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Leishmaniasis is a neglected tropical disease, and its severity necessitates the
development of a potent and efficient vaccine for the disease; however, no
human vaccine has yet been approved for clinical use. This study aims to design
and evaluate a multi-epitope vaccine against the leishmanial parasite by utilizing
helper T-lymphocyte (HTL), cytotoxic T-lymphocyte (CTL), and linear B-
lymphocyte (LBL) epitopes from membrane-bound acid phosphatase of
Leishmania donovani (LdMAcP). The designed multi-epitope vaccine (LdMAPV)
was highly antigenic, non-allergenic, and non-toxic, with suitable
physicochemical properties. The three-dimensional structure of LdMAPV was
modeled and validated, succeeded by molecular docking and molecular
dynamics simulation (MDS) studies that confirmed the high binding affinity and
stable interactions between human toll-like receptors and LdMAPV. In silico
disulfide engineering provided improved stability to LdAMAPV, whereas immune
simulation displayed the induction of both immune responses, i.e., antibody and
cell-mediated immune responses, with a rise in cytokines. Furthermore, LdAMAPV
sequence was codon optimized and cloned into the pET-28a vector, followed by
its expression in a bacterial host. The recombinant protein was purified using
affinity chromatography and subjected to determine its effect on cytotoxicity,
cytokines, and nitric oxide generation by mammalian macrophages. Altogether,
this report provides a multi-epitope vaccine candidate from a leishmanial protein
participating in parasitic virulence that has shown its potency to be a promising
vaccine candidate against leishmanial parasites.
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1 Introduction

Leishmaniasis is a vector-borne protozoan disease caused by the
leishmanial parasite that primarily affects the poorest and most
vulnerable people globally. Among various disease forms, visceral
leishmaniasis (VL) is the most severe form caused by Leishmania
donovani and L. infantum. Every year, an estimated 50,000-90,000
new cases of VL are diagnosed worldwide, and the disease is endemic
in over 60 countries (1). Currently available treatments are based on
chemotherapy, but the drugs are mostly toxic, and cause serious side
effects along with an increased incidence of drug resistance (2, 3).
However, a vaccine-based approach to controlling disease is a viable
option, as most of the people who recover from VL develop immune
protection against leishmaniasis and remain resistant to subsequent
clinical reinfection for a considerable time (4). In addition, vaccines
are considered less expensive and safer than other treatments.
Nonetheless, no licensed vaccine is currently available for clinical
use to prevent leishmanial infection in humans, which advocates for
the dire need for a potent vaccine to combat the disease (5).

Several approaches have been followed to design vaccines for VL
using individual or recombinant antigens of parasites, cellular extracts,
and live-attenuated or killed parasites. The only type of human
preventive VL vaccine that has entered phase III clinical trials thus
far is the first-generation vaccine; however, the results of this vaccine
were unsatisfactory (6). The recombinant leishmanial antigens, ie.,
single peptides or polypeptides, are employed to produce the second-
generation vaccine. A multi-component vaccine (LEISH-F3)
adjuvanted with GLA-SE was one of the candidates that exhibited
encouraging outcomes in the phase I trial (7). A third-generation
DNA vaccine (ChAd63-KH) has demonstrated its potential in a phase
I clinical trial as a safe and immunogenic therapeutic vaccine against
VL and post-kala azar dermal leishmaniasis (PKDL) (8). Despite the
current progress in vaccine development, the precedence goal of
developing a safe, effective, long-lasting, and low-cost preventive
vaccine against VL has yet to be achieved (9). In comparison to
conventional vaccines, epitope-based chimeric or subunit vaccines
have numerous advantages as they do not contain the whole pathogen,
either live or killed, and exhibit high specificity and stability (10).
Therefore, the epitope mapping of immunogenic proteins is pivotal in
developing peptide vaccines. Through proteome studies, it has been
established that leishmanial parasites consist of many vital
immunogenic candidates (11). These proteins are widely associated
with infection and pathogenicity. Glycoprotein 63 (gp63) (12, 13),
KMP-11 (14), A2 protein (15), and Leishmania-activated C kinase
(LACK) (16) have been used as a peptide-based vaccine for
experimental studies; however, their further validation through
human trials is yet to come (17-19).

For many years, endogenous leishmanial phosphatases have
been studied in the context of infection. Although their functions
are not fully understood, numerous studies indicate that they are
crucial for parasitic virulence and resistance to stress environments
in the life cycle of Leishmania (20). For instance, the histidine acid
phosphatase (HAcP) of L. amazonensis was reported to be involved
in an upsurge in the association index of parasite-macrophage (21).
Several recent studies employing gene ablation and/or
overexpression in different species of Leishmania have established
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the contribution of various phosphatases to the survival of the
parasite (22-25). Membrane-bound acid phosphatase (LAMACP), a
member of HACP, is associated with host-pathogen interactions. It
is essential for parasitic virulence as it aids in adapting to acidic
conditions, acquiring resources from phosphorylated substrates in
the host cell, and the parasite’s survival (22). Besides, LAIMACP is
expressed on the surface membranes of the promastigote form, and
epitopes derived from it are readily accessible to both humoral and
cell-mediated immunity (26) thus, this protein might be extremely
useful for developing a noble vaccine. Therefore, the aim of our
study was to design and analyze a multi-epitope vaccine candidate
utilizing epitopes screened from the LdAMACP protein through
bioinformatic tools. The vaccine construct designed here confers
substantial immunogenic ability, which has been further validated
through in vitro studies (Figure 1).

2 Materials and methods
2.1 Retrieval of target protein sequence

The protein sequence of LdAMAcP was retrieved from
UniProtKB (ID: A0A075IPV3) in FASTA format to identify
potential epitopes for designing a multi-epitope based chimeric
vaccine. The protein antigenicity was assessed considering the
parasite as a target organism with a threshold value of 0.4 on
VaxiJen v2.0 (http://www.ddg-pharmfac.net/vaxijen/VaxiJen/
VaxiJen.html) web server. Additionally, its allergenicity,
exomembrane topology, and various physicochemical properties
were analyzed with the help of online tools such as AllerTOP v. 2.0
(https://www.ddg-pharmfac.net/AllerTOP/), TMHMM v0.2
(http://www.cbs.dtu.dk/servicess TMHMM/), and ExPASy
ProtParam (https://web.expasy.org/protparam/), respectively.

2.2 Prediction and assessment of
T-cell epitopes

The sequence-based screening server, NetCTL v1.2 (http://
www.cbs.dtu.dk/services/NetCTL/), was utilized to find CTL
epitopes from LdMACP protein for all 12 MHC-I supertypes. All
the 12 MHC-I supertypes were included in the study to cover a
diverse range of MHC-I alleles that are prevalent across various
populations. The threshold value of 0.75, with corresponding
sensitivity and precision of 0.80 and 0.97, was used for the
prediction. All other parameters were set to default to provide
optimal predictive performance. Afterward, the consensus method
of IEDB class I MHC binding prediction online tool (http://
tools.iedb.org/mhci/) was applied to identify both types of
frequent and non-frequent class I MHC binding alleles taking <2
percentile rank under consideration as lower percentile ranks
indicate high binding affinity of epitopes for alleles. For these
alleles, human was taken into account as the source species.
Finally, the epitopes that not only met this threshold but also
interacted with at least 3 different MHC-I alleles were considered
for subsequent analysis. Simultaneously, the NN_Align method of
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FIGURE 1

Schematic representation of multi-epitope vaccine designing from Leishmania donovani membrane-bound acid phosphatase (LdMACP) and its

validation in mammalian macrophages.

IEDB web database (http://tools.iedb.org/mhcii/) was used to find
out MHC-II restricted 15-mer long HTL epitopes by considering an
IC50 value of <20 nm and a percentile rank of <2 that indicate a
higher binding affinity for HTL epitopes.

The predicted CTL and HTL epitopes were further examined to
select the best epitopes based on their essential features, such as
antigenicity, non-allergenicity, and toxicity, by VaxiJen v2.0,
AllerTOP v. 2.0, and ToxinPred server (http://crdd.osdd.net/raghava/
toxinpred/), respectively. Additionally, the immunogenicity of screened
CTL epitopes was predicted using the MHC-I immunogenicity tool of
IEDB (http://tools.iedb.org/immunogenicity/). As IFN-y stimulates
macrophages and natural killer cells to provide a selective response to
MHC antigens in innate and acquired immune responses, the predicted
HTL epitopes were submitted to the IFNepitope web server (http://
crdd.osdd.net/raghava/ifnepitope/) for determination of their ability to
induce IFN-y production. The Support Vector Machine (SVM) and
motif-based hybrid approach were employed with standard parameters
for segregation into IFN-y and non-IFN-y inducing epitopes.

2.3 ldentification and selection of linear
B-lymphocyte (LBL) epitopes

The LBL epitopes were identified from LdAMACP sequence
through ABCpred (http://crdd.osdd.net/raghava/abcpred/) and
BepiPred (https://services.healthtech.dtu.dk/service.php?BepiPred-
2.0) servers, considering 0.5 as the standard threshold value.
Epitopes common to both tools were further investigated for
other properties, including transmembrane topology, antigenicity,
non-allergenicity, and non-toxicity. Afterward, the protein
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sequence was subjected to Emini surface accessibility, Chou and
Fasman beta-turn, Parker hydrophilicity, and Karplus and Schulz
flexibility prediction methods in IEDB (http://tools.iedb.org/bcell/)
to analyze various parameters of selected epitopes. A Default
threshold value with a window size of 7 amino acids was used for
all four prediction methods, except Emini surface accessibility, in
which 6 amino acids were considered.

2.4 Prediction of population coverage and
cross-reactivity assessment

The population coverage tool of IEDB analysis resource (http://
tools.iedb.org/population/) was implemented for the determination
of the population coverage in countries with high rates of visceral
leishmaniasis; hence, T-cell epitopes with respective HLA alleles were
contemplated. In addition, selected CTL, HTL, and LBL epitopes
were submitted to the Multiple Peptide Match tool of Protein
Information Resource (https://research.bioinformatics.udel.edu/
peptidematch/batchpeptidematch.jsp) to assess the similarities
between selected epitopes and the human proteome.

2.5 Designing and characterization of
vaccine construct

The multi-epitope based chimeric vaccine (LAMAPV) was
formulated by conjugating the selected CTL, HTL, and LBL
epitopes with AAY and GDGDG linkers. Moreover, synthetic
peptide RS-09 (APPHALS), a TLR4 agonist, was chosen here as an
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adjuvant and incorporated at the N-terminus of the vaccine candidate
associated with the first CTL epitope through the EAAAK linker. To
access the antigenicity and non-allergenicity of LIMAPV sequence,
the corresponding Vaxijen v2.0 and AllerTOP v2.0 prediction tools
were used. For further confirmation of allergenic property with high
accuracy, the AllergenFP v1.0 (http://ddg-pharmfac.net/AllergenFP/)
server was utilized. In addition, the toxicity of the designed LAMAPV
was checked by the ToxinPred server. Simultaneously, an assessment
of different physicochemical characteristics of the LAIMAPV construct
was done by the ExPASy ProtParam server. Protein-Sol (https://
protein-sol.manchester.ac.uk/) and SOLpro (https://
scratch.proteomics.ics.uci.edu/) servers were also employed to
estimate the solubility of LAMAPV after overexpression in E. coli.
Moreover, the solvent-accessible feature of LAMAPV was analyzed
using the RaptorX Property server (http://raptorx.uchicago.edu/
StructurePropertyPred/predict/).

2.6 Structure prediction and
validation of LdMAPV

The percentage of secondary structural contents of LAIMAPV
was computed through the PsiPred 4.0 server (http://
bioinf.cs.ucl.ac.uk/psipred/) and PDBsum (http://www.ebi.ac.uk/
thornton-srv/databases/cgi-bin/pdbsum/GetPage.pl?
pdbcode=index.html), keeping all the parameters at default. The
three-dimensional structure of LIMAPV was generated employing
threading and ab initio approaches through the Iterative Threading
Assembly Refinement (I-TASSER) online server (https://
zhanggroup.org/I-TASSER/). Furthermore, for improvement
in the predicted 3D model, the selected LAMAPV structure
was submitted to a two-step model refinement proedure
through GalaxyLoop and GalaxyRefine on the GalaxyWEB server
(https://galaxy.seoklab.org/index.html). Successively, Procheck
(https://servicesn.mbi.ucla.edu/PROCHECK/), ProSAweb (https://
prosa.services.came.sbg.ac.at/prosa.php), and ERRAT (https://
servicesn.mbi.ucla.edu/ERRAT/) web tools were used for quality
assessment of the modeled structure.

2.7 Discontinuous B-cell
epitope prediction

The discontinuous or conformational B-cell epitopes were
obtained by the Ellipro web-based server (https://tools.iedb.org/
ellipro/help/) by providing a refined and validated 3D model of
LAMAPYV as input with a minimum score of 0.5 and a maximum
distance of 6. It is a structure-based approach and uses modified
Thornton’s method to predict the antibody epitopes.

2.8 Disulfide engineering for
vaccine stability

To enhance the stability of three-dimensional structure of the
vaccine, the web server Disulfide by Design v2.12 (http://
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cptweb.cpt.wayne.edu/DbD2/) was used to generate disulfide
bonds between potential residue pairs. The residue pairs with
energy <2.5 (kcal/mol) and Chi® (X3) between —87 and +97
degrees were considered for disulfide engineering. Further, the
engineered and wild-type LIMAPV were subjected to MD
simulation for analysis of protein stability. All the MD
simulations were executed with the CHARMMS36 force field (27)
of the Linux-based GROMACS 5.1.4 software (28). Protein
solvation was performed by placing these systems in a cubic box
and solvating them with the TIP3P water model (29). After
neutralizing the system with appropriate counter ions, the
steepest descent algorithm was applied to minimize the energy of
the system in 50000 steps. Following the energy minimization step,
each system was subjected to 1 ns of NVT (at 300 K) and NPT (at 1
bar) ensemble equilibration, and then a 100 ns production
simulation was done for all the equilibrated systems.
Consequently, the root mean square deviation (RMSD), root
mean square fluctuation (RMSF), and radius of gyration (Rg)
were calculated employing the production simulation data, as
mentioned earlier (30).

2.9 Interaction analysis of
vaccine-TLR complexes

One of the in silico approaches applied to estimate the binding
affinity and interaction pattern between receptor and ligand in the
complex is molecular docking. Hence, the crystal structures of the
TLR4/MD2 complex (PDB ID: 3FXI) and TLR2 (PDB ID: 2Z7X)
were obtained from the Protein Data Bank (https://www.rcsb.org/).
The protein-protein docking server ClusPro 2.0 (https://
cluspro.bu.edu/login.php) was used to perform molecular docking
between the modeled LIMAPYV structure as a ligand and the TLRs
as receptors with default settings. Afterward, based on the best
docking pose, a docked complex was selected for visualization and
downstream processing. Further, their binding energy (AG) was
calculated using the PRODIGY web server (https://
wenmr.science.uu.nl/prodigy/). Subsequently, the interacting
residues between LAMAPV and TLRs were examined through
PDBsum. After analysis, apo and complex forms of LdMAPV
were subjected to MD simulations of 100 ns, followed by the
enumeration of RMSD, RMSF, Rg, solvent accessible surface area
(SASA), and hydrogen bonds. Furthermore, simulation trajectories
were examined and visualized at every 25 ns time interval through
Pymol (https://pymol.org/2/). In addition, the secondary structural
changes in the LAMAPV model were analyzed using the Define
Secondary Structure of Protein (DSSP) program (31).

2.10 Normal mode analysis of
docking complex

The iMODS server (https://imods.igfr.csic.es/) was utilized to
evaluate the deformability and residue mobility in the protein
structure. To assess the protein stability, iMODS uses normal
mode analysis (NMA) to calculate the internal dihedral
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coordinates. The output deformability plot indicates protein
flexibility, while the B-factor demonstrates atomic deformation
from its equilibrium structure. The eigenvalue represents the
rigidity of molecular motion that defines the stability of the
protein, and a high score denotes much harder distortion.

2.11 Immune simulation of the designed
vaccine candidate

The in silico immune response generation by LAIMAPV was
predicted using the C-ImmSim server (https://150.146.2.1/C-
IMMSIM/index.php?page=1). This server utilizes the Celada-
Seiden model to define the humoral as well as cell-mediated
immune response of a mammalian immune system against a
constructed vaccine. The immune simulation was performed with
default parameters, including a random seed of 12345, a simulation
volume of 10 pl, simulation steps of 100, and the vaccine injection
without LPS. Simultaneously, the obtained result was compared to
immune simulation data for L. chagasi A2 immunogenic protein
(Accession No. GQ290460) as a reference.

2.12 Gene synthesis, cloning
and purification

Java Codon Adaptation Tool (JCat) (http://www.jcat.de) was
employed to obtain optimized codons along with its codon
adaptation index (CAI) value and GC content for the
determination of optimal expression level in the E. coli K-12
strain. The codon-optimized sequence of the designed multi-
epitope vaccine was synthesized from GenScript Biotech Co. into
the pUC57 cloning vector. The construct was digested with BamHI
and HindIII and then inserted into the pET-28a expression vector
using the same restriction sites. The recombinant plasmid was then
transformed into BL21(DE3) pLys strain and cultured in LB broth
supplemented with kanamycin (50 pg/ml) and chloramphenicol (34
ug/ml) at 37°C overnight in a shaking incubator. After transferring
the 1% starter culture to LB broth with appropriate antibiotics, the
culture was incubated at 37°C until the ODgyonpm reached 0.5-0.6,
followed by induction using 0.1-1 mM IPTG for 4 hours at 37°C.
The induced cells were centrifuged, and then the pellet was
resuspended in lysis buffer [50 mM HEPES pH 7.0, 300 mM KCl,
2 mM [B-mercaptoethanol (B-ME), 0.5% N-lauroylsarcosine, 1 mM
phenylmethylsulfonyl fluoride (PMSF), and 25 mM imidazole], and
sonicated for 15 min with a cycle of 10 s pulse and 20 s pause. The
sonicated sample was centrifuged, filtered, and kept for binding to
pre-equilibrated Ni-NTA beads at 4°C for 1 hour. The column was
washed with 30-75 mM imidazole to remove non-specific proteins,
and the desired protein was eluted with 150-500 mM imidazole. The
protein purity was examined on 12% SDS-PAGE, whereas the
protein concentration was estimated using NanoDrop 2000c.
Furthermore, western blotting was performed to confirm the
band of vaccine protein observed on SDS-PAGE. The bands were
electro-transferred onto nitrocellulose membrane, and then the
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membrane was blocked using 5% (w/v) skim milk in 1X TBS
containing 0.1% Tween-20 (TBST) for 1 hour at room
temperature, followed by washing with 1X TBST. Next, the
membrane was incubated with HRP-conjugated His-tag
monoclonal antibody (Cell Signalling Technology) at 1:5000
dilution for 1 hour at room temperature. After washing three
times with 1X TBST, bands were visualized employing ECL
Prime Detection Reagent (GE Healthcare) following the
manufacturer’s instructions.

2.13 Mouse and human cell lines

The RAW264.7 murine macrophage and THP-1 human
monocyte cell lines were kind gifts from Dr. Nooruddin Khan
(University of Hyderabad, Hyderabad, India). RAW264.7 and
THP-1 monocytes were distinctly grown in Dulbecco’s Modified
Eagle Medium (DMEM) and Rosewell Park Memorial Institute
(RPMI)-1640 with penicillin-streptomycin and 10% Fetal Bovine
Serum (FBS). These cell lines were maintained in an incubator at a
temperature of 37°C and 5% CO,.

2.14 Assessment of cytotoxicity and
NO production

The purified LIMAPV was treated with polymyxin B to chelate
LPS contamination. THP-1 monocytes were incubated with 10 ng/
ml of Phorbol 12-Myriatate 13-Acetate (PMA, Sigma-Aldrich) for
12 hours, followed by 24 hours in fresh RPMI media. Macrophages
were seeded in a 96-well culture plate, and various concentrations
(0.5,1,2,5, 10, and 20 pug/ml) of purified vaccine along with 1 ug/ml
of lipopolysaccharide (LPS) and 10 ug/ml of L. donovani 6-
phosphogluconate dehydrogenase (Ld6PGDH) were added and
kept for 24 and 48 hours. Subsequently, the MTT assay was
performed to assess the cytotoxic effect of LAIMAPV on
macrophages, as described earlier (32). Further, the level of nitric
oxide (NO) in murine macrophages (RAW264.7) upon treatment of
LAMAPV was estimated utilizing the Griess reagent, as mentioned
previously (33) with slight alterations. The absorbance was
measured at 570 nm, and the nitrite content of the samples was
calculated employing a standard curve of known concentrations (0-
100 uM) of sodium nitrite.

2.15 Measurement of LdAMAPV
induced cytokines

RAW264.7 and THP-1 macrophages (1x10° cells per well) were
seeded in a flat-bottom 96-well culture plate, and culture
supernatant was collected at 24 and 48 hours after stimulation
with different concentrations of LAMAPV, Ld6PGDH, and
lipopolysaccharide. Various cytokines, including TNF-o, IL-1f,
IL-6, IL-10, and IL-12, were assessed through sandwich ELISA
following the manufacturer’s instructions (BD Pharmingen).
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Briefly, 96-well plates were coated with the respective primary
antibodies and incubated at 4°C overnight. Thereafter, plates were
gently washed using Phosphate Buffer Saline with 0.5% Tween-20
(PBST) for 4-5 times, followed by incubation with 10% FBS for 1
hour to prevent non-specific interactions. Additionally,
corresponding standards of cytokines were diluted in the range
of 0.3-2.0 ng/ml and dispensed to the corresponding
plate. Concurrently, the culture supernatant of vaccine-treated
macrophages was also added and incubated at 4°C overnight.
Next, plates were washed, and horseradish peroxidase (HRP)-
conjugated specific secondary antibodies were added and kept at
room temperature for 1 hour, followed by the addition of the
substrate and incubation for 30 min. After that, plates were washed
with PBST, succeeded by detection through the TMB substrate
using a multimode reader (Tecan Spark) at a wavelength of 450 nm.

3 Results

3.1 Preliminary analysis of
LdMACP sequence

The amino acid sequence of LAMAcP was obtained from the
UniProtKB database that contains 315 amino acids with a
molecular weight of 35.17 kDa. Notably, the result of BLASTp
suggested no significant homology with human proteins.
Concurrently, the TMHMM v2.0 server projected the location of
this protein outside of the cell membrane, which makes it easily
accessible to humoral and cellular immune responses. Furthermore,
the antigenicity analysis showed it as a probable antigen with a value
of 0.5308, and AllerTOP v.2.0 projected it to be a non-allergen.

3.2 Prediction and successive selection of
cytotoxic T-lymphocyte epitopes

CTL epitopes were predicted from LdAMACP protein using a
two-stage screening process. In total, 146 CTL epitopes (9-mer)
were identified from all the 12 supertypes of Class I MHC using the
NetCTL1.2 server. Subsequent evaluation revealed that only 24
epitopes were antigenic, immunogenic, and non-toxic, which was
further reduced to 13 by analyzing their non-allergic potential.
Afterward, these epitopes were evaluated based on better binding
affinities towards human alleles, and epitopes interacting with at
least 3 MHC-I alleles were considered for downstream processing.
Among these epitopes, only six epitopes (ATAFLRGLF,
FQDDYFYPV, RVLAAALLV, LYAALNPVI, IRVLAAALL, and
GRLDNATNL) showed the desired binding affinity with the
human alleles (Table 1). Finally, only four epitopes
(ATAFLRGLF, FQDDYFYPV, RVLAAALLV, and GRLDNATNL)
were selected for vaccine construction as LYAALNPVTI overlapped
with one of the chosen helper T-cell epitopes. The IRVLAAALL
epitope was not preferred for vaccine construction because it
coincided with another epitope (RVLAAALLV) and also covered
a lesser population due to binding with fewer alleles.
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3.3 Helper T-lymphocyte prediction and
selection of IFN-y inducing epitopes

In total, seventy-nine unique 15-mer-long HTL epitopes were
identified with their respective MHC-II binding molecules, of which
17 were found to be non-allergenic, antigenic, and non-toxic. Out of 17
epitopes, 9 HTL epitopes showed IFN-vy cytokine eliciting ability, and
subsequently, four epitopes (NPALYAALNPVIDEH, HTQRTIQ
SATAFLRG, LVAAAVSVDARLVVR, and YNSSLVYTRSTHTQR)
were chosen for vaccine construction (Table 2). The epitopes
LVAAAVSVDARLVVR and YNSSLVYTRSTHTQR were
selectedfrom the respective overlapping HTL epitopes,
AAAVSVDARLVVRMYV and SSLVYTRSTHTQRTYI, as the preferred
epitopes provided higher antigenicity to the proposed vaccine
candidate as compared to other screened HTL epitopes. However,
ASKLIRVLAAALLVA, SKLIRVLAAALLVAA, and MASKLIRVL
AAALLV were not considered for vaccine construction as they
overlapped with the selected CTL epitope (RVLAAALLV).

3.4 Linear B-lymphocyte prediction

The LBL epitopes from LdMACcP were predicted through the
ABCpred server, and 28 (16-mer) epitopes were found with a score of
0.5 or higher. Subsequent analysis with BepiPred assisted in the
selection of 14 epitopes that were common on both servers. Further
studies revealed that only three epitopes possessed exomembranic,
antigenic, and non-allergenic properties (Table 3). Based on the
predicted surface accessibility, hydrophilicity, flexibility, and beta-
turn of these three epitopes, two of them (AWIEGLCTDENARTSC
and LSLVESPLFPSTQYNS) had all of the desired properties by
exceeding their respective threshold values of 1.0, 0.819, 0.977, and
0.944 (Figures 2A-D). Thus, the presence of two linear B-cell
epitopes, “AWIEGLCTDENARTSC” and “LSLVESPLFPSTQYNS,”
in the vaccine protein could help to generate the strong neutralizing
antibodies against the leishmanial parasites.

3.5 Similarity and population coverage
analysis of selected epitopes

In order to prevent auto-immunity, the selected T- and B-cell
epitopes on the designed vaccine should not display any similarity
with human proteins (34); hence cross-reaction evaluation is an
important feature to be considered during vaccine designing. Cross-
reactive analysis of epitopes in reference to human proteome
delineated that all the preferred epitopes didn’t show significant
homology with host proteins, advocating no cross-reactivity for
normal human cells. Coverage of the maximum allele population
makes a vaccine candidate more effective, so population coverage
was estimated for the chosen T-cell epitopes and their
corresponding HLA alleles. When HTL and CTL epitopes were
put together, they covered 96.56% of the world’s population. India
had the highest coverage at 98.27%, ahead of Italy (96.15%) and
Sudan (93.63%) (Figure 2E). The findings firmly established that the
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TABLE 1 Prediction of Cytotoxic T-lymphocyte (CTL) epitopes from LdMACcP.

CTL epitopes

Antigenicity

Allergenicity

Immunogenicity Binding allele Toxicity

ATAFLRGLF Antigen Non-allergen

FQDDYFYPV Antigen Non-allergen

RVLAAALLV Antigen Non-allergen

LYAALNPVI Antigen Non-allergen

HLA-A*26:01
HLA-A*32:01
HLA-A*30:02

0.19054 Non-Toxic

0.12652 HLA-A*02:06
HLA-A*02:01
HLA-B*39:01
HLA-C*08:02
HLA-C*12:03
HLA-A*01:01

Non-Toxic

0.09486 HLA-A*02:06
HLA-C*15:02
HLA-E*01:01

HLA-A*30:01

Non-toxic

0.04994 HLA-A*24:02
HLA-A*23:01

HLA-C*14:02

Non-toxic

IRVLAAALL Antigen Non-allergen

0.10371 HLA-B*27:05
HLA-B*39:01

HLA-B*38:01

Non-toxic

GRLDNATNL Antigen Non-allergen

proposed vaccine construct could aid in the fight against VL in most
of the affected countries worldwide.

3.6 Multi-epitope vaccine construction
and characterization

The selected epitopes were joined employing particular linker
sequences to design a vaccine construct (LdMAPV). In total, the
final vaccine construct consisted of 179 amino acids encompassing
10 epitopes (4 CTL, 4 HTL, and 2 LBL) that were combined through
AAY and GDGDG linkers. The AAY linker enhances
immunogenicity of the multi-epitope vaccine (35), while the
GDGDG linker aids in the expression of the multi-epitope
vaccine by virtue of their flexible (Gly) and hydrophilic (Asp)

TABLE 2 Helper T-lymphocyte (HTL) epitopes prediction from LdMACcP.

HTL epitopes

Antigenicity

Allergenicity

0.07823 HLA-B*27:05
HLA-C*06:02

HLA-B*38:01

Non-toxic

amino acid composition (36). The administration of TLR agonists
as adjuvants within vaccine candidates are reported to induce
strong T-cell and antibody-mediated responses (37), hence the N-
terminus was appended with a TLR-4 agonist as adjuvant, i.e., RS-
09 (APPHALS), using a rigid linker (EAAAK). This linker
maintains an optimal distance between functional components of
the vaccine to improve stability and preserve their unique function.
Moreover, when incorporating an adjuvant, it’s advisable to
position the EAAAK linker right after the adjuvant sequence (38).
Altogether, the designed vaccine comprised of an adjuvant, followed
by 4 CTL, 4 HTL, and 2 B-cell epitopes (Figure 3A). The
antigenicity analysis of LIMAPV exhibited it as highly antigenic
with a score of 0.9551 on the VaxiJen v2.0 server, whereas it was also
found to be non-allergenic on both servers (AllerTOP v.2 and
AllergenFP). Simultaneously, other physiochemical characteristics

Binding allele IFN-y

inducer

Toxicity

NPALYAALNPVIDEH Antigen Non-allergen HLA-DRB1*10:01 Positive Non- toxic
AAAVSVDARLVVRMV Antigen Non-allergen HLA-DRB1*03:01 Positive Non- toxic
HTQRTIQSATAFLRG Antigen Non-allergen HLA-DRB5*01:01 Positive Non- toxic
LVAAAVSVDARLVVR Antigen Non-allergen HLA-DRB1*03:01 Positive Non- toxic
ASKLIRVLAAALLVA Antigen Non-allergen HLA-DRB1*15:01 Positive Non- toxic
SKLIRVLAAALLVAA Antigen Non-allergen HLA-DRB1*15:01 Positive Non- toxic
MASKLIRVLAAALLV Antigen Non-allergen HLA-DRB1*15:01 Positive Non- toxic
SSLVYTRSTHTQRTI Antigen Non-allergen HLA-DRB1*07:01 Positive Non-toxic
YNSSLVYTRSTHTQR Antigen Non-allergen HLA-DRB1*07:01 Positive Non-toxic
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TABLE 3 Assessment of linear B-lymphocyte (LBL) epitopes from LdMAcP.

B-cell epitopes Bepi 2 Transmembrane topology Antigenicity Allergenicity Toxicity
AWIEGLCTDFNARTSC Yes Outside Antigen Non-allergen ‘ Non-toxic
LSLVESPLFPSTQYNS ‘ Yes ‘ Outside Antigen ‘ Non-allergen ‘ Non-toxic
ALLVAAAVSVDARLVV No Outside Antigen Non-allergen ‘ Non-toxic
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(A) Emini surface accessibility, (B) Karplus and Schulz flexibility, (C) Parker hydrophilicity and (D) Chou and Fasman beta-turn prediction of selected LBL
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Sol, where R and T correspondingly delineate the reference protein and designed vaccine protein. (C) Modelled three-dimensional structure of the
multi-epitope vaccine showing a-helices (cyan) and random coils (beige). (D) Ramachandran plot indicating the presence of amino acids in favoured,
allowed and disallowed region. (E) ProSA-web validation presenting Z-score of predicted 3D structure. (F) ERRAT plot of the vaccine construct.
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of LAMAPV were also assessed using Expasy ProtParam. The
molecular weight of LIMAPV was enumerated to be 18.6 kDa,
possessing a chemical formula of Cg17H;543N53;0,6;S;. It consisted
of 22 negatively and 11 positively charged residues with a theoretical
pl of 4.46, indicating its negatively charged nature under
physiological conditions. The respective computed instability and
aliphatic index were observed to be 30.33 and 79.22, which classified

Frontiers in Immunology

this construct as a stable and highly thermostable protein. The
estimated half-life was 4.4 hours in vitro, while it was greater than
20 and 10 hours in yeast and Escherichia coli, respectively,
highlighting its stability in the in vivo system. Additionally, the
GRAVY value of LAMAPV was observed to be —0.149 that
delineates the vaccine as hydrophilic in nature and having better
contacts with water molecules. The predicted solubility scores of
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this construct by Protein-sol and SOLPro were 0.58 (Figure 3B) and
0.95, respectively (Table 4), which revealed its solubility when
overexpressed in the E. coli system. Furthermore, RaptorX solvent
accessibility analysis revealed that 35% of residues were exposed,
32% were medium exposed, and 33% were buried. However, only
some residues (4%) were observed in the disordered domains.

3.7 Structural features of the designed
vaccine candidate

The secondary structure of LAMAPV was predicted using
PSIPRED v4.0 and the PDBsum online server. PSIPRED v4.0
suggested the presence of 43.02% alpha-helix, 4.47% extended
strands, and 52.51% random coils (Figure S1A). It also contains
44.13% nonpolar residues, 27.37% polar, 17.88% hydrophobic, and
10.62% aromatic plus cysteine (Figure S1B). On the other hand, the
PDBsum web server that predicts secondary structural content
based on the 3D structure of proteins revealed that 45.81% and
51.96% of residues participate in the construction of the
corresponding alpha helix and random coil, while only 2.23%
formed the beta-strand (Table 5). Using the top ten threading
templates that exhibited alignment to the primary sequence of
LAMAPV, the top five 3D structures of LAMAPV were generated
by the I-TASSER web server. The confidence score (C-score) is an
essential factor to measure the quality of a model, and its higher
value ensures a better quality of the generated structure. The C-
score values for five predicted models were in the range of -5 to
-3.49, wherein the model with a C-score of -4.94 was chosen for

TABLE 4 Physicochemical parameters of the multi-epitope vaccine
construct.

Parameter Value Comments
Number of amino acids 179 Suitable
Molecular weight 18.6 kDa Average
Theoretical pI 4.46 Acidic
Instability index 30.33 Stable
Aliphatic index 79.22 Thermo-stable
GRAVY -0.149 Hydrophilic
Solubility 0.58 and 0.95 Soluble
Estimated half-life in yeast >20 hrs Satisfactory
Estimated half-life in E.coli >10 hrs Satisfactory

TABLE 5 The secondary structural contents of the vaccine construct.

10.3389/fimmu.2023.1269774

further refinement due to the presence of lower proportion of
residues in the disallowed region of the Ramachandran plot. The
generated vaccine structure was refined using the GalaxyRefine
server (Figure 3C), followed by validation through the
Ramachandran plot, which displayed 90.5%, 8.8%, and 0.7% in
the most favored, additionally allowed, and generously allowed
regions, respectively. Notably, no residues were observed in the
disallowed region (Figure 3D). Furthermore, ProSA-web and
ERRAT servers were utilized to determine the quality and
inevitable potential errors, respectively. ProSA-web enumerated a
Z-score of -5.96 for the refined 3D model (Figure 3E), which falls in
the range of generally found native proteins of similar size. It also
showed an overall quality factor of 83.04% in the ERRAT server
(Figure 3F) that altogether validated the refined LAMAPV model.

3.8 Screening of discontinuous
B-cell epitopes

A total of four discontinuous (conformational) B-cell epitopes
of various lengths were obtained from the validated 3D structure of
LAMAPYV with acceptable scores. The top-scoring epitope was seven
amino acids long containing the residues G98, D99, G100, D101,
G102, H103, and Q105. It had a Protrusion Index (PI) value of 0.72,
which refers to the presence of 72% residues in the ellipsoid
region (Table 6).

3.9 In silico disulfide engineering for
vaccine stability

Twenty-one pairs of amino acids were observed to be capable of
forming a disulfide bond during the disulfide engineering of
LAMAPYV. Nevertheless, only two pairs of amino acids were
ultimately chosen after analyzing the %’ angle and the energy
score, as their values fulfilled the requisite. Therefore, four
mutations on the residue pairs Lysl2 - Ala42 and Leull5 -
Ser165 were generated (Figures 4A, B) with > angles of -81.74
and -70.83 and energy scores of 1.79 and 2.17 kcal/mol, respectively.
Additionally, the antigenic and allergenic properties of disulfide
engineered LAMAPV were also assessed and compared with the apo
vaccine (Table S1). An antigenicity of 0.9658 and a non-allergenic
nature were found for the disulfide-engineered LdAMAPV.
Moreover, Protein-Sol and SOLpro projected a respective
solubility score of 0.591 and 0.9593 for the mutated LdMAPV.
These outcomes suggested a comparatively more antigenic and

Features PsiPred server PDBSum

Amino acids Percentage Amino acids Percentage
Alpha-helix 77 43.02 82 45.81
Beta strand 8 4.47 4 2.23
Random coil 94 52.51 93 51.96
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TABLE 6 Conformational B-cell epitopes from vaccine protein using
Ellipro server.

Residue No. of Pl
residues value

G98, D99, G100, D101, G102, H103, Q105 7 0.72

R18, G19, 120, F21, A22, A23, Y24, F25, Q26, D27, 37 0.696

D28, Y29, F30, A40, R50, L51, D52, N53, A54, N56,

L57, G58, D59, G60, D61, G62, N63, P64, A65, L66,

A68, A69, N71, P72, D75, E76, G78

Al, P2, P3, H4, A5, L6, S7, E8, Y36 9 0.673

R116, G117, G118, D119, G120, D121, G122, Y123, 48 0.667

N124, R131, S132, T133, H134, T135, Q136, R137,

G138, D139, G140, D141, G142, A143, W144, 1145,
C149, T150, D151, F152, N153, A154, R155, T156,

§157, C158, G159, D160, G161, D162, L164, V167,

El68, L171, F172, S174, T175, Y177, N178, S179

soluble nature of mutated LIMAPYV than its apo form. In addition,
molecular dynamic simulations were carried out for the apo and
mutated vaccine proteins. Comparison of RMSD data revealed that
the respective average RMSD values for LAMAPYV in its apo and
mutated forms were 0.84 and 0.54 nm (Figure 4C), suggesting the
mutated form of the vaccine to be significantly more stable than the
apo form. Further, the protein structure compactness was analyzed
using the Rg graph (Figure 4D) and the mutated form was found
more compact than the apo one, with an average Rg value of 1.68
nm. The root mean square fluctuation (RMSF) of individual
residues was also determined in each case to examine residual
mobility (Figures 4E, F). The mean RMSF values of backbone atoms
for the apo and mutated forms were 0.42 and 0.27 nm, respectively,
showing reduction in backbone fluctuation among the residues of
the disulfide mutated form compared to the apo LAMAPV.

3.10 Molecular docking of LdMAPV with
TLR receptors

Toll-like receptors (TLRs) are known to localize on the cell
surface and induce a cascade of immune responses when activated
by the vaccine. Hence, molecular docking was carried out to
investigate the binding affinity between the designed LdAMAPV
and TLRs (TLR2 and TLR4/MD2). Out of the resulting 30
clusters, the one that was docked into the receptor cavity with the
lowest energy score was subjected to downstream processing. The
lowest energy score of the LAIMAPV-TLR2 complex was -875.7,
while it was -891.3 for the LdAMAPV-TLR4/MD2 complex. The
number of residues involved at the complex interface for LAIMAPV
and TLR2 was 29 and 42, respectively, while their corresponding
interface areas were 1827 and 1690 A% The binding force analysis
identified 304 nonbonded contacts, 27 hydrogen bonds, and 15 salt
bridges in the LIMAPV-TLR2 complex (Figure 5A). Concurrently,
the total corresponding residues observed for LIMAPV and TLR4/
MD?2 interface were 28 and 35 in the LdMAPV-TLR4/MD2
complex. Among the 35 residues, 11 (Lys699, GIn700, Tyr702,
Lys718, Val720, Arg723, Ser768, Pro769, Glu770, Glu771, and

Frontiers in Immunology

11

10.3389/fimmu.2023.1269774

Met772) were from the MD2 co-receptor. The interface areas
possessed by LAMAPV and TLR4/MD2 were 1844 and 1737 A2,
respectively, whereas the complex contained 199 nonbonded
contacts, 9 salt bridges, and 19 hydrogen bonds (Figure 5B).
These findings highlighted the proposed vaccine candidate’s
strong affinity for human toll-like receptors. Further, the selected
docked conformations were used for the enumeration of binding
affinity or Gibbs free energy (AG) and dissociation constant (Kg). At
25°C, the AG values for LAMAPV-TLR2 and LAMAPV-TLR4/MD2
complexes were computed to be -19 and -15.2 kcal/mol with K4
values of 1.2 x 10™* and 6.8 x 107> M, respectively (Table 7).
Simultaneously, the number of interfacial contacts (ICs) per
property was calculated within the default distance of 5.5 A.
There were 36 charged-charged, 0 polar-polar, and 20 apolar-
apolar interfacial contacts observed in the LdAMAPV-TLR2
complex, while for the LIMAPV-TLR4/MD2 complex, the
corresponding charged-charged, polar-polar, and apolar-apolar
ICs were enumerated as 29, 7, and 25, suggesting the hydrophilic
nature of most of the interfacial contacts.

3.11 Conformational stability of docked
complexes by MD simulation

The stability of LAIMAPV structure before and after the
establishment of contact with TLR2 and TLR4/MD?2 was analyzed
through the comparison of RMSD, Rg, RMSF, H-bond, and SASA
of LAMAPYV in apo and complex forms (Table S2). The average
RMSD of LAMAPYV in the apo form and complex with TLR2 and
TLR4/MD2 was 0.842, 0.78, and 0.628 nm, respectively. As evident
from the plot, the complex form of LIMAPV attained a lower
deviation value than the apo form, inferring that the complexes
were structurally more stable than the apo form (Figure 6A).
Succeedingly, the compactness of LAMAPV structure was
analyzed using the Rg graph, where apo LAMAPV and its
complex states (LAMAPV-TLR2 and LdAMAPV-TLR4/MD2) were
found to be stable with no obvious structural expansion or
contraction, with corresponding average Rg values of 1.874, 1.885,
and 1.812. The least and steadiest Rg was observed for the
LAMAPV-TLR4/MD2 complex that suggests more compactness
of protein inside the TLR4/MD2 receptor pocket (Figure 6B).
Although the Rg mean value for vaccine protein in the LIMAPV-
TLR2 complex was comparatively higher, it remained stable
(ranging from 1.55 to 2.03 nm) throughout the simulation period.
The RMSF graph was also employed in order to assess the flexibility
of amino acids in a protein structure. The average RMSF values for
apo LAMAPV and its complex with TLR2 and TLR4/MD2 were
0.42, 0.36, and 0.26 nm, respectively, which indicated fluctuation of
vaccine structure in the complex states was lower than the free-state
(Figure 6C). The interacting vaccine residues with the receptor
molecule displayed a lower RMSF value (Figures 6E, G) that
signified the vaccine-TLR interface stability during the dynamics.

Moreover, the stability of complexes was evaluated by
enumerating the hydrogen bonds between receptor and ligand
molecules. The average number of hydrogen bonds was found to
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protein after 100 ns of simulation. (F) Comparison of RMSF graph for residues mutated for disulfide engineering.

be 7 and 15 in the vaccine complexes with TLR2 and TLR4/MD2
receptors, respectively. Also, LAIMAPV-TLR4/MD2 had the most
hydrogen bonds that stayed in place during dynamics (Figures 6F,
H) and made a big difference in the close binding of the vaccine to
the TLR4/MD2 receptor. In addition, the calculation of SASA is
widely used to evaluate the alteration in surface accessibility of a
complex to solvent molecules, and the higher value of SASA
represents the expansion of the protein backbone. The respective
average SASA values for LIMAPV-TLR2 and LdMAPV-TLR4/
MD2 complexes were 363.59 and 418.84 nm? (Figure 6D),
suggesting more solvent to be accessed by the LAIMAPV-TLR4/
MD2 complex.
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3.12 Insights into key interactions during
MD Simulations

To further check the constancy of the docked complex,
snapshots were taken at different time frames during the MD
simulations. Visualization of the MD trajectories revealed that the
binding of receptor-ligand remained intact throughout the
simulation period (Figure S2). The vaccine protein also displayed
minimal structural changes in the complex forms, further
supporting the consistency of complexes. The initial trajectory of
the LAIMAPV-TLR2 complex exhibited several salt bridges and
hydrogen bonds between vaccine protein and TLR2. Most of the
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Docking studies of vaccine protein and human toll-like receptors. (A) LJMAPV-TLR2 and (B) LdMAPV-TLR4/MD2 complexes reveal numerous non-
bonded contacts, hydrogen bonds and salt bridges. The structures of LdAMAPV, TLR2 and TLR4/MD2 are in cyan, green and blue cartoon

representation, respectively.

hydrogen bonds were lost during the 25 ns simulation period except
Glul78 and Arg340 of TLR2 and Argl06 and Glul68 of vaccine
protein; however, new inter-chain hydrogen bonds were generated
after 25 to 100 ns. Concurrently, among the 15 salt bridges of the
initial frame, only three between Glul78, Arg340, and Arg486 of
TLR2 and Argl06, Glul68, and Aspl141 of vaccine remained stable
for 25 ns simulation. Notably, the salt bridge between Glul78 of
TLR2 and Argl06 of the vaccine remained stable until the
simulation ended.

Similarly, the initial trajectory of the LAMAPV-TLR4/MD2
complex delineated seventeen hydrogen bonds and seven salt
bridges. The only interaction that lasted until the end of the
simulation was between Arg382 of TLR4/MD2 and Asp141 of the
vaccine. Out of 17 hydrogen bonds, only the one between Arg382 of
TLR4/MD2 and Aspl41 of vaccine continued to be stable till the
end of simulation. However, another hydrogen bond between
Thr37 of TLR4/MD2 and Asp99 of the vaccine protein present at
the 25 ns trajectory was also consistently observed in the remaining
period of simulation.

TABLE 7 Binding affinity analysis of the vaccine-receptor complexes.

Vaccine-receptor

Center energy

Lowest energy

3.13 Secondary structure analysis of each
simulation system

The secondary structural changes of proteins during MD
simulation were observed through DSSP analysis, which exhibited
that the secondary structures of LAMAPYV, including coil, helix, beta
sheets, and turns, nearly stayed unchanged in both apo and complex
forms with slight transitions only (Figure S3). Moreover, the vaccine
structure, where most of the structural elements were in the helix
(residue numbers 105 to 115), remained stable throughout the
simulation. Comparative investigation indicated that the percentage
of the random coil was slightly higher in the complex state of
LAMAPV than in the apo form. The average coil percentages for
vaccine in apo, LAMAPV-TLR2, and LdAMAPV-TLR4/MD2
complexes were 30.1, 31.21, and 32.65, respectively. However, the
percentage of the alpha helix was lower in the complex than in its
apo form, with corresponding average percentages of the helix of
37.59, 31.26, and 31.08 for the apo vaccine, LAMAPV-TLR2, and
LAMAPV-TLR4/MD2 complex.

Binding affinity Dissociation constant

complex score score (@) (Kd)
LAMAPV-TLR2 -854.5 -875.7 -19.0 kcal/mol 12x10"M
LAMAPV-TLR4/MD2 -770.9 -891.3 - 15.2 kcal/mol 6.8 x 102 M
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showing number of hydrogen bonds of LdAMAPV-TLR2 and LdMAPV-TLR4/MD2 complexes during dynamics.

3.14 Normal mode analysis of the
docked complexes

NMA was used to understand the motion and stability of

residues in the protein structures. The peaks of the deformability
plot were marked as the non-rigid portion of the protein. The

Frontiers in Immunology

deformability plot of the vaccine construct displayed some
fluctuations, while very few fluctuations were observed in the
LAMAPV-TLR2 and LdMAPV-TLR4/MD2 complexes (Figures
S4A, D, G) that suggest the stabilization of the complexes.
Additionally, the thermal motion of residues inside the protein is
denoted by a B-factor value that corresponds to the root mean
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square fluctuation (RMSF). The computed B-factors of all the
residues in the apo, LIMAPV-TLR2, and LdMAPV-TLR4/MD2
were below 1.0 (Figures S4B, E, H), implying stabilization of the
protein structures. In addition, the eigenvalue of the LAIMAPV
protein was 2.84924e” °°, whereas it was 7.268381e” *° and
8.999161e” »* for the LIMAPV-TLR2 and LdMAPV-TLR4/MD2
complex, respectively (Figures S5C, F, I). The higher eigenvalue for
complex forms than the apo LIMAPYV indicated that much more
energy is needed to deform its complexes.

3.15 In silico immunogenicity analysis of
vaccine protein

To evaluate the effectiveness of the vaccine candidate, a
comparative immunological simulation study was conducted
using the proposed vaccine candidate and the previously reported
Leishmania chagasi A2 protein sequence as a reference that is
known to induce a potent Th1l immune response against VL (39).
The analysis revealed that after administering the designed vaccine,
the antigen concentration reached around 6.8x 10°/ml and dropped
to zero on day five. After five days following the injection of the
vaccine, a potent antibody response with IgM as the dominant
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immunoglobulin was seen, and after ten days of vaccination, IgM
levels peaked at about 1400 on an arbitrary scale (Figure 7A).
Simultaneously, a long-lasting active B-cell population with a peak
value of 500 cells per mm® was also noted (Figure S5A).

The active T-helper cell population started increasing after three
days of vaccination and reached a maximum of 1000 cells per mm?
after ten days (Figure 7C). The population of activated cytotoxic-T
lymphocytes was found to rise to more than 600 cells per mm?,
which remained stable for the next 30 days (Figure S5C). As
expected, the population of resting cytotoxic-T lymphocytes
rapidly decreased after the first two days of the vaccine injection
that is required to promote the immunological reaction. Following
vaccination, high levels of IFN-gamma (over 400,000 ng/ml) and
interleukin-2 (over 100,000 ng/ml) were also observed. Moreover, a
greater diversity of immune responses was shown by a lower
Simpson index value when compared to the A2 protein (Figures
S5E-F). The increased macrophage activity (around 110 cells per
mm?) was also detected to facilitate the antigen presentation (Figure
S5G). The immunological profile of the A2 protein revealed neither
an antibody response nor an activated cytotoxic-T cell population
(Figures 7B, S5D); however, active B-cell and macrophage
populations were quite similar to those of vaccine protein
(Figures S5B, H). In addition, there was a slight upsurge in IFN-y
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level (over 500,000 ng/ml) in comparison to vaccine protein (Figure
S5F). Furthermore, the active T-helper cell population rapidly
increased in A2 protein as compared to the vaccine protein
(Figure 7D); however, both proteins displayed proportionally
equal persistence of such populations.

3.16 Cloning and purification of
vaccine construct

As vaccine protein needs to be propagated into a bacterial system
for optimal expression, the Java Codon Adaption tool (JCat) was used
to optimize the codon of the vaccine construct sequence. The length
of the optimized codon sequence was found to be 537 nucleotides,
with a codon adaptation index (CAI) of 1.0 and GC content of
57.91%. The calculated CAI and GC content of the optimized
sequence lie within the respective reference ranges of 0.8-1.0 and
30-70%, supporting the higher expression of the vaccine candidate in
the bacterial host. The coding sequence of LdAMAPV was
commercially synthesized, followed by sub-cloning into the pET-
28a expression vector. The clone was confirmed through restriction
digestion and DNA sequencing, which revealed no deletion or point
mutation in the sequence. The confirmed clone was transformed into
BL21(DE3) pLys cells, and then different concentrations of IPTG (0.1,
0.5, and 1 mM) were used to optimize the expression of the
recombinant protein. Analysis of the resulting samples on SDS-
PAGE revealed similar expression levels of the recombinant protein
at all IPTG concentrations (Figure 8A). Subsequently, affinity
chromatography was employed using a Ni**-NTA column to
purify the recombinant protein. Most of the contaminating
proteins were washed away from the column with a buffer
containing 30-75 mM imidazole, whereas vaccine protein was
eluted between 150-500 mM imidazole concentration. Purified

10.3389/fimmu.2023.1269774

protein displayed a single band on SDS-PAGE with a molecular
weight of approximately 22 kDa (Figure 8B), which corresponds to its
projected molecular weight. The purity of the eluted protein was
estimated to be about 95%, as observed on SDS-PAGE. Moreover,
through western blot analysis, the identity of purified vaccine protein
was confirmed as a band of approximately 22 kDa, devoid of any
bacterial protein contaminants (Figure 8C). Finally, protein
concentration was calculated by NanoDrop 2000c employing the
molar extinction coefficient of 18,910 M~ cm ™' and the molecular
weight of 22,037 Da of LIMAPV.

3.17 LdMAPV stimulates nitric
oxide production

The viability of LIMAPV treated macrophages was measured
by the reduction of MTT to formazan. The OD values of vaccine
construct treated cells were observed to be comparable to those of
the untreated cells (Figures S6A-D), delineating that protein didn’t
affect the viability of mammalian macrophages even at the highest
tested concentration, i.e., 20 ug/ml. Nitric oxide plays an essential
function during the invasion of external proteins or pathogens
inside the host cell and also activates inflammation and
pathogenesis by removing the external stimuli or pathogen from
the infection site. As the synthesis of nitric oxide is well defined in
the murine macrophage RAW264.7, LAMAPYV was investigated for
induction of NO production. RAW264.7 cells were treated with
increasing concentrations of purified vaccine, and then culture
supernatant was collected and subjected to assessment of NO
using Griess reagent. Notably, LIMAPV treated cells produced
NO against all the tested concentrations in the range of 10-50 uM
after 24 hrs, which is comparable to that of LPS treated
macrophages, while untreated and Ld6PGDH treated cells showed
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Expression and Purification of multi-epitope vaccine. (A) Expression of multi-epitope vaccine construct using different conc. of IPTG. Lane M
indicates protein marker and Lanes 2-4 designate cells induced with 0.1, 0.5 and 1.0 0 mM of IPTG, while Lane 5 represents uninduced cells.
(B) Purification of multi-epitope vaccine through affinity chromatography and (C) western blot analysis of purified vaccine protein. Lane 1 shows

protein marker, whereas Lane 2 displays purified LdMCPV
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negligible amounts (2-6 uM) of nitric oxide (Figure S6E). This
outcome advocates for NO generation explicitly through LIMAPV
and its role in the defense mechanisms of host cells.

3.18 LdMAPV elicits in vitro
immune response

In order to study the production of cytokines, different
concentrations of vaccine construct were used to elicit RAW264.7
and THP-1 macrophages. Culture supernatant was collected from
unstimulated as well as LAIMAPV, LPS, and Ld6PGDH treated cells,
succeeded by estimation of various cytokines through sandwich
ELISA. The RAW264.7 cells treated with purified LdMAPV
resulted in the production of 0.5 to 1.5 ng of TNF-a. (Figures 9A,
B), whereas 0.5-0.8 ng of IL-1f, and 0.5-0.6 ng of IL-6 were found to
be generated (Figures 9C-F). Notably, IL-10 (Th2 cytokine) was
observed in the range of 0.2-0.6 ng against different concentration of
the vaccine protein (Figures 9G, H). The levels of TNF-o. were
between 0.5 and 0.6 ng up to 2 pg/ml of vaccine protein
stimulation and increased to 1.5 ng with 5 and 10 pg/ml, whereas
IL-1P was found to be increased according to the concentration of
LAMAPV. Similarly, THP-1 macrophages also generated TNF-o, IL-
6, IL-12 and IL-10 cytokines upon elicitation through LAMAPV, with
respective levels as 0.8-1.2, 0.5-0.8, 0.1-0.5, and 0.1-0.25 ng
(Figure 10). The rising amount of IL-12 was observed to be
dependent on the dose of LAMAPV with heightened response by
the cells stimulated for 48 hours, but TNF-o. and IL-6 did not upsurge
corresponding to the increased time or concentration of vaccine
candidate. Moreover, generation of the anti-inflammatory cytokine,
IL-10 was lower than that of the pro-inflammatory ones tested here.
Ld6PGDH did not stimulate the synthesis of any cytokine in the cells,
while LPS induced the production of all the tested ones. Hence, the
enhanced cytokine levels in mammalian cells suggest an in vitro
immune response by the designed vaccine.

4 Discussion

Vaccination is considered to be the most common approach to
preventing infections caused by pathogens. The traditional methods
for developing vaccines are quite costly and arduous, as well as posing
a high risk of failure. Immunoinformatic-directed vaccine
formulation might expedite the process by identifying prospective
epitopes from proteins that can be utilized to construct vaccine
candidates (40). As the multi-epitope vaccines are designed to
enhance the summative effect of cellular, humoral, and innate
immune responses, they possess an edge over the monovalent
candidates/formulations (41). Recently, several attempts have been
made to employ the immunoinformatics approach for designing and
assessing multi-epitope vaccine constructs for leishmanial parasites
(42-46). In this study, a new multi-epitope vaccine candidate has
been proposed from LdMACP that plays a substantial role in parasitic
virulence. It doesn’t show significant similarity with the human
proteome, which suggest an extremely lower possibility of
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triggering the autoimmune response. Remarkably, the LdMAcP
sequence was found to be antigenic and non-allergenic with
appropriate TM helices, indicating that this protein is a good
vaccine candidate against VL. Since both types of immunity, i.e., T-
lymphocyte effector response and long-lasting B-cell memory, are
essential for protection from the parasite (47, 48), four CTL as well as
HTL epitopes were screened based on immunogenic, antigenic, non-
toxic, non-allergenic, and MHC-I and IT binding allele characteristics.
The activation of macrophages is necessary for eradicating the
microorganism in vivo with IFN-y as the main macrophage-
activating factor (49). Notably, all selected HTL epitopes have
presented the ability to induce IFN-y. In addition, the B-cell
epitopes of the designed vaccine candidate could elicit a humoral as
well as a cell-mediated immune response. Nevertheless, previous
studies on leishmanial multi-epitope vaccines were mainly focused on
specific T-cell epitopes and didn’t consider B-cell epitopes for vaccine
development (50, 51). Simultaneously, all the selected epitopes of the
designed vaccine revealed no similarities with the human proteome,
delineating its efficacy to stimulate vigorous immune reactions and
excluding plausible deleterious allergic responses. The selected T-cell
epitopes have shown coverage of more than 90% of Indian and
Sudanese allelic populations, suggesting that the proposed vaccine
could help to fight against VL in most of the affected countries of
the world.

It is crucial to keep the synthetic protein small in size to reduce
the production cost, enable its purification from inclusion bodies,
and avoid toxicity in the host organism (52). Hence, only
ten epitopes were chosen for designing a vaccine where
overlapping epitopes were not included to maximize the total
number of epitopes in the construct without increasing the
length. Moreover, the proposed vaccine delineated a better
immune response than the previously reported multi-epitope
constructs, which were longer but harbored fewer epitopes in
their sequence (42, 43). The screened epitopes were joined to
obtain the vaccine construct through appropriate linker sequences
that facilitate the formation of the natural structure of epitopes with
enhanced folding and stability, leading to an ultimate upsurge in
multi-epitope vaccine recognition. Moreover, RS-09 peptide (a
TLR4 agonist) was incorporated as an adjuvant to the N-terminus
of the designed sequence that binds to TLR4 and stimulates
dendritic cells, resulting in the generation of tumor necrosis
factor-alpha (TNF-0) and interleukin-1 beta (IL-1f) secretion
(53). Further analysis revealed that the vaccine candidate is
antigenic and non-allergenic, suggesting that the meticulously
designed construct might be safe in in vivo assays. The residues of
the epitopic region elucidate distinct secondary structural elements
possessing a-helices predominantly. A three-dimensional structure
of vaccine protein was generated and that presented better quality
than the ones obtained from previously designed multi-epitope
leishmanial vaccines (45, 54, 55). As the conformational stability of
folded proteins depends upon several interactions, including
disulfide bonds (56), disulfide-engineered vaccine protein showed
more physiochemical and structural stability that was further
evidenced by molecular dynamics simulation. Additionally, the
final vaccine construct comprises both linear and discontinuous
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Upregulation of cytokines in murine macrophage. RAW 264.7 macrophages were treated with different concentrations (0.5, 1, 2, 5, and 10 pg/ml) of
LdMAPV for 24 and 48 hrs and then culture supernatant was assessed for TNF-a (A, B), IL-1f (C, D), IL-6 (E, F) and IL-10 (G, H) cytokine levels
though sandwich ELISA. Untreated and Ld6PGDH treated cells were used as negative controls, whereas 1 pg/ml of LPS treated cells were taken as
positive control. The p values for all the groups were significantly low (<0.05) in comparison to the negative controls. The experiments are
representative of mean +/- SEM of two different experiments done in triplicates.

epitopes that can imitate the condition of actual infection, which in
turn induces the production of antibodies.

Involvement of TLRs, primarily TLR2 and 4, is known to elicit
differentiation of T helper (Th-1) cells that are engaged in
significant mitigation of leishmaniasis (57, 58). The interacting
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patterns and docking scores implicated the strong affinity and
structural stability of the designed vaccine towards TLR2 and
TLR4 receptors. It was also observed that both TLR4 and MD2
were accountable for stable interaction with LAMAPYV, which is in
accordance with the earlier study (11). Moreover, molecular
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Cytokines elicitation by LdAMAPV in human macrophage. THP-1 macrophages were stimulated with different concentrations of LdMAPV for 24 and
48 hrs and then culture supernatant was assessed for TNF-a (A, B), IL-1B (C, D), IL-6 (E, F) and IL-10 (G, H) cytokine levels. Ld6PGDH and LPS
treated cells served as negative and positive controls. The p values for all the groups were low significantly (<0.05) in comparison to negative
controls. The experiments are representative of mean +/- SEM of two different experiments done in triplicates

dynamics simulation studies revealed that vaccine in complex forms
possesses a sturdy profile with very few fluctuations, defining the
stable nature of the vaccine in complex forms. Further analysis of
hydrogen bonds concluded that the LIMAPV-TLR4 complex had a
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higher number of hydrogen bonds as compared to the LAMAPV-
TLR2 complex, which was also comparable with the previous report
(59). In silico immune simulation is a well-known method to
establish the immune response through specialized cells
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mimicking infection conditions. Moreover, the immunological
profile of the vaccine protein was also compared with the
leishmanial A2 protein that was developed as Leish-Tec® vaccine,
the only vaccine commercially available for canine visceral
leishmaniasis in Brazil (60). The proposed vaccine showed a
strong cellular and antibody-based immune response in
comparison to the A2 protein.

Codon optimization is critical for higher expression as gene
expression varies across different hosts due to the inconsistency of
the mRNA codons (61). Appropriate CAI value and GC content of
the codon-optimized vaccine protein advocate higher expression in
the bacterial system. The successful purification and subsequent
western blot analysis of recombinant protein further validated the
computational predictions of codon usage, overexpression, and
solubility of the designed vaccine. Similarly, immunoinformatics
studies also indicated the non-toxicity of LAIMAPV, which was
further supported by our in vitro experiment demonstrating no
adverse effects on the proliferation of mammalian macrophages.
Host immune responses are primarily regulated by various immune
cell types that secrete multiple cytokines and chemokines, which
interconnect inflammatory and immune responses (Th1 and Th2)
against microorganisms that cause infections (62). Here, LAIMAPV
was found to significantly increase TNF-o, IL-1f, IL-6, and IL-12
cytokines that was in accordance with previous studies where in
silico designed multi-epitope vaccines for VL were effective in
inducing immunogenicity by upregulating the pro-inflammatory
cytokines such as IFN-y and TNF-o (63, 64). Similarly, in
accordance to the previous report (64), lower level of IL-10 (anti-
inflammatory cytokine) was observed suggesting potential
induction of Thl type immune response through designed
vaccine. Nitric oxide (NO) is a critical effector molecule derived
from immune cells that functions as a toxic agent against many
noxious infections, including leishmaniasis, trypanosomiasis,
malaria, and toxoplasmosis (65). Notably, mouse macrophages
stimulated with LAIMAPV exhibited a significant increase in the
production of intracellular NO that is in agreement with a vaccine
study on mice immunized with a cocktail of epitopes targeting
leishmaniasis (66).

5 Conclusion

Leishmaniasis is not only a health problem but also a disease
related to social and economic conditions; hence, the development
of a potent and efficient vaccine could be a way forward to
successfully combat this disease. This computer-aided study
aimed to design a multi-epitope vaccine for leishmaniasis by
accurately predicting immunodominant epitopes from the
membrane-bound acid phosphatase of Leishmania donovani.
The developed vaccine construct demonstrates acceptable
antigenic, allergenic, physicochemical, and structural properties,
whereas its interaction analysis with human toll-like receptors also
confirms the stability of the complex. The immunological profile
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suggests that this vaccine is immunogenic and has the potential to
induce strong T- and B-cell immune responses. Subsequently, the
vaccine protein was purified to homogeneity and didn’t
demonstrate a cytotoxic effect on macrophages. In vitro studies
with purified vaccine established its role in eliciting an immune
response through various cytokines, which needs further
validation in animal models to evaluate its potency against
leishmanial parasites.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Ethics statement

Only human/animal cell lines were used in the study after
receiving approval of Institutional Biosafety Committee (IBSC),
University of Hyderabad, Hyderabad, India with Ref. No. IAQN-1-
August 2020.

Author contributions

J: Data curation, Formal analysis, Investigation, Methodology,
Software, Writing - original draft. RQ: Formal analysis,
Investigation, Methodology, Writing - original draft. IQ:
Conceptualization, Funding acquisition, Supervision, Writing -
review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was funded by Indian Council of Medical Research [ICMR, Project
no. 61/15/2020/IMM/BMS], Government of India as a grant
to IAQ.

Acknowledgments

The authors are grateful to Centre for Modelling Simulation &
Design (CMSD), University of Hyderabad, Hyderabad for
computational resources for MD simulation studies. We also
acknowledge Fouzia Nasim for critically reading the manuscript. J
is thankful to Ministry of Education, Government of India for
Prime Minister’s Research Fellowship.

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1269774
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Jyotisha et al.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

1. Singh OP, Tiwary P, Kushwaha AK, Singh SK, Singh DK, Lawyer P, et al.
Xenodiagnosis to evaluate the infectiousness of humans to sandflies in an area endemic
for visceral leishmaniasis in Bihar, India: a transmission-dynamics study. Lancet
Microbe (2021) 2:¢23-31. doi: 10.1016/S2666-5247(20)30166-X

2. Freitas-Junior LH, Chatelain E, Kim HA, Siqueira-Neto JL. Visceral leishmaniasis
treatment: What do we have, what do we need and how to deliver it? Int J Parasitol
Drugs Drug Resist (2012) 2:11-9. doi: 10.1016/j.jpddr.2012.01.003

3. Solano-Gallego L, Cardoso L, Pennisi MG, Petersen C, Bourdeau P, Oliva G, et al.
diagnostic challenges in the era of canine Leishmania infantum vaccines. Trends
Parasitol (2017) 33:706-17. doi: 10.1016/j.pt.2017.06.004

4. Zhang J, Li J, Hu K, Zhou Q, Chen X, He J, et al. Screening novel vaccine
candidates for Leishmania donovani by combining differential proteomics and
immunoinformatics analysis. Front Immunol (2022) 13:902066. doi: 10.3389/
fimmu.2022.902066

5. eBioMedicine. Leishmania: an urgent need for new treatments. EBioMedicine
(2023) 87:104440. doi: 10.1016/j.ebiom.2023

6. Teixeira MC, Oliveira GG, Santos PO, Bahiense TC, da Silva VM, Rodrigues MS,
et al. An experimental protocol for the establishment of dogs with long-term cellular
immune reactions to Leishmania antigens. Mem Inst Oswaldo Cruz (2011) 106:182-9.
doi: 10.1590/50074-02762011000200011

7. Coler RN, Duthie MS, Hofmeyer KA, Gabe R, Cook E, Forrester S, et al. From
mouse to man: safety, immunogenicity and efficacy of a candidate leishmaniasis vaccine
LEISH-F3+GLA-SE. Clin Transl Immunol (2015) 4:e35. doi: 10.1038/cti.2015.6

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

9. Khan MAA, Ami JQ, Faisal K, Chowdhury R, Ghosh P, Hossain F, et al. An
immunoinformatic approach driven by experimental proteomics: in silico design of a
subunit candidate vaccine targeting secretory proteins of Leishmania donovani
amastigotes. Parasit Vectors (2020) 13:196. doi: 10.1186/s13071-020-04064-8

10. Purcell AW, McCluskey J, Rossjohn J. More than one reason to rethink the use of
peptides in vaccine design. Nat Rev Drug Discov (2007) 6:404-14. doi: 10.1038/nrd2224

11. Vakili B, Eslami M, Hatam GR, Zare B, Erfani N, Nezafat N, et al.
Immunoinformatics-aided design of a potential multi-epitope peptide vaccine
against Leishmania infantum. Int ] Biol Macromol (2018) 120:1127-39. doi: 10.1016/
j.ijbiomac.2018.08.125

12. Bertholet S, Goto Y, Carter L, Bhatia A, Howard RF, Carter D, et al. Optimized
subunit vaccine protects against experimental leishmaniasis. Vaccine (2009) 27:7036-
45. doi: 10.1016/j.vaccine.2009.09.066

13. Kaur T, Sobti RC, Kaur S. Cocktail of gp63 and Hsp70 induces protection against
Leishmania donovani in BALB/c mice. Parasite Immunol (2011) 33:95-103.
doi: 10.1111/j.1365-3024.2010.01253.x

14. Agallou M, Margaroni M, Karagouni E. Cellular vaccination with bone marrow-
derived dendritic cells pulsed with a peptide of Leishmania infantum KMP-11 and CpG
oligonucleotides induces protection in a murine model of visceral leishmaniasis.
Vaccine (2011) 29:5053-64. doi: 10.1016/j.vaccine.2011.04.089

15. Resende DM, Caetano BC, Dutra MS, Penido ML, Abrantes CF, Verly RM, et al.
Epitope mapping and protective immunity elicited by adenovirus expressing the
Leishmania amastigote specific A2 antigen: correlation with IFN-gamma and
cytolytic activity by CD8+ T cells. Vaccine (2008) 26:4585-93. doi: 10.1016/
j-vaccine.2008.05.091

16. Kedzierska K, Curtis JM, Valkenburg SA, Hatton LA, Kiu H, Doherty PC, et al.
Induction of protective CD4+ T cell-mediated immunity by a Leishmania peptide

Frontiers in Immunology

21

10.3389/fimmu.2023.1269774

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.
1269774/full#supplementary-material

delivered in recombinant influenza viruses. PloS One (2012) 7:¢33161. doi: 10.1371/
journal.pone.0033161

17. Joshi S, Rawat K, Yadav NK, Kumar V, Siddiqi MI, Dube A. Visceral
Leishmaniasis: advancements in vaccine development via classical and molecular
approaches. Front Immunol (2014) 5:380. doi: 10.3389/fimmu.2014.00380

18. Duarte MC, Lage DP, Martins VT, Chavez-Fumagalli MA, Roatt BM, Menezes-
Souza D, et al. Recent updates and perspectives on approaches for the development of
vaccines against visceral leishmaniasis. Rev Soc Bras Med Trop (2016) 49:398-407.
doi: 10.1590/0037-8682-0120-2016

19. De Brito RCF, Cardoso JMO, Reis LES, Vieira JF, Mathias FAS, Roatt BM, et al.
Peptide vaccines for leishmaniasis. Front Immunol (2018) 9:1043. doi: 10.3389/
fimmu.2018.01043

20. Freitas-Mesquita AL, Dos-Santos ALA, Meyer-Fernandes JR. Involvement of
Leishmania phosphatases in parasite biology and pathogeny. Front Cell Infect Microbiol
(2021) 11:633146. doi: 10.3389/fcimb.2021.633146

21. Vannier-Santos MA, Martiny A, Meyer-Fernandes JR, de Souza W. Leishmanial
protein kinase C modulates host cell infection via secreted acid phosphatase. Eur J Cell
Biol (1995) 67:112-9.

22. Papadaki A, Politou AS, Smirlis D, Kotini MP, Kourou K, Papamarcaki T, et al.
The Leishmania donovani histidine acid ecto-phosphatase LAMACcP: insight into its
structure and function. Biochem J (2015) 467:473-86. doi: 10.1042/BJ20141371

23. Naderer T, Dandash O, McConville MJ. Calcineurin is required for Leishmania
major stress response pathways and for virulence in the mammalian host. Mol
Microbiol (2011) 80:471-80. doi: 10.1111/§.1365-2958.2011.07584.x

24. Leitherer S, Clos J, Liebler-Tenorio EM, Schleicher U, Bogdan C, Soulat D.
Characterization of the protein tyrosine phosphatase LmPRL-1 secreted by Leishmania
major via the exosome pathway. Infect Immun (2017) 85:¢00084-17. doi: 10.1128/
TAL00084-17

25. Kraeva N, Lestinova T, Ishemgulova A, Majerova K, Butenko A, Vaselek S, et al.
LmxM.22.0250-encoded dual specificity protein/lipid phosphatase impairs Leishmania
mexicana virulence in vitro. Pathogens (2019) 8:241. doi: 10.3390/pathogens8040241

26. Shakarian AM, Joshi MB, Ghedin E, Dwyer DM. Molecular dissection of the
functional domains of a unique, tartrate-resistant, surface membrane acid phosphatase
in the primitive human pathogen Leishmania donovani. ] Biol Chem (2002) 277:17994~
8001. doi: 10.1074/jbc.M200114200

27. Best RB, Zhu X, Shim J, Lopes PE, Mittal ], Feig M, et al. Optimization of the
additive CHARMM all-atom protein force field targeting improved sampling of the
backbone ¢, y and side-chain (1) and x(2) dihedral angles. ] Chem Theory Comput
(2012) 8:3257-73. doi: 10.1021/ct300400x

28. Abraham M]J, Murtola T, Schulz R, Pall S, Smith JC, Hess B, et al. GROMACS:
High performance molecular simulations through multi-level parallelism from laptops
to supercomputers. SoftwareX (2015) 1-2:19-25. doi: 10.1016/j.50ftx.2015.06.001

29. Jorgensen WL, Maxwell DS, Tirado-Rives J. Development and testing of the
OPLS all-atom force field on conformational energetics and properties of organic
liquids. J Am Chem Soc (1996) 118:11225-36. doi: 10.1021/ja9621760

30. Jyotisha, Singh S, Qureshi IA. Multi-epitope vaccine against SARS-CoV-2
applying immunoinformatics and molecular dynamics simulation approaches. J
Biomol Struct Dyn (2022) 40:2917-33. doi: 10.1080/07391102.2020.1844060

31. Kabsch W, Sander C. Dictionary of protein secondary structure: pattern
recognition of hydrogen-bonded and geometrical features. Biopolymers (1983)
22:2577-637. doi: 10.1002/bip.360221211

32. Qureshi R, Jakkula P, Sagurthi SR, Qureshi IA. Protein phosphatase 1 of
Leishmania donovani exhibits conserved catalytic residues and pro-inflammatory
response. Biochem Biophys Res Commun (2019) 516:770-6. doi: 10.1016/
jbbrc.2019.06.085

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1269774/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1269774/full#supplementary-material
https://doi.org/10.1016/S2666-5247(20)30166-X
https://doi.org/10.1016/j.ijpddr.2012.01.003
https://doi.org/10.1016/j.pt.2017.06.004
https://doi.org/10.3389/fimmu.2022.902066
https://doi.org/10.3389/fimmu.2022.902066
https://doi.org/10.1016/j.ebiom.2023
https://doi.org/10.1590/s0074-02762011000200011
https://doi.org/10.1038/cti.2015.6
https://doi.org/10.1371/journal.pntd.0005527
https://doi.org/10.1186/s13071-020-04064-8
https://doi.org/10.1038/nrd2224
https://doi.org/10.1016/j.ijbiomac.2018.08.125
https://doi.org/10.1016/j.ijbiomac.2018.08.125
https://doi.org/10.1016/j.vaccine.2009.09.066
https://doi.org/10.1111/j.1365-3024.2010.01253.x
https://doi.org/10.1016/j.vaccine.2011.04.089
https://doi.org/10.1016/j.vaccine.2008.05.091
https://doi.org/10.1016/j.vaccine.2008.05.091
https://doi.org/10.1371/journal.pone.0033161
https://doi.org/10.1371/journal.pone.0033161
https://doi.org/10.3389/fimmu.2014.00380
https://doi.org/10.1590/0037-8682-0120-2016
https://doi.org/10.3389/fimmu.2018.01043
https://doi.org/10.3389/fimmu.2018.01043
https://doi.org/10.3389/fcimb.2021.633146
https://doi.org/10.1042/BJ20141371
https://doi.org/10.1111/j.1365-2958.2011.07584.x
https://doi.org/10.1128/IAI.00084-17
https://doi.org/10.1128/IAI.00084-17
https://doi.org/10.3390/pathogens8040241
https://doi.org/10.1074/jbc.M200114200
https://doi.org/10.1021/ct300400x
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1021/ja9621760
https://doi.org/10.1080/07391102.2020.1844060
https://doi.org/10.1002/bip.360221211
https://doi.org/10.1016/j.bbrc.2019.06.085
https://doi.org/10.1016/j.bbrc.2019.06.085
https://doi.org/10.3389/fimmu.2023.1269774
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Jyotisha et al.

33. Panigrahi GC, Qureshi R, Jakkula P, Kumar KA, Khan N, Qureshi IA.
Leishmanial aspartyl-tRNA synthetase: Biochemical, biophysical and structural
insights. Int J Biol Macromol (2020) 165:2869-85. doi: 10.1016/j.ijbiomac.2020.10.140

34. Willett TA, Meyer AL, Brown EL, Huber BT. An effective second-generation outer
surface protein A-derived Lyme vaccine that eliminates a potentially autoreactive T cell
epitope. Proc Natl Acad Sci USA (2004) 101:1303-8. doi: 10.1073/pnas.0305680101

35. Ayyagari VS TCV, AP K, Srirama K. Design of a multi-epitope-based vaccine
targeting M-protein of SARS-CoV2: an immunoinformatics approach. J Biomol Struct
Dyn (2022) 40:2963-77. doi: 10.1080/07391102.2020.1850357

36. Rabienia M, Roudbari Z, Ghanbariasad A, Abdollahi A, Molazadeh A,
Mortazavidehkordi N, et al. Immunogenicity Evaluation of a Novel Lentiviral Vaccine
Expressing Multi-Epitope Against of Leishmania Major in BALB/c Mice. PREPRINT
(Version 1). (2020). doi: 10.21203/rs.3.rs-72175/v1.

37. Duthie MS, Windish HP, Fox CB, Reed SG. Use of defined TLR ligands as
adjuvants within human vaccines. Immunol Rev (2011) 239:178-96. doi: 10.1111/
j.1600-065X.2010.00978.x

38. Martinelli DD. In silico vaccine design: A tutorial in immunoinformatics.
Healthc Anal (2022) 2:100044. doi: 10.1016/j.health.2022.100044

39. Coelho EA, Tavares CA, Carvalho FA, Chaves KF, Teixeira KN, Rodrigues RC,
et al. Immune responses induced by the Leishmania (Leishmania) donovani A2
antigen, but not by the LACK antigen, are protective against experimental
Leishmania (Leishmania) amazonensis infection. Infect Immun (2003) 71:3988-94.
doi: 10.1128/IA1.71.7.3988-3994.2003

40. Adu-Bobie J, Capecchi B, Serruto D, Rappuoli R, Pizza M. Two years into reverse
vaccinology. Vaccine (2003) 21(7-8):605-10. doi: 10.1016/s0264-410x(02)00566-2

41. Amanna IJ, Slifka MK. Contributions of humoral and cellular immunity to
vaccine-induced protection in humans. Virology (2011) 411:206-15. doi: 10.1016/
j.virol.2010.12.016

42. Hashemzadeh P, Ghorbanzadeh V, Lashgarian HE. Harnessing Bioinformatic
approaches to design novel multi-epitope subunit vaccine against Leishmania
infantum. Int J Pept Res Ther (2020) 26:1417-28. doi: 10.1007/s10989-019-09949-6

43. Rabienia M, Roudbari Z, Ghanbariasad A, Abdollahi A, Mohammadi E,
Mortazavidehkordi N, et al. Exploring membrane proteins of Leishmania major to
design a new multi-epitope vaccine using immunoinformatics approach. Eur | Pharm
Sci (2020) 152:105423. doi: 10.1016/j.ejps.2020.105423

44. Atapour A, Ghalamfarsa F, Naderi S, Hatam G. Designing of a novel fusion
protein vaccine candidate against human visceral leishmaniasis (VL) using
immunoinformatics and structural approaches. Int J Pept Res Ther (2021) 27:1885-
98. doi: 10.1007/s10989-021-10218-8

45. Lari A, Lari N, Biabangard A. Immunoinformatics approach to design a novel
subunit vaccine against visceral leishmaniasis. Int ] Pept Res Ther (2022) 28:34.
doi: 10.1007/s10989-021-10344-3

46. Onile OS, Musaigwa F, Ayawei N, Omoboyede V, Onile TA, Oghenevovwero E,
et al. Immunoinformatics studies and design of a potential multi-epitope peptide
vaccine to combat the fatal visceral leishmaniasis. Vaccines (Basel) (2022) 10:1598.
doi: 10.3390/vaccines10101598

47. Da-Cruz AM, Bittar R, Mattos M, Oliveira-Neto MP, Nogueira R, Pinho-Ribeiro
V, et al. T-cell-mediated immune responses in patients with cutaneous or mucosal
leishmaniasis: long-term evaluation after therapy. Clin Diagn Lab Immunol (2002)
9:251-6. doi: 10.1128/cdli.9.2.251-256.2002

48. Ronet C, Voigt H, Himmelrich H, Doucey MA, Hauyon-La Torre Y, Revaz-
Breton M, et al. Leishmania major-specific B cells are necessary for Th2 cell
development and susceptibility to L. major LV39 in BALB/c mice. ] Immunol (2008)
180:4825-35. doi: 10.4049/jimmunol.180.7.4825

49. Kumar R, Singh N, Gautam S, Singh OP, Gidwani K, Rai M, et al. Leishmania
specific CD4 T cells release IFNY that limits parasite replication in patients with visceral
leishmaniasis. PloS Negl Trop Dis (2014) 8:3198. doi: 10.1371/journal.pntd.0003198

50. Kashif M, Hira SK, Manna PP. Immunoinformatics based design and prediction
of proteome-wide killer cell epitopes of Leishmania donovani: Potential application in

Frontiers in Immunology

22

10.3389/fimmu.2023.1269774

vaccine development. J Biomol Struct Dyn (2022) 40:10578-91. doi: 10.1080/
07391102.2021.1945495

51. Kashyap M, Jaiswal V, Farooq U. Prediction and analysis of promiscuous T cell-
epitopes derived from the vaccine candidate antigens of Leishmania donovani binding
to MHC class-II alleles using in silico approach. Infect Genet Evol (2017) 53:107-15.
doi: 10.1016/j.meegid.2017.05.022

52. Rosano GL, Ceccarelli EA. Recombinant protein expression in Escherichia coli:
advances and challenges. Front Microbiol (2014) 5:172. doi: 10.3389/fmicb.2014.00172

53. Shanmugam A, Rajoria S, George AL, Mittelman A, Suriano R, Tiwari RK.
Synthetic Toll like receptor-4 (TLR-4) agonist peptides as a novel class of adjuvants.
PloS One (2012) 7:¢30839. doi: 10.1371/journal.pone.0030839

54. Saha S, Vashishtha S, Kundu B, Ghosh M. In-silico design of an
immunoinformatics based multi-epitope vaccine against Leishmania donovani. BMC
Bioinf (2022) 23:319. doi: 10.1186/512859-022-04816-6

55. Fayaz S, Bahrami F, Fard-Esfahani P, Parvizi P, Bahramali G, Ajdary S.
Immunoinformatics evaluation of a fusion protein composed of Leishmania
infantum LiHyV and Phlebotomus kandelakii apyrase as a vaccine candidate
against visceral leishmaniasis. Iran | Parasitol (2022) 17:145-58. doi: 10.18502/
ijpa.v17i2.9530

56. Takagi H, Takahashi T, Momose H, Inouye M, Maeda Y, Matsuzawa H, et al.
Enhancement of the thermostability of subtilisin E by introduction of a disulfide bond
engineered on the basis of structural comparison with a thermophilic serine protease. ]
Biol Chem (1990) 265:6874-8. doi: 10.1016/S0021-9258(19)39230-0

57. Becker I, Salaiza N, Aguirre M, Delgado J, Carrillo-Carrasco N, Kobeh LG, et al.
Leishmania lipophosphoglycan (LPG) activates NK cells through toll-like receptor-2.
Mol Biochem Parasitol (2003) 130:65-74. doi: 10.1016/s0166-6851(03)00160-9

58. Kropf P, Freudenberg MA, Modolell M, Price HP, Herath S, Antoniazi S, et al.
Toll-like receptor 4 contributes to efficient control of infection with the protozoan
parasite Leishmania major. Infect Immun (2004) 72:1920-8. doi: 10.1128/
1A1.72.4.1920-1928.2004

59. Rafi MO, Al-Khafaji K, Sarker MT, Taskin-Tok T, Rana AS, Rahman MS. Design
of a multi-epitope vaccine against SARS-CoV-2: immunoinformatic and
computational methods. RSC Adv (2022) 12:4288-310. doi: 10.1039/d1ra06532g

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

61. Ward NJ, Buckley SM, Waddington SN, Vandendriessche T, Chuah MK,
Nathwani AC, et al. Codon optimization of human factor VIII cDNAs leads to high-
level expression. Blood (2011) 117:798-807. doi: 10.1182/blood-2010-05-282707

62. Mills CD, Kincaid K, Alt JM, Heilman MJ, Hill AM. M-1/M-2 macrophages and
the Th1/Th2 paradigm. J Immunol (2000) 164:6166-73. doi: 10.4049/
jimmunol.164.12.6166

63. Brito RCF, Ruiz JC, Cardoso JMO, Ostolin TLVDP, Reis LES, Mathias FAS, et al.
Chimeric vaccines designed by immunoinformatics-activated polyfunctional and
memory T cells that trigger protection against experimental visceral leishmaniasis.
Vaccines (Basel) (2020) 8:252. doi: 10.3390/vaccines8020252

64. Margaroni M, Agallou M, Tsanaktsidou E, Kammona O, Kiparissides C,
Karagouni E. Immunoinformatics approach to design a multi-epitope nanovaccine
against Leishmania parasite: elicitation of cellular immune responses. Vaccines (Basel)
(2023) 11:304. doi: 10.3390/vaccines11020304

65. Wandurska-Nowak E. The role of nitric oxide (NO) in parasitic infections. Wiad
Parazytol (2004) 50:665-78.

66. Dikhit MR, Kumar A, Das S, Dehury B, Rout AK, Jamal F, et al. Identification of
Potential MHC Class-II-Restricted Epitopes Derived from Leishmania donovani
Antigens by Reverse Vaccinology and Evaluation of Their CD4+ T-Cell
Responsiveness against Visceral Leishmaniasis. Front Immunol (2017) 8:1763.
doi: 10.3389/fimmu.2017.01763

frontiersin.org


https://doi.org/10.1016/j.ijbiomac.2020.10.140
https://doi.org/10.1073/pnas.0305680101
https://doi.org/10.1080/07391102.2020.1850357
https://doi.org/10.21203/rs.3.rs-72175/v1
https://doi.org/10.1111/j.1600-065X.2010.00978.x
https://doi.org/10.1111/j.1600-065X.2010.00978.x
https://doi.org/10.1016/j.health.2022.100044
https://doi.org/10.1128/IAI.71.7.3988-3994.2003
https://doi.org/10.1016/s0264-410x(02)00566-2
https://doi.org/10.1016/j.virol.2010.12.016
https://doi.org/10.1016/j.virol.2010.12.016
https://doi.org/10.1007/s10989-019-09949-6
https://doi.org/10.1016/j.ejps.2020.105423
https://doi.org/10.1007/s10989-021-10218-8
https://doi.org/10.1007/s10989-021-10344-3
https://doi.org/10.3390/vaccines10101598
https://doi.org/10.1128/cdli.9.2.251-256.2002
https://doi.org/10.4049/jimmunol.180.7.4825
https://doi.org/10.1371/journal.pntd.0003198
https://doi.org/10.1080/07391102.2021.1945495
https://doi.org/10.1080/07391102.2021.1945495
https://doi.org/10.1016/j.meegid.2017.05.022
https://doi.org/10.3389/fmicb.2014.00172
https://doi.org/10.1371/journal.pone.0030839
https://doi.org/10.1186/s12859-022-04816-6
https://doi.org/10.18502/ijpa.v17i2.9530
https://doi.org/10.18502/ijpa.v17i2.9530
https://doi.org/10.1016/S0021-9258(19)39230-0
https://doi.org/10.1016/s0166-6851(03)00160-9
https://doi.org/10.1128/IAI.72.4.1920-1928.2004
https://doi.org/10.1128/IAI.72.4.1920-1928.2004
https://doi.org/10.1039/d1ra06532g
https://doi.org/10.1371/journal.pone.0185438
https://doi.org/10.1182/blood-2010-05-282707
https://doi.org/10.4049/jimmunol.164.12.6166
https://doi.org/10.4049/jimmunol.164.12.6166
https://doi.org/10.3390/vaccines8020252
https://doi.org/10.3390/vaccines11020304
https://doi.org/10.3389/fimmu.2017.01763
https://doi.org/10.3389/fimmu.2023.1269774
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Development of a multi-epitope vaccine candidate for leishmanial parasites applying immunoinformatics and in vitro approaches
	1 Introduction
	2 Materials and methods
	2.1 Retrieval of target protein sequence
	2.2 Prediction and assessment of T-cell epitopes
	2.3 Identification and selection of linear B-lymphocyte (LBL) epitopes
	2.4 Prediction of population coverage and cross-reactivity assessment
	2.5 Designing and characterization of vaccine construct
	2.6 Structure prediction and validation of LdMAPV
	2.7 Discontinuous B-cell epitope prediction
	2.8 Disulfide engineering for vaccine stability
	2.9 Interaction analysis of vaccine-TLR complexes
	2.10 Normal mode analysis of docking complex
	2.11 Immune simulation of the designed vaccine candidate
	2.12 Gene synthesis, cloning and purification
	2.13 Mouse and human cell lines
	2.14 Assessment of cytotoxicity and NO production
	2.15 Measurement of LdMAPV induced cytokines

	3 Results
	3.1 Preliminary analysis of LdMAcP sequence
	3.2 Prediction and successive selection of cytotoxic T-lymphocyte epitopes
	3.3 Helper T-lymphocyte prediction and selection of IFN-&gamma; inducing epitopes
	3.4 Linear B-lymphocyte prediction
	3.5 Similarity and population coverage analysis of selected epitopes
	3.6 Multi-epitope vaccine construction and characterization
	3.7 Structural features of the designed vaccine candidate
	3.8 Screening of discontinuous B-cell epitopes
	3.9 In silico disulfide engineering for vaccine stability
	3.10 Molecular docking of LdMAPV with TLR receptors
	3.11 Conformational stability of docked complexes by MD simulation
	3.12 Insights into key interactions during MD Simulations
	3.13 Secondary structure analysis of each simulation system
	3.14 Normal mode analysis of the docked complexes
	3.15 In silico immunogenicity analysis of vaccine protein
	3.16 Cloning and purification of vaccine construct
	3.17 LdMAPV stimulates nitric oxide production
	3.18 LdMAPV elicits in vitro immune response

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


