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Abstract 

 

The mosquito-borne chikungunya virus has caused numerous outbreaks globally over the years 

and its transmission is expeditious. Due to the lack of an effective vaccine, chikungunya infection 

prevention mainly focuses on preventing mosquito bites. Chikungunya infection causes 

debilitating symptoms. An effective vaccine can provide stronger protection in future outbreaks. 

In this study, in-silico approach was taken to construct a multi-epitope vaccine against the 

chikungunya virus and in-silico biochemical analysis of the designed vaccine was performed. The 

E2 envelope glycoprotein of chikungunya virus, collected from Vipr database, was selected as 

primary protein. Its antigenicity (0.5679) was found using Vaxijen v2.0. Cytotoxic T lymphocyte 

epitopes, helper T lymphocyte epitopes, and B cell epitopes were identified using NetCTL-1.2, 

NetMHCIIpan 4.0, and Bepipred servers respectively. The helper T lymphocyte epitopes were 

screened using IFNepitope, IL-4Pred, and IL-10Pred. Linkers were used according to literature 

studies in order to construct the vaccine. Biochemical analysis of the final vaccine represented 

promising results. ProtParam was used to predict the instability index (35.68), grand average of 

hydropathy (-0.553), and molecular weight (63.72038 kDa) of the final vaccine. AllergenOnline 

and T3DB predicted the vaccine as non-allergen and non-toxic respectively. ProSAweb was 

applied to assess Z-score (-5.16) and SWISS-MODEL generated Ramachandran plots. C-

IMMSIM predicted desirable responses of immune cells and antibodies in accordance with three 

doses of the vaccine. As this study was based on in-silico computational methods, future 

investigations incorporating in vitro and in vivo methods are needed to validate the safety and 

efficacy of the constructed chikungunya vaccine. 

 

 

Keywords: Chikungunya virus, multi-epitope vaccine, in-silico, E2 envelope glycoprotein, 

biochemical analysis.  
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Chapter 1 

Introduction 

Chikungunya is a debilitating viral disease caused by infection with the Chikungunya virus 

(CHIKV). Chikungunya virus is a mosquito-borne pathogen. Transmission of CHIKV occurs 

via Aedes spp. mosquitoes infected with the virus. Nonhuman primates act as the primary 

reservoir hosts for CHIKV. The origin of CHIKV is presumably Central and East Africa (McFee, 

2018; Vairo et al., 2019) The virus has re-emerged in epidemic form in recent years and posed 

a significant threat to public health in particular regions of the world. In 2008, the first 

chikungunya outbreak in Bangladesh affecting 39 people was identified in Chapainawabganj 

and Rajshahi by the Institute of Epidemiology, Disease Control and Research (IEDCR) and 

International Centre for Diarrhoeal Disease Research, Bangladesh (ICDDR,B) (ICDDR,B, 

2009). After that, numerous chikungunya outbreaks have occurred in Bangladesh from 2012 to 

2017 (Haque et al., 2019). However, the most threatening outbreak in Bangladesh occurred 

around April to September of 2017. It affected 23 districts and more than 13000 cases were 

reported from the capital Dhaka (Anwar et al., 2020). Although chikungunya is not a fatal 

disease, it can cause significant health problems especially for patients with comorbidities. Its 

symptoms including- combination of fever and serious arthralgia, weakness, swelling in joints, 

sleep disturbance, memory problems etc. can reduce quality of life drastically (Centers for 

Disease Control and Prevention [CDC], 2022). At present there are no vaccines for chikungunya 

fever. The preventative measures against this disease are based on prevention of mosquito bites. 

Thus the preventative actions are limited to using insect repellents, mosquito sprays, mosquito 

nets, wearing long-sleeved clothings, scrutinizing water-retaining containers etc (Anwar et al., 

2020). However, controlling the vector population may not be sufficient to prevent disease 

transmission and protect public health if there is a massive outbreak of CHIKV again in the 

future. Thus, in order to prepare for managing large-scale outbreaks of chikungunya in future, 

effective vaccines against the virus are needed. 

 

1.1 Structural and genomic features of Chikungunya Virus: 

Chikungunya virus belongs to one of the genus of the Togaviridae family named Alphavirus. 

The size of the virus varies between 50-70 nm. Electron microscopy shows that it contains an 
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icosahedral nucleocapsid which is surrounded via the viral envelope. The nucleocapsid core has 

240 copies of the capsid proteins and is surrounded with a lipid bilayer which is host-derived. 

The nucleocapsid constitutes a single-stranded RNA genome. The RNA is positive-strand, non-

segmented,  about 11.8 kb with a terminal methylguanylate cap in the 5’ end and polyadenylation 

in the 3’ end (Cavrini et al., 2009). It comprises two open reading frames located between the 

untranslated regions (NTR) 30 NTR and 50 NTR. The open reading frame at 50 end of the 

genome codes for the polyprotein precursor which creates the nonstructural proteins nsP1, nsP2, 

nsP3, nsP4. These proteins have proteolytic and/or replicative functions. The other open reading 

frame codes for the polyprotein precursor which creates the structural proteins E1, E2, C 

necessary for nucleocapsid and envelope formation. Molecular mass of Both E1 and E2 proteins 

are approximately 50 kD which create stable heterodimer. Viral surface spike is formed by the 

interaction of three E2-El heterodimers (Chevillon et al., 2008).  

 

1.2 Viral replication and pathogenesis of Chikungunya Virus: 

In mammalian cells, the E2 protein of CHIKV binds to the surface of the host cell using receptors 

and attachment factors. The entry of CHIKV inside the cell occurs via clathrin-mediated 

endocytosis. Then there is endosomal acidification that causes the fusion peptide of E1 protein 

of the virus to insert in the endosomal membrane. The nucleocapsid is released in the cytosol 

due to fusion between endosomal membrane and viral envelope. As the nucleocapsid 

disassembles, the positive-sense RNA of CHIKV becomes free (Silva & Dermody, 2017). 

Translation machinery of the host cell translates this viral genome and produces nonstructural 

polyprotein P1234. P1234 is broken down to precursor P123 and the nonstructural-protein nsP4 

(Solignat et al., 2009).  Replication complexes (RCs) are created by P123 and nsP4 (Van der 

Heijden & Bol, 2014). These replication complexes create negative-sense RNA as a template 

for synthesizing the positive-sense genomic RNA and sub-genomic RNA. This sub-genomic 

26S RNA works as the mRNA that codes for viral structural proteins C-pE2-6K-E1. From this, 

the capsid protein C is liberated first due to its autocleavage function. This capsid protein then 

binds to newly formed viral RNA to start creating the nucleocapsid core. In the endoplasmic 

reticulum, the remainder precursor pE2-6K-E1 becomes processed to pE2, 6K, and E1. 

Heterodimer complexes are created by E1 and pE2, which use the Golgi secretory pathway to 

reach the cell membrane. Here host enzyme furin and furin-like proteases break down pE2 into 
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E2 and E3. E2 and E3 enclose the remainder of the virus genome. Lastly, the nucleocapsid core 

migrates to the host cell surface and combines with E1/E2 dimers. The new virus buds and exits 

from the cell and a new replication cycle is started (Abdelnabi et al., 2015; Battisti et al., 2021).  

Viraemia occurs in the initial phase of infection which can be identified with real-time PCR. 

High levels of chemokines and cytokines including interferon-α, interferon-γ, interleukin-4, 

interleukin-6, interleukin-10 etc. are observed in patients. IgM antibodies are found within days 

after infection and anti-chikungunya IgG are found near the second week (Burt et al., 2017). 

Different cells and tissues of the host that support the growth of CHIKV include- fibroblasts, 

brain cells, endothelial cells etc. Pathogenesis of CHIKV focuses on the ability of the virus to 

replicate in muscle tissues and joints. The virus affects mesenchymal stem cells of bone marrow, 

osteoblasts and chondrocytes in the joints. Joint pain and arthritis occurs due to cellular damage 

caused by CHIKV infection. Bone homeostasis is affected in patients since repair capacity and 

mineralization processes are hampered (Kril et al., 2021). Some patients experience chronic 

arthritis, the causes of which still remain elusive. It is assumed that persistence of virus or its 

nucleic acids and continued immune activation could cause such immunopathology even after 

infection has subsided (Labadie et al., 2010). 

Vaccines play a significant role in cost-effective prevention of infectious disease. Similar to 

other vaccines, a potential vaccine candidate for CHIKV will need to have a substantial balance 

of safety and immunogenicity (Mahalingam et al., 2017). Different types of CHIKV vaccines 

have been experimented with virus-like particles (VLP), inactivated virions, subunit vaccines,  

live attenuated vaccines etc. (DeFilippis, 2022). 
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Chapter 2 

Methodology 

The step-by-step methods which were utilized in this in-silico vaccine design for the 

chikungunya virus are illustrated in Figure 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Step-by-step methods used in in-silico vaccine design for CHIKV. 

 

2.1 Selection and Collection of Envelope Protein Sequence of Chikungunya Virus: 

The Virus Pathogen Resource (ViPR) server (viprbrc.org) was used to collect different protein 

sequences of CHIKV strains. The ViPR server is a widely used computational tool used in 

structure, sequence and comparative genomic analysis of viruses (Pickett et al., 2012). In the ViPR 

server, there is a virus taxonomy browser which lists different virus families. Under the 
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Togaviridae family, the genus Alphavirus was selected. Then under the Alphavirus genus, the virus 

Chikungunya was selected. The server contained 5926 strains and 960 complete genomes for 

CHIKV. By observing the ‘country’ column, several strains for CHIKV were selected. Those 

included one strain from Kenya, one strain from India, and two strains from Bangladesh. Three 

proteins were selected from the Kenya strain named structural polyprotein, C and 6k protein. The 

E2 protein was selected from the strain ‘02 TANUVAS’ from India. E1 protein was selected from 

‘CHIK-BD1052’ Bangladesh strain. Six proteins were selected from Strain Bangladesh 2017 

named- structural polyprotein, C, E1, E2, E3, 6K protein. The sequences of all these proteins were 

collected from the server in fasta format and compiled. ViPR has been used previously in research 

relating to CHIKV. For example, a group of researchers completed a study in 2020 involving the 

rise of ECSA Lineage of Chikungunya virus near the south border of the Amazon Forest. In their 

study, they collected all genomic data from the ViPR database (Da Silva Pessoa Vieira et al., 

2020). Vaxijen 2.0 was used to predict the antigenicity of the collected protein sequences. In the 

Vaxijen server, prediction of protective antigens is independent of sequence alignment 

(Doytchinova & Flower, 2007). Virus was selected as the target organism in the server. The 

threshold was set to 0.5. The proteins were checked whether these were probable antigen or non-

antigen. The overall predictions of antigenicity were noted and compared to screen the protein 

with the highest antigenicity. 

 

2.2 Identifying Cytotoxic T Lymphocyte (CTL) Epitopes: 

NetCTL-1.2 server was used to predict cytotoxic T lymphocyte (CTL) epitopes for the selected 

primary protein sequence. The CTL epitope predictions in this server are confined to the 12 major 

histocompatibility complex (MHC) class I supertype. This server utilizes artificial neural networks 

for predicting MHC class I binding and proteasomal cleavage (Larsen et al., 2007). The selected 

primary protein sequence was given in FASTA format. The threshold set for epitope identification 

was 0.75. Weight of C terminal cleavage and weight of TAP transport efficiency were set to default 

values since on average, default values provide optimum predictive performance. ‘Combined 

score’ was selected in the ‘sort by score’ section which lists CTL epitopes according to descending 

order of prediction scores on the result page. Determining MHC-binding peptides and T-cell 

epitopes play significant roles in the design of vaccines (Lin et al., 2008). The NetCTL-1.2 server 

has been used in other studies for the in-silico CTL epitope prediction of CHIKV strains (Kori et 
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al., 2015). The server ToxinPred was used to predict toxic or non-toxic peptides among the 

identified CTL epitopes (Gupta et al., 2013). 

 

2.3 Determination of MHC class I Alleles: 

NetMHCpan- 4.1 server was used for the prediction of MHC I alleles specific to the CTL epitopes. 

This server applies artificial neural networks (ANNs) to forecast peptide binding with MHC I 

molecules. The peptide length input given was 9 mer peptides. The threshold for strong binder and 

weak binder was 0.5 and 2 respectively. From the ‘select allele(s)’ list, all MHC molecules shown 

were selected. The options for including BA (binding Affinity) and sorting by prediction scores 

were selected in the server. The alleles and corresponding peptides were noted on the results page. 

Only the peptides with strong binding (bind level: SB) were selected (Reynisson, Alvarez, et al., 

2020). 

 

2.4 Identifying Helper T Lymphocyte (HTL) Epitopes: 

The server NetMHCIIpan 4.0 was used to identify helper T lymphocyte (HTL) epitopes. This 

server utilizes artificial neural networks to forecast the peptide binding of a known sequence to the 

MHC II molecule (Reynisson, Barra, et al., 2020). The selected primary protein sequence was 

inputted in FASTA format on the server. The threshold for strong binder and threshold for weak 

binder were 1 and 5 respectively. Maximum of 20 alleles were selected from the ‘select allele(s)’ 

list in each submission. Only the peptides having strong binding (SB) bind level were collected. 

The process was repeated until all alleles were selected. All strong binding HTLs were compiled 

in a Microsoft Excel sheet. The repeating SB HTL sequences were omitted from the sheet. 

 

2.5 Cytokine Stimulating Ability of Strong Binding HTL Epitopes: 

Different cytokines including- interferon-gamma, interleukin 4, and interleukin 10 are released by 

helper T lymphocytes which trigger immune cells in our body. These cytokines survive following 

inflammatory responses and prevent tissue damage. Thus, induction of such cytokine release by 

HTL epitopes is desirable for designing vaccines (Bhuiyan et al., 2020). Hence, all the identified 

HTL epitopes from the previous step were tested for three criteria initially. IFN server was utilized 

in order to predict whether the HTLs were interferon-gamma inducing or not. The model selected 

in this server was IFN gamma vs. non-IFN gamma. It is important to find out MHC class II binders 
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that are able to stimulate IFN gamma-inducing T-helper cells for the in-silico design of subunit 

vaccines. IFN gamma is a Th1 cytokine that promotes cell-mediated immunity for the elimination 

of intracellular pathogens (Dhanda, Vir, et al., 2013). After that, the IL-4pred server was used to 

predict whether the HTL epitopes were interleukin-4 (IL-4) inducing or not. The hybrid 

(SVM+motif) model was chosen in the server. IL-4 inducibility of HTL epitopes is considered 

since IL-4 plays important functions including IgE production, antibody isotype switching, and 

proliferation of antigen-presenting cells (Dhanda, Gupta, et al., 2013). IL-10Pred server was 

utilized to predict whether the HTL epitopes were interleukin-10 (IL-10) inducing or not (Nagpal 

et al., 2017). 

 

2.6 Determination of B-cell Epitopes: 

IEDB Analysis Resource was used as an online computational tool for B cell epitope predictions. 

The method chosen in the server was ‘bepipred linear epitope prediction 2.0’. Upon submission of 

the primary protein sequence in this server, the results page generates a table of predicted peptides 

as B cell epitopes and its corresponding graph. The threshold value was 0.5 (Jespersen et al., 2017). 

 

2.7 Assembly of Vaccine Candidates: 

The primary protein sequence, CTL epitopes, HTL epitopes, and B cell epitopes were connected 

using appropriate linkers in order to construct a multi-epitope vaccine. The first vaccine construct 

was assembled by taking all CTL epitopes, HTL, and B cell epitopes screened from previous steps. 

Subsequently, several combinations of CTL, HTL, and B cell epitopes were assembled and tested 

through biochemical analysis to compare and contrast different variations of the vaccine construct. 

Linkers are needed for effectively separating epitopes and increasing the presentation of epitopes 

in host cells (Narula et al., 2018). Four types of peptide linkers- EAAAK, AAY, GPGPG, and KK 

were used in all vaccine constructs. The EAAAK linker was placed to connect the primary protein 

sequence and first CTL epitope. AAY, GPGPG, and KK linkers were placed between adjacent 

CTL, HTL, and B cell epitopes respectively. 

 

2.8 In-silico Biochemical Analysis of Candidate Vaccines: 

In-silico biochemical analysis was performed for all the vaccine constructs. The first step in 

biochemical analysis was to check the stability of the vaccine construct via the ProtParam tool. 
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Upon submission of the vaccine construct sequence, the ProtParam server shows the total amino 

acid number, amino acid composition, atomic composition, theoretical pI, molecular weight, grand 

average of hydropathicity (GRAVY) etc. for the submitted sequence. Thus, it is an excellent server 

to compare various attributes of the vaccine. The instability index indicates the stability of the 

constructed vaccine (Gasteiger et al., 2005; Tahir Ul Qamar et al., 2018). 

 

2.9 Assessment of Toxicity and Allergenicity: 

The Toxin and Toxin Target Database or T3DB is a comprehensive database of toxin and toxin 

targets that was applied to search whether the constructed vaccines were toxin or non-toxin. The 

BLAST parameters in the server were set to default settings and the vaccine sequences were 

submitted in FASTA format (Lim et al., 2010; Wishart et al., 2015). 

The AllergenOnline server (version 21) was used to predict the allergenicity of the constructed 

vaccines. This server utilizes bioinformatics methods like FASTA or BLASTP local alignment 

tools in order to compare submitted protein sequences and known allergens. ‘Show Z-score’ was 

selected in the search option on the server (Goodman et al., 2016). 

 

2.10 Three-Dimensional Model Creation via Homology Modeling: 

Phyre2 server was operated to depict the three-dimensional or 3D structures of the constructed 

vaccines. The Phyre 2 server constructs 3D models and identifies ligand binding sites by following 

a remote homology detection approach. It helps to elucidate the secondary and tertiary structure 

of the model and shows the quality of the model including the coverage and confidence (Kelley et 

al., 2015). In Phyre 2, the ‘Normal modeling’ mode was chosen. This server provided a PDB file 

for each vaccine via the given email. The software Discovery Studio Visualizer was used for 

opening the PDB files and for interactively viewing the 3D structures. 

 

2.11 Generating Ramachandran Plots and Z-score Evaluation of Vaccine: 

In the SWISS-MODEL server, the structure assessment portal was used to generate Ramachandran 

plots and associated information for the constructed vaccines (Guex et al., 2009). The PDB file 

obtained in the previous step was submitted here. Ramachandran plot helps to assess the 

stereochemical quality of a protein model. Conformation angles- phi (φ) and psi (ψ), also named 

Ramachandran angles are plotted against each other in the Ramachandran plot. These angles 
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influence the polypeptide chain backbone of a particular protein (K. Gopalakrishnan et al., 2007). 

Then, the website ProSA-web was used for determining the z-score for the constructed vaccines. 

The PDB file was inputted to the server. The results page showed the z-score value, a z-score vs. 

number of residues graph, a knowledge-based energy vs. sequence position graph (Sippl, 1993; 

Wiederstein & Sippl, 2007). 

 

2.12 Molecular Docking of Vaccine with Relevant Human Receptors: 

In order to ensure binding affinity between the constructed vaccine and desired receptors, the 

molecular-docking algorithm PATCHDOCK was applied (Schneidman-Duhovny et al., 2005). 

The constructed vaccine was inputted as the ligand molecule, and 3W3G was inputted as the 

receptor molecule in patchdock. 3W3G symbolizes human Toll-like receptor 8 (TLR8). On the 

results page, the PDB file of the highest scoring solution was downloaded. 

 

2.13 Immune Response Simulations: 

The C-ImmSim model gives a representation of the humoral and cellular response of the immune 

system with respect to antigens.  Immune simulation with this server generates several graphs to 

predict levels of antigen, immunoglobulins, lymphocytes, and other immune cells with respect to 

time following the vaccination doses (Castiglione et al., 2021; Rapin et al., 2010). In the C-

ImmSim server, the vaccine sequence was inputted and three injections were added. The time steps 

of injection numbers 1, 2, and 3 were 1, 84, and 168 respectively. Each time step represents specific 

hours of time. The dosage regimen for the vaccination was assigned to be three injections at 

intervals of 28 days. 

 

2.14 Remarks regarding Methodology: 

The steps in chikungunya vaccine construction and subsequent biochemical analysis completed in 

this study were performed in an in-silico approach. Therefore, the tools used in the experimentation 

were online servers which are widely used in the field of in-silico vaccine design research. Besides 

these online servers, a comprehensive literature review was done wherever necessary to validate 

the methods used in this study. 
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Chapter 3  

Results 

3.1 Antigenicity of Selected Protein: 

Among the screened primary proteins, the E2 protein of ‘Chikungunya Strain Bangladesh 2017’ 

showed the highest antigenicity in VaxiJen v2.0 server (Doytchinova & Flower, 2007). The 

GenBank Sequence Accession of this strain was MF773566. The sequence of the E2 protein is 

given below- 

STKDNFNVYKATRPYLAHCPDCGEGHSCHSPVALERIRNEATDGTLKIQVSLQIGIKTDD

NHDWTKLRYMDNHMPADAERAGLFVRTSAPCTITGTMGHFILARCPKGETLTVGFTDS

RKISHSCTHPFHHDPPVIGREKFHSRPQHGKELPCSTYVQSTAATTEEIEVHMPPDTPDRT

LMSQQSGNVKITVNGQTVRYKCNCGSSNEGLTTTDKVINNCKVDQCHAAVTNHKKWQ

YNSPLVPRNAELGDRKGKIHIPFPLANATCRVPKARNPTVTYGKNQVIMLLYPDHPTLLS

YRNMGEEPNYQEEWVMHKKEVVLTVPTEGLEVTWGNNEPYKYWPQLSTNGTAHGHP

HEIILYYYELYPTMTVVVVSVATFILLSMVGMAAGMCMCARRRCITPYELTPGATVPFL

LSLICCIRTAKA 

The antigenicity of this sequence was predicted to be 0.5679 (Probable ANTIGEN) in VaxiJen 

v2.0 as shown in figure 2. 

 

 

 

 

 

 

 

 

Figure 2: Antigenicity of the selected E2 protein of ‘Chikungunya Strain Bangladesh 2017’ 

(Doytchinova & Flower, 2007). 

 

Besides high antigenicity, the E2 protein was selected as the primary protein sequence due to a 

number of reasons. The E2 protein has relations to viral replication, pathogenicity, monoclonal 
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antibody binding, and cell tropism. Each of its domains contributes to the life cycle of CHIKV 

(Weger-Lucarelli et al., 2016). 

 

3.2 Identifying CTL Epitopes: 

In the NetCTL-1.2 server, 11 epitopes were found for the primary protein sequence by using MHC 

supertype A1 and a threshold of 0.75 as shown in figure 3 (Larsen et al., 2007). The combined 

scores of these CTL epitopes are presented in table 1. 

Table 1: CTL epitopes and their respective combined scores 

CTL epitopes Combined Score 

VTNHKKWQY 2.7636 

STKDNFNVY 2.1435 

FTDSRKISH 1.4179 

TVNGQTVRY 1.3134 

VTWGNNEPY 1.2063 

IILYYYELY 1.0370 

NHDWTKLRY 0.9362 

STAATTEEI 0.8655 

KNQVIMLLY 0.8541 

TTDKVINNC 0.8219 

HPHEIILYY 0.7537 

 

 

 

 

 

 

 

 

 

Figure 3: CTL epitopes found in NetCTL-1.2 server (Larsen et al., 2007). 

 

3.3 Determination of MHC Class I Alleles Specific to CTL Epitopes: 

NetMHCpan-4.1 was used for the identification of MHC I alleles specific to the previously found 

CTL epitopes (Reynisson et al., 2020). The peptide length was 9 for all epitopes. The threshold for 
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strong binders was 0.5 whereas the threshold for weak binders was 2. Alleles were found for 6 

CTL epitopes among the 11 CTL epitopes. The strong binding alleles are tabulated in table 2. 

 

Table 2: Strong binding MHC I alleles specific to CTL epitopes 

Allele Peptide Sequence no. %Rank_EL %Rank_BA Aff(nM) 

1 HLA-A*01:01 VTNHKKWQY 1 0.154 0.487 1074.18 

1 HLA-A*01:01 STKDNFNVY 2 0.232 0.705 1831.77 

1 HLA-A*01:01 FTDSRKISH 3 0.349 0.61 1498.6 

1 HLA-A*01:01 TVNGQTVRY 4 0.153 0.515 1165.32 

1 HLA-A*01:01 VTWGNNEPY 5 0.415 0.353 682.8 

1 HLA-A*26:01 STKDNFNVY 2 0.022 0.054 102.82 

1 HLA-A*26:01 TVNGQTVRY 4 0.013 0.113 235.08 

1 HLA-A*26:01 HPHEIILYY 11 0.088 0.507 1568.24 

1 HLA-B*15:01 STKDNFNVY 2 0.062 0.321 57.8 

1 HLA-B*15:01 TVNGQTVRY 4 0.165 1.945 622.57 

 

3.4 In-silico Prediction of Antigenicity, Allergenicity, and Toxicity of CTL Epitopes: 

In the ToxinPred predictions, it was seen that all the CTL epitopes were non-toxin as shown in 

figure 4 (Gupta et al., 2013). 

 

 

 

 

 

 

 

 

 

 

Figure 4: ToxinPred results for CTL epitopes (Gupta et al., 2013). 
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VaxiJen v2.0 server predicted two CTL epitopes as non-antigen whereas the other four epitopes 

were predicted to be probable antigens. AllerTOP v. 2.0 predicted three CTL epitopes to be 

probable allergens out of the six CTL epitopes. These attributes of selected CTL epitopes are 

summarized in table 3. 

 

Table 3: Selected CTL epitopes: Summary of antigenicity, allergenicity, and toxicity 

CTL epitopes Antigenicity Allergenicity Toxicity 

VTNHKKWQY Antigen Probable allergen Non-toxin 

STKDNFNVY Antigen Probable non-allergen Non-toxin 

FTDSRKISH Antigen Probable non-allergen Non-toxin 

TVNGQTVRY Non-antigen Probable allergen Non-toxin 

VTWGNNEPY Antigen Probable allergen Non-toxin 

HPHEIILYY Non-antigen Probable non-allergen Non-toxin 

 

 

3.5 Identification of Strong Binding HTL Epitopes: 

In the NetMHCIIpan 4.0 Server, numerous peptide sequences were obtained along with the 

corresponding MHC II alleles (Reynisson et al., 2020). The core of the peptides, score_EL, and 

percentile rank were also shown on the results page. The first result page for allele DRB1_0101 in 

NetMHCIIpan 4.0 server is shown in figure 5. The output was according to the prediction score, 

which showed the strong binding peptides on top of the lists. A total of 62 strong binding (SB) 

HTL epitopes were found.  

 

 

 

 

 

 

Figure 5: Strong and weak binding peptides for allele DRB1_0101 in 

 NetMHCIIpan 4.0 Server (Reynisson, Alvarez, et al., 2020) 
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3.6 Cytokine Stimulating Ability of Obtained HTL Epitopes: 

IL4pred, IL10pred and IFNepitope servers were used respectively to screen all strong binding HTL 

epitopes whether these fulfilled all three criteria of being inducers of cytokines IL-4, IL-10, and 

IFN-gamma. 7 such HTL epitopes were identified which are highlighted in yellow color as shown 

in table 4 and 5. 

Table 4: HTL epitopes which were IL-4, IL-10, and IFN-gamma inducers (part 1). 
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Table 5: HTL epitopes which were IL-4, IL-10, and IFN-gamma inducers (part 2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.7 Determination of B-cell Epitopes: 

In IEDB Analysis Resource, the Bepipred Linear Epitope Prediction 2.0 method applied for the 

primary protein sequence gave the following result. A total of 14 peptides were found as B cell 

epitopes which are tabulated in table 6. 
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Table 6: B cell epitopes predicted via Bepipred Linear Epitope Prediction 2.0 

No. Start End Peptide Length 

1 6 17 FNVYKATRPYLA 12 

2 20 29 PDCGEGHSCH 10 

3 36 42 RIRNEAT 7 

4 56 80 IKTDDNHDWTKLRYMDNHMPADAER 25 

5 118 121 SRKI 4 

6 131 165 HDPPVIGREKFHSRPQHGKELPCSTYVQSTAATTE 35 

7 172 180 PPDTPDRTL 9 

8 208 212 EGLTT 5 

9 214 215 DK 2 

10 217 219 INN 3 

11 234 252 KWQYNSPLVPRNAELGDRK 19 

12 273 278 NPTVTY 6 

13 299 314 NMGEEPNYQEEWVMHK 16 

14 331 350 GNNEPYKYWPQLSTNGTAHG 20 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Score vs Position graph of B cell epitopes from IEDB server (Jespersen et al., 2017). 

The average score of B cell epitopes was 0.466, the minimum score was 0.166 and the maximum 

score was 0.677 as shown in figure 6 (Jespersen et al., 2017).  
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3.8 Assembly of Vaccine Candidates: 

The linkers mentioned in the methods section were used to connect the different types of epitopes. 

EAAAK linker ensures minimum interference between the epitopes and provides adequate 

segregation of functional domains. Inside mammalian cells, AAY or Ala-Ala-Tyr linker acts as a 

cleavage site for proteasomes. Hence, CTL epitopes connected by AAY will be efficiently 

detached inside cells. GPGPG linker stimulates T helper lymphocyte responses, lowers junctional 

immunogenicity, and thereby enhances the immunogenicity of each epitope. The di-lysine linker 

(KK) is targeted by the lysosomal protease cathepsin B. KK linker lowers junctional 

immunogenicity and enhances the immunogenicity of the vaccine. These linkers helped to connect 

all the selected epitopes and to design the proposed candidate vaccines. Incorporation of such 

linkers in these multi-epitope candidate vaccines will facilitate antigen processing and 

presentation, decrease the chances of forming junctional antigens. These linkers will also improve 

the structural flexibility, rigidity, and stability of the constructed vaccine (Ayyagari et al., 2020). 

In this systematic process, 6 CTL epitopes, 7 HTL epitopes, and 14 B cell epitopes were found. 

Preliminary, the first vaccine was constructed incorporating all of these epitopes, excluding none. 

Subsequently, eight different vaccines were constructed by excluding specific CTL, HTL, and B 

cell epitopes in each vaccine based on different criteria which are named i-viii here. The goal of 

assembling the vaccines with variations in combinations was to assess how the different 

combinations influenced the biochemical analysis of the vaccines. All of the vaccine constructs 

are shown in table 6. 

Vaccine (i): Vaccine A constructed incorporating all 6 CTL epitopes, 7 HTL epitopes, and 14 B 

cell epitopes. 

Vaccine (ii): Vaccine constructed excluding toxin HTL epitopes (table 7). 

Vaccine (iii): Vaccine construction taking HTL epitopes that are antigenic (table 7). 

 

Table 7: HTL epitope antigenicity and toxicity predictions in VaxiJen v2.0 and 

ToxinPred respectively 

HTLs Antigenicity Antigenicity % Toxicity 

VIMLLYPDHPTLLSY NON-ANTIGEN  Non-toxin 

TLTVGFTDSRKISHS ANTIGEN 1.1916 Non-toxin 

GETLTVGFTDSRKIS ANTIGEN 1.0040 Non-toxin 
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Vaccine (iv): Vaccine construction excluding overlapping HTL epitopes: 

The following were the overlapping HTL epitopes- 

VIMLLYPDHPTLLSY 

QVIMLLYPDHPTLLS 

NQVIMLLYPDHPTLL 

Vaccine (v): Vaccine construction taking antigenic CTLs and antigenic HTLs (table 8). 

Table 8: Antigenicity scores of CTL epitopes in VaxiJen v2.0 

 

 

 

 

 

 

 

 

 

Vaccine (vi): Vaccine construction taking antigenic CTL, antigenic HTL epitopes and excluding 

toxin HTL epitope. 

Vaccine (vii): Taking Antigenic CTLs, Antigenic HTLs, excluding the non-toxin HTL epitope, 

and taking B cell epitopes length higher than 10, B cell epitopes length higher than 10 amino acids 

(table 9). 

 

 

 

 

 

 

HTLs Antigenicity Antigenicity % Toxicity 

NVYKATRPYLAHCPD NON-ANTIGEN  Non-toxin 

DPPVIGREKFHSRPQ ANTIGEN 1.2728 Toxin 

QVIMLLYPDHPTLLS NON-ANTIGEN  Non-toxin 

NQVIMLLYPDHPTLL NON-ANTIGEN  Non-toxin 

CTLs Antigenicity Antigenicity % 

VTNHKKWQY ANTIGEN 1.0047 

STKDNFNVY ANTIGEN 0.6446 

FTDSRKISH ANTIGEN 0.6346 

TVNGQTVRY NON-ANTIGEN  

VTWGNNEPY ANTIGEN 1.2738 

HPHEIILYY NON-ANTIGEN  
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Table 9: B cell epitopes having length higher than 10 amino acids. 

 

No. Start End Peptide Length Antigen-

icity 

% 

Antigenicity  

1 6 17 FNVYKATRPYLA 12 -0.1710 NON-

ANTIGEN 

2 20 29 PDCGEGHSCH 10 -0.3375 NON-

ANTIGEN 

4 56 80 IKTDDNHDWTKLRYMDNHMP

ADAER 

25 0.4977 NON-

ANTIGEN 

6 131 165 HDPPVIGREKFHSRPQHGKELP

CSTYVQSTAATTE 

35 0.6639 Probable 

ANTIGEN 

11 234 252 KWQYNSPLVPRNAELGDRK 19 1.3857 Probable 

ANTIGEN 

13 299 314 NMGEEPNYQEEWVMHK 16 0.4771 NON-

ANTIGEN 

14 331 350 GNNEPYKYWPQLSTNGTAHG 20 0.0261 NON-

ANTIGEN 

 

Vaccine (viii): Taking antigenicity score wise antigenic CTL, antigenic HTL, excluding non-toxin 

HTL epitope, taking B cell epitope length higher than 10, and antigenic B cell epitopes. 

According to the above-mentioned criteria, the sequences of different vaccine constructs are shown 

(table 10). 

Table 10: 8 candidate vaccine constructs with varying combinations of 

CTL, HTL, and B cell epitopes with linkers. 

Sl Criteria Sequence of Vaccine Construct 

1 Vaccine (i): 

constructed 

incorporating all 

epitopes 
 

STKDNFNVYKATRPYLAHCPDCGEGHSCHSPVALERIRNEATDGTLKIQVSLQIGIKTDDNHDW
TKLRYMDNHMPADAERAGLFVRTSAPCTITGTMGHFILARCPKGETLTVGFTDSRKISHSCTHP
FHHDPPVIGREKFHSRPQHGKELPCSTYVQSTAATTEEIEVHMPPDTPDRTLMSQQSGNVKIT
VNGQTVRYKCNCGSSNEGLTTTDKVINNCKVDQCHAAVTNHKKWQYNSPLVPRNAELGDRK
GKIHIPFPLANATCRVPKARNPTVTYGKNQVIMLLYPDHPTLLSYRNMGEEPNYQEEWVMHK
KEVVLTVPTEGLEVTWGNNEPYKYWPQLSTNGTAHGHPHEIILYYYELYPTMTVVVVSVATFIL
LSMVGMAAGMCMCARRRCITPYELTPGATVPFLLSLICCIRTAKAEAAAKVTNHKKWQYAAYS
TKDNFNVYAAYFTDSRKISHAAYTVNGQTVRYAAYVTWGNNEPYAAYHPHEIILYYGPGPGVI
MLLYPDHPTLLSYGPGPGTLTVGFTDSRKISHSGPGPGGETLTVGFTDSRKISGPGPGNVYKAT
RPYLAHCPDGPGPGDPPVIGREKFHSRPQGPGPGQVIMLLYPDHPTLLSGPGPGNQVIMLLYP
DHPTLLKKFNVYKATRPYLAKKPDCGEGHSCHKKRIRNEATKKIKTDDNHDWTKLRYMDNHM
PADAERKKSRKIKKHDPPVIGREKFHSRPQHGKELPCSTYVQSTAATTEKKPPDTPDRTLKKEGL
TTKKDKKKINNKKKWQYNSPLVPRNAELGDRKKKNPTVTYKKNMGEEPNYQEEWVMHKKKG
NNEPYKYWPQLSTNGTAHG 
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Sl Criteria Sequence of Vaccine Construct 

2 Vaccine (ii): 
constructed 

excluding the 

toxin HTL epitope 

STKDNFNVYKATRPYLAHCPDCGEGHSCHSPVALERIRNEATDGTLKIQVSLQIGIKTDDNHDW
TKLRYMDNHMPADAERAGLFVRTSAPCTITGTMGHFILARCPKGETLTVGFTDSRKISHSCTHP
FHHDPPVIGREKFHSRPQHGKELPCSTYVQSTAATTEEIEVHMPPDTPDRTLMSQQSGNVKIT
VNGQTVRYKCNCGSSNEGLTTTDKVINNCKVDQCHAAVTNHKKWQYNSPLVPRNAELGDRK
GKIHIPFPLANATCRVPKARNPTVTYGKNQVIMLLYPDHPTLLSYRNMGEEPNYQEEWVMHK
KEVVLTVPTEGLEVTWGNNEPYKYWPQLSTNGTAHGHPHEIILYYYELYPTMTVVVVSVATFIL
LSMVGMAAGMCMCARRRCITPYELTPGATVPFLLSLICCIRTAKAEAAAKVTNHKKWQYAAYS
TKDNFNVYAAYFTDSRKISHAAYTVNGQTVRYAAYVTWGNNEPYAAYHPHEIILYYGPGPGVI
MLLYPDHPTLLSYGPGPGTLTVGFTDSRKISHSGPGPGGETLTVGFTDSRKISGPGPGNVYKAT
RPYLAHCPDGPGPGQVIMLLYPDHPTLLSGPGPGNQVIMLLYPDHPTLLKKFNVYKATRPYLAK
KPDCGEGHSCHKKRIRNEATKKIKTDDNHDWTKLRYMDNHMPADAERKKSRKIKKHDPPVIG
REKFHSRPQHGKELPCSTYVQSTAATTEKKPPDTPDRTLKKEGLTTKKDKKKINNKKKWQYNSP
LVPRNAELGDRKKKNPTVTYKKNMGEEPNYQEEWVMHKKKGNNEPYKYWPQLSTNGTAHG 

3 Vaccine (iii): 

Taking HTL 

epitopes that are 

antigenic 

STKDNFNVYKATRPYLAHCPDCGEGHSCHSPVALERIRNEATDGTLKIQVSLQIGIKTDDNHDW
TKLRYMDNHMPADAERAGLFVRTSAPCTITGTMGHFILARCPKGETLTVGFTDSRKISHSCTHP
FHHDPPVIGREKFHSRPQHGKELPCSTYVQSTAATTEEIEVHMPPDTPDRTLMSQQSGNVKIT
VNGQTVRYKCNCGSSNEGLTTTDKVINNCKVDQCHAAVTNHKKWQYNSPLVPRNAELGDRK
GKIHIPFPLANATCRVPKARNPTVTYGKNQVIMLLYPDHPTLLSYRNMGEEPNYQEEWVMHK
KEVVLTVPTEGLEVTWGNNEPYKYWPQLSTNGTAHGHPHEIILYYYELYPTMTVVVVSVATFIL
LSMVGMAAGMCMCARRRCITPYELTPGATVPFLLSLICCIRTAKAEAAAKVTNHKKWQYAAYS
TKDNFNVYAAYFTDSRKISHAAYTVNGQTVRYAAYVTWGNNEPYAAYHPHEIILYYGPGPGTL
TVGFTDSRKISHSGPGPGGETLTVGFTDSRKISGPGPGDPPVIGREKFHSRPQKKFNVYKATRPY
LAKKPDCGEGHSCHKKRIRNEATKKIKTDDNHDWTKLRYMDNHMPADAERKKSRKIKKHDPP
VIGREKFHSRPQHGKELPCSTYVQSTAATTEKKPPDTPDRTLKKEGLTTKKDKKKINNKKKWQY
NSPLVPRNAELGDRKKKNPTVTYKKNMGEEPNYQEEWVMHKKKGNNEPYKYWPQLSTNGT
AHG 

4 Vaccine (iv): 

Excluding 

overlapping HTL 

epitopes 

STKDNFNVYKATRPYLAHCPDCGEGHSCHSPVALERIRNEATDGTLKIQVSLQIGIKTDDNHDW
TKLRYMDNHMPADAERAGLFVRTSAPCTITGTMGHFILARCPKGETLTVGFTDSRKISHSCTHP
FHHDPPVIGREKFHSRPQHGKELPCSTYVQSTAATTEEIEVHMPPDTPDRTLMSQQSGNVKIT
VNGQTVRYKCNCGSSNEGLTTTDKVINNCKVDQCHAAVTNHKKWQYNSPLVPRNAELGDRK
GKIHIPFPLANATCRVPKARNPTVTYGKNQVIMLLYPDHPTLLSYRNMGEEPNYQEEWVMHK
KEVVLTVPTEGLEVTWGNNEPYKYWPQLSTNGTAHGHPHEIILYYYELYPTMTVVVVSVATFIL
LSMVGMAAGMCMCARRRCITPYELTPGATVPFLLSLICCIRTAKAEAAAKVTNHKKWQYAAYS
TKDNFNVYAAYFTDSRKISHAAYTVNGQTVRYAAYVTWGNNEPYAAYHPHEIILYYGPGPGTL
TVGFTDSRKISHSGPGPGGETLTVGFTDSRKISGPGPGNVYKATRPYLAHCPDGPGPGDPPVIG
REKFHSRPQKKFNVYKATRPYLAKKPDCGEGHSCHKKRIRNEATKKIKTDDNHDWTKLRYMD
NHMPADAERKKSRKIKKHDPPVIGREKFHSRPQHGKELPCSTYVQSTAATTEKKPPDTPDRTLK
KEGLTTKKDKKKINNKKKWQYNSPLVPRNAELGDRKKKNPTVTYKKNMGEEPNYQEEWVMH
KKKGNNEPYKYWPQLSTNGTAHG 

5 Vaccine (v): 

Taking  Antigenic 

CTLs and 

Antigenic HTLs 

STKDNFNVYKATRPYLAHCPDCGEGHSCHSPVALERIRNEATDGTLKIQVSLQIGIKTDDNHDW
TKLRYMDNHMPADAERAGLFVRTSAPCTITGTMGHFILARCPKGETLTVGFTDSRKISHSCTHP
FHHDPPVIGREKFHSRPQHGKELPCSTYVQSTAATTEEIEVHMPPDTPDRTLMSQQSGNVKIT
VNGQTVRYKCNCGSSNEGLTTTDKVINNCKVDQCHAAVTNHKKWQYNSPLVPRNAELGDRK
GKIHIPFPLANATCRVPKARNPTVTYGKNQVIMLLYPDHPTLLSYRNMGEEPNYQEEWVMHK
KEVVLTVPTEGLEVTWGNNEPYKYWPQLSTNGTAHGHPHEIILYYYELYPTMTVVVVSVATFIL
LSMVGMAAGMCMCARRRCITPYELTPGATVPFLLSLICCIRTAKAEAAAKVTNHKKWQYAAYS
TKDNFNVYAAYFTDSRKISHAAYVTWGNNEPYGPGPGTLTVGFTDSRKISHSGPGPGGETLTV
GFTDSRKISGPGPGDPPVIGREKFHSRPQKKFNVYKATRPYLAKKPDCGEGHSCHKKRIRNEAT
KKIKTDDNHDWTKLRYMDNHMPADAERKKSRKIKKHDPPVIGREKFHSRPQHGKELPCSTYV
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QSTAATTEKKPPDTPDRTLKKEGLTTKKDKKKINNKKKWQYNSPLVPRNAELGDRKKKNPTVTY
KKNMGEEPNYQEEWVMHKKKGNNEPYKYWPQLSTNGTAHG 

Sl Criteria Sequence of Vaccine Construct 

6 Vaccine (vi): 

Taking  Antigenic 

CTLs, Antigenic 

HTLs, Excluding 

toxin HTL 

STKDNFNVYKATRPYLAHCPDCGEGHSCHSPVALERIRNEATDGTLKIQVSLQIGIKTDDNHDW
TKLRYMDNHMPADAERAGLFVRTSAPCTITGTMGHFILARCPKGETLTVGFTDSRKISHSCTHP
FHHDPPVIGREKFHSRPQHGKELPCSTYVQSTAATTEEIEVHMPPDTPDRTLMSQQSGNVKIT
VNGQTVRYKCNCGSSNEGLTTTDKVINNCKVDQCHAAVTNHKKWQYNSPLVPRNAELGDRK
GKIHIPFPLANATCRVPKARNPTVTYGKNQVIMLLYPDHPTLLSYRNMGEEPNYQEEWVMHK
KEVVLTVPTEGLEVTWGNNEPYKYWPQLSTNGTAHGHPHEIILYYYELYPTMTVVVVSVATFIL
LSMVGMAAGMCMCARRRCITPYELTPGATVPFLLSLICCIRTAKAEAAAKVTNHKKWQYAAYS
TKDNFNVYAAYFTDSRKISHAAYVTWGNNEPYGPGPGTLTVGFTDSRKISHSGPGPGGETLTV
GFTDSRKISKKFNVYKATRPYLAKKPDCGEGHSCHKKRIRNEATKKIKTDDNHDWTKLRYMDN
HMPADAERKKSRKIKKHDPPVIGREKFHSRPQHGKELPCSTYVQSTAATTEKKPPDTPDRTLKK
EGLTTKKDKKKINNKKKWQYNSPLVPRNAELGDRKKKNPTVTYKKNMGEEPNYQEEWVMHK
KKGNNEPYKYWPQLSTNGTAHG 

7 Vaccine (vii): 
Taking Antigenic 

CTLs, Antigenic 

HTLs, excluding the 

non-toxin HTL,  B 

cell epitopes 

length> 10 

STKDNFNVYKATRPYLAHCPDCGEGHSCHSPVALERIRNEATDGTLKIQVSLQIGIKTDDNHDW
TKLRYMDNHMPADAERAGLFVRTSAPCTITGTMGHFILARCPKGETLTVGFTDSRKISHSCTHP
FHHDPPVIGREKFHSRPQHGKELPCSTYVQSTAATTEEIEVHMPPDTPDRTLMSQQSGNVKIT
VNGQTVRYKCNCGSSNEGLTTTDKVINNCKVDQCHAAVTNHKKWQYNSPLVPRNAELGDRK
GKIHIPFPLANATCRVPKARNPTVTYGKNQVIMLLYPDHPTLLSYRNMGEEPNYQEEWVMHK
KEVVLTVPTEGLEVTWGNNEPYKYWPQLSTNGTAHGHPHEIILYYYELYPTMTVVVVSVATFIL
LSMVGMAAGMCMCARRRCITPYELTPGATVPFLLSLICCIRTAKAEAAAKVTNHKKWQYAAYS
TKDNFNVYAAYFTDSRKISHAAYVTWGNNEPYGPGPGTLTVGFTDSRKISHSGPGPGGETLTV
GFTDSRKISKKFNVYKATRPYLAKKPDCGEGHSCHKKIKTDDNHDWTKLRYMDNHMPADAER
KKHDPPVIGREKFHSRPQHGKELPCSTYVQSTAATTEKKKWQYNSPLVPRNAELGDRKKKNM
GEEPNYQEEWVMHKKKGNNEPYKYWPQLSTNGTAHG 

8 Vaccine (viii): 
Taking score wise 

antigenic CTLs, 

antigenic HTLs, 

excluding non-toxin 

HTL, taking B cell 

epitope length> 10, 

antigenic B cell 

epitopes 

STKDNFNVYKATRPYLAHCPDCGEGHSCHSPVALERIRNEATDGTLKIQVSLQIGIKTDDNHDW
TKLRYMDNHMPADAERAGLFVRTSAPCTITGTMGHFILARCPKGETLTVGFTDSRKISHSCTHP
FHHDPPVIGREKFHSRPQHGKELPCSTYVQSTAATTEEIEVHMPPDTPDRTLMSQQSGNVKIT
VNGQTVRYKCNCGSSNEGLTTTDKVINNCKVDQCHAAVTNHKKWQYNSPLVPRNAELGDRK
GKIHIPFPLANATCRVPKARNPTVTYGKNQVIMLLYPDHPTLLSYRNMGEEPNYQEEWVMHK
KEVVLTVPTEGLEVTWGNNEPYKYWPQLSTNGTAHGHPHEIILYYYELYPTMTVVVVSVATFIL
LSMVGMAAGMCMCARRRCITPYELTPGATVPFLLSLICCIRTAKAEAAAKVTWGNNEPYAAY
VTNHKKWQYAAYSTKDNFNVYAAYFTDSRKISHGPGPGTLTVGFTDSRKISHSGPGPGGETLT
VGFTDSRKISKKKWQYNSPLVPRNAELGDRKKKHDPPVIGREKFHSRPQHGKELPCSTYVQSTA
ATTE 
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3.9 In-silico Biochemical Analysis of Candidate Vaccines: 

The biochemical analysis of the constructed vaccines (i-viii) showed differences in characteristics 

of the vaccine constructs. A summary and comparison of the biochemical analysis of each vaccine 

construct is shown in table 11. 

Table 11: Comparison of biochemical analysis of all 8 vaccine candidates 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Abbreviations: M.W.: Molecular weight (unit: Dalton), GRAVY: grand average of hydropathicity. 

After comparing the results of biochemical analysis of all vaccine constructs, vaccine (viii) was 

chosen as the final vaccine. 
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The stability of the final vaccine was checked using the ProtParam server as shown in figure 7 and 

8. According to ProtParam, the number of amino acids in the vaccine was 571 and the molecular 

weight determined was 63720.38 Da. ProtParam computed the theoretical pI of the vaccine to be 

8.92. The net charge of a particular protein remains zero at the pH of the isoelectric point (pI). The 

percentage of each amino acid in the vaccine was represented. From the amino acid composition, 

it can be seen that threonine amino acid has the highest percentage. The total number of positively 

and negatively charged residues were 66 and 52 respectively. In ProtParam, an instability index 

lower than 40 indicates a stable protein is predicted. The instability index of this vaccine was 35.68 

which indicated that the vaccine was stable. The grand average of hydropathy (GRAVY) of the 

vaccine was -0.553, which was determined by the summation of hydropathy of every amino acid 

divided by the number of residues (Gasteiger et al., 2005). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Amino acid number and composition, theoretical pI, molecular weight, charged 

residues in ProtParam server (Gasteiger et al., 2005). 
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Figure 8: Atomic composition, formula, half-life, instability index, 

GRAVY in ProtParam server (Gasteiger et al., 2005). 

 

3.10 Allergenicity and Toxicity Prediction of Constructed Vaccine: 

As the vaccine sequence was submitted to the AllergenOnline server, the server did not predict the 

vaccine as allergenic. The AllergenOnline server matches inputted protein sequence with 

sequences of allergens from its database to check whether the searched sequence may have 

allergenic properties (Goodman et al., 2016). Since the server did not find any match with known 

allergen sequences, thus the vaccine was predicted as non-allergenic. 
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As the vaccine sequence was inputted into the T3DB server, the server returned no results. This 

indicated that the vaccine was predicted as non-toxic (Wishart et al., 2015). If the sequence had 

matched a toxic entity from the server database, then the server would have returned a toxicity 

match result. Since the server returned no results, it was concluded that the vaccine was predicted 

to be non-toxic (figure 9).  

 

 

 

 

 

 

 

 

 

 

Figure 9: Result of toxicity prediction of the vaccine in the T3DB server (Wishart et al., 2015). 

 

 

3.11 Homology modeling: 

Homology modeling of the vaccine was obtained via the Phyre 2 server (figure 10). The server 

generated a 3-dimensional model of the vaccine with 100% confidence and 73% coverage. Here 

419 residues (73% of the sequence) was modelled with 100% confidence. High confidence and 

coverage percentage are desired to obtain accurate results. This 3D model of the vaccine helped to 

complete the subsequent biochemical analysis of the vaccine along with aiding the visual 

observation of the vaccine structure (Kelley et al., 2015). 
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Figure 10: Homology modeling of vaccine via Phyre 2 server (Kelley et al., 2015). 

 

3.12 Z-Score and Ramachandran Plots Evaluation: 

The phyre 2 server generated a pdb file of the final vaccine, which could be opened using 

Discovery Studio software. The pdb file was also used in further steps of biochemical analysis. 

Upon submission of the pdb file of the vaccine in ProSAweb, the Z-score versus number of 

residues graph was obtained on the overall model quality. The Z-score value was -5.16 (figure 11). 

Another graph was obtained from the server of local model quality which represented the relation 

between knowledge-based energy and sequence position (Wiederstein & Sippl, 2007). 
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Figure 11: (a) Z-score vs. number of residues graph and Z-score in ProSAweb server.  

(b) Local model quality relating knowledge-based energy with sequence position (Wiederstein & 

Sippl, 2007). 

 

 

Structure assessment using SWISS-MODEL server generated the Ramachandran plots (figure 12) 

of the vaccine along with the quality estimation, residue quality, and MolProbity results (K. 

Gopalakrishnan et al., 2007). According to the MolProbity results, the Ramachandran favored 

region of the vaccine was 86.33%, the Ramachandran outliers were 0.48% and the rotamer outlier 

was 0.0%. The QMEANDisCo Global value was 0.72 ±0.05 (figure 12a and 12b). 
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Figure 12: (a) Ramachandran plots of vaccine generated in SWISS-MODEL, 

(b) MolProbity results in SWISS-MODEL (K. Gopalakrishnan et al., 2007) 

 

3.13 Molecular Docking of Final Vaccine with Relevant Human Receptor: 

In the PATCHDOCK server, 3W3G was inputted as the receptor molecule which represents the 

crystal structure of human toll-like receptor 8 (TLR8). The final vaccine was inputted as the ligand 

molecule. The server presented 20 solutions for the receptor-ligand complex. The highest scoring 

complex (solution 1) had a score of 20126, an area of 2330.60, and an Atomic contact energy 

(ACE) of 494.07. The transformation of this complex was -1.76 0.75 -2.47 -31.26 253.35 74.31 

(figure 13 and 14). Patchdock creates flat, concave, or convex patches from the molecular surface 

representation. The server then produces possible transformations by matching complementary 

patches. After the subsequent assessment, root mean square deviation (RMSD) is lastly followed 

to eliminate solutions that are unessential (Schneidman-Duhovny et al., 2005). Toll-like receptors 

act as pattern recognition receptors which play a significant function in the immune system by 

sensing pathogens. Inflammatory cytokines are produced in the body when TLRs are triggered. In 

presence of a virus, TLR8 in particular promotes interferon production. TLR8 is also triggered by 

(a) (b) 
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bacterial RNA. Agonists of TLR8 receptors have been a lucrative target in the case of vaccine 

adjuvants as well (Cervantes et al., 2012). 

 

 

 

 

Figure 13: Highest scoring solution in PATCHDOCK (Schneidman-Duhovny et al., 2005). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14: Molecular docking of vaccine and receptor in PATCHDOCK (Schneidman-Duhovny 

et al., 2005). 
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3.14 Immune Simulations: 

Multiple doses, including booster doses, are usually necessary to maintain a level of the vaccine 

in the body which would be sufficient to create the desired sustained immune response. The 

immune response generated in the body needs to be assessed by observing levels of specific 

antibodies or immunoglobulin with respect to the time and dosage regimen of the vaccine. 

Moreover, the escalation and reduction of different immune cells in response to the vaccine doses 

need to be assessed. These parameters in response to the vaccine were predicted and represented 

graphically by the C-IMMSIM server as shown in the figure 15 (a-j) (Rapin et al., 2010). 

 

 

  

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

(a) Antigen count per mL and 

antibody titers (Rapin et al., 2010) 

(b) Total count of B lymphocytes and 

memory cells (Rapin et al., 2010) 

(c) Entity-state of B cell population 

(Rapin et al., 2010) 

(d) Number of plasma B cells 

according to their isotypes 

(Rapin et al., 2010) 
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(e) Number of CD4 T helper 

lymphocytes (Rapin et al., 2010) 

 

(f) Entity state of CD4 Helper T 

cells (Rapin et al., 2010) 

(g) Number of CD8 T cytotoxic (TC) cells 

(Rapin et al., 2010) 

 

(h) Number of CD8 T cytotoxic (TC) 

cells per entity (Rapin et al., 2010) 

 state 

(i) Total number of dendritic cells 

and their states (Rapin et al., 2010) 

(j) Levels of cytokines including IFN-γ, 

IL-4, IL-10 (Rapin et al., 2010) 

Figure 15 (a-j): Immune simulations of vaccine via C-IMMSIM (Rapin et al., 2010) 
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Antibodies play important role in acquired immunity. From Figure (a), the rise in antigen count 

per mL can be observed following the first immunization. Although the antibodies IgM and IgG 

rise slightly in the initial period within the first 28 days, the antibodies rise significantly after 

approximately 60 days due to repeated administration of and completion of the vaccine doses. 

Production of antibodies indicated that the vaccine was predicted to create a desired immune 

response. B lymphocytes are the immune cells that create memory cells in the body alongside 

producing antibodies. These memory cells created from B cells render the body the ability to 

recognize the same pathogen in the future and provide protective immune function quicker. Thus 

the production of capable memory cells is essential for effective immunization. The graph showed 

the total count of B lymphocytes and memory cells following vaccination according to different 

isotypes in figure (b). The graph in figure (c) differentiated and represented the B cells per entity 

state. It illustrated the number of active B cells, number of B cells presenting on Class ii, B cell 

count which internalized the antigen, and count of B cells undergoing duplication and anergy. The 

number of plasma B lymphocytes (PLB) was shown in graph (d) including their isotypes IgG1, 

IgG2, IgM, and IgM + IgG. The count of CD4 T helper lymphocytes following each vaccination 

dose was predicted in figure (e). The number of Helper T cells predicted to be active, to undergoing 

duplication, be in resting state or be in anergy state was simulated by C-IMMSIM in figure (f). 

Number of CD8 T cytotoxic (TC) cells (total and memory) along with their active, duplicative, 

resting and anergic states were simulated as shown in figure (g) and (h). The active, resting, 

antigen-presenting, and internalized dendritic cells were differentiated in the graph shown in figure 

(i). PRESENTING-1 here indicated DC cells presenting on MHC class I molecules whereas 

PRESENTING-2 here denoted DC cells presenting on MHC class II molecules. The danger signal 

and interleukin-2 level were represented in the inset figure of the graph as shown in figure (j). 
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Chapter 4 

Discussion: 

The primary protein selected for vaccine construction in this study was the E2 protein of CHIKV. 

The CTL, HTL, and B cell epitopes for vaccine construction were searched based on this primary 

protein. This E2 protein has a significant role in the life cycle of CHIKV. A phylogenetic study 

conducted on a 2017 CHIKV strain collected from Bangladesh divulged that the virus belonged to 

Indian Ocean Lineage (IOL). The genotype of the CHIKV was familiar to preceding outbreaks, 

but two specific mutations were observed in these viruses. One of the mutations was valine to 

alanine mutation of the E2 protein at 264 position. The mutated virus entered Bangladesh in 2015 

and the most severe chikungunya virus outbreak emerged in 2017 (Phadungsombat et al., 2020). 

In this study, the E2 protein was also found to have the highest antigenicity score (0.5679) in 

VaxiJen v2.0 server compared to the other screened primary proteins of CHIKV (figure 2). Since 

this E2 protein was predicted as a probable-antigen and it also plays a vital role in the lifecycle of 

CHIKV, it was a suitable protein to proceed with further in the vaccine design. 

 

It is known that cytotoxic T lymphocytes have a crucial function in the immune response of the 

body as these are able to selectively kill target cells that possess specific antigens. Such target cells 

are killed in apoptosis or lysis mechanism due to the action of CTLs (Charles A Janeway et al., 

2001). Therefore incorporation of CTL epitopes in the vaccine can help to stimulate active 

immunity against CHIKV. CTLs can also aid in the development of immunological memory after 

vaccination (Kumar et al., 2021). In this experiment, 11 cytotoxic T lymphocyte (CTL) epitopes 

were obtained initially for the E2 protein sequence via the NetCTL-1.2 server applying a threshold 

of 0.75 (figure 3). These 11 CTL epitopes were further screened for their respective alleles, 

toxicity, antigenicity, and allergenicity. 

 

By utilizing bioinformatics tools, peptide binding of protein sequences with human leucocyte 

antigens HLA-A and HLA-B can be predicted with substantial precision. In this study, MHC I 

alleles specific to these CTL epitopes were obtained using NetMHCpan-4.1 server. Among the 11 

CTL epitopes, alleles were found for 6 epitopes (table 2). In case of cell-mediated immunity, 

peptide binding to the major histocompatibility complex or MHC molecules is a very important 

step. This is because the T-cell receptors can recognize this complex of peptide and MHC class I 
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molecule and consequently stimulate an immune response in the body. T-cell receptors of CTLs 

are able to recognize such complexes (Lundegaard et al., 2010). Hence the prediction of MHC I 

allele binding was performed in this study.  

 

The in-silico prediction of toxicity of each CTL epitope was conducted in the ToxinPred server 

(figure 5). All CTL epitopes were predicted as non-toxin, thus no CTL epitope was excluded based 

on this criteria. Four out of the six CTL epitopes were predicted to be probable antigens in the 

VaxiJen v2.0 server. This indicated that most of these epitopes could have antigenic properties 

helpful for generating an immune response. Moreover, three out of the six epitopes were identified 

as probable allergens in the AllerTOP v. 2.0 server. However, the probable allergen CTL epitopes 

were not excluded yet since the final vaccine could still be non-allergenic. 

 

Finding effective HTL epitopes for the selected protein sequence is essential in designing a 

potential subunit vaccine. From the NetMHCIIpan 4.0 Server, 62 strong binding HTL epitopes 

were found for the E2 protein of CHIKV. Activation of helper T lymphocytes (HTLs) can facilitate 

successful vaccination. HTLs or CD4+ cells have a significant role in the immunity of the body as 

these cells are responsible for triggering almost all other defense cells of the immune system. It is 

these HTLs that stimulate cytotoxic T cells to kill pathogens and that stimulate B cells to generate 

antibodies. HTLs also trigger effector cells and macrophages. These helper T cells are activated 

when CD4 proteins on their surface bind to MHC class II molecules (Britannica, n.d.). 

 

Helper T cells can be subdivided into TH1 and TH2 cells, where each group secretes different types 

of cytokines. Interleukin 4 (IL-4) and interleukin 10 (IL-10) cytokines are both mainly secreted by 

TH2 cells. Whereas interferon-gamma (IFN-γ) is mainly secreted by TH1 cells. The 62 HTLs 

epitopes obtained in this study were screened to predict which HTLs induce the cytokines IL-4, 

IL-10, and IFN-γ simultaneously (figure 7, 8, 9). Through the screening, 7 such HTL epitopes 

were found (table 4). Only these 7 HTLs were selected for further vaccine design. The ability of 

these HTL epitopes to induce IL-4, IL-10, and IFN-γ will contribute to several functions in the 

final vaccine. It is known that IL-4 acts on B cells and helper T cells, which facilitates the 

proliferation and maturation of B cells and antibody class switching. IFN-γ acts on macrophages, 

B cells, and endothelial cells, which aids in the activation of macrophages and different MHC 
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genes. Thus the ability of HTL epitopes in the vaccine to induce IL-4 and IFN-γ will help to attain 

a desired immune response. On the other hand, IL-10 has an inhibitory effect. It inhibits 

macrophages and suppresses the immune system (Alberts et al., 2002). Therefore, the ability of 

HTL epitopes to induce IL-10 will help to limit the excessive immune response that may be 

harmful to the human host (Iyer & Cheng, 2012).  

 

Incorporating B cell epitopes in the vaccine is also necessary to elicit a substantial immune 

response. 14 peptides were found as B cell epitopes from the Bepipred Linear Epitope Prediction 

2.0 tool (table 5). Since B cells have fundamental functions in producing antibodies and generating 

memory cells that recognize pathogens upon future infections, B cell epitopes are crucial in 

vaccine design. It has been observed that B cell epitopes composed of short residues of 7 to 12 

amino acids in length cannot form complexes. This is why B cell epitopes having a short length 

should be excluded (Parvizpour et al., 2020). 

 

After identifying 6 CTL epitopes, 7 HTL epitopes, and 14 B cell epitopes, different vaccine 

candidates were assembled. Appropriate linkers were used to connect the epitopes in accordance 

with available literature. Eight vaccine candidates (vaccines i to viii) were assembled with varying 

combinations of CTL, HTL, and B cell epitopes (table 10). After comparing the in-silico 

biochemical analysis of these vaccines (table 11), vaccine no. viii was chosen as the final vaccine 

as it showed the best results. 

 

The stability of a vaccine is a crucial parameter. The final vaccine was predicted as stable in the 

ProtParam server. Moreover, it had the lowest molecular weight compared to other candidates 

which was desired. The negative GRAVY value of this vaccine suggested that the vaccine had 

hydrophilic characteristics (figure 12). The low GRAVY value indicated increased solubility of 

the vaccine. The antigenicity of the vaccine was remarkably improved compared to the preliminary 

primary protein, which is suitable for generating an adequate immune response in the body. 

Alongside creating a sufficient desired immune response, an ideal vaccine must not induce an 

allergic reaction in the body. The final vaccine was not predicted as an allergen when tested in 

AllergenOnline (figure 13). A vaccine must not have toxic properties. The final vaccine designed 

in this experiment was not identified as any toxic entity when its toxicity was predicted in the 
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T3DB server (figure 9). Homology modeling of the vaccine via Phyre 2 illustrated the 3D structure 

of the vaccine with high confidence and coverage (figure 10). The molecular docking of the 

vaccine with human TLR8 receptor was shown with the Patchdock server (figure 13 and 14). Z-

score analysis using ProSAweb and Ramachandran plots of the vaccine using SWISS-MODEL 

showed promising results (figure 11 and 12). However, the Ramachandran favored region could 

be improved further to reach greater than 90 percent. 

 

Finally, the immune response to the vaccine was simulated via C-IMMSIM. The server predicted 

positive results in the levels of immune cells in the body with respect to subsequent doses of the 

vaccine. IgG antibodies protect against viral infections and its production requires some time after 

vaccination. In C-IMMSIM, the level of antibodies IgG and IgM elevated significantly after 

approximately 60 days, indicating a desired antibody response (figure 15a). Production of B 

memory cells is vital in immunization, as these memory cells will aid in the quick recognition of 

CHIKV if encountered in the future. The level of B memory cells elevated considerably after each 

vaccine dose (figure 15b). The rise of plasma B cells was also observed (figure 15c). This indicated 

the maturation and differentiation of B cells into plasma cells which will secrete antibodies against 

the vaccine antigen. The predictive response of helper T cells was positive in C-IMMSIM (figure 

15e and 15f), these helper T cells will stimulate other immune cells to generate an immune 

response. The number of active T regulatory lymphocytes rises to a peak after the first vaccine 

dose, which gradually lowers over time. These T regulatory lymphocytes are helpful to counteract 

excessive immune response and restore homeostasis in the body. An increase in the cytokines IL-

2, IL-10, IL-12 and IFN-γ after each vaccine dose administration was evident from the predictions 

in C-IMMSIM (figure 15j). However, there was no indication of an increase in IL-4 in the 

simulation, which needs to be addressed with further experimentation. 

 

 

 

 

 

 

 



37 
 

Chapter 5 

Conclusion 

To conclude, in spite of ongoing studies since the inception of the chikungunya virus, an effective 

vaccine for the virus does not exist. Although infection caused by chikungunya virus is usually not 

fatal, it can cause debilitating symptoms. This infection is detrimental especially for elderly or 

comorbid patients. An effective vaccine can offer stronger protection against the virus if there is a 

re-emergence in the future. In this study, in-silico methods helped to design a multi-epitope 

vaccine for the chikungunya virus by targeting its E2 envelope glycoprotein. The vaccine was 

constructed step-by-step in a systematic way, by identifying crucial epitopes using reliable 

computational tools. From the biochemical analysis conducted with in-silico tools as well, it was 

evident that the designed vaccine for immunization against the chikungunya virus showed 

promising results. However, further experimentation is needed to address the limitations of this 

study. The results obtained for the vaccine from computational methods may not translate similarly 

when tested in in-vivo physiological conditions. Since this study was conducted with an in-silico 

approach, it must be considered that further in vitro and in vivo studies are essential to confirm the 

safety and efficacy characteristics of the designed vaccine. Such systematic in-silico design of 

vaccines can accelerate the discovery of effective vaccines which may provide immunity against 

the serious chikungunya infection. 
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