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A B S T R A C T   

Leishmaniasis is a major infectious disease having high mortality which could be attributed to 
lack of a suitable vaccine candidate. We propose a novel approach to design multiepitope vaccine 
to leishmaniasis exploiting specific membrane proteome from infected macrophage from host. 
The MHC-I, MHC-II and BC epitopes predicted for unique proteins from the infected macrophages 
and Leishmania and a MEV designed in various combinations (1a-1m). The epitope arrangements 
1a, 1k, 1l, and 1 m showed a strong antigenicity profile and immune response. The molecular 
dynamics simulation indicate the 1k, 1l, and 1 m constructs have strong affinity toward TLR-2, 
TLR-3, and TLR-4. Overall the structural and immunogenicity profile suggests 1k is top candi-
date. Further, a computational model system with TLR-2, TLR-3, TLR-4, BCR, MHC-I and MHC-II 
was generated for 1k construct to understand the MEV interactions with immune components. 
Dihedral distribution and distance was enumerated to understand the movement of immune 
components towards 1k. The results indicate 1k has strong affinity for the immune response 
molecules especially TLR-3, BCR and MHC-II are coming in close contact with the MEV through 
the simulation. The study suggests that designed multi-epitope vaccine 1k has potential to induce 
proper immune response but warrants further studies.   

1. Introduction 

Leishmaniasis is a neglected vector-borne disease caused by an obligatory intracellular parasitic protozoan called Leishmania. 
Leishmania (Kinetoplastida:Trypanosomatidae) is a unicellular eukaryotic organism with a distinct nucleus and kinetoplast [1]. 
Around 20 out of 53 Leishmania species, that infect animals and reptiles, have been linked to human infections [2]. According to WHO 
(2021), each year around 0.7–1 million cases are recorded throughout the world, with 20000–30000 deaths occurring annually and is 
one of the seven most significant tropical diseases with a wide range of clinical manifestations and potentially deadly outcomes [3]. 
The disease is prevalent mainly in tropical and subtropical regions, particularly in Africa, Brazil, Algeria, Afghanistan, Columbia, Iran, 
Sri Lanka, and India. Leishmaniasis has three main clinical manifestations: visceral leishmaniasis (VL), cutaneous leishmaniasis (CL), 
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and mucocutaneous leishmaniasis (MCL). 
The lifecycle of Leishmania is dependent on two hosts i.e. it possesses a digenetic lifecycle. The definitive host is humans and the 

intermediate host is a sandfly (insect vector) [4]. It shuttles in between two morphologically differentiated forms: extracellular 
flagellated and motile promastigotes (in the alimentary canal of sandflies) and intracellular non-flagellated and non-motile amasti-
gotes (in the phagocytic cells of mammalian hosts) [5]. The parasite’s complex life cycle makes it difficult to prevent disease trans-
mission and infection. Since there is no progress in vaccine development, chemotherapeutic drugs such as pentavalent antimonials, 
miltefosine, paromomycin and amphotericin B are currently used for the treatment of leishmaniasis [6]. Despite the fact that these 
chemotherapeutic medications are readily available for treatment, their usage is limited due to several side effects such as relapse of 
infection, reduced efficacy, renal toxicity, rising drug resistance and greater treatment costs [7]. These anti-leishmanial drugs can cure 
the existing cases but new cases are emerging day by day. So, for complete eradication of leishmaniasis, vaccination is the most 
efficient method. 

Whole-killed parasite such as Leishvaccine (whole-killed promastigotes of Leishmania amazonensis and Bacillus Calmette–Guérin 
(BCG) became somewhat successful in the prevention of canine leishmaniasis but did not got approval from WHO for treatment in 
humans [8]. Fractionated Leishmania antigen vaccine such as Leishmune® and CaniLeish® and live-attenuated form of Leishmania 
infantum have also shown remarkable success against canine leishmaniasis but not against human disease [9]. 

Since there is no licensed vaccine for human leishmaniasis or for that matter effective protection against leishmaniasis, 
immunoinformatics-based computational vaccinology can be utilized to design a chimeric multi-epitope vaccine [10]. The first suc-
cessful immune-informatics-based vaccine was designed against Neisseria meningitidis by Adu-Bobie et al. [11]. Later on, many such 
vaccines have been designed and are used clinically. In this study, we have identified the membrane proteins from Leishmania parasite 
as well as from Leishmania-infected macrophages and designed a chimeric multiepitope-based vaccine construct. Because of the 
presence of specific B- and T-cell epitopes, these proteins are immunogenic in nature and are recognized by surface receptors on 
antigen-presenting cells (APC), T-cells, and other immune cells. The formation of complexes between B/T-cell epitopes and surface 
receptors triggers a cascade reaction of cellular/humoral immune response that kills the parasites. This approach entails mapping 
immuno-dominant B and T cell epitopes in an antigenic protein, evaluating their immunogenic potential, integrating them with 
suitable linkers, and testing their ability to bind host cell receptors. Instead of utilizing complete proteins or antigens, immu-
noinformatics creates chimaeras using specific protein epitopes. Further, the multi immune component system with vaccine construct 
was designed and simulated to understand the specific movement of vaccine construct 1k towards other immune components such as 
TLR-2/3/4 or MHC-I/II or BCR (B-cell receptor). The movement of TLR-2, TLR-3 and MHC-II indicate the 1k has strong potential as 
vaccine candidate. Overall the study highlights the effectiveness of designed vaccine construct against Leishmania however further 
investigation needed to understand it’s real time effect immune system or providing protection against parasite. 

2. Methodology 

2.1. Collection and screening of Leishmania infected macrophage proteome 

The Leishmania infected macrophage proteome profiles from mouse and human were obtained from literature [12,13]. There are 
several proteins that have been shown to express in Leishmania infected macrophages and we have extracted the proteins that localized 
to membrane and further screened based on the explicit and uniqueness to infected macrophages (present in 12 or 24 h post infection) 
only. The finalized proteins were used to predict MHC-I, MHC-II, BCE and IFN-γ epitopes for further studies. 

2.2. Collection and identification of antigenic proteome for Leishmania 

The entire proteome of Leishmania donovani was retrieved from the UniProt database. The proteins embedded in the plasma 
membrane region were predicted using the DeepLoc 2.0 webserver [14]. DeepLoc 2.0 uses a deep-learning approach to predict 
subcellular localization based on the characteristics generated from the protein sequence. The proteome was submitted in the DeepLoc 
to retrieve the transmembrane proteins. Two criteria were followed to sort the entry sequences viz. the entries that showed their 
subcellular localization in the cell membrane and threshold prediction score of 0.7 or higher. The protein entries satisfying the criteria 
were considered for further analysis. The entries selected were then submitted in BLAST to check their alignment patterns. The se-
quences that did not show any overlap with the proteome of Homo sapiens were considered further. These entry sequences were then 
submitted to Deep-TMHMM to study the protein topology [15]. The residues spanning the extracellular region of the plasma mem-
brane were retrieved and curated for further analysis. 

2.3. Prediction of CTL, HTL, B-cell epitope and IFN-γ epitopes 

The prediction of CTL epitopes was done in NetMHC 4.0 [16] using the default parameters. NetMHC 4.0 uses artificial neural 
networks for predictions of major histocompatibility complex I (MHC-I). It uses both affinity and elution data from Immune Epitope 
Database and Analysis Resource (IEDB) [17] respectively. Similarly, the prediction of HTL epitopes was done by submitting the 
retrieved extracellular peptide sequences in NetMHCII pan 3.2 [18] using the default parameters. It uses artificial neural networks for 
predicting pan-specific binding of peptides for MHCII HLA isotypes. The prediction of B-cell epitopes was done by submitting the 
retrieved extracellular peptide sequences in BepiPred 3.0 [19] using default parameters. It uses protein language models for 
high-accuracy linear and conformational epitope prediction. 
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After the prediction of CTL, HTL and continuous B-cell epitopes by using the above-mentioned servers by neural network algo-
rithms, all the epitopes of CTL, HTL and B cells in FASTA sequence were aligned in MULTALIN server with its default parameters to 
obtain overlapping epitopes. The overlapping epitopes were selected as CTL- B cells epitopes, HTL- B cell epitopes and CTL-HTL-B cell 
epitopes. The INF- γ is a cytokine, a member of type-II interferon family with anti-viral, anti-tumor and immunomodulatory functions 
[20]. It triggers the activation of the immune response and stimulates the elimination of pathogens [20]. IFN γ is primarily secreted by 
Natural killer cells (NK cells), CD8+ and CD4+ T cells [21]. The overlapped epitopes were selected and submitted to the IFNepitope 
server [22] to determine their effectualness in inducing Antigenicity or pathogenicity by producing IFN γ. The algorithmic approach 
for epitope prediction was the Motif- Support Vector Machine (SVM) Hybrid approach and the model used for the prediction was IFN 
gamma versus Non IFN gamma model epitopes datasets from IEDB database. 

2.4. Design and analysis of vaccine candidate 

The basis of this study is to use epitopes against infected host macrophages in combination with the infectious agents Leishmania. 
When antibodies generated, they can act not only on free parasite but also on host cells that are being infected with parasite [23]. The 
BCE, HTL and CTL epitopes generated for infected macrophage proteins or Leishmania specific proteins were joined using specific 
linker peptides. In addition, the TLR-4 agonist RS09 shown to be effective in inducing protective cytokine secretion hence TLR-4 
agonist is added to the vaccine construct [24]. The B-cell epitopes were connected by KK stretch whereas HTL and CTL epitopes 
were joined by GPGPG and AAY peptide stretches respectively. The sequences are arranged in TLR-agonist, BCE, HTL and CTL from 
N-terminal to C-terminal respectively so that the sequence result in stable and high yield construct as reported earlier [25]. The 
constructed vaccine is evaluated for antigenicity, allergenicity and the similarities with other host protein sequences using antigenic 
peptide prediction tool, AllerTOP server [26] for allergenicity and NCBI P-BLAST [27] for sequence similarity. Further the designed 
vaccine candidate is analysed for toxicity using Toxinpred Server [28]. 

To determine the 3D structure of the vaccine construct, Alphafold colab was used. This tool produces structures with great accuracy 
and precision. The physical and chemical properties of the vaccine construct were assessed by ProtParam web tools (https://web. 
expasy.org/cgi-bin/protparam/protparam). The tool evaluates parameters like molecular weight, theoretical pI, amino acid and 
atomic composition, aliphatic index, instability index and grand average of hydro-pathicity (GRAVY). To predict the protein solubility, 
Protein–Sol tool was used. The predicted 3D model of the designed vaccine was validated using PROCHECK server [29] and ProSa 
webserver [30]. The server analyses residue by residue geometry to determine the stereochemical quality of a protein structure. It 
produces Ramachandran plot, chi-chi plots, main and side chain parameter plots and bond length graphs to validate the tertiary 
structure. ProSa server also predicts and compares with existing X-Ray and NMR crystal structures whether the structure has good 
conformation. 

2.5. In- silico simulation of immune response against vaccine candidate 

The designed vaccine candidate before going into in-vitro studies need to understand whether the construct induce immune 
response. The C-IMMSIM server [31] was used to simulate the immune response against the designed vaccine constructs 1a-1m. The 
C-IMMSIM webserver is based on position specific scoring matrix to simulate the immune response. The simulation was conducted for 
366 days (a total of 1098 steps) with each injection contains 1000 antigen molecules. A total of two injections were used in this 
simulation. 

2.6. Molecular docking and interaction analysis 

The designed vaccine candidate assessed for its ability to interact with TLRs. The structures for TLR-2, TLR-3 and TLR-4 were 
obtained from protein data bank. The vaccine constructs 3D models obtained from Alphafold server [32]. The vaccine 3D model energy 
minimized before docking using Swiss PDB viewer. The TLR-4 (PDB id: 2Z63) and TLR-3 (PDB id: 7WV3) or TLR-2 (PDB id: 6NIG) were 
retrieved and pre-energy minimized before submitting to the docking server Cluspro [33]. The best docking conformation was ana-
lysed for protein-protein interactions using Ligplot + v2.2.8 [34]. 

2.7. Stability analysis of vaccine-TLR complexes 

The molecular dynamics simulation studies were employed to understand the stability of the designed vaccine-TLR complexes. The 
molecular complexes obtained from ClusPro were energy minimized and removed any non-standard residue or naming in the 
structures. The complexes were prepared using XLeap module of AMBER tools [35]. The complexes were solvated, energy minimized 
and equilibrated (NPT ensemble) to a temperature of 300 K and a pressure of 1 atm with position restraints on heavy atoms. The 
production simulations were performed conducted for 100 ns without restraints, and trajectories generated were analysed for used to 
calculate the Root-mean-square deviation (RMSD) of the protein backbone atoms using cpptraj module of AMBER20 [36]. 

2.8. Composite immune system model generation and analysis for designed vaccine candidate 

CHARMM-GUI server [37] multicomponent assembler module is used to generate a composite immune system model consisting of 
MHC-I, MHC-II, BCR, TLR-2, TLR-3, TLR-4, and multi-epitope vaccine construct (MEV). All of the molecules further prepared using 
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Xleap module of AmberTools [35]. The system is solvated using TIP3P water box and Na + ions were added. The complex is energy 
minimized and equilibrated at NVT. Initially a 1 ns simulation carried out at NPT conditions to see whether system holds intact. The 
simulations were extended further for another 100 ns. All of the simulations were carried out using AMBER20 [36]. The MD trajectory 
was analysed for stability, conformations free energy changes, and Ramachandran plot distributions. The trajectories were analysed 
for distance changes between immune components and MEV. AMBER CPPTRAJ program distance module was used to calculate 
distance between MEV-TLRs, MEV-MHC-I and II and MEV-BCR. The obtained distance values were normalized and plotted to un-
derstand whether any immune components moved towards MEV. 

2.9. In-silico cloning and expression analysis 

The protein sequence reverse transcribed and converted to DNA codon in Java Codon adaptation tool [38]. The sequence is 
optimized to enable expression in Escherichia coli (strain K12) strain. Besides, restriction sites (BamHI, and XhoI) were introduced at 5′ 
and 3′ ends, respectively. The final sequence was then cloned into the pET-28a (+) vector with a C-terminal 6X-Histidine tag followed 
by stop codon. Further the expression of the protein sequence was analysed using E.coli expression prediction system. The expression 
analysis and residue stretches that favour solubility was analysed using ccSOLomics server (https://s.tartaglialab.com/update_ 
submission). 

3. Results 

3.1. Identification of strong binding epitopes for CTL, HTL, and B-cells 

The idea behind this work is to use epitopes from host proteins such as infected macrophages along with parasite antigenic epitopes 
to generate the vaccine. Earlier studies have suggested that the macrophages infected with Leishmania show distinct protein expression 

Fig. 1. General work flow and design of multi-epitope vaccine. A). The immunoinformatics approach used in the study and steps involved in the 
designing vaccine. 
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on their surface compared to non-infected cells [12]. The proteins which are suggested to be exclusive in Leishmania infected mac-
rophages were identified and transmembrane regions were determined using DeepTMHMM. The proteins further segregated into 
plasma membrane or cytosolic, using DeepLoC server. The cell membrane proteins chosen due to their exposure to the outer cell 
surface that facilitates the detection by immune cells. A total of 16 such proteins were found to be unique to the infected macrophages 
including some of the hypothetical proteins such as LOC75734, and LOC109168 [12]. The extracellular domains of the proteins were 
submitted to NetMHC and NetMHC-II predicted a total of 2250 cytotoxic T lymphocyte (CTL) epitopes, and 2210 helper T Lymphocyte 
(HTL) epitopes, respectively. Based on the threshold of ≤0.5 and ≤2.0 percentile rank for CTL and HTL respectively, 22 CTL and 34 
HTL epitopes were selected as strong binders. 

Similarly, the whole cell proteome of Leishmania donovani has been obtained from UniProt database. The unknown proteins of 
origin or hypothetical proteins have been excluded from the list. The final list of proteins were further screened for transmembrane 
regions and their localization. A total of 500 proteins were analysed for transmembrane domains and localization. Further, the HTL 
and CTL were predicted. A total of 1254 number of HTL and 1871 number of CTL were identified. The strong binders have been 
identified based on affinity score from the NetMHC servers and included for design of multiepitope vaccine. Finally, B cell epitopes 
were predicted using BepiPred server and used them to identify overlapping sequences using MULTALIN server. 

Adjuvants facilitate in enhancing or shaping the immune response against vaccines [39]. For multi-epitope vaccines, use of peptide 
adjuvants mainly TLRs agonist could be proven beneficial in inducing the appropriate immune response [40]. A peptide RS09 was used 
as adjuvant to construct vaccine. RS09 was reported to induce strong immune response in in-vitro condition [41]. Use of the RS09 
could facilitate enhanced immune response toward MEV. General flow of the work (Fig. 1A) and assembly of vaccine construct is 
represented in (Fig. 1B). The epitopes obtained from unique surface proteins of Leishmania infected macrophages were arranged 
forefront of vaccine construct and Leishmania specific antigenic epitopes were arranged next to them (Fig. 1B). The epitopes used to 
construct the vaccine candidates were listed in (Supplementary data-1). 

Fig. 2. Designed 3D models for vaccine construct. The vaccine construct sequence (1a) is submitted to Alphafold colab. The panel A) shows the 3D 
model of the construct. 
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3.2. Design and structure analysis of multi-epitope vaccine constructs 

The arrangement of epitopes in a vaccine plays crucial role in inducing the immune response [42]. In order to find optimum vaccine 
construct that not only target Leishmania but also infected macrophages, we have generated scrambled library of constructs (1a-1m) 
(Supplementary data 1). Initially, the constructs were analysed for immunogenicity (Vaxijen2.0 score) to categorize them onto 
immunogenic or non-immunogenic. The construct 1a-1j showing the antigenic score of 0.44–0.48 which is below the threshold value 
0.5, for vaccines against parasites. Surprisingly the randomized arrangements 1k, 1l, 1 m showed 0.523, 0.502 and 0.502 respectively 
(Supplementary data 1). Out of the designed constructs, 1k was found to be a prominent antigen as suggested by the antigenic score. 

The structure of multi-epitope vaccine is crucial as it holds key to interactions with immune cells, the arrangements now submitted 
to Alphafold colab cloud server for structure prediction. The molecular models generated from the vaccine sequences were found to be 
consistently featuring more random coil content except 1a, 1k, 1l, and 1 m (Fig. S1). For 1a construct, rank 1 model coverage, PAE 
score and pLDDT scores given in Fig. 2. The models 1a, 1k, 1l and 1 m has random coil, alpha in equal ratio whereas beta sheet content 
is less. Hence, 1a, 1k, 1l, and 1 m models further analysed for structural integrity using protein-model validation tools. The models 
initially assessed by Ramachandran plot (PROCHEK server) followed by ProSA (model quality) and ProtSAV (comparison of model 
with structure validation algorithms). Most of the residues in constructs 1a and 1k were found to be featuring in mostly allowed regions 
whereas large number of residues in 1l and 1 m are mostly outside the allowed regions (Fig. 3A–i, B-i, C-i, and D-i). Similarly, the 1a 
and 1k constructs were found to be within the range of global z-score whereas other constructs (1l, and 1 m) were showed z-values that 
are not fit with global XRD or NMR structure profiles (Fig. 3A–ii, B-ii, C-ii, and D-ii). Besides, the models are validated for their 
structural integrity using ProtSAV webserver. Out of the four constructs only 1a was found to be in green zone for at least one pre-
diction algorithm (ERRAT) whereas other three constructs were found to be validated by ProQ algorithm (Fig. 3A–iii, B-iii, C-iii, and D- 
iii). The result indicates the structures 1a and 1k were structurally well designed and could be used as a vaccine candidates. 

Further, the structures were subjected to a short (50 ns) molecular dynamics simulations to ascertain overall stability and quality 
for the models (Fig. 4). The RMSD value for construct 1a showed slight fluctuation though converged at the end of the 50 ns (Fig. 4A–ii) 
whereas 1k, 1l, and 1 m constructs perfectly converged as suggested by flattened RMSD value started at 20 ns and lasted till the end of 
simulation (Fig. 4B–ii, 4C-ii, and 4D-ii). The RMSD value for all of the constructs suggests the structure is intact and has no pertur-
bations through the simulation. The compactness or folding of the vaccine models was analysed using radius of gyration. Construct 1a 
and 1 m showed improper folding or compactness as evident from fluctuating radius of gyration values (Fig. 4A–iii, 3D-iii). On the 

Fig. 3. Multiepitope vaccine construct structure validation. For all panels i. Ramachandran plot, ii. ProSa conformations comparison within the 
existing X-ray and. 
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other hand the constructs 1k, and 1l were found to be properly folded and indicates the compactness of the models (Fig. 4B–iii, 3C-iii). 
Similarly the RMSF and SASA were analysed for the constructs (Fig. 4A–D, iv and v). The residue fluctuation was more (~2 nm) for 1a 
and 1l constructs. Especially the residue stretches 120–130 (for 1a) and 215–250 (for 1l) indicate these regions have improper di-
hedrals or steric clashes. (Fig. 4 A, B, C, D –iii panels). Interestingly, all of the constructs showed decrease in solvent accessible surface 
area over the simulation suggests that the structures favour stable protein-protein interactions which could be useful to interact with 
immune system components such as TLRs. Overall the MD simulation studies indicate the constructs 1k, and 1l are stable through the 
simulation. 

3.3. In-silico evaluation of therapeutic suitability of designed vaccine constructs 

For a vaccine to be suitable, it should be devoid of any allergenicity, and toxicity but should have strong immunogenicity. All four 
short listed vaccine constructs (1a, 1k, 1l, and 1 m) were initially analysed for allergenicity and toxicity. All four protein constructs 
were found to be non-allergenic and non-toxic (Table 1). Further the constructs analysed for antigenicity score. The designed vaccine 
candidates have 327–400 residues with an average antigenic propensity score of 1.0241 as determined by the antigenic peptides 
prediction algorithm. The vaccine candidate consists 12–20 antigenic stretches among which the largest stretch contains 48 residues. 
The antigenic propensity score above 1 indicates the peptide stretches are potentially antigenic. The result indicates the designed 
vaccine would be immunogenic and a potential vaccine candidate. In addition, a vaccine candidate must be non-homologous to human 
proteins to avoid an auto-immune reaction/toxicity. The sequences alignment using NCBI Protein blast showed that none of the human 
proteins were homologous to the vaccine constructs (Fig. S1). The results suggest the designed vaccine could be safe in human use. 

We further evaluated the vaccine constructs ability to induce immune response using C-IMMISM server. A total of two injections 
with each injection carrying 1000 antigen molecules were simulated for a 360 days’ time frame. The simulated plots are represented in 
(Fig. 5). Upon injection of the first dose, the immunoglobulin (IgM, IgG1 + IgG2, and IgG + IgM) levels were elevated to several folds in 
constructs 1a (Fig. 5 A-i) and 1l (Fig. 5 C-i) whereas only IgM levels are spiked in constructs 1k (Fig. 5 B-i) and 1 m (Fig. 5 D-i). Though 

Fig. 4. Stability analysis for vaccine constructs. A) 1a construct structure and MD simulations. i). The 3D structure of 1a represents alpha helix (red), 
beta sheet (yellow). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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IgM only spiked in 1k and 1l, this could be indication of secretion of effective neutralizing antibodies by B cells [43]. For all the 
constructs, the immunoglobulin production started after 5 days of injection. The response was lasted till 100 days or 150 days (for 1k 
and 1l). In contrast the response lasted for 350 days for constructs 1 m and 1a. However, the second dose, did not produce any sig-
nificant change in immunoglobulin levels for 1k, 1l, and 1 m constructs. This data indicates the single dose of designed vaccine would 
be sufficient for adequate immune response. The single dose induced response without the booster dose is ideal for clinical vaccines. 
Further the B cell population, TH cell population, and TC cell population were analysed (Fig. 5 panels ii-iv for A, B, C, and D). All of the 
constructs showed large memory B cell spike upon injection which lasted for almost a year (Fig. 5 A-ii, B-ii, C-ii, and D-ii). Besides, the 
TH and TC cell population for active cells rapidly spiked after first injection and lasted for a year (Fig. 5 panel’s iii-iv for A, B, C, and D). 
The response for most of the constructs was same and suggests all of the constructs effectively induces the immune response. 

In addition, a high proliferation of both helper and cytotoxic T-cells was observed throughout the simulation. The macrophages 
population is also consistently high through the simulation (Supplementary data 2). Moreover, the cytokines IFN-γ, TGF-β, IL-10 and 

Table 1 
Evaluation of vaccines constructs for their therapeutic suitability and immune response.  

Construct Toxicity Allergenicity Antigenicity Vaxijen score IgG + IgM 
Levels 

1a None None 1.0295 0.4602 1.3 × 106 

1b None None 1.0304 0.4678 1.59 × 106 

1c None None 1.0300 0.4640 1.6 × 106 

1d None None 1.0289 0.4454 1.42 × 106 

1e None None 1.0286 0.4450 1.57 × 106 

1f None None 1.0482 0.4820 1.43 × 106 

1g None None 1.0482 0.4698 1.55 × 106 

1h None None 1.0283 0.4560 1.55 × 106 

1i None None 1.0283 0.4533 1.49 × 106 

1j None None 1.0296 0.4544 1.5 × 106 

1k None None 1.0311 0.5234 1.5 × 106 

1l None None 1.0311 0.5022 1.51 × 106 

1 m None None 1.0231 0.5025 1.4 × 106  

Fig. 5. Immune response simulation for designed vaccine constructs. A). 1a construct, B), 1k construct, C) 1l construct, and D) 1 m construct. Sub 
panels i. 
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IL-12 levels were found to be high and lasted for several days. Therefore, the designed multi-epitope vaccine constructs induces both 
humoral and cellular immune responses. The results also suggests the vaccine candidates would only need a single dose to induce 
optimal immune response which warrants in-vitro and in-vivo studies to ascertain the optimal dose. 

3.4. Mapping the vaccine candidate interactions with TLR receptors 

The crucial step in vaccine functioning is the innate recognition by host cell receptors [44]. Earlier studies suggested that TLR-2, 3, 
and 4 play crucial role in innate recognition of Leishmania and contribute to effective immune response [45]. A molecular docking was 
carried out between TLRs with vaccine constructs 1a, 1k, 1l, and 1 m. The constructs 1k, and 1l showed strong binding affinity towards 
TLR-3 with binding energy of − 1137, − 1243.2 kcal/mol respectively whereas 1 m showed strong affinity to TLR-4 (− 1134.2 
kcal/mol). The binding orientation of constructs with TLR-2, TLR-3 and TLR-4 were showed in (Fig. 6). Construct 1a was found to be 
weakly interacting with the TLR-2, TLR-3 and TLR-4 respectively (Fig. 6 A-i, ii, and iii). Besides the constructs 1 m and 1l were also 
found to be distant with the TLRs (Fig. 6 i, ii, iii panels for C and D). Contrast to the other constructs, 1k was found to embed within 
TLR-3 compared to other two TLRs (Fig. 6B–i, ii and iii) (Fig. 7). The interphase of the 1k residues interacting with TLR-3 is shown 
(Fig. 7A). The construct 1k immersed in the large groove of TLR-3 and could be a mediating factor for strong interactions (Fig. 7B, C, 
D). The results suggest the designed construct 1k favours the binding to TLR-2, TLR-3 and TLR-4 as compared to other TLRs. Previously 
it has been shown that TLR-3 is needed for recognition, phagocytosis and inducing IFN-γ primed macrophages for effective elimination 
of parasite [46]. The favoured binding of 1k to TLR-3 could be beneficial as it invokes the phagocytosis which could contribute to 
eliminate the parasite and generating proper immune response against parasite. 

Further, the TLR-1k interaction, and distance heat map for TLR-1k residues was ascertained to understand the type of interactions 
and residues involved (Fig. 8 A, B, and C, upper panel-interaction plot, lower panel-distance heat map). The TLR-1k interaction 
analysis suggests 1k is strongly interacting with TLR-3 and TLR-4 with several residues participating in the hydrogen bonding (Fig. 8 A, 
B, and C, upper panel-interaction plot) (Table 2). More importantly the residues Glu53, Arg100, Arg112, and Glu113 consistently 
featuring in TLR-3 and TLR-4 whereas Arg100 found to be common for all three complexes. The distance map was constructed with 8 Å 
cut-off between hydrogen bond acceptor and hydrogen bond donor. The results suggest the 1k interactions with TLR-3 and TLR-4 has 
more density of hydrogen bonds with strong donor-acceptor network. Overall, the results highlight 1k has high affinity towards TLR-3 

Fig. 6. Orientation and binding of vaccine constructs with TLR-2, TLR-3, and TLR4s. The constructs 1a, 1k, 1l and 1 m represented in A, B, C, and D 
panels respectively. 
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and TLR-4. 

3.5. Immune response dynamic model generation for vaccine candidate 

The multi-epitope vaccine interacts with various components of the immune system, including Toll-like receptors (TLRs), major 
histocompatibility complex class I and II (MHC-I and MHC-II), and B cell receptors (BCRs) [47]. TLRs are crucial in recognizing 
pathogen-associated molecular patterns of Leishmania, MHC molecules present antigens to T cells, and BCRs are responsible for B cell 
recognition of antigens [48]. Understanding the interactions between the vaccine and these immune molecules can provide insights 
into the recognition and activation processes involved in immune responses, and how the vaccine may induce or enhance these re-
sponses. The molecular dynamics simulation allows us to understand the interactions between the vaccine and various immune-related 
molecules, which can help assess the vaccine’s stability, binding affinity, and potential efficacy. A multicomponent system with MEV 
(for clarity purposes 1k here onwards denoted by MEV), TLR-2, TLR-3, TLR-4, BCR and MHC-I and II was generated, energy minimized, 
equilibrated and simulated for 100 ns as described in methodology. The overall assembly of components was shown in (Fig. S2). The 
resulting trajectory was analysed for RMSD, RMSF, distance and dihedral angles. 

The solvated average ensemble was used as reference and the RMSD of every component in the system in relation to initial 
structures were calculated. The solvated structure with final and starting structure was shown in (Fig. 9A). The arrangement of the 
components and the residues that are extended toward MEV were shown in (Fig. 9B and C). The RMSD through the simulation was 
calculated for all the components of the system and the results show, MEV, BCR has high RMSD deviation whereas MHC-II has minor 
deviation (Fig. 9D). Interestingly the BCR did not converge through the simulation and high deviation was observed. On the other hand 
the MEV converged and maintained stability without any major fluctuation through the simulation (Fig. 9D). Other components of the 
system showed minor fluctuation in RMSD though converged. The significant fluctuation in RMSD values observed for the vaccine and 

Fig. 7. TLR-3 binding interphase for MEV (1k) construct. A). 3D binding conformation for TLR-3 and MEV. The spheres shown indicate the 
interphase residues. B, C and D. 
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BCR suggests that these molecules are undergoing substantial conformational changes throughout the simulation. Fluctuations in 
RMSD indicate structural flexibility, suggesting that the MEV and BCR may adopt different conformations or undergo rearrangements 
to accommodate binding interactions or dynamic changes in the simulation system. The varying fluctuation in RMSD values for MHC-II 
indicates relatively stable conformational behaviour during the simulation. MHC-II molecules are known to undergo conformational 
changes during antigen presentation, and the simulation trajectory suggests that MHC-II retains a relatively stable structure but has 
minor deviations from the initial conformation. As compared to other receptors, the RMSD values for TLR-2, TLR-3, and TLR-4 are not 
fluctuating and suggests that these molecules maintain a stable conformation during the simulation with minor conformational 
changes (Fig. 9D). These Toll-like receptors stability throughout the simulation suggests that their overall structure remains relatively 
unchanged and that their binding interfaces or ligand recognition sites undergo significant rearrangements during the simulated 
timeframe. To further assess the vicinity of MEV throughout simulation, RMSF was calculated. The residue fluctuation during 
simulation suggests that the residues 1–4, 7,8, 11, 125–210 of MEV showing above 15 Å fluctuation, whereas highest fluctuation was 
seen in TLR-3 spanning 1–5, 138–140, 159–161, 185–187, 666–670 residues (Fig. 9E). BCR has largest stretch of amino acids showing 
strong fluctuation for 1–113, 140–153, 179–211 and 217–257. For MHC-I and MHC-II also several residue stretches were showing 
strong fluctuation. Large spikes in RMSF can point to regions undergoing dynamic rearrangements, such as unfolding, domain 
movements, or transitions between different functional states. Though it is difficult to confirm from 100ns simulation, TLR-3 could be 
navigating towards MEV as inferred from RMSF values for specific stretches. 

Fig. 8. Mapping the interactions of TLRs with MEV (1k) construct. A) top panelinteractions between TLR2- MEV, bottom panel-distance map 
constructed from Mapiya 

Table 2 
Construct 1k interactions with TLRs.  

1K MEV TLR2 IK MEV TLR3 IK MEV TLR4 

Ala 168 Tyr 376 Arg 643 Glu 53 Gly 192 Arg 289 
Arg 100 Glu 403 Asp 536 Arg 100 Arg 220 Asp 428, Asp 405, Gln 430   

Asn 597 Arg 112 Arg 100 Gln 115   
Asn 596 Arg 112 Ser 230 Lys 362   
Lys 619 Arg 112, Glu 113 Arg 112 Glu 135   
Arg 489 Glu 109 Glu 113 Arg 87   
Asn 515 Glu 109, Ala 108 Lys 117 Arg 87   
Ser 38 Lys 83 Lys 117 Glu 42   
Thr 59 Lys 83 Thr 97 Gln 91   
Arg 484 Asp 66 Arg 138 Glu 89   
Tyr 465 Ala 11 Arg 56 Glu 89   
Asp 437 Thr 16 Glu 53 Arg 67     

Glu 52 Arg 67     
Ser 49 Asn 44  
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Fig. 9. Multicomponent assembly construction and validation for MEV construct. A) a solvated multicomponent system consisting 1k, TLR-2, TLR- 
3, TLR-4, BCR, MHC-I and. 

Fig. 10. Dihedral angle fluctuation analysis. A). typical plot for Ramachandran dihedrals. MEV, TLR-2, TLR-3, TLR-4, BCR, MHC-I and MHC-II 
quadrant analysis. 

S. Banesh et al.                                                                                                                                                                                                         



Heliyon 10 (2024) e31306

13

In addition, the dihedral angles of all the residues were calculated to explore the changes in individual residues dihedral over the 
time. The dihedral angles are important for understanding the conformational changes and flexibility of a molecule and also closely 
related to the potential energy landscape of a molecule. They provide the instantaneous positions of these angles during the simulation. 
The dihedral angles over the simulation was calculated from MD trajectory and a Ramachandran plot generated with Q1, Q2, Q3 and 
Q4 quadrants (Fig. 10A). Each dot in the plots indicate residue that has changes in dihedral angles over the 8178 frames of the tra-
jectory each frame corresponding to 12.22 ps. The MEV dihedral distribution indicates most of the residues are fluctuating with 
spreading of the residues from Q1 to Q3, and Q2 to Q4 (Fig. 10B). The results could be an indication of flexibility and conformational 
changes of the MEV. It was expected as the molecules placed at center and may experience force from the surrounding molecules. 
Similar kind of distribution was observed in TLR-4 (Fig. 10F) suggests the TLR-4 is also has undergone conformational changes during 
simulation. Molecules BCR, MHC-I and MHC-II (Fig. 10C, G, 10H) have shown less spread though the dihedral angle fluctuation is 
present. Overall, the large variations in dihedral values indicate a more flexible molecule, while smaller variations suggest a more 
constrained or rigid structure. 

3.6. MEV projected to move towards TLR-2, TLR-3 and MHC-II 

The primary objective of conducting Molecular Dynamics (MD) simulations with immune components was to investigate their 
interactions with the Multiepitope Vaccine (MEV). This analysis aimed to discern whether, in the presence of numerous potential 
binding partners within the vicinity of MEV, these immune components exhibited any preferential binding behavior towards specific 
receptors. The distances between the immune components, namely TLR-4, MHC-I, and BCR, and the MEV were meticulously assessed 
and then normalized for uniform comparison. 

The results of our analysis revealed interesting insights. Among the immune components, TLR-2, TLR-3, and MHC-II displayed 
distinct variations in their proximity to the MEV, as visually depicted in Fig. 11. Notably, TLR-3, a Toll-like receptor known for its role 
in recognizing double-stranded RNA, primarily associated with viral and parasitic infections, exhibited a noteworthy shift towards the 
MEV. This observed closeness of TLR-2 and TLR-3 to the MEV suggests the possibility of shared epitopes or motifs between the vaccine 
and parasitic components. This, in turn, raises intriguing implications regarding the potential activation of TLR-3 recognition, thus 
stimulating immune responses, as illustrated in Fig. 11. This interaction implies that the vaccine may be strategically designed to 
mimic parasitic elements, possibly aimed at eliciting a specific immune response against viral pathogens [49]. 

The closer distance between MHC-II and the MEV implies that the vaccine may possess epitopes that can bind to and be presented 
by MHC-II molecules (Fig. 11). This suggests that the vaccine is designed to elicit a helper T cell response, leading to the activation of 
adaptive immune responses. The interaction between TLR-3, MHC-II, and the MEV suggests that the vaccine has the potential to induce 
immune responses by engaging with these immune system components. The recognition of the vaccine by TLR-3 and the presentation 
of its epitopes by MHC-II molecules imply that the vaccine may have immunogenic properties, capable of triggering the activation of 
both innate and adaptive immune responses [50]. The proximity of TLR-3 and MHC-II to the MEV might indicate a favourable binding 
and recognition pattern, suggesting that the vaccine is designed to optimize the interaction with these immune system components. 
Such enhanced binding and recognition can contribute to the effectiveness of the vaccine by promoting robust immune responses, 
potentially leading to improved vaccine efficacy and protection against the targeted pathogens. 

These results contribute valuable insights into the potential mechanisms of action and immune responses triggered by the mul-
tiepitope vaccine, shedding light on its ability to mimic parasitic components and engage with key immune receptors. Further research 
is necessary to fully comprehend the intricate dynamics underlying these interactions and their significance in vaccine design. 

Fig. 11. Analysis of movement of immune components towards MEV (1k) during simulation. The normalized distance values indicate the TLR-2, 
TLR-3 and MHC-II. 
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3.7. In-silico characterization for solubility, expression and cloning of designed vaccine construct 

Initially the construct 1k is in-silico cloned as described in methodology section (Fig. S3). The studies suggests that 1k is a strong 
vaccine candidate. The construct 1k comprised of 474 amino acids with a molecular weight of approximately 51 kDa. The Theoretical 
pI was found to be 9.51, suggesting that the vaccine construct is basic in nature with 37 negatively charged residues and 57 positively 
charged residues. The instability index was computed to be 33.13, classifying the protein as stable. The aliphatic index was estimated 
as 78.40, indicating that the protein is thermally stable over a wide temperature range. The grand average of hydro-pathicity (GRAVY) 
of the protein was found to be − 0.081, suggesting that the protein is water-insoluble (hydro-phillic) (Supplementary data 3). Protein 
solubility predicted by protein-sol tool was estimated to be 0.560. To evaluate whether the sequence could be expressed in E.coli 
expression system, the protein sequence submitted to webserver ccSOLomics. The prediction suggests the construct is not soluble in 
when expressed in E.coli system with a solubility of 6 % (Fig. 12A). Further, the contribution of individual amino acids towards 
solubility indicate only few stretches of amino acids favours the solubility whereas most of the amino acid stretches comes under non- 
soluble region (Fig. 12B). Besides, the residues which do not favour solubility is substituted with another residue and see if the sol-
ubility enhances. There are few residues which can be replaced with another residue to increase the solubility whereas other residues 
420–425 stretch is rigid and even replacing with other amino acid could not increase the overall solubility of the protein (Fig. 12B and 
C). Overall the results indicate the construct is not soluble in E.coli system and an insect or mammalian cell based expression system 
could facilitate better production of the construct. 

4. Discussion 

The development of an effective vaccine against leishmaniasis has been a challenge due to the complex biology of the parasite and 
the diverse clinical manifestations of the disease [51]. One of the obstacles is the immune evasion through phagolysosome enclosed 
parasite. Several researchers have attempted to design a suitable multiepitope vaccine exploiting epitopes selected from the parasite 
alone, which only favors the elimination of non-internalized parasites. Earlier studies suggested several key proteins expressing 
exclusively on host cells infected with Leishmania [12]. Targeting the infected host cells with internalized parasite could be beneficial 
in eliminating the parasite from system. These observations triggered to formulate an approach that targets both free parasite and 
internalized parasite harboring host cells. 

The Leishmania parasite proteome was obtained from the Uniprot database (https://uniprot.org/) which consist of ~50000 pro-
teins. The proteins that are not well explored or hypothetical in nature were excluded from the study. NetMHC4.0 and NetMHCII, 
BepiPred servers were used to predict the CTL, HTL and B-cell continuous epitopes. Over 27 proteins from infected host cells were 
found to be expressing upon infection and out of these only two proteins with long stretches were found to be strongly interacting with 
the MHC-I, MHC-II and BCR. Antigen processing and presentation is carried out by APCs, through MHC-I and MHC-II and BCRs. 
Dendritic cells along with macrophages have specialized roles in capturing, processing, and presenting antigens to T cells. The pro-
cessed peptides or antigenic epitopes were recognized by Langerhans cells, and then migrate to draining lymph nodes to present 
processed antigens to T cells [52]. This initiates the adaptive immune response by presenting small peptides through major histo-
compatibility complex (MHC) class I or class II molecules. MHC class I molecules enable cytotoxic CD8+ T cells to recognize endog-
enous peptides, while MHC class II molecules facilitate the presentation of exogenous peptides to CD4+ T helper cells. The 
fragmentation of antigens is crucial for proper antigen presentation, as MHC class II molecules can only present peptides of a specific 
length [53]. A total of 13 proteins with potential epitopes for APC receptors were used for vaccine design. The conventional 
arrangement of epitopes such as BCE, HTL and CTL was found to be not immunogenic as determined by the VaxiJen2.0. Hence various 
combinations with a randomized arrangement were used to produce 13 vaccine constructs. Out of these constructs only three con-
structs passed the threshold (>0.5) for antigenicity. The 3D structure of the designed vaccine candidates suggests, they have high 
random coil content except 1a, 1k, 1l, and 1 m. The four structures have proper conformation and could be stable. 

The immune response simulation for the constructs indicates most of them require only single dose to mount full scale immune 
response. All of the constructs assessed for their immune response inducing capacity. Upon injection of single dose of construct 
consisting 1000 molecules, the immunoglobulin (IgM, IgG, and IgM) levels were elevated specially to constructs 1a, 1l whereas only 
IgM levels are spiked in constructs 1k, 1 m. The overall response lasted for 100–150 days for some of the constructs. The immuno-
globulin IgG and IgM levels are used to measure protection against specific antigen molecules [54]. They provide protection against 
the pathogen from which the epitopes were used in designing the vaccine candidate by neutralizing the pathogen [55]. A high pro-
liferation of both helper and cytotoxic T-cells was observed throughout the simulation. The macrophages population is also consis-
tently high through the simulation. Macrophages are the major effector cells responsible for destruction of the parasites [56]. Thus, 
appropriate activation of macrophages is crucial for eliminating this intracellular pathogen. Macrophage activation is generally 
divided into two functionally distinct types: classical and alternative activation. In classical activation, upon recognition of antigens on 
major histocompatibility complex (MHC) II, the differentiation of CD4+ T cells into T helper type (Th) 1 primarily leads to the 
development of an inflammatory response. This response is characterized by the secretion of pro-inflammatory cytokines such as 
TNF-α, IL-1β, IL-6, IL-12, IL-18, and IL-23 [57]. The IFN-γ produced by Th1, stimulates macrophages to produce inducible nitric oxide 
synthase (iNOS, also known as NOS2), an enzyme which catalyzes L-arginine to generate nitric oxide (NO). NO is a toxic molecule that 
plays a major role in killing intracellular parasites [58]. The simulated immune response against MEV showed that the cytokines IFN-γ, 
TGF-β, IL-10 and IL-12 levels were high and lasted for several days. Therefore, the MEV induces both humoral and cellular immune 
response. The interaction of MEV with pathogen associated molecular patterns (PAMPs) like TLRs is essential for recognition and 
immune response [48]. The molecular docking between MEV and TLRs show strong interactions mediated by hydrogen bonds and 
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hydrophobic interactions. More importantly the MEV showing strong affinity towards TLR-2, TLR-3 and TLR-4. The TLR-2 and TLR-4 
are extracellular in nature while the TLR-3 is an intracellular protein [59]. It has been revealed that initial interaction of Leishmania 
lipophosphoglycan with TLR-2 activates the macrophages and the effects can be negative and positive on host cells and provide way to 
Th2 differentiation [60]. Earlier studies have suggested that TLR-4 involved in controlling the parasite growth in macrophages. The 
TLR-4 double knockout mice challenged with L. major infections showed reduction in growth at initial 24 h, and found increased 
parasite burden at later. In addition, the research also showed that the lack of TLR-4 results in impaired immune response [61]. 
Further, a multicomponent system consisting of vaccine construct MEV (1k), TLR-2, TLR-3, TLR-4, BCR, MHC-I and MHC-II was 
successfully generated and simulated for a 100 ns. The distance analysis indicate TLR-2, TLR-3 and MHC-II are moved towards MEV. 
The movement of MHC-II could be a positive indication that the vaccine effectively recognizes MHC-II and invoke immune response. A 
subtle movement of MHC-I also observed during simulation. The DCs can perform cross-presentation, which involves mobilizing MHC 
class I molecules to present exogenously derived antigens [62]. Moreover, the recognition of parasite components by the host cells 
(macrophages) is essential to dispose the infection [63]. The strong interaction of designed multi-epitope vaccine with TLR-2, TLR-4 
indicate the MEV has potential to induce proper immune response. In summary, the designed vaccine candidate has great potential to 
be a vaccine candidate against Leishmania but further research need to be done to verify the findings. 
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