Table 4. Physicochemical properties of LeishChim multi-epitope chimeric protein predicted by
Protparam server.

Physicochemical
Characteristic

Amino Acid
Number

Molecular
Weight

Instability
Index GRAVY Half Life Aliphatic

Index
Theoretical

pI

Score 407 46,757.76 Da 45.65 −0.338 >10 h
(E. coli, in vivo) 85.11 9.05

http://ibs.biocuckoo.org/online.php#
http://ibs.biocuckoo.org/online.php#
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The results retrieved from AllerTop v.2.0, AlgPred and AllergenFP v.1.0 servers char-
acterized LeishChim protein as a non-allergen, suggesting that when used as a vaccine
candidate, it will not induce autoimmune or allergic reactions.

The probability of LeishChim antigenicity was predicted at 0.50 by AntigenPro and
0.59 by VaxiJen, indicating possible stimulation of efficient immune responses.

3.4.2. Secondary and Tertiary Structure

The PSIPRED algorithm was applied to predict LeishChim’s secondary structure.
According to the results obtained, LeishChim consisted of 42.02% helixes, 41.03% coils
και 16.95% strands (Figure 3). Subsequently, the 3D model of the chimeric protein was
generated using the i-TASSER server, which introduced the top five models based on
C-score. Model 1 was chosen as the best model with the highest C-score value of −2.42.
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Figure 3. Secondary and tertiary structure of LeishChim. (a) PSIPRED was used to predict its
secondary structure. (b) The tertiary structure was predicted with i-TASSER algorithm, and the best
model had a C-score of −2.42.

3.4.3. Refinement and Validation of the Tertiary Structure

Possible errors in the initial models predicted by i-TASSER were assessed using the
ProSA-web server. According to the results obtained, the z-score of the initial structure
was −1.52, which was not among the scores predicted for native proteins of similar length.
For that reason, the predicted model was refined with the GalaxyRefine server (Figure 4a).
Indeed, the structure was improved, as the z-score was −3.94 (Figure 4b). The potential
errors in the refined model were calculated with the ERRAT server and Ramachandran
plots. The ERRAT algorithm showed that LeishChim’s structure model was improved with
a value of 74.352 compared to 72.180 predicted before refinement (Figure 4c). Moreover,
Ramachandran plot analysis revealed that 67.8% of the amino acids of the refined model
were located in the favored regions, 26.9% were located in the allowed regions, while only
5.2% of the amino acids were located in the disallowed regions (Figure 4d).

3.4.4. In Silico Prediction of LeishChim’s Docking onto MHCI and MHCII Molecules

Further, LeishChim’s ability to bind onto MHCI and MHCII molecules was predicted.
Particularly, the PatchDock server was used as an indirect way to assess the probability
of protein epitopes to be recognized by MHC class I and II molecules and, consequently,
to elicit strong T cell responses. For this purpose, four common human MHCI (HLA-
A*0201, HLA-A*0101, HLA-B*0702, HLA-B*3501) and MHCII (HLA-DRB1*03:01, HLA-
DRB5*01:01, HLA-DRB1*01:01, HLA-DRB3*02:02) molecules were chosen for the analysis.
Further refinement with the FireDock server revealed that LeishChim-MHCI/II predicted
constructs presented low values of global energy, indicating strong binding of the protein
onto MHCI as well as MHCII molecules binding pockets (Table 5).
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the initial and the refined tertiary structure of chimeric protein with PROS-A web server. (c) ERRAT
analysis before and after the refinement. In the ERRAT plot, regions of the 3D model that can be
rejected at 95% confidence level are shown in gray lines and regions, while those that can be rejected
at 99% level confidence are depicted in black lines. (d) Ramachandran analysis of the initial and
refined protein model via PROCHECK server application. The most favored areas are represented
with darker color.

Table 5. Binding energies of LeishChim with different HLA alleles.

Protein HLA Alleles
(PDB ID)

Global
Energy 1 aVdW 2 rVdW 3 ACE 4 HB 5

LeishChim

HLA-A*0201
(PDB: 1I4F) 2.37 −4.43 0.79 −0.01 −0.22

HLA-A*0101
(PDB: 6AT9) −12.54 −19.50 10.78 3.91 −2.85

HLA-B*0702
(PDB: 5EO0) 0.00 0.00 0.00 0.00 0.00

HLA-B*3501
(PDB:2FYY) 5.58 −21.45 13.08 11.14 −0.52

HLA-DRB1*03:01
(PDB: 1A6A) −22.06 −40.07 21.56 11.65 −3.75

HLA-DRB5*01:01
(PDB: 1H15) −2.69 −34.44 38.98 1.97 −4.19

HLA-DRB1*01:01
(PDB: 2FSE) −17.35 −26.01 11.39 6.73 −0.35

HLA-DRB3*02:02
(PDB: 3C5J) 0.43 −6.65 3.13 2.47 0.00

1 Global Energy: the binding energy of the solution. 2 aVdW: softened attractive van der Waals energy. 3 rVdW:
softened repulsive van der Waals energy. 4 ACE: atomic contact energy. 5 HB: hydrogen and disulfide bonds.



Vaccines 2023, 11, 304 14 of 26

3.4.5. Stability Prediction of the LeishChim and MHCI/MHCII Complexes

Molecular dynamics (MD) simulation was performed in order to predict the stability
of the complex between the LeishChim protein and MHCI and/or MHCII molecules. HLA-
A*0101 (PDB: 6AT9) and HLA-DRB5*01:01 (PDB: 1H15) molecules were chosen since they
had the lowest binding energy to the protein according to Table 5. According to NMA
analysis, the affine-model-based arrow showed that the LeishChim protein and MHCI or
MHCII molecules were directed towards each other, indicating strong binding (Figure 5a,b).
The peaks in Figure 5c,d depict the deformability regions of the complexes, while B factor is
an index of the protein’s mobility (Figure 5e,f). The eigenvalues that represent the stiffness
of the complexes show that LeishChim forms a more stable complex with MHCII molecule
compared to MHCI (Figure 5g,h). In the LeishChim-MHCI complex, approximately 80% of
the variance was justified by the first 10 modes (Figure 5i) compared to the first four modes
in the LeishChim-MHCII complex (Figure 5j), further supporting the stronger binding of the
vaccine candidate with MHCII molecule. Moreover, the coupling between pairs of residues
in the covariance matrix were illustrated with red colors, while uncorrelated and anti-
correlated motions were illustrated with blue and white colors, respectively (Figure 5k,l).
An elastic network model revealed the pairs of atoms linked via springs, where stiffer
springs appeared with darker grays (Figure 5m,n).

3.4.6. B Cell Linear and Conformational Epitope Prediction

Apart from cellular immune responses, a potential vaccine candidate should also be
able to elicit humoral immune responses as well. For that purpose, the ElliPro server was
used for prediction of B cell epitopes. The analysis revealed that LeishChim contained
14 linear and 11 conformational epitopes with average scores of 0.663 and 0.676, respectively,
indicating the feasibility for LeishChim to induce humoral responses (Table S3).

3.4.7. CTL and HTL Epitope Prediction

Since LeishChim consisted of epitopes assembled in tandem, we wanted to determine
if, upon processing steps in the cell, the MHCI epitopes originally predicted would be
generated. NetCTL 1.2 predicted a total of 106 CTL epitopes for LeishChim with 28 of them
being recognized from two or more HLA I alleles (Table S4). Importantly, seven out of these
epitopes were also predicted in the initial epitope analysis. Regarding MHCII-binding
epitopes, the IEDB analysis revealed 11 epitopes, while 7 out of these were predicted in the
original analysis. These results implied that LeishChim can be correctly processed by the
antigen-presenting machinery of the cell (Table S4).

3.4.8. In Silico Immune Simulation Profile of LeishChim

The capability of LeishChim to raise humoral and cellular immune responses was
eventually determined in silico using the C-ImmSim server. The immune simulation
predicted that two immunizations with an interval of 15 days can induce both cellular and
humoral immune responses. Specifically, an increase in IgM levels was shown, reflecting the
primary immune response to vaccination. Elevated titers of IgG1 and IgG2 antibodies were
also detected post second vaccination, indicating increased secondary immune response,
while on the subsequent exposure of two injections, decreased levels of antigen were
observed (Figure 6a) that could be attributed to the predicted increase in active and memory
B cells post first, as well as post second immunization (Figure 6b,c). Importantly, the number
of helper and cytotoxic T cells showed similar kinetics (Figure 6d,e), while the increase
in memory helper T cells was in accordance with a faster and higher response to second
immunization (Figure 6f). This was followed by high levels of IFNγ and IL-2 production,
contrary to low IL-10 levels, further suggesting the potential of LeishChim to induce cellular
immune responses of the Th1 type.
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Figure 5. MD simulation of the LeishChim and MHCI or MHCII complexes with Normal Mode
Analysis (NMA). (a,b) NMA mobility of the LeishChim-MHCI/II complexes with affine model
arrows. (c,d) Deformability plots. (e,f) B-factor plots. (g,h) Eigenvalue plots. (i,j) Normal mode
variance plots. The purple bars indicate variance of individual modes, while the green indicate
cumulative variance. (k,l) Covariance map. Red, white and blue colors correspond to correlated,
uncorrelated and anti-correlated motions. (m,n) Elastic network. The darker gray colors correspond
to stiffer spring.
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Figure 6. In silico simulation of immune response against LeishChim in a two-immunization protocol.
(a) Immunoglobulins and antigen levels, (b) B cell population per state, (c) generation of B cell
population, (d) T helper (TH) cell population per state, (e) generation of TH population, (f) cytotoxic
T (TC) cell population per state and (g) production of cytokines. The inner graph in (g) indicates the
Simpson index D of IL-2. Simpson Index D was inferred as measurement of diversity.

3.5. Immunization with Multi-Epitope Chimeric Protein Encapsulated in PLGA NPs Elicited
Antigen-Specific Cellular Immune Responses

LeishChim’s antigenicity was further evaluated in vivo in the experimental model
of BALB/c mice. Since a major limitation of multi-epitope constructs is their relatively
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low immunogenicity, LeishChim was encapsulated into PLGA nanoparticles adjuvanted
with the MPLA. The PLGA NPs were characterized concerning their physicochemical
properties as well as protein and adjuvant encapsulation and release properties (File S1).
The PLGA NPs used had an average diameter of 313.2 ± 6.6 to 345.2 ± 3.0 nm and a negative
zeta potential among −43.03 ± 7.68 to −31.30 ± 5.80 mV (File S1). For the purposes of
the study, mice were injected twice with a two-week interval with those nanovaccines,
and the induction of antigen-specific immune responses was studied two weeks after
booster vaccination.

The cellular immune responses elicited in vaccinated mice were assessed with the
detection of specific anti-LeishChim spleen cells proliferation. According to results, mice
vaccinated with PLGA-LeishChim-MPLA exhibited significantly higher proliferation levels
in response to LeishChim, compared to non-vaccinated (27.30 ± 12.36 vs. 5.89 ± 2.74,
p < 0.01), as well as the LeishChim (27.30 ± 12.36 vs. 7.81 ± 7.45, p < 0.01) control mice
groups, as revealed by stimulation index values (Figure 7a), indicating the development
of antigen-specific cells. Of note, spleen cells obtained from mice vaccinated with PLGA-
LeishChim exhibited significantly low levels of proliferation comparable to those detected
in control mouse groups.
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Figure 7. Cellular immune responses in vaccinated BALB/c mice. BALB/c mice (n = 5/group) were
vaccinated subcutaneously with PBS, LeishChim, PLGA-LeishChim or PLGA-LeishChim-MPLA twice
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with 15 days interval. (a) Fifteen days post booster vaccination, spleen cells were harvested and
were stimulated in vitro with LeishChim (5 µg/mL) for 96 h in 5% CO2 at 37 ◦C. LeishChim-specific
proliferation was measured by assessing thymidine incorporation. Samples were run in triplicates. In
parallel, spleen cells were stimulated with LeishChim (5 µg/mL) for 24 h or 48 h for the detection
of (b) central memory (CD44+CD62L+) CD4+ T cells and (c–f) IFNγ- or TNFα-producing CD8+ and
CD4+ T cells with flow cytometry. The results are presented as the mean value ± SD of each group of
mice. Significant differences between vaccinated and PBS control group are indicated by asterisks:
* p < 0.05, ** p < 0.01, *** p < 0.001 or **** p < 0.0001.

Evaluation of the T cell populations differentiated after vaccination unveiled that the
PLGA-LeishChim-MPLA group had developed LeishChim-specific CD4+ central memory
T cells (CD4+CD44+CD62L+) as compared to the control and PLGA-LeishChim mouse
groups (PLGA-LeishChim-MPLA: 19.20 ± 2.99% vs. PBS: 8.89 ± 2.83%, p < 0.01) (Figure 7b).
Intracellular cytokine staining for IFNγ and TNFα Th1 cytokines revealed that the exis-
tence of single-cytokine IFNγ- and TNFα-producing CD4+ as well as CD8+ T cells in the
PLGA-LeishChim-MPLA group were significantly increased compared to PBS (Figure 7c–f).
Collectively, the above findings suggested that vaccination with LeishChim encapsulated
into PLGA NPs adjuvanted with MPLA induced antigen-specific CD4+ as well as CD8+ T
cells of the Th1 type.

4. Discussion

The development of an effective vaccine against leishmaniasis, although highly desir-
able, has been proven a difficult target due to the complexity of the host–parasite interac-
tion [53–55]. First generation vaccines against leishmaniasis included live or attenuated
parasites. However, concerns regarding severe side effects made leishmanization unsuit-
able for human immunization protocols [56]. Moreover, the conventional methods of
vaccine preparation involving preclinical as well as clinical studies require complex, time-
consuming and expensive protocols for ensuring vaccine efficacy [57]. To overcome these
restrictions, sophisticated reverse vaccinology along with proteomics approaches have
been adopted to design multi-epitope peptide-based vaccines containing several B and
T-cell epitopes [58] able to induce antigen-specific responses [59]. These multi-epitope
vaccines have many advantages over the conventional vaccines in terms of potency to
cumulatively raise innate, humoral and cellular immune responses [60]. This approach,
aiming towards the design of potential vaccines against a variety of pathogens such as
bacteria [57,59–65] and viruses [66–68], has successfully led to the design of a commercial
vaccine against the serogroup B Neisseria meningitides in 2003 [61,69]. Thus, in the case
of visceral leishmaniasis (VL), the most severe form of the disease, several researchers
have focused on the development of multi-epitope vaccines exhibiting significant levels
of protection against Leishmania infection supporting that an efficient vaccine against VL
should contain more than one antigen. Specifically, Leish-111f, Leish-110f, KSAC and Q
protein multicomponent vaccines have shown to elicit better protective immune responses
than vaccines consisted of one protein only [70–73]. However, until now, none of the
designed vaccines have passed clinical trials and entered the market [74].

In line with the need for identifying new and effective vaccine candidates that could
be able to confront the different clinical forms of the disease, we designed a multi-epitope
chimeric protein utilizing immunoinformatics analysis. For this purpose, epitopes were
derived from proteins that were chosen prior based on their significant homology >80%
among L. infantum, L. major and L. braziliensis, the species causing three different forms of the
disease: visceral, cutaneous and mucocutaneous, respectively. The selected proteins were
identified using an hierarchical proteome subtractive analysis using the whole proteome
of the three different Leishmania species, an approach that has been previously applied
on the proteome of L. braziliensis for the development of an anti-Leishmania vaccine [75].
On the contrary, the majority of research targeting the development of multi-epitope
vaccines applies bioinformatic analysis using known antigenic Leishmania proteins with
specific function [76–81]. Our analysis unveiled 232 conserved proteins among species
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which were further shortlisted to 66 based on their antigenicity evaluation using two
different algorithms, VaxiJen and AntigenPro. Among the proteins predicted as antigenic
were ribosomal proteins, DNA/RNA polymerases and kinases that play a role in parasite
growth and viability, transcription factors, mitochondrial proteins, nuclear proteins such
histones and a considerable number of hypothetical proteins or proteins with unknown
function. Importantly, proteins predicted in silico as antigenic in our study, such as beta
tubulin, ribosomal proteins and histones, have already been suggested as immunogenic
molecules and have already been tested as potential vaccine candidates against visceral as
well as cutaneous leishmaniasis [82–85].

It is well documented that epitopes of an antigen can effectively lead to induction
of specific immune responses against the whole antigen. In particular, MHCII epitopes
trigger CD4+ TH cell activation that release pro-inflammatory cytokines aiming towards B
cell activation for antibody production and macrophage activation [86,87].

Moreover, MHCI epitopes are necessary for CD8+ T cells that help with infection
limitation [88]. T cells identify the peptide epitopes presented by the MHC molecules
that are surface proteins of antigen-presenting cells (APCs) via the T cell receptors (TCR),
eventually leading to their activation [89]. In the case of Leishmania, due to its intracellular
nature, T cell responses are vital for controlling diseases. Thus, in the present study, in silico
screening of the amino acid sequence of the selected proteins for the identification of MHCI-
and MHCII-binding epitopes by applying the IEDB, SYFPEITHI, NetMHCI and NetMHCII
servers yielded a significant number of possible epitopes from all five proteins. However,
only a few of them were predicted by all algorithms used to have binding efficiency to
more than one supertype or allele. The chosen epitopes presented the highest scores
regarding MHC-binding as well as large population coverage based on the number of
MHCI and II subtypes for which they had high affinity values. Eventually, five L. infantum
antigenic proteins, namely DNA-directed RNA polymerase-like protein, serine/threonine
kinase-like protein, hypothetical proteins LinJ.34.0420 and LinJ.28.0780 and the conserved
unknown protein LinJ.20.0600, were selected for chimeric protein design based on their
MHCII and MHCI epitope density. Selection of the hypothetical proteins is supported by
previous findings suggesting a possible significant role in host invasion or parasite survival
of those proteins. Moreover, there are numerous publications proposing hypothetical
proteins, either their full sequence or selected epitopes, as candidate vaccine antigens
against leishmaniasis [77,90–95]. Specifically, it has been shown that spleen cells obtained
from mice vaccinated with LiHy produced significant levels of IFNγ after L. infantum
infection, suggesting it as a potential vaccine candidate [96]. Among the proteins selected
in our study was Serine/threonine kinase-like protein. Leishmania serine/threonine kinases,
such as GSK-3, MAPKs and Aurora kinases, play an important role in the parasite’s
survival and replication [97] and some of them have been proposed as potential vaccine
candidates [98]. Finally, DNA-directed RNA polymerase-like protein has not yet been
studied, to our knowledge, as a vaccine candidate or as part of chimeric vaccine candidates.

Because single peptides are weak immune stimulators per se and are at risk of degra-
dation by endopeptidase or exopeptidase activity at the injection site or circulation, putting
them together in long peptide assemblies reduces the degradation risk and enhances anti-
genicity [99]. Eventually, in order to design a molecule with increased antigenicity, the
shortlisted epitopes were put in tandem to design a chimeric protein molecule, named
LeishChim. Since an efficient vaccine should not only induce strong immune responses
but should also have acceptable physicochemical and structural properties during the
production process, LeishChim’s physicochemical characteristics were first evaluated. Ac-
cording to LeishChim’s in silico characterization, LeishChim was determined in silico
to be non-allergenic, proving safety issues related to vaccine. Evaluation of its physic-
ochemical parameters, which have an important impact on vaccination efficiency [100],
showed that LeishChim had the appropriate molecular weight of 46,757.76 Da for a vaccine
candidate [66,101], with a theoretical pI of 9.05, showing the protein’s basic nature and
further suggesting a stable interaction inside the human body [66]. The estimated in vivo
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half-life (>10 h) was considered to be satisfactory according to previous findings [66,77,101].
Another important parameter is the aliphatic index which is associated with the protein’s
thermostability. LeishChim’s value was 85.11, indicating the protein as a thermostable
molecule at normal body temperature. Moreover, the negative GRAVY value (−0.338)
demonstrated the hydrophilicity of the chimeric protein, which is associated with easier
formulation and purification [66]. Overall, the above parameters ensured the thermody-
namically stable nature of LeishChim. The initial tertiary structure of the construct was
achieved using i-TASSER and was further refined using the GalaxyRefine server. The
output model was found to be valid by the ProSA and PROCHECK servers according to
Z-score and Ramachandran plot data obtained, respectively. Furthermore, analysis con-
ducted with PathDock as well as MD simulations indicated strong binding of LeishChim
to MHCI and MHCII molecules.

Since the selected MHCI and MHCII epitopes were placed in tandem in the absence
of driving linkers for enzymatic digestion and epitope presentation via the MHCI and II
pathway [102], LeishChim’s processing into previously identified CTL (MHCI) and HTL
(MHCII) epitopes was investigated using the NetCTL and IEDB algorithms. Importantly,
among the CTL and HTL epitopes predicted to be contained in LeishChim’s amino acid
sequence were included epitopes originally predicted during the first analysis which were
chosen for inclusion in the protein construct. Prediction of B cell epitopes with the ElliPro
server identified 14 linear and 11 conformational B cell epitopes indicating LeishChim’s
efficacy to induce immune responses, including, apart from cellular, and humoral responses.
Immune simulation of LeishChim’s capability to initiate an immune response showed that
it can efficiently and strongly induce both T and B cell immune responses. Specifically, the
populations of helper and cytotoxic T cells elevated after the first dose and further increased
after the second one. Moreover, B cells presented a similar trend, followed by elevated
titers of IgM and IgG1 and IgG2 antibodies after the first and second dose, respectively. Of
note, vaccination simulation with LeishChim induced production of IFNγ in higher levels
compared to IL-10, suggesting that vaccination with LeishChim could induce the TH1-type
immune response that is protective against leishmaniasis [74]. IFNγ-producing T cells
stimulate the activation of macrophages to produce NO and reactive oxygen species that are
highly effective in intracellular Leishmania amastigotes clearance [103,104]. On the contrary,
IL-10 production primarily plays a role in parasite establishment or disease progression
through down-modulation of innate as well as acquired immunity via prevention of DC
migration in the spleen to activate T cells [105,106] and eventually suppression of TH1
cells [107].

The immunoinformatics approach followed in the present study was validated in vivo
by vaccinating BALB/c mice with LeishChim encapsulated in PLGA NPs along with MPLA
as adjuvant. LeishChim was chosen to be encapsulated into PLGA NPs due to several
reasons. First, although chimeric and polypeptide vaccines, such as LeishChim, show
strong antigenicity, they usually exhibit low immunogenicity. Thus, a strategy to enhance
immunogenicity is to encapsulate them into nanoparticulate carriers [15]. Among them,
PLGA particles, the most commonly used polymer-based particles, have been widely used
as antigen carriers due to certain characteristics such as prevention of antigen degradation.
Moreover, PLGA nanoparticles show significant adjuvanticity attributed to the efficient
uptake by professional APCs (reviewed in [108]). Previous studies have shown that PLGA
nanoparticles encapsulating Leishmania antigens along with different adjuvants, such as
MPLA, have been adopted as vaccine candidates against experimental leishmaniasis,
highlighting the potential of such nanoformulations [21,23,109–112].

Vaccination results confirmed LeishChim’s antigenicity, since mice vaccination with
PLGA-LeishChim-MPLA elicited the differentiation of antigen-specific CD4+ and CD8+ T
cell populations, as evidenced by lymphoproliferation assays and FACS analysis. Further
characterization of those populations indicated the induction of central memory CD4+ T
cells (CD4+CD44+CD62L+) that, based on previous studies, play a role in Leishmania parasite
control [113–115]. Central memory T cell populations have a crucial role in the induction
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of long-lasting immunity induced by vaccination, which is a prerequisite for a vaccine’s
success against leishmaniasis [116,117]. Importantly, those CD4+ and CD8+ T cells were
potent IFNγ and TNFα cytokine producers, indicating the induction of antigen-specific TH1
and CTL immune responses, as well. It is known that leishmanicidal mechanisms, such
as NO production from macrophages, are activated by IFNγ-producing CD4+ T cells and
are further enhanced by TNFα [117,118], promoting resistance against parasite infection.
Additionally, CD8+ T cells have been shown to play an important role in confronting VL,
acting better as effector cells for eliminating Leishmania [119–121]. The development of
protecting IFNγ-producing CD8+ T cells is induced by PLGA nanoparticles loaded with
different Leishmania antigens [21,109,110] and is associated with PLGA’s ability to promote
extracellular antigen cross-presentation [122,123], as shown by previous studies of ours.

5. Conclusions

In conclusion, the present study, taking advantage of the progression of immunoin-
formatics, employed different computational approaches and suggested a pipeline for the
design and characterization of a multi-epitope chimeric protein retrieving highly conserved
proteins among the proteomes of L. infantum, L. major and L. braziliensis. This pipeline may
contribute as an efficient strategy for vaccine development against leishmaniasis, as well as
other pathogen-related diseases, while it offers the advantage of saving resources compared
to in vivo evaluation of a large number of vaccine candidates. The physicochemical charac-
terization of LeishChim showed that this protein was stable, antigenic and non-allergenic,
and, thus, compatible with humans or animals. Post-design epitope analysis of the protein
construct revealed a significant number of MHCI- and MHCII-binding epitopes, as well
as B cell epitopes, further supporting LeishChim’s probability of raising appropriate im-
mune responses to combat Leishmania infection. The elicitation of specific cellular immune
responses against LeishChim in an experimental murine model advocates over the correct-
ness of the developed pipeline, promoting the notion that further translational research
on the proposed vaccine construct may contribute to the development of an experimental
vaccine for confronting different clinical forms of leishmaniasis.
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//www.mdpi.com/article/10.3390/vaccines11020304/s1, File S1. Preparation and characterization
of PLGA Nanoparticles, File S2. Human and Murine MHCI and MHCII epitopes, Table S1. Subcellular
localization of proteins retrieved for TriTypDB database showing >80% homology among L. infantum,
L. major and L. braziliensis, Table S2. MHCI and MHCII epitopes selected as candidates for vaccine
construct, Table S3. Linear and conformational B cell epitopes predicted for LeishChim with ElliPro
server, Table S4. CTL and HTL epitopes predicted for LeishChim with NetCTL and IEDB servers,
respectively. Epitopes originally retrieved from Leishmania proteins are shown in blue font.

Author Contributions: Conceptualization, E.K.; methodology, M.M., M.A. and O.K.; validation,
M.M. and O.K.; formal analysis, M.M., M.A. and E.T.; investigation, M.M., M.A. and E.T.; resources,
E.K. and C.K.; writing—original draft preparation, M.M. and E.T.; writing—review and editing, M.A.,
O.K. and E.K.; visualization, M.M. and E.T; supervision, E.K. and C.K.; project administration, O.K.,
C.K. and E.K.; funding acquisition, C.K. and E.K. All authors have read and agreed to the published
version of the manuscript.

Funding: This research has been co-financed by the European Regional Development Fund of the
European Union and Greek national funds through the Operational Program Competitiveness,
Entrepreneurship and Innovation, under the call RESEARCH—CREATE—INNOVATE (project code:
T1EDK-03902).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/vaccines11020304/s1
https://www.mdpi.com/article/10.3390/vaccines11020304/s1


Vaccines 2023, 11, 304 22 of 26

References
1. Burza, S.; Croft, S.L.; Boelaert, M. Leishmaniasis. Lancet 2018, 392, 951–970. [CrossRef]
2. World Health Organization. Leishmaniasis. Available online: http://www.who.int/leishmaniasis/en/ (accessed on

21 November 2022).
3. Chappuis, F.; Sundar, S.; Hailu, A.; Ghalib, H.; Rijal, S.; Peeling, R.W.; Alvar, J.; Boelaert, M. Visceral leishmaniasis: What are the

needs for diagnosis, treatment and control? Nat. Rev. Microbiol. 2007, 5, 873–882. [CrossRef] [PubMed]
4. Colombo, F.A.; Odorizzi, R.M.F.N.; Laurenti, M.D.; Galati, E.A.B.; Canavez, F.; Pereira-Chioccola, V.L. Detection of Leishmania

(Leishmania) infantum RNA in fleas and ticks collected from naturally infected dogs. Parasitol. Res. 2011, 109, 267–274. [CrossRef]
[PubMed]

5. Didwania, N.; Shadab, M.; Sabur, A.; Ali, N. Alternative to Chemotherapy—The Unmet Demand against Leishmaniasis. Front.
Immunol. 2017, 8, 1779. [CrossRef]

6. Sundar, S.; Singh, A. Recent developments and future prospects in the treatment of visceral leishmaniasis. Ther. Adv. Infect. Dis.
2016, 3, 98–109. [CrossRef] [PubMed]

7. Vijayakumar, S.; Das, P. Recent progress in drug targets and inhibitors towards combating leishmaniasis. Acta Trop. 2018, 181,
95–104. [CrossRef]

8. Greenwood, B. The contribution of vaccination to global health: Past, present and future. Philos. Trans. R. Soc. B 2014, 369,
20130433. [CrossRef] [PubMed]

9. Duthie, M.S.; Raman, V.S.; Piazza, F.M.; Reed, S.G. The development and clinical evaluation of second-generation leishmaniasis
vaccines. Vaccine 2012, 30, 134–141. [CrossRef]

10. Iborra, S.; Solana, J.C.; Requena, J.M.; Soto, M. Vaccine candidates against leishmania under current research. Expert Rev. Vaccines
2018, 17, 323–334. [CrossRef]

11. Yasmin, H.; Adhikary, A.; Al-Ahdal, M.N.; Soy, S.; Kishore, U. Host–Pathogen Interaction in Leishmaniasis: Immune Response
and Vaccination Strategies. Immuno 2022, 2, 218–254. [CrossRef]

12. Kaye, P.M.; Cruz, I.; Picado, A.; Van Bocxlaer, K.; Croft, S.L. Leishmaniasis immunopathology—Impact on design and use of
vaccines, diagnostics and drugs. Semin. Immunopathol. 2020, 42, 247–264. [CrossRef] [PubMed]

13. Cecilio, P.; Perez-Cabezas, B.; Fernandez, L.; Moreno, J.; Carrillo, E.; Requena, J.M.; Fichera, E.; Reed, S.G.; Coler, R.N.; Kamhawi,
S.; et al. Pre-clinical antigenicity studies of an innovative multivalent vaccine for human visceral leishmaniasis. PLoS Negl. Trop.
Dis. 2017, 11, e0005951. [CrossRef] [PubMed]

14. Duarte, M.C.; Lage, D.P.; Martins, V.T.; Costa, L.E.; Lage, L.M.R.; Carvalho, A.M.R.S.; Ludolf, F.; Santos, T.T.O.; Roatt, B.M.;
Menezes-Souza, D.; et al. A vaccine combining two Leishmania braziliensis proteins offers heterologous protection against
Leishmania infanturn infection. Mol. Immunol. 2016, 76, 70–79. [CrossRef] [PubMed]

15. De Brito, R.C.F.; Cardoso, J.M.D.O.; Reis, L.E.S.; Vieira, J.F.; Mathias, F.A.S.; Roatt, B.M.; Aguiar-Soares, R.D.D.O.; Ruiz, J.C.;
Resende, D.D.; Reis, A.B. Peptide Vaccines for Leishmaniasis. Front. Immunol. 2018, 9, 1043. [CrossRef]

16. Paninabordignon, P.; Tan, A.; Termijtelen, A.; Demotz, S.; Corradin, G.; Lanzavecchia, A. Universally Immunogenic T-Cell
Epitopes—Promiscuous Binding to Human Mhc Class-Ii and Promiscuous Recognition by T-Cells. Eur. J. Immunol. 1989, 19,
2237–2242. [CrossRef]

17. Hamdy, S.; Haddadi, A.; Hung, R.W.; Lavasanifar, A. Targeting dendritic cells with nano-particulate PLGA cancer vaccine
formulations. Adv. Drug Deliv. Rev. 2011, 63, 943–955. [CrossRef]

18. Jiang, W.L.; Gupta, R.K.; Deshpande, M.C.; Schwendeman, S.P. Biodegradable poly(lactic-co-glycolic acid) microparticles for
injectable delivery of vaccine antigens. Adv. Drug Deliv. Rev. 2005, 57, 391–410. [CrossRef]

19. Ma, W.X.; Chen, M.S.; Kaushal, S.; McElroy, M.; Zhang, Y.; Ozkan, C.; Bouvet, M.; Kruse, C.; Grotjahn, D.; Ichim, T.; et al.
PLGA nanoparticle-mediated delivery of tumor antigenic peptides elicits effective immune responses. Int. J. Nanomed. 2012, 7,
1475–1487. [CrossRef]

20. Pandit, S.; Cevher, E.; Zariwala, M.G.; Somavarapu, S.; Alpar, H.O. Enhancement of immune response of HBsAg loaded poly
(L-lactic acid) microspheres against Hepatitis B through incorporation of alum and chitosan. J. Microencapsul. 2007, 24, 539–552.
[CrossRef]

21. Margaroni, M.; Agallou, M.; Athanasiou, E.; Kammona, O.; Kiparissides, C.; Gaitanaki, C.; Karagouni, E. Vaccination with
poly(D,L-lactide-co-glycolide) nanoparticles loaded with soluble Leishmania antigens and modified with a TNF alpha-mimicking
peptide or monophosphoryl lipid A confers protection against experimental visceral leishmaniasis. Int. J. Nanomed. 2017, 12,
6169–6183. [CrossRef]

22. Moon, J.J.; Suh, H.; Polhemus, M.E.; Ockenhouse, C.F.; Yadava, A.; Irvine, D.J. Antigen-Displaying Lipid-Enveloped PLGA
Nanoparticles as Delivery Agents for a Plasmodium vivax Malaria Vaccine. PLoS ONE 2012, 7, e31472. [CrossRef] [PubMed]

23. Tafaghodi, M.; Khamesipour, A.; Jaafari, M.R. Immunization against leishmaniasis by PLGA nanospheres encapsulated with
autoclaved Leishmania major (ALM) and CpG-ODN. Parasitol. Res. 2011, 108, 1265–1273. [CrossRef] [PubMed]

24. Yu, C.S.; Lin, C.J.; Hwang, J.K. Predicting subcellular localization of proteins for Gram-negative bacteria by support vector
machines based on n-peptide compositions. Protein Sci. 2004, 13, 1402–1406. [CrossRef]

25. Armenteros, J.J.A.; Tsirigos, K.D.; Sonderby, C.K.; Petersen, T.N.; Winther, O.; Brunak, S.; von Heijne, G.; Nielsen, H. SignalP 5.0
improves signal peptide predictions using deep neural networks. Nat. Biotechnol. 2019, 37, 420–423. [CrossRef] [PubMed]

http://doi.org/10.1016/S0140-6736(18)31204-2
http://www.who.int/leishmaniasis/en/
http://doi.org/10.1038/nrmicro1748
http://www.ncbi.nlm.nih.gov/pubmed/17938629
http://doi.org/10.1007/s00436-010-2247-6
http://www.ncbi.nlm.nih.gov/pubmed/21221638
http://doi.org/10.3389/fimmu.2017.01779
http://doi.org/10.1177/2049936116646063
http://www.ncbi.nlm.nih.gov/pubmed/27536354
http://doi.org/10.1016/j.actatropica.2018.02.010
http://doi.org/10.1098/rstb.2013.0433
http://www.ncbi.nlm.nih.gov/pubmed/24821919
http://doi.org/10.1016/j.vaccine.2011.11.005
http://doi.org/10.1080/14760584.2018.1459191
http://doi.org/10.3390/immuno2010015
http://doi.org/10.1007/s00281-020-00788-y
http://www.ncbi.nlm.nih.gov/pubmed/32152715
http://doi.org/10.1371/journal.pntd.0005951
http://www.ncbi.nlm.nih.gov/pubmed/29176865
http://doi.org/10.1016/j.molimm.2016.06.014
http://www.ncbi.nlm.nih.gov/pubmed/27387277
http://doi.org/10.3389/fimmu.2018.01043
http://doi.org/10.1002/eji.1830191209
http://doi.org/10.1016/j.addr.2011.05.021
http://doi.org/10.1016/j.addr.2004.09.003
http://doi.org/10.2147/IJN.S29506
http://doi.org/10.1080/02652040701443700
http://doi.org/10.2147/IJN.S141069
http://doi.org/10.1371/journal.pone.0031472
http://www.ncbi.nlm.nih.gov/pubmed/22328935
http://doi.org/10.1007/s00436-010-2176-4
http://www.ncbi.nlm.nih.gov/pubmed/21125294
http://doi.org/10.1110/ps.03479604
http://doi.org/10.1038/s41587-019-0036-z
http://www.ncbi.nlm.nih.gov/pubmed/30778233


Vaccines 2023, 11, 304 23 of 26

26. Magnan, C.N.; Zeller, M.; Kayala, M.A.; Vigil, A.; Randall, A.; Felgner, P.L.; Baldi, P. High-throughput prediction of protein
antigenicity using protein microarray data. Bioinformatics 2010, 26, 2936–2943. [CrossRef]

27. Doytchinova, I.A.; Flower, D.R. VaxiJen: A server for prediction of protective antigens, tumour antigens and subunit vaccines.
BMC Bioinform. 2007, 8, 4. [CrossRef]

28. Dimitrov, I.; Bangov, I.; Flower, D.R.; Doytchinova, I. AllerTOP v.2-a server for in silico prediction of allergens. J. Mol. Model. 2014,
20, 2278. [CrossRef]

29. Saha, S.; Raghava, G.P.S. AlgPred: Prediction of allergenic proteins and mapping of IgE epitopes. Nucleic Acids Res. 2006, 34,
W202–W209. [CrossRef]

30. Dimitrov, I.; Naneva, L.; Doytchinova, I.; Bangov, I. AllergenFP: Allergenicity prediction by descriptor fingerprints. Bioinformatics
2014, 30, 846–851. [CrossRef]

31. Fleri, W.; Paul, S.; Dhanda, S.K.; Mahajan, S.; Xu, X.J.; Peters, B.; Sette, A. The immune Epitope Database and Analysis Resource in
Epitope Discovery and Synthetic Vaccine Design. Front. Immunol. 2017, 8, 278. [CrossRef]

32. Jurtz, V.; Paul, S.; Andreatta, M.; Marcatili, P.; Peters, B.; Nielsen, M. NetMHCpan-4.0: Improved Peptide-MHC Class I Interaction
Predictions Integrating Eluted Ligand and Peptide Binding Affinity Data. J. Immunol. 2017, 199, 3360–3368. [CrossRef]

33. Rammensee, H.G.; Friede, T.; Stevanoviic, S. MHC ligands and peptide motifs: First listing. Immunogenetics 1995, 41, 178–228.
[CrossRef] [PubMed]

34. Jensen, K.K.; Andreatta, M.; Marcatili, P.; Buus, S.; Greenbaum, J.A.; Yan, Z.; Sette, A.; Peters, B.; Nielsen, M. Improved methods
for predicting peptide binding affinity to MHC class II molecules. Immunology 2018, 154, 394–406. [CrossRef] [PubMed]

35. Gasteiger, E.; Gattiker, A.; Hoogland, C.; Ivanyi, I.; Appel, R.D.; Bairoch, A. ExPASy: The proteomics server for in-depth protein
knowledge and analysis. Nucleic Acids Res. 2003, 31, 3784–3788. [CrossRef]

36. Buchan, D.W.A.; Jones, D.T. The PSIPRED Protein Analysis Workbench: 20 years on. Nucleic Acids Res. 2019, 47, W402–W407.
[CrossRef]

37. Yang, J.; Zhang, Y. I-TASSER server: New development for protein structure and function predictions. Nucleic Acids Res. 2015, 43,
W174–W181. [CrossRef] [PubMed]

38. Heo, L.; Park, H.; Seok, C. GalaxyRefine: Protein structure refinement driven by side-chain repacking. Nucleic Acids Res. 2013, 41,
W384–W388. [CrossRef]

39. Shin, W.H.; Lee, G.R.; Heo, L.; Lee, H.; Seok, C. Prediction of Protein Structure and Interaction by GALAXY Protein Modeling
Programs. BioDesign 2014, 2, 1–11.

40. Wiederstein, M.; Sippl, M.J. ProSA-web: Interactive web service for the recognition of errors in three-dimensional structures of
proteins. Nucleic Acids Res. 2007, 35, W407–W410. [CrossRef] [PubMed]

41. Colovos, C.; Yeates, T.O. Verification of protein structures: Patterns of nonbonded atomic interactions. Protein Sci. 1993, 2,
1511–1519. [CrossRef]

42. Laskowski, R.A.; Macarthur, M.W.; Moss, D.S.; Thornton, J.M. Procheck—A Program to Check the Stereochemical Quality of
Protein Structures. J. Appl. Crystallogr. 1993, 26, 283–291. [CrossRef]

43. Schneidman-Duhovny, D.; Inbar, Y.; Nussinov, R.; Wolfson, H.J. PatchDock and SymmDock: Servers for rigid and symmetric
docking. Nucleic Acids Res. 2005, 33, W363–W367. [CrossRef] [PubMed]

44. Andrusier, N.; Nussinov, R.; Wolfson, H.J. FireDock: Fast interaction refinement in molecular docking. Proteins 2007, 69, 139–159.
[CrossRef] [PubMed]

45. Tama, F.; Brooks, C.L. Symmetry, form, and shape: Guiding principles for robustness in macromolecular machines. Annu. Rev.
Biophys. Biomol. Struct. 2006, 35, 115–133. [CrossRef]

46. Lopez-Blanco, J.R.; Aliaga, J.I.; Quintana-Orti, E.S.; Chacon, P. iMODS: Internal coordinates normal mode analysis server. Nucleic
Acids Res. 2014, 42, W271–W276. [CrossRef]

47. Lopez-Blanco, J.R.; Garzon, J.I.; Chacon, P. iMod: Multipurpose normal mode analysis in internal coordinates. Bioinformatics 2011,
27, 2843–2850. [CrossRef]

48. Larsen, M.V.; Lundegaard, C.; Lamberth, K.; Buus, S.; Lund, O.; Nielsen, M. Large-scale validation of methods for cytotoxic
T-lymphocyte epitope prediction. BMC Bioinform. 2007, 8, 424. [CrossRef]

49. Peters, B.; Bulik, S.; Tampe, R.; Van Endert, P.M.; Holzhutter, H.G. Identifying MHC class I epitopes by predicting the TAP
transport efficiency of epitope precursors. J. Immunol. 2003, 171, 1741–1749. [CrossRef]

50. Ponomarenko, J.; Bui, H.H.; Li, W.; Fusseder, N.; Bourne, P.E.; Sette, A.; Peters, B. ElliPro: A new structure-based tool for the
prediction of antibody epitopes. BMC Bioinform. 2008, 9, 514. [CrossRef]

51. Rapin, N.; Lund, O.; Bernaschi, M.; Castiglione, F. Computational immunology meets bioinformatics: The use of prediction tools
for molecular binding in the simulation of the immune system. PLoS ONE 2010, 5, e9862. [CrossRef]

52. Liu, W.Z.; Xie, Y.B.; Ma, J.Y.; Luo, X.T.; Nie, P.; Zuo, Z.X.; Lahrmann, U.; Zhao, Q.; Zheng, Y.Y.; Zhao, Y.; et al. IBS: An illustrator
for the presentation and visualization of biological sequences. Bioinformatics 2015, 31, 3359–3361. [CrossRef] [PubMed]

53. De Oliveira, C.I.; Nascimento, I.P.; Barral, A.; Soto, M.; Barral-Netto, M. Challenges and perspectives in vaccination against
leishmaniasis. Parasitol. Int. 2009, 58, 319–324. [CrossRef] [PubMed]

54. Kaufmann, S.H.E.; McElrath, M.J.; Lewis, D.J.M.; Del Giudice, G. Challenges and responses in human vaccine development. Curr.
Opin. Immunol. 2014, 28, 18–26. [CrossRef] [PubMed]

55. Oyston, P.; Robinson, K. The current challenges for vaccine development. J. Med. Microbiol. 2012, 61, 889–894. [CrossRef]

http://doi.org/10.1093/bioinformatics/btq551
http://doi.org/10.1186/1471-2105-8-4
http://doi.org/10.1007/s00894-014-2278-5
http://doi.org/10.1093/nar/gkl343
http://doi.org/10.1093/bioinformatics/btt619
http://doi.org/10.3389/fimmu.2017.00278
http://doi.org/10.4049/jimmunol.1700893
http://doi.org/10.1007/BF00172063
http://www.ncbi.nlm.nih.gov/pubmed/7890324
http://doi.org/10.1111/imm.12889
http://www.ncbi.nlm.nih.gov/pubmed/29315598
http://doi.org/10.1093/nar/gkg563
http://doi.org/10.1093/nar/gkz297
http://doi.org/10.1093/nar/gkv342
http://www.ncbi.nlm.nih.gov/pubmed/25883148
http://doi.org/10.1093/nar/gkt458
http://doi.org/10.1093/nar/gkm290
http://www.ncbi.nlm.nih.gov/pubmed/17517781
http://doi.org/10.1002/pro.5560020916
http://doi.org/10.1107/S0021889892009944
http://doi.org/10.1093/nar/gki481
http://www.ncbi.nlm.nih.gov/pubmed/15980490
http://doi.org/10.1002/prot.21495
http://www.ncbi.nlm.nih.gov/pubmed/17598144
http://doi.org/10.1146/annurev.biophys.35.040405.102010
http://doi.org/10.1093/nar/gku339
http://doi.org/10.1093/bioinformatics/btr497
http://doi.org/10.1186/1471-2105-8-424
http://doi.org/10.4049/jimmunol.171.4.1741
http://doi.org/10.1186/1471-2105-9-514
http://doi.org/10.1371/journal.pone.0009862
http://doi.org/10.1093/bioinformatics/btv362
http://www.ncbi.nlm.nih.gov/pubmed/26069263
http://doi.org/10.1016/j.parint.2009.07.013
http://www.ncbi.nlm.nih.gov/pubmed/19698801
http://doi.org/10.1016/j.coi.2014.01.009
http://www.ncbi.nlm.nih.gov/pubmed/24561742
http://doi.org/10.1099/jmm.0.039180-0


Vaccines 2023, 11, 304 24 of 26

56. Fiuza, J.A.; Gannavaram, S.; Santiago, H.D.; Selvapandiyan, A.; Souza, D.M.; Passos, L.S.A.; de Mendonca, L.Z.; Lemos-Giunchetti,
D.D.; Ricci, N.D.; Bartholomeu, D.C.; et al. Vaccination using live attenuated Leishmania donovani centrin deleted parasites induces
protection in dogs against Leishmania infantum. Vaccine 2015, 33, 280–288. [CrossRef]

57. Mugunthan, S.P.; Harish, M.C. Multi-epitope-Based Vaccine Designed by Targeting Cytoadherence Proteins of Mycoplasma
gallisepticum. ACS Omega 2021, 6, 13742–13755. [CrossRef]

58. Skwarczynski, M.; Toth, I. Peptide-based synthetic vaccines. Chem. Sci. 2016, 7, 842–854. [CrossRef]
59. Das, S.; Freier, A.; Boussoffara, T.; Das, S.; Oswald, D.; Losch, F.O.; Selka, M.; Sacerdoti-Sierra, N.; Schonian, G.; Wiesmuller, K.H.;

et al. Modular Multiantigen T Cell Epitope-Enriched DNA Vaccine Against Human Leishmaniasis. Sci. Transl. Med. 2014, 6,
234ra56. [CrossRef]

60. Amanna, I.J.; Slifka, M.K. Contributions of humoral and cellular immunity to vaccine-induced protection in humans. Virology
2011, 411, 206–215. [CrossRef]

61. Adu-Bobie, J.; Capecchi, B.; Serruto, D.; Rappuoli, R.; Pizza, M. Two years into reverse vaccinology. Vaccine 2003, 21, 605–610.
[CrossRef]

62. Caro-Gomez, E.; Gazi, M.; Goez, Y.; Valbuena, G. Discovery of novel cross-protective Rickettsia prowazekii T-cell antigens using a
combined reverse vaccinology and in vivo screening approach. Vaccine 2014, 32, 4968–4976. [CrossRef] [PubMed]

63. Mehla, K.; Ramana, J. Identification of epitope-based peptide vaccine candidates against enterotoxigenic Escherichia coli: A
comparative genomics and immunoinformatics approach. Mol. Biosyst. 2016, 12, 890–901. [CrossRef] [PubMed]

64. Nezafat, N.; Eslami, M.; Negahdaripour, M.; Rahbar, M.R.; Ghasemi, Y. Designing an efficient multi-epitope oral vaccine against
Helicobacter pylori using immunoinformatics and structural vaccinology approaches. Mol. Biosyst. 2017, 13, 699–713. [CrossRef]
[PubMed]

65. Sethi, G.; Sethi, S.; Krishna, R. Multi-epitope based vaccine design against Staphylococcus epidermidis: A subtractive proteomics
and immunoinformatics approach. Microb. Pathog. 2022, 165, 105484. [CrossRef] [PubMed]

66. Sami, S.A.; Marma, K.K.S.; Mahmud, S.; Khan, M.A.N.; Albogami, S.; El-Shehawi, A.M.; Rakib, A.; Chakraborty, A.; Mohiuddin,
M.; Dhama, K.; et al. Designing of a Multi-epitope Vaccine against the Structural Proteins of Marburg Virus Exploiting the
Immunoinformatics Approach. ACS Omega 2021, 6, 32043–32071. [CrossRef]

67. Bhuiyan, M.A.; Quayum, S.T.; Ahammad, F.; Alam, R.; Samad, A.; Nain, Z. Discovery of potential immune epitopes and peptide
vaccine design—A prophylactic strategy against Rift Valley fever virus. F1000Research 2020, 9, 999. [CrossRef]

68. Ul Qamar, M.T.; Rehman, A.; Tusleem, K.; Ashfaq, U.A.; Qasim, M.; Zhu, X.T.; Fatima, I.; Shahid, F.; Chen, L.L. Designing of a
next generation multiepitope based vaccine (MEV) against SARS-COV-2: Immunoinformatics and in silico approaches. PLoS
ONE 2020, 15, e0244176. [CrossRef]

69. Delany, I.; Rappuoli, R.; Seib, K.L. Vaccines, Reverse Vaccinology, and Bacterial Pathogenesis. Cold Spring Harb. Perspect. Med.
2013, 3, a012476. [CrossRef]

70. Chakravarty, J.; Kumar, S.; Trivedi, S.; Rai, V.K.; Singh, A.; Ashman, J.A.; Laughlin, E.M.; Coler, R.N.; Kahn, S.J.; Beckmann, A.M.;
et al. A clinical trial to evaluate the safety and immunogenicity of the LEISH-F1+MPL-SE vaccine for use in the prevention of
visceral leishmaniasis. Vaccine 2011, 29, 3531–3537. [CrossRef]

71. Coler, R.N.; Goto, Y.; Bogatzki, L.; Raman, V.; Reed, S.G. Leish-111f, a recombinant polyprotein vaccine that protects against
visceral leishmaniasis by elicitation of CD4(+) T cells. Infect. Immun. 2007, 75, 4648–4654. [CrossRef]

72. Goto, Y.; Bhatia, A.; Raman, V.S.; Liang, H.; Mohamath, R.; Picone, A.F.; Vidal, S.E.; Vedvick, T.S.; Howard, R.F.; Reed, S.G. KSAC,
the first defined polyprotein vaccine candidate for visceral leishmaniasis. Clin. Vaccine Immunol. 2011, 18, 1118–1124. [CrossRef]

73. Molano, I.; Alonso, M.G.; Miron, C.; Redondo, E.; Requena, J.M.; Soto, M.; Nieto, C.G.; Alonso, C. A Leishmania infantum
multi-component antigenic protein mixed with live BCG confers protection to dogs experimentally infected with L-infantum. Vet.
Immunol. Immunopathol. 2003, 92, 1–13. [CrossRef]

74. Joshi, S.; Rawat, K.; Yadav, N.K.; Kumar, V.; Siddiqi, M.I.; Dube, A. Visceral leisnmaniasis: Advancements in vaccine development
via classical and molecular approaches. Front. Immunol. 2014, 5, 380. [CrossRef] [PubMed]

75. Silva, R.D.E.; Ferreira, L.F.G.R.; Hernandes, M.Z.; de Brito, M.E.F.; de Oliveira, B.C.; da Silva, A.A.; de-Melo-Neto, O.P.; Rezende,
A.M.; Pereira, V.R.A. Combination of In Silico Methods in the Search for Potential CD4(+) and CD8(+) T Cell Epitopes in the
Proteome of Leishmania braziliensis. Front. Immunol. 2016, 7, 327. [CrossRef]

76. Khatoon, N.; Pandey, R.K.; Ojha, R.; Aathmanathan, V.S.; Krishnan, M.; Prajapati, V.K. Exploratory algorithm to devise multi-
epitope subunit vaccine by investigating Leishmania donovani membrane proteins. J. Biomol. Struct. Dyn. 2019, 37, 2381–2393.
[CrossRef]

77. Khatoon, N.; Pandey, R.K.; Prajapati, V.K. Exploring Leishmania secretory proteins to design B and T cell multi-epitope subunit
vaccine using immunoinformatics approach. Sci. Rep. 2017, 7, 8285. [CrossRef]

78. Onile, O.S.; Musaigwa, F.; Ayawei, N.; Omoboyede, V.; Onile, T.A.; Oghenevovwero, E.; Aruleba, R.T. Immunoinformatics Studies
and Design of a Potential Multi-Epitope Peptide Vaccine to Combat the Fatal Visceral Leishmaniasis. Vaccines 2022, 10, 1598.
[CrossRef] [PubMed]

79. Saha, S.; Vashishtha, S.; Kundu, B.; Ghosh, M. In-silico design of an immunoinformatics based multi-epitope vaccine against
Leishmania donovani. BMC Bioinform. 2022, 23, 319. [CrossRef] [PubMed]

80. Vakili, B.; Eslami, M.; Hatam, G.R.; Zare, B.; Erfani, N.; Nezafat, N.; Ghasemi, Y. Immunoinformatics-aided design of a potential
multi-epitope peptide vaccine against Leishmania infantum. Int. J. Biol. Macromol. 2018, 120, 1127–1139. [CrossRef] [PubMed]

http://doi.org/10.1016/j.vaccine.2014.11.039
http://doi.org/10.1021/acsomega.1c01032
http://doi.org/10.1039/C5SC03892H
http://doi.org/10.1126/scitranslmed.3008222
http://doi.org/10.1016/j.virol.2010.12.016
http://doi.org/10.1016/S0264-410X(02)00566-2
http://doi.org/10.1016/j.vaccine.2014.06.089
http://www.ncbi.nlm.nih.gov/pubmed/25010827
http://doi.org/10.1039/C5MB00745C
http://www.ncbi.nlm.nih.gov/pubmed/26766131
http://doi.org/10.1039/C6MB00772D
http://www.ncbi.nlm.nih.gov/pubmed/28194462
http://doi.org/10.1016/j.micpath.2022.105484
http://www.ncbi.nlm.nih.gov/pubmed/35301068
http://doi.org/10.1021/acsomega.1c04817
http://doi.org/10.12688/f1000research.24975.1
http://doi.org/10.1371/journal.pone.0244176
http://doi.org/10.1101/cshperspect.a012476
http://doi.org/10.1016/j.vaccine.2011.02.096
http://doi.org/10.1128/IAI.00394-07
http://doi.org/10.1128/CVI.05024-11
http://doi.org/10.1016/S0165-2427(02)00315-X
http://doi.org/10.3389/fimmu.2014.00380
http://www.ncbi.nlm.nih.gov/pubmed/25202307
http://doi.org/10.3389/fimmu.2016.00327
http://doi.org/10.1080/07391102.2018.1484815
http://doi.org/10.1038/s41598-017-08842-w
http://doi.org/10.3390/vaccines10101598
http://www.ncbi.nlm.nih.gov/pubmed/36298463
http://doi.org/10.1186/s12859-022-04816-6
http://www.ncbi.nlm.nih.gov/pubmed/35931960
http://doi.org/10.1016/j.ijbiomac.2018.08.125
http://www.ncbi.nlm.nih.gov/pubmed/30172806


Vaccines 2023, 11, 304 25 of 26

81. Vakili, B.; Nezafat, N.; Hatam, G.R.; Zare, B.; Erfani, N.; Ghasemi, Y. Proteome-scale identification of Leishmania infantum for novel
vaccine candidates: A hierarchical subtractive approach. Comput. Biol. Chem. 2018, 72, 16–25. [CrossRef]

82. 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, e5820. [CrossRef] [PubMed]

83. Iborra, S.; Parody, N.; Abanades, D.R.; Bonay, P.; Prates, D.; Novais, F.O.; Barral-Netto, M.; Alonso, C.; Soto, M. Vaccination with
the Leishmania major ribosomal proteins plus CpG oligodeoxynucleotides induces protection against experimental cutaneous
leishmaniasis in mice. Microbes Infect. 2008, 10, 1133–1141. [CrossRef] [PubMed]

84. Carneiro, M.W.; Santos, D.M.; Fukutani, K.F.; Clarencio, J.; Miranda, J.C.; Brodskyn, C.; Barral, A.; Barral-Netto, M.; Soto, M.;
de Oliveira, C.I. Vaccination with L. infantum chagasi Nucleosomal Histones Confers Protection against New World Cutaneous
Leishmaniasis Caused by Leishmania braziliensis. PLoS ONE 2012, 7, e52296. [CrossRef]

85. Santarem, N.; Silvestre, R.; Tavares, J.; Silva, M.; Cabral, S.; Maciel, J.; Cordeiro-da-Silva, A. Immune response regulation by
Leishmania secreted and nonsecreted antigens. J. Biomed. Biotechnol. 2007, 2007, 085154. [CrossRef]

86. Clark, E.A.; Ledbetter, J.A. How B-Cells and T-Cells Talk to Each Other. Nature 1994, 367, 425–428. [CrossRef]
87. Paulnock, D.M. Macrophage Activation by T-Cells. Curr. Opin. Immunol. 1992, 4, 344–349. [CrossRef] [PubMed]
88. Tscharke, D.C.; Croft, N.P.; Doherty, P.C.; La Gruta, N.L. Sizing up the key determinants of the CD8(+) T cell response. Nat. Rev.

Immunol. 2015, 15, 705–716. [CrossRef]
89. Rothbard, J.B.; Taylor, W.R. A Sequence Pattern Common to T-Cell Epitopes. EMBO J. 1988, 7, 93–100. [CrossRef]
90. Dias, D.S.; Ribeiro, P.A.F.; Martins, V.T.; Lage, D.P.; Costa, L.E.; Chavez-Fumagalli, M.A.; Ramos, F.F.; Santos, T.T.O.; Ludolf, F.;

Oliveira, J.S.; et al. Vaccination with a CD4(+) and CD8(+) T-cell epitopes-based recombinant chimeric protein derived from
Leishmania infantum proteins confers protective immunity against visceral leishmaniasis. Transl. Res. 2018, 200, 18–34. [CrossRef]

91. Khan, M.A.A.; Ami, J.Q.; Faisal, K.; Chowdhury, R.; Ghosh, P.; Hossain, F.; Abd El Wahed, A.; Mondal, D. An immunoinformatic
approach driven by experimental proteomics: In silico design of a subunit candidate vaccine targeting secretory proteins of
Leishmania donovani amastigotes. Parasite Vector 2020, 13, 196. [CrossRef]

92. Ribeiro, P.A.F.; Dias, D.S.; Lage, D.P.; Martins, V.T.; Costa, L.E.; Santos, T.T.O.; Ramos, F.F.; Tavares, G.S.V.; Mendonca, D.V.C.;
Ludolf, F.; et al. Immunogenicity and protective efficacy of a new Leishmania hypothetical protein applied as a DNA vaccine or
in a recombinant form against Leishmania infantum infection. Mol. Immunol. 2019, 106, 108–118. [CrossRef] [PubMed]

93. Ribeiro, P.A.F.; Dias, D.S.; Novais, M.V.M.; Lage, D.P.; Tavares, G.S.V.; Mendonca, D.V.C.; Oliveira, J.S.; Chavez-Fumagalli,
M.A.; Roatt, B.M.; Duarte, M.C.; et al. A Leishmania hypothetical protein-containing liposome-based formulation is highly
immunogenic and induces protection against visceral leishmaniasis. Cytokine 2018, 111, 131–139. [CrossRef] [PubMed]

94. Vakili, B.; Nezafat, N.; Zare, B.; Erfani, N.; Akbari, M.; Ghasemi, Y.; Rahbar, M.R.; Hatam, G.R. A new multi-epitope peptide
vaccine induces immune responses and protection against Leishmania infantum in BALB/c mice. Med. Microbiol. Immunol. 2020,
209, 69–79. [CrossRef] [PubMed]

95. Yadav, S.; Prakash, J.; Shukla, H.; Das, K.C.; Tripathi, T.; Dubey, V.K. Design a multi-epitope subunit vaccine for immune-protection
against Leishmania parasite. Pathog. Glob. Health 2020, 114, 471–481. [CrossRef]

96. Martins, V.T.; Duarte, M.C.; Chavez-Fumagalli, M.A.; Menezes-Souza, D.; Coelho, C.S.P.; de Magalhaes-Soares, D.F.; Fernandes,
A.P.; Soto, M.; Tavares, C.A.P.; Coelho, E.A.F. A Leishmania-specific hypothetical protein expressed in both promastigote
and amastigote stages of Leishmania infantum employed for the serodiagnosis of, and as a vaccine candidate against, visceral
leishmaniasis. Parasite Vector 2015, 8, 363. [CrossRef]

97. Efstathiou, A.; Smirlis, D. Leishmania Protein Kinases: Important Regulators of the Parasite Life Cycle and Molecular Targets for
Treating Leishmaniasis. Microorganisms 2021, 9, 691. [CrossRef]

98. Kumari, D.; Mahajan, S.; Kour, P.; Singh, K. Virulence factors of Leishmania parasite: Their paramount importance in unraveling
novel vaccine candidates and therapeutic targets. Life Sci. 2022, 306, 120829. [CrossRef] [PubMed]

99. Seyed, N.; Taheri, T.; Rafati, S. Post-Genomics and Vaccine Improvement for Leishmania. Front. Microbiol. 2016, 7, 467. [CrossRef]
100. World Health Organization. WHO Technical Report Series 962. WHO Expert Committee on Biological Standardization, 57th

Report. Available online: https://www.who.int/publications/i/item/9789241209625 (accessed on 5 December 2022).
101. Pandey, R.K.; Bhatt, T.K.; Prajapati, V.K. Novel Immunoinformatics Approaches to Design Multi-epitope Subunit Vaccine for

Malaria by Investigating Anopheles Salivary Protein. Sci. Rep. 2018, 8, 1125. [CrossRef]
102. Chen, X.Y.; Zaro, J.L.; Shen, W.C. Fusion protein linkers: Property, design and functionality. Adv. Drug Deliv. Rev. 2013, 65,

1357–1369. [CrossRef]
103. Cunningham, A.C. Parasitic adaptive mechanisms in infection by Leishmania. Exp. Mol. Pathol. 2002, 72, 132–141. [CrossRef]

[PubMed]
104. Murray, H.W.; Cartelli, D.M. Killing of Intracellular Leishmania-Donovani by Human Mononuclear Phagocytes—Evidence for

Oxygen-Dependent and Oxygen-Independent Leishmanicidal Activity. J. Clin. Investig. 1983, 72, 32–44. [CrossRef]
105. Basu, A.; Chakrabarti, G.; Saha, A.; Bandyopadhyay, S. Modulation of CD11C(+) splenic dendritic cell functions in murine visceral

leishmaniasis: Correlation with parasite replication in the spleen. Immunology 2000, 99, 305–313. [CrossRef] [PubMed]
106. Engwerda, C.R.; Kaye, P.M. Organ-specific immune responses associated with infectious disease. Immunol. Today 2000, 21, 73–78.

[CrossRef]
107. Bodas, M.; Jain, N.; Awasthi, A.; Martin, S.; Loka, R.K.P.; Dandekar, D.; Mitra, D.; Saha, B. Inhibition of IL-2 induced IL-10

production as a principle of phase-specific immunotherapy. J. Immunol. 2006, 177, 4636–4643. [CrossRef]

http://doi.org/10.1016/j.compbiolchem.2017.12.008
http://doi.org/10.1371/journal.pone.0005820
http://www.ncbi.nlm.nih.gov/pubmed/19503834
http://doi.org/10.1016/j.micinf.2008.06.002
http://www.ncbi.nlm.nih.gov/pubmed/18603012
http://doi.org/10.1371/journal.pone.0052296
http://doi.org/10.1155/2007/85154
http://doi.org/10.1038/367425a0
http://doi.org/10.1016/0952-7915(92)90087-U
http://www.ncbi.nlm.nih.gov/pubmed/1418715
http://doi.org/10.1038/nri3905
http://doi.org/10.1002/j.1460-2075.1988.tb02787.x
http://doi.org/10.1016/j.trsl.2018.05.001
http://doi.org/10.1186/s13071-020-04064-8
http://doi.org/10.1016/j.molimm.2018.12.025
http://www.ncbi.nlm.nih.gov/pubmed/30594673
http://doi.org/10.1016/j.cyto.2018.08.019
http://www.ncbi.nlm.nih.gov/pubmed/30142534
http://doi.org/10.1007/s00430-019-00640-7
http://www.ncbi.nlm.nih.gov/pubmed/31696313
http://doi.org/10.1080/20477724.2020.1842976
http://doi.org/10.1186/s13071-015-0964-5
http://doi.org/10.3390/microorganisms9040691
http://doi.org/10.1016/j.lfs.2022.120829
http://www.ncbi.nlm.nih.gov/pubmed/35872004
http://doi.org/10.3389/fmicb.2016.00467
https://www.who.int/publications/i/item/9789241209625
http://doi.org/10.1038/s41598-018-19456-1
http://doi.org/10.1016/j.addr.2012.09.039
http://doi.org/10.1006/exmp.2002.2418
http://www.ncbi.nlm.nih.gov/pubmed/11890722
http://doi.org/10.1172/JCI110972
http://doi.org/10.1046/j.1365-2567.2000.00939.x
http://www.ncbi.nlm.nih.gov/pubmed/10692051
http://doi.org/10.1016/S0167-5699(99)01549-2
http://doi.org/10.4049/jimmunol.177.7.4636


Vaccines 2023, 11, 304 26 of 26

108. Pippa, N.; Gazouli, M.; Pispas, S. Recent Advances and Future Perspectives in Polymer-Based Nanovaccines. Vaccines 2021, 9, 558.
[CrossRef]

109. Agallou, M.; Margaroni, M.; Athanasiou, E.; Toubanaki, D.K.; Kontonikola, K.; Karidi, K.; Kammona, O.; Kiparissides, C.;
Karagouni, E. Identification of BALB/c Immune Markers Correlated with a Partial Protection to Leishmania infantum after
Vaccination with a Rationally Designed Multi-epitope Cysteine Protease A Peptide-Based Nanovaccine. PLoS Neglect. Trop. Dis.
2017, 11, e0005311. [CrossRef] [PubMed]

110. Athanasiou, E.; Agallou, M.; Tastsoglou, S.; Kammona, O.; Hatzigeorgiou, A.; Kiparissides, C.; Karagouni, E. A Poly(Lactic-
co-Glycolic) Acid Nanovaccine Based on Chimeric Peptides from Different Leishmania infantum Proteins Induces Dendritic
Cells Maturation and Promotes Peptide-Specific IFN gamma-Producing CD8(+) T Cells Essential for the Protection against
Experimental Visceral Leishmaniasis. Front. Immunol. 2017, 8, 684. [CrossRef]

111. Santos, D.M.; Carneiro, M.W.; de Moura, T.R.; Fukutani, K.; Clarencio, J.; Soto, M.; Espuelas, S.; Brodskyn, C.; Barral, A.;
Barral-Netto, M.; et al. Towards development of novel immunization strategies against leishmaniasis using PLGA nanoparticles
loaded with kinetoplastid membrane protein-11. Int. J. Nanomed. 2012, 7, 2115–2127. [CrossRef]

112. Tafaghodi, M.; Eskandari, M.; Kharazizadeh, M.; Khamesipour, A.; Jaafari, M.R. Immunization against leishmaniasis by PLGA
nanospheres loaded with an experimental autoclaved Leishmania major (ALM) and Quillaja saponins. Trop. Biomed. 2010,
27, 639–650.

113. De Brito, R.C.F.; Ruiz, J.C.; Cardoso, J.M.D.; Ostolin, T.L.V.D.; Reis, L.E.S.; Mathias, F.A.S.; Aguiar-Soares, R.D.D.; Roatt, B.M.;
Correa-Oliveira, R.; Resende, D.D.; et al. Chimeric Vaccines Designed by Immunoinformatics-Activated Polyfunctional and
Memory T cells that Trigger Protection against Experimental Visceral Leishmaniasis. Vaccines 2020, 8, 252. [CrossRef] [PubMed]

114. Rodrigues, A.; Claro, M.; Alexandre-Pires, G.; Santos-Mateus, D.; Martins, C.; Valerio-Bolas, A.; Rafael-Fernandes, M.; Pereira,
M.A.; da Fonseca, I.P.; Tomas, A.M.; et al. Leishmania infanturn antigens modulate memory cell subsets of liver resident T
lymphocyte. Immunobiology 2017, 222, 409–422. [CrossRef] [PubMed]

115. Sabur, A.; Bhowmick, S.; Chhajer, R.; Ejazi, S.A.; Didwania, N.; Asad, M.; Bhattacharyya, A.; Sinha, U.; Ali, N. Liposomal
Elongation Factor-1 alpha Triggers Effector CD4 and CD8 T Cells for Induction of Long-Lasting Protective Immunity against
Visceral Leishmaniasis. Front. Immunol. 2018, 9, 18. [CrossRef]

116. Hofmeyer, K.A.; Duthie, M.S.; Laurance, J.D.; Favila, M.A.; Van Hoeven, N.; Coler, R.N.; Reed, S.G. Optimizing Immunization
Strategies for the Induction of Antigen-Specific CD4 and CD8 T Cell Responses for Protection against Intracellular Parasites. Clin.
Vaccine Immunol. 2016, 23, 785–794. [CrossRef] [PubMed]

117. Hohman, L.S.; Peters, N.C. CD4(+) T Cell-Mediated Immunity against the Phagosomal Pathogen Leishmania: Implications for
Vaccination. Trends Parasitol. 2019, 35, 423–435. [CrossRef]

118. Dey, R.; Dagur, P.K.; Selvapandiyan, A.; McCoy, J.P.; Salotra, P.; Duncan, R.; Nakhasi, H.L. Live Attenuated Leishmania donovani
p27 Gene Knockout Parasites Are Nonpathogenic and Elicit Long-Term Protective Immunity in BALB/c Mice. J. Immunol. 2013,
190, 2138–2149. [CrossRef]

119. Agallou, M.; Margaroni, M.; Kotsakis, S.D.; Karagouni, E. A Canine-Directed Chimeric Multi-Epitope Vaccine Induced Protective
Immune Responses in BALB/c Mice Infected with Leishmania Infantum. Vaccines 2020, 8, 350. [CrossRef]

120. Basu, R.; Roy, S.; Walden, P. HLA class I-restricted T cell epitopes of the kinetoplastid membrane protein-11 presented by
Leishmania donovani-infected human macrophages. J. Infect. Dis. 2007, 195, 1373–1380. [CrossRef]

121. Stager, S.; Alexander, J.; Kirby, A.C.; Botto, M.; Van Rooijen, N.; Smith, D.F.; Brombacher, F.; Kaye, P.M. Natural antibodies and
complement are endogenous adjuvants for vaccine-induced CD8(+) T-cell responses. Nat. Med. 2003, 9, 1287–1292. [CrossRef]

122. Heit, A.; Schmitz, F.; Haas, T.; Busch, D.H.; Wagner, H. Antigen co-encapsulated with adjuvants efficiently drive protective T cell
immunity. Eur. J. Immunol. 2007, 37, 2063–2074. [CrossRef]

123. Silva, A.L.; Rosalia, R.A.; Varypataki, E.; Sibuea, S.; Ossendorp, F.; Jiskoot, W. Poly-(lactic-co-glycolic-acid)-based particulate
vaccines: Particle uptake by dendritic cells is a key parameter for immune activation. Vaccine 2015, 33, 847–854. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3390/vaccines9060558
http://doi.org/10.1371/journal.pntd.0005311
http://www.ncbi.nlm.nih.gov/pubmed/28114333
http://doi.org/10.3389/Fimmu.2017.00684
http://doi.org/10.2147/IJN.S30093
http://doi.org/10.3390/vaccines8020252
http://www.ncbi.nlm.nih.gov/pubmed/32471081
http://doi.org/10.1016/j.imbio.2016.08.009
http://www.ncbi.nlm.nih.gov/pubmed/27615509
http://doi.org/10.3389/fimmu.2018.00018
http://doi.org/10.1128/CVI.00251-16
http://www.ncbi.nlm.nih.gov/pubmed/27466350
http://doi.org/10.1016/j.pt.2019.04.002
http://doi.org/10.4049/jimmunol.1202801
http://doi.org/10.3390/vaccines8030350
http://doi.org/10.1086/513439
http://doi.org/10.1038/nm933
http://doi.org/10.1002/eji.200737169
http://doi.org/10.1016/j.vaccine.2014.12.059
http://www.ncbi.nlm.nih.gov/pubmed/25576216

	Introduction 
	Materials and Methods 
	Data Retrieval and Proteome Analysis 
	Antigenicity and Allergenicity Evaluation 
	T Cell Epitope Prediction, Epitope Selection and Vaccine Construction 
	Immunoinformatics Analysis of Chimeric Protein 
	Physicochemical Properties 
	Secondary and Tertiary Structure 
	Refinement and Validation of Tertiary Structure Model 
	In Silico Prediction of LeishChim’s Docking to MHC Class I and II Molecules 
	Molecular Dynamics (MD) Simulation of LeishChim-MHCI/MHCII Complexes 
	CTL, HTL, B Cell Linear and Conformational Epitope Prediction 
	Immune Simulations 

	Expression of Chimeric Protein 
	PLGA Vaccine Preparation and Characterization 
	Materials 
	Preparation and Characterization of PLGA Nanoparticles 
	Quantification of Antigen Loading 
	Quantification of MPLA Loading 
	In Vitro Release Studies 
	In Vitro Stability 

	Experimental Animals 
	Vaccination Schedule 
	LeishChim-Specific Spleen Cell Proliferation Assay 
	Flow Cytometry Analysis for Determination of LeishChim-Specific Memory and Cytokine-Producing T Cells 
	Statistical Analysis 

	Results 
	Conserved Leishmania Protein Retrieval and Identification of Cellular Localization 
	Antigenicity and Allergenicity Evaluation 
	MHC I- and II-Binding Epitope Identification, Selection and Vaccine Construction 
	Immunoinformatics Evaluation of Chimeric Protein 
	Physicochemical Properties, Antigenicity and Allergenicity Evaluation 
	Secondary and Tertiary Structure 
	Refinement and Validation of the Tertiary Structure 
	In Silico Prediction of LeishChim’s Docking onto MHCI and MHCII Molecules 
	Stability Prediction of the LeishChim and MHCI/MHCII Complexes 
	B Cell Linear and Conformational Epitope Prediction 
	CTL and HTL Epitope Prediction 
	In Silico Immune Simulation Profile of LeishChim 

	Immunization with Multi-Epitope Chimeric Protein Encapsulated in PLGA NPs Elicited Antigen-Specific Cellular Immune Responses 

	Discussion 
	Conclusions 
	References

