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Abstract Leishmaniasis is a group of diseases with a spectrum of clinical manifestations
ranging from cutaneous ulcers to visceral leishmaniasis, which results from the bite of an
infected sandfly to human. Attempts to develop an effective vaccine have been shown to be
feasible but no vaccine is in active clinical use. This study adopts a Reverse Vaccinology
approach to identify common vaccine candidates from both highly pathogenic species
Leishmania major and Leishmania infantum. Total proteome of both species were compared
to identify common proteins, which are further taken for sub-cellular localization and
transmembrane helices prediction. Plasma membrane proteins having only one transmem-
brane helix were first identified and analyzed which are non-homologous in human and
mouse in order to avoid molecular mimicry with other proteins. Selected proteins were
analyzed for their binding efficiency to both major histocompatibility complex (MHC) class
I and class II alleles. As a result, 19 potential epitopes are screened in this study using
different approaches, which can be further verified through in vivo experiments in MHC
compatible animal models. This study demonstrates that Reverse Vaccinology approach has
potential in discovering various immunogenic antigens from in silico analysis of pathogen’s
genome or proteome instead of culturing the whole organism by conventional methods.

Keywords Leishmaniasis . Reverse Vaccinology . Transmembrane helices . Epitope
prediction . Major histocompatibility complex (MHC)

Introduction

Leishmaniasis, a vector-borne disease caused by obligate intracellular protozoa, is charac-
terized by vast diversity and by specificity within that diversity. The disease is endemic in
focal areas of ~90 countries in the tropics, subtropics, and southern Europe, in settings that
range from deserts to rain forests and from rural to urban areas. Infection in humans is
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caused by ~20 Leishmania species (Leishmania and Viannia subgenera), which are trans-
mitted by ~30 species of phlebotomine sandflies Phlebotomus (Old World) and Lutzomyia
(New World). Leishmania are digenetic protozoa which inhabit two highly specific hosts,
the sandfly, where they grow as motile flagellated promastigotes in the gut, and the
mammalian macrophage, where they survive and grow intracellularly as non-flagellated
amastigotes in the phagolysosome. Amid this diversity, particular parasite, vector, and host
species maintain the transmission cycle in a given setting [1, 2].

Traditionally, leishmaniasis has been classified into three groups according to the clinical
manifestations of disease. Cutaneous leishmaniasis is, by and large, a self-limiting, but
chronic skin ulcer developing at the site of the sandfly bite, which may take months to heal.
Mucocutaneous leishmaniasis initially causes similar skin ulcers that heal, but subsequently
lesions reappear, primarily in the mucous tissue of the nose and mouth. These are often
accompanied by secondary infections and massive tissue destruction. Visceral leishmaniasis
is a very severe systemic disease, with the organisms homing to the liver, spleen, and bone
marrow. Visceral leishmaniasis is usually fatal if not treated [2]. The immune response to
Leishmania infection is dependent on both the species of the parasite infecting the host and
the genetics of the host. The severity of disease caused by a particular species may vary
markedly between individuals; hence, one species of Leishmania can cause more than one
clinical syndrome [3]. There are several key components involved in the immune response to
Leishmania. The outcome of infection is largely dependent on the ability of the host to
mount a protective T-helper-1 (Th1) response versus the ability of the parasite to evade and
manipulate the host's immune system [4]. Macrophages and effector molecules, dendritic
cells (DC), T-helper cells (CD4þ T cells), cytotoxic T cells (CD8þ T cells), natural killer
(NK) cells, and cytokines are all, in one way or another, considered to play important roles in
the immune response to Leishmania infection [5].

Although chemotherapeutic treatments for the leishmaniasis exist, the drugs are costly,
limited, and toxic [6]. Furthermore, available treatments are threatened by drug resistance,
which is reviewed by Croft et al. [7]. Even with treatment, various disease forms can cause
lifelong disfigurement and scarring. Thus, as with all infectious diseases, prevention of
leishmaniasis is superior to a cure. A prophylactic vaccination would prove to be the most
effective strategy to control infection and spreading of this group of diseases [8]. However,
despite substantial effort spent in developing a vaccine, there is currently no licensed vaccine
against human leishmaniasis [9]. One of the requirements of an “ideal” anti-leishmanial
vaccine is for it to be effective against more than one Leishmania species in order to protect
individuals in areas where cutaneous and visceral leishmaniasis, for example, coexist.
Several studies [10–23] highlight the complexity of the problem and the difficulties facing
the design of a pan-Leishmania vaccine. Factors, such as virulence, genetic differences
between Leishmania species as well as host genetic factors controlling the response to
different Leishmania species [24] suggest that such a vaccine may not be feasible. However,
the availability of the genome sequence of Leishmania major, Leishmania infantum, and
other species may allow us to identify the genes responsible for the different disease
phenotypes. This may lead to the identification of shared antigens, which could be incor-
porated in a pan-Leishmania vaccine [25].

With the advent of genome era, drastic revolution has emerged in the vaccine develop-
ment strategies and has catalyzed a shift from conventional culture-based approaches to
genome-based vaccinology. The application of genome analysis to vaccine development has
given rise to a concept termed as Reverse Vaccinology which initiated with a positive
feedback loop in terms of development and application of novel approaches to the field of
vaccinology. It relies on the combined use of immunological and genomic information to
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identify relevant protein antigens for diagnostic or vaccine purposes [26]. In our study, we
have identified few peptide sequences which can be used as common vaccine targets from
both L. major and L. infantum with the help of Reverse Vaccinology approach.

Materials and Methods

The workflow of our approach has been shown in Fig. 1. Steps are explained below:

1. Data acquisition
Total protein sequences from L. major and L. infantum were downloaded from NCBI

Genome Project in the form of flat file. Genome information is presented in Table 1.
Homologous proteins from both organisms were screen by stand-alone BLAST program
[27]. In order to consider each homologous sequence, it is important to identify
bidirectional best hits which were taken by keeping first genome as reference genome
and second genome as comparative and the same procedure applied vice versa.

Fig. 1 Workflow of Reverse Vaccinology approach to identify potential vaccine candidates from L. mojor
and L. infantum. Ptn proteins; PM plasma membrane proteins; EC extra cellular proteins; TMH transmem-
brane helix
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2. Sub-cellular localization and transmembrane helix prediction
For better confirmation, all selected proteins were analyzed first by PSORT [28] for

sub-cellular localization followed by transmembrane helix prediction using TMHMM
[29]. Plasma membrane and extra cellular proteins screened from PSORTwere given to
TMHMM and those proteins having only one transmembrane helix were selected
further. It has been reported that 250 out of 600 vaccine candidates from N. meningitides
B failed to be cloned and expressed due to the presence of more than one transmem-
brane spanning region [30]. Therefore, proteins having multiple transmembrane helices
were removed before doing further analysis.

3. Identification of non-homologous proteins to human and mouse
Cell surface and secreted proteins resulted from previous steps were checked for their

homology with human and mouse using stand-alone BLAST tool. Proteins which are
non-homologous to human and mouse are considered further in order to prevent
possible auto-immune response during experimental validation.

4. Prediction of major histocompatibility complex (MHC) class I binding epitopes
BIMAS [31] helped to identify peptides of all proteins those bind to MHC class I

molecules with a good binding affinity, which is based on the half-time of dissociation
of the β2 microglobulin from HLA (human leukocyte antigen). A cutoff value of ≥100
was chosen for peptide selection. SYFPEITHI [32] and ProPred1 [33] are the other
algorithms which predict binding of nonameric peptides to multiple MHC class I HLA
alleles. The MHC alleles which were selected for this analysis and found to bind with
majority of proteins are HLA_0201, HLA-A2, HLA-A 0205, HLA-Cw 0602, HLA-
A2.1, HLA-A3, HLA-B14, HLA-B 5401, and HLA-B 5102.

5. Prediction of MHC class II binding epitopes
The analysis for class II HLA binding was carried out to predict the binding affinity

for MHC class II alleles DRB1_0101, DRB1_0102, DRB1_1101, DRB1_1104,
DRB1_1501, DRB1_1502, DRB1_0402, DRB1_0404, DRB1_0405, DRB1_1301,
and DRB1_1302 using ProPred [34]. The objective of using more than one tool was
to select only those peptides with positive binding score with multiple methods. This
would reduce chances of failure in experiments.

6. Exclusion of “self” peptides
A vaccine candidate with similar sequence to the host (e.g., human or mouse) is

likely to be a poor immunogen due to epitope mimicry, or if an immune response is
triggered, cause autoimmunity in the host [35–37]. To consider this aspect, all predicted
class I and class II HLA peptides were searched again in human and mouse genome
database using BLAST and peptides which show no similarity are selected as the final
set of vaccine candidates.

Table 1 Summary of the
L. major, L. infantum, and
L. braziliensis genomes

Organism L. major L. infantum L. braziliensis

Chromosome no. 36 36 35

Contigs 36 562 1,041

Size (bp) 32,816,678 32,134,935 32,005,207

Overall G+C content 59.7 59.3 57.76

Coding genes 8,298 8,154 8,153

Pseudogenes 97 41 161

Coding G+C content 62.5 62.45 60.38
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Results and Discussion

By adopting in silico analysis, we have identified about 19 proteins which show high
potential for being common vaccine candidates of L. major and L. infantum. Figure 2
represents overall statistics of the process.

Around 8,122 proteins were found to be homologous in both L. major and L. infantum
using stand-alone BLAST program. These proteins are considered for sub-cellular localiza-
tion prediction using WolfPsort. Of the 8,122 proteins, 1,350 proteins were predicted as
plasma membrane and 910 as extracellular proteins, which were taken for the prediction of
number of transmembrane helices present using TMHMM server. Of the 2,260 proteins, 903
sequences were found to be having the transmembrane helix (TMH)≤1 and 1,257 sequences
have TMH>1. Screened transmembrane proteins are taken for human and mouse BLAST
analysis to eliminate all possible homologous proteins, which possibly cause auto-immune
response while clinical trials in human and mouse.

Binding analysis of the allele HLA A 0201 which is the most studied HLA MHC class 1
allele [38] was selected for predicting the binding efficiency of the non-homologous proteins
with BIMAS and SYFPEITHI tools. Out of the 526 proteins, 50 proteins were found not to
bind with the above-mentioned allele with the BIMAS at the predicted threshold of T (1/2)≥
100. The rest 476 sequences were analyzed for the efficiency of binding. ProPred 1 tool was
also used to analyze binding efficiency with all the alleles given in this tool. The MHC

Fig. 2 Overall statistics of the process. From 8,122 common proteins of L major and L. infantum, only 19
peptides are screened by the process
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alleles which were found to bind with majority of proteins are HLA_0201, HLA-A2, HLA-
A 0205, HLA-Cw 0602, HLA-A2.1, HLA-A3, HLA-B14, HLA-B 5401, and HLA-B 5102.

Binding of peptides to class 2 MHC molecules was carried out for the proteins by using
ProPred tool. MHC alleles which were found to bind majority of proteins are DRB1_0101,
DRB1_0102, DRB1_1101, DRB1_1104, DRB1_1501, DRB1_1502, DRB1_0402,
DRB1_0404, DRB1_0405, DRB1_1301, and DRB1_1302. Figure 3 shows number of
alleles binding to highest and lowest number of proteins.

The T cell epitopes were selected based on the fact that those peptides which have affinity
for MHC/HLA molecules are more likely to be recognized by the T cell receptors of specific
T cells. Furthermore, only those peptides were selected which has the efficiency to bind with
both MHC class 1 and class 2 molecules as these would reduce the number of peptides
needed for population coverage for vaccine construct. The selected peptides were checked
for the molecular mimicry or cross reactivity between self epitopes and pathogen epitopes to
avoid the auto-immune responses [37]. Table 2 represents list of peptides are predicted to
bind to depicted HLA class I and class II alleles.

Tagatose-6-phosphate kinase-like protein (XP_822202.1) is predicted to be an extracel-
lular protein with one TMH. The epitope sequence selected lies in the outside region of
TMH, which proves that amino acid residues can interact with the host and serves to
generate the immune response. Extracellular factors produced by Leishmania spp.,

Fig. 3 Number of HLA class I and class II alleles binding to highest and lowest number of selected peptides
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Trypanosoma cruzi, and Trypanosoma brucei are found to be important in the host–parasite
relationship. Furthermore, these extracellular (secreted) proteins increase parasite replication
inside macrophages. Materials secreted by the parasite are found to be involved in the
process helping the parasite to survive in an environment more favorable for its own
development [38]. In addition, previous studies indicate that trypanosomatid secreted factors
elicit strong immunity and protection against infection in mice and dogs. Thus secreted
factors could be a source of antigens for vaccine development, as demonstrated in the
pathogen Mycobacterium tuberculosis [39].

Phosphatidylinositol 3-kinase-like protein (XP_822211.1) is predicted to be a plasma
membrane protein having 1 TMH. At a molecular level, L. infantum rapidly induced
activation of phosphatidylinositol 3-kinase/Akt and extracellular signal-regulated kinase,
whereas no effect was observed in the c-Jun N-terminal kinase and p38 mitogen-activated
protein kinase proinflammatory pathways. Moreover, parasites actively promoted cleavage
of the nuclear factor-κB p65(RelA) subunit, causing its impairment. The blockade of
phosphatidylinositol 3-kinase/Akt by either treatment of bone marrow-derived dendritic
cells (DCs) with wortmannin or transfection with an Akt dominant-negative mutant resulted
in a strong decrease in infection rates, revealing for the first time a crucial role of this
pathway on Leishmania engulfment by DCs. Overall, our data indicate that activation of Akt
and impairment of nuclear factor-κB are responsible for immunogenicity subversion of L.
infantum-infected DCs [40].

XP_001687567.1 is a surface antigen protein and is predicted to be an extracellular/
secreted protein. This protein has one TMH, these are expressed in the infective stages of
parasite and is thought that over expression of these proteins results in avirulence due to
selective depletion of specific lipid species and decreased expression of the major surface
glycoprotein GP63 [40].

Phosphoglycan beta 1,3 galactosyltransferase 4 (XP_822217.1, XP_822221.1, and
XP_001686570.1) and glycosomal membrane protein (XP_843475.1) are phosphoglycan
family molecules and comprises of glycolipids and glycoproteins containing repeating units
of Gal(/31-4)Man(α1-)PO4 with or without additional glycan side chains. They are involved
in preventing complement mediated lysis in promastigote, serving as a ligand for receptor
mediated endocytosis of the parasite by the macrophage and inhibiting phagosome–endo-
some fusion [41].

Proteophosphoglycan ppg4 (XP_843162.1), proteophosphoglycan ppg5 (XP_843163.1),
and proteophosphoglycan ppg1 (XP_843164.1) are secreted glycoconjugates which form a
highly viscous mesh within which the parasite lies embedded and are thought to contribute
to the formation of the vacuole in the macrophages [42].

Tuzin protein (XP_001686384.1) is involved in macrophage binding and show structural
similarity not sequence identity with T. cruzi. Receptor-type adenylate cyclase a-like protein
(XP_001686897.1) is cAMP (cyclic adenosine monophosphate) signaling proceeds along
very similar pathways in all kinetoplastid pathogens (T. cruzi, the Leishmania, and T.
brucei). Their adenylyl cyclases are structurally very different from the human enzymes
and appear to function as enzyme-linked cell surface receptors. They might represent the
major sensory apparatus of the kinetoplastids, guiding much of their environmental sensing
and host/parasite interaction. The cAMP-specific phosphodiesterases of the kinetoplastids
are rather similar to those of human cells and might function in similar ways [43].

Five hypothetical proteins XP_822224.1, XP_001685357.1, XP_001685522.1,
XP_001685181.1, and XP_822244.1 have been found in the selected epitopes. Though they
are predicted to be epitopes by the MHC class 1 and class 2 tools, their detail functional
analysis can be known in the further studies.
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Conclusion

Vaccine candidates selected for Leishmaniasis caused by L. major and L. infantum seems to
be the potential one through the analysis made by Reverse Vaccinology approach, anyhow,
verification of these candidates is to be justified through the confirmation made by wet lab
analysis. In silico approach towards the vaccine development is a novel and integrative
method of the available Bioinformatics tools which holds to be a promise in the renaissance
brought in the vaccine development. From 8,122 common proteins, only 19 epitopes are
screened in this study using different approaches. Further detail study is to be done for
making out the best epitopes screened on the basis of available multiple analytical tools and
wet lab analysis.

Future Prospects

The main objective of our study was to predict potential vaccine candidate for both highly
virulent species of Leishmania using various computational algorithms. In future, in vivo
and in vitro studies can be carried out to check immune response against predicted epitopes.
Moreover, molecular modeling and energy calculations can be carried out to find efficiency
of HLA-peptide binding.
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