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Abstract

Background: SARS-CoV-2, belonging to the Coronaviridae family, is a novel RNA virus, known for causing fatal disease in
humans called COVID-19. Researchers all around the world are keen on developing a precise treatment or vaccine against this
deadly disease.

Objective: The main objective of this paper is to design a novel multi-epitope vaccine candidate against SARS-CoV-2 using
immunoinformatics tools.

Methods: A consensus sequence was generated from various genomes of SARS-Cov-2 available from various countries of the
outbreak at the ViPR database using JalView software. T cell and B cell epitopes were predicted by restricting them to certain
HLA alleles using various servers (nHLApred, NetMHCIIpan v.3.1, ABCpred) and were validated using IEDB tools. Using
these epitopes and adjuvant, a multi-epitope vaccine was constructed in-silicoand was later subjected to allergenicity,
antigenicity and physicochemical properties profiling along with identification of conformational B-cell epitopes. The designed
vaccine was evaluated via codon optimization by the Jcat server and finally, it’s in-silicoexpression was done in pET-28a(+)
vector using snap-gene software.

Results: A total of 18 epitopes (both T and B cell) were predicted that constituted vaccine construct along with adjuvant and end
tag. Vaccine construct was validated and its best structure model was successfully docked with human Toll-like receptors. In-
silico expression of the designed vector was also seen in pET-28a(+) plasmid.

Conclusions: The designed novel vaccine candidate has been validated in-silico to elicit robust immune responses hence; it can
be used as a potential model for further development of multi-epitope vaccines in the laboratory.
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Immunoinformatics approaches to design: A novel multi-epitope vaccine candidate against
SARS-CoV-2 and it’s in silico expression

Short Title: In silico Vaccine against SARS-CoV-2 and it’s expression.

Abstract
Backgroung: SARS-CoV-2, belonging to the Coronaviridae family, is a novel RNA virus, known for
causing fatal disease in humans called COVID-19. Researchers all around the world are keen on
developing a precise treatment or vaccine against this deadly disease. 
Objective:  The main objective of this paper is to design a novel multi-epitope vaccine candidate
against SARS-CoV-2 using immunoinformatics tools.
Methodology:  A  consensus  sequence  was  generated  from  various  genomes  of  SARS-Cov-2
available from various countries of the outbreak at the ViPR database using JalView software. T cell
and B cell epitopes were predicted by restricting them to certain HLA alleles using various servers
(nHLApred,  NetMHCIIpan  v.3.1,  ABCpred)  and  were  validated  using  IEDB tools.  Using  these
epitopes and adjuvant, a multi-epitope vaccine was constructed  in-silicoand was later subjected to
allergenicity,  antigenicity  and  physicochemical  properties  profiling  along  with  identification  of
conformational B-cell epitopes. The designed vaccine was evaluated via codon optimization by the
Jcat  server  and  finally,  it’s  in-silicoexpression  was  done  in  pET-28a(+)  vector  using  snap-gene
software. 
Result: A total of 18 epitopes (both T and B cell) were predicted that constituted vaccine construct
along with adjuvant and end tag. Vaccine construct was validated and its best structure model was
successfully docked with human Toll-like receptors. In-silico expression of the designed vector was
also seen in pET-28a(+) plasmid.
Prospects: The designed novel vaccine candidate has been validated in-silico to elicit robust immune
responses  hence;  it  can  be  used  as  a  potential  model  for  further  development  of  multi-epitope
vaccines in the laboratory. 

Keywords: Docking, In-silico, Multi-epitope vaccine, SARS-CoV-2, Toll-like receptors 

1. Introduction
Coronaviruses  (CoVs)  belonging  to  a  family  of  Coronaviridae  (subfamily  Coronavirinae)  are  a
positive-sense virus with a single-stranded RNA genome (1).  These CoVs have a zoonotic origin,
however, some of them have been seen to cross this animal barrier and infect humans. Recently, a
coronavirus variant, designated as SARS-CoV-2 (Severe Acute Respiratory Syndrome-Coronavirus-
2) is reported to be thecausative agent of COVID 19 (2). This causative agent was originally named
as 2019-nCoV, and was later changed to SARS-CoV-2 by the Coronavirus Study Group (CSG) of
International Committee on Taxonomy of Viruses (ICTV) based on similarity with SARS-CoV (3).
This  contagious  disease  COVID-19  is  particularly  characterized  by  fever,  cough,  difficulty  in
breathing, and may be followed by respiratory tract infections, diarrhea, headache, hemoptysis, etc.
(4,5). The origin of this virus has been mapped to the Wuhan province of China from where it spread
to other parts of the world (6,7). The pandemic of COVID 19 around the world compelledthe WHO
to declareit as the sixth public health emergency (2).  Samples from patients have revealed almost
79.6% sequence similarity of SARS-CoV-2 with SARS-CoV and 96% with bat coronavirus (8). 

The global  health  concern has put pressure on the scientific  community to  develop an effective
vaccine. However, in absence of any effective vaccine and precise treatment, all efforts are being
taken as curative measures such asthe use of antiviral drugs, protease inhibitors, phosphodiesterase
inhibitors, convalescent plasma transfusions, natural herbs, zinc supplements, etc. (9-14).  But these
are just  aimed at  providing symptomatic relief.  Therefore,  the only way to preventthe spread of
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COVID 19 is the development of an effective vaccine.Vaccination will help to induce both humoral
as well as cell-mediated immunity and thus safeguards the individual from getting infectedby this
virus in the future. A little information is available about the pathogenesis of the virus; therefore, an
immunoinformatics-based approach to  investigate  the  immunogenic  epitopes  and vaccine  design
using data from proteins sequencing of the SARS-CoV 2 is required. The concept of a multi-epitope
vaccine  is  to  efficiently  identify  and  assemble  B  and  T-cell  epitopes  that  are  more  capable  of
stimulating the immune system to induce more potent and effective immune responses from both
arms of Immune system. Peptides and epitopes have shown to be desirable candidates for vaccine
development  due  to  their  relatively  easy  production,  chemical  stability,  and  lack  of  infectious
potential  (7).  This  study  attempts  to  use  immunoinformatic  tools  to  identify  specific
immunodominant epitopes for generating an effective vaccine against SARS-CoV-2.

2. Methodology

2.1 Retrieval of Sequence 
Polyprotein sequences of 1,389 SARS-CoV-2 genomes were retrieved from virus pathogen database
and  analysis  resource  (ViPR)  (15).  To generate  a  consensus  sequence,  Jalview  (16),  a  multiple
sequence alignment editor was used. This consensus sequence was then used to find T and B cell
epitopes. The process flow diagram of the methodology is depicted in Figure 1.

2.2 Prediction of T-cell epitopes
For  lymphocyte-mediated  cellular  immunity,  antigenic  peptides  must  bind  to  major
histocompatibility  complexes.  In  this  study we used  HLA-A*24:02,  HLA-A*24,  HLA-B*51:01,
HLA-B*54:01  and  HLA-C*06:02  alleles  for  binding  of  cytotoxic  T  cell  epitopes  and  HLA-
DPA1*02:01/HLA-DPB1*05:01,  HLA-DQA1*05:01/HLA-DQB1*03:01  and  HLA-DRB4*01:01
alleles for binding of T-helper cell epitopes as suggested by (17–20). 

2.2.1 Cytotoxic T Lymphcytes (CTL) epitope prediction
The nHLAPred is a peptide prediction server for MHC class I binding based on the neural network
approach. ComPred, a cytotoxic T-cell epitope prediction comprehensive method of nHLAPred, was
used to predict MHC binding peptides by using proteasomalmatrices with a cutoff score of 0.5 (21).
The results from nHLAPred were validated using IEDB MHC-I binding predictions (22). Percentile
rank threshold of 50 was applied for consensus method and peptides having percentile rank above 50
were eliminated.

2.2.2 Helper T Lymphocytes (HTL) epitope prediction
The  consensus  sequence  was  screened  for  binding  propensity  to  MHC  class  II  alleles  using
NetMHCIIpan 3.1 server (23). This server quantitatively predicts binding affinity and identifies the
peptide-binding  core  register  (24).  Predicted  epitopes  were  then  validated  by  MHC-II  binding
prediction of IEDB analysis resource using consensus 2.22 method (25). 

2.3 Prediction of B cell epitopes
B cell epitopes are responsible for long term immunity. They secrete antibodies which on binding to
antigen causes the B lymphocyte to divide rapidly into effector and memory B cell. We employed an
online server ABCpred  (26) to predict B cell epitopes. This server is based on a recurrent neural
network (RNN) using fixed-length patterns (27). A threshold of 0.51 was applied and window length
was set to 20. 

2.4 Construction of multiepitope vaccine sequence
After the selection of various CTL, T-helper and B cell epitopes, they were linked together using
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appropriate linkers such as AAY, GPGPG and KK to facilitate the immune processing and epitope
presentation  (28–31).  Adjuvant  enhances  the  immunogenicity  of  antigens,  hence  an  adjuvant  β-
defensin 1 was linked at N-terminal by EAAAK inker (30). An end tag of 6x-His was linked at the
C-terminal end of the vaccine sequence for the purpose of purification and identification (31). 

2.5 Allergenicity, Immunogenicity and Physiochemical properties evaluation
We used two servers, AllerTOP v. 2.0 (32) and AllergenFP v.1.0 (33) to test the allergenicity of our
vaccine construct as it is important to check if our designed vaccine elicits an allergic reaction inside
the body. VaxiJen v.2.0 is an alignment-independent server for prediction of tumor, bacterial and
viral  origin  protective  antigens  with  prediction  accuracy  of  70-89%  (34),  hence  we  employed
VaxiJen v.2.0  (35) to check the antigenicity of our vaccine construct at 0.4 threshold. Web server
ProtParam (36) was used to assess the physicochemical properties of the construct. Grand average of
hydrophobicity  (GRAVY),  aliphatic  index,  molecular  weight,  estimated  half-life,  etc.  are  the
parameters computed by ProtParam (37). 

2.6 Secondary and Tertiary structure prediction and refinement
The secondary structure of our vaccine construct was computed via PSIPRED (38) and GOR (39).
Both the servers calculate the number of α-helix, coils, etc. To predict the tertiary structure of the
vaccine we used the SCRATCH Protein Predictor suite (40). 3Dpro server of this suite combines the
use of  predicted  structural  features,  a  fragment  library  and energy terms derived from the  PDB
statistics to predict the tertiary structure of a protein (41).

The output structure from 3Dpro was refined through the GalaxyRefine web server (42). This server
applies  template-based  modeling  to  predict  structure  and  ab  initio modeling  to  refine  loop  or
terminus regions (43). To refine the query 3D structure, it employs the CASP10 technique (30). The
process involves initial reformation of side chains followed by the execution of side-chain repacking
and overall structural relaxation by molecular dynamics simulations (31). 

2.7 Validation of 3D structure
For  validation  of  refined  structure  we  employed  three  different  servers  with  various  attributes;
ProSA-web  (44),  PROCHECK  (45) and  ERRAT  (46).  The  basis  of  ProSA diagnostic  tool  is
statistical analysis and it calculates Z-score which indicates overall model quality. Positive z-score
indicates  the  erroneous nature  of  the model  (47).  PROCHECK server  was used  to  generate  the
Ramachandran  plot  of  the  tertiary  structure  of  the  designed  vaccine.  ERRAT server  is  used  to
differentiate between correctly and incorrectly determined regions based on characteristic atomic
interactions (48).

2.8 Defining discontinuous B-cell epitopes of designed vaccine 
To eliminate the infection an antigen epitopes need to interact with antibodies. The most prevalent
epitopes  recognized  by  antibodies  are  conformational  epitopes  (7).  Hence  we  predicted
Conformational  B-cell  epitopes  in  our  designed  vaccine  using  3D  structure  generated  by
GalaxyRefine via the Ellipro server (49). This server is an attribute of IEDB web tool. The threshold
forthe minimum score was set 0.5 with a maximum distance of 6 angstroms. 

2.9 Molecular docking between vaccine construct and TLR receptors
Human Toll-like receptors 3 and 4 were utilized for molecular docking to predict interaction patterns
and binding affinity  of  vaccine  construct  as  they have been found prominent  inSARS-CoV and
MERS-CoV studies TLR 3 has been found to recognize RNA viruses and induce immune response
by recruiting TRIF adaptor protein which inturn activates transcription factors such as INF3 and NK-
kB.Poly(I:C)  andlipopolysaccharide  (LPS),  agonists  of  TLR3 and  TLR4 respectively  have  been
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found protective against SARS-CoV in mice  (50). For this evaluation, PatchDock was used  (51).
This  molecular  docking  algorithm  is  geometry-based  and  screens  outtransformations  havinga
goodyield of molecular shape complementarity. To discard redundant solutions, and RMSD (root
mean square deviation) clustering is applied tocandidate solutions  (52). For refinement of docking
results  from PatchDock, another  server FireDock  (53) was employed. FireDock is  a method for
flexible refinement and scoring of protein-protein docking. The basis of refined complexes includes
partial electrostatics, atomic contact energy, etc. (54). These results can be viewed using the RasMol
program which provides molecular graphic visualizations of PDB files (55). 

2.10 Validation

2.10.1 Validation by codon optimization
Java Codon Adaptation Tool (Jcat) was used to test high-level expression of a vaccine in K12 strain
of  E.coli  for  codon optimization  with  the  addition  of  Xhol  and Ndel  restriction  sites  (56).  Jcat
calculates CAI score which provides the basis for codon optimization along with GC content of
improved sequence (57). 

2.10.2 In-silico vaccine expression
The vaccine was finally cloned into pET-28a (+) using snap-gene software. Restriction cloning tool
of  snap-gene  software  was  used  to  insert  our  multiepitope  vaccine  sequence  at  Xhol  and  Ndel
restriction sites on pET-28a (+) vector.  

3. Results

3.1 Sequence Retrieval 
A consensus sequence was generated by aligning 1,389 full-length polyprotein sequences belonging
to an outbreak from around the world. The consensus sequence was identical to “Orf1ab” polyprotein
of SARS-CoV-2 as per BLAST results.

3.2 T-cell epitope Prediction
For  the  elimination  of  respiratory  virus  infections,  a  strong  virus-specific  T-cell  response  is
necessary. Strategies to enhance T-cell response for robust long term memory should be considered
by vaccine interventions (7).

3.2.1 Predicted CTL epitopes
CTL release cytotoxic proteins like granzymes, perforins, etc. to neutralize virus-infected cells and
damaged cells (7). This occurs after the successful induction of MHC I. Top 4 antigenic sequences
were generated for each allele (HLA-A*24:02, HLA-A*24, HLA-B*51:01, HLA-B*54:01 and HLA-
C*06:02) of MHC class I. After validation with IEDB consensus method, a total of 12 CTL epitopes
were found. 

3.2.2 Predicted HTL epitopes
HTL activates B-cells and CTL for antibody production and killing of infected cells, respectively
thus, in adaptive immunity they are the key players (28). The consensus sequence was subjected to
NetMHCIIpan v.3.1 (23) for HTL epitope prediction. This online server predicts scores and binders.
A strong binder is that which has a score of IC50 ≤ 50nM towards the MHCII allele. Three peptide
sequences  were  selected  based  on  their  binding  scores  to  all  3  MHCII  alleles
(HLA-DPA1*02:01/HLA-DPB1*05:01,  HLA-DQA1*05:01/HLA-DQB1*03:01  and  HLA-
DRB4*01:01).  These  3  epitopes  were  then  assessed  using  IEDB  tool  with  a  threshold  of  50
percentile  rank.  Since  all  three  peptides  fell  under  the  threshold,  they  were  proposed  as  HTL
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epitopes. 

3.3 Predicted B-cell epitopes 
B  cells  produce  antibodies  and  recognize  antigens  hence,they  are  the  main  component  during
adaptive immune response of humoral immunity. Thus, it was necessary to predict B-cell epitopes as
well for vaccine construct (28). Top 3 epitopes were selected based on their scores from ABCpred. 

3.4 Multiepitope vaccine construct 
The main goal of the study was to design a multiepitope vaccine in silico from epitopes of COVID-
19 that would elicit immune responses. To enhance the immunogenicity of the vaccine construct,
human β-defensin 1 (68 amino acid residues)  was used as an adjuvant (28). A total of 18 epitopes
were determined in which 12 are CTL epitopes, 3 HTL epitopes and 3 B-cell epitopes these epitopes
and adjuvants were linked by certain linkers viz. EAAAK, KK, GPGPG and AAY (28, 30) as shown
in Figure 2. An end tag of 6x Histone was added (31). 

3.5 Vaccine Features
The capability of vaccines to elicit a robust immune response by binding to B and T cell receptors
can be predicted in numeric values as its antigenicity. Vaxien v.2.0 calculated antigenicity of our
vaccine  constructs  to  be  0.5004 which  falls  under  the  criteria  of  being  antigenic.  Likewise,  the
allergenicity was also calculated to ensure no allergic reaction is induced by our vaccine construct
(Table I). 

Various physiochemical properties of the designed vaccine were calculated through various servers
available online (Table I). The designed vaccine (347 aa long) has a molecular weight of 37812.56
Da. Theoretical pI was found to be 9.32 indicating that the vaccine is significantly basic. With the
computed instability index as 25.16, the vaccine construct was marked stable. Aliphatic index of 99.8
suggests it as thermostable and  Grand average of hydropathicity (GRAVY) as 0.370 which is less
positive hence more hydrophilic. 

3.6 Secondary and Tertiary structure prediction
The secondary structure of the vaccine forecasted by PSIPRED (38) and GOR (39) server had 44.38
% α-helix, 17.58% extended strand and 38.04 % random coils as shown in Figure 3. 

The tertiary structure of our vaccine was predicted by the 3Dpro function of the SCRATCH suite
(40) and was refined using the GalaxyRefine web server  (43). This refinement server provided 5
model  structures  with  different  RMSD (Root  mean square  deviation)  and  Rama favored  values
(Table II). The model with RMSD 0.604 and Rama favored value 97.4 was selected as shown in
Figure 4. 

3.7 3D structure validations
Ramachandran plot by PROCHECK(45) confirms 93.8% residues were in most favored regions,
5.3% in additional allowed regions, 0.3% in generously allowed regions and 0.7% in disallowed
regions as shown in Figure 5. ProSA-web (44) further assessed Z-score to be -2.15 which is within
the vicinity of scores of experimental structures (Figure 6). 86.4662 was the quality factor computed
by ERRAT (46).

3.8 Conformational B-cell epitopes
Six discontinuous B-cell epitopes with a threshold of score 0.5 were predicted using Ellipro server
(49). Amino acid residues, number of residues and their scores are listed in Table IV. The graphical
representation of these epitopes in the vaccine construct is shown in Figure 7. 
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3.9 Vaccine-Receptor Docking
TLR3 and TLR4 were used for docking purposes as suggested by (50) using PatchDock (51) server
and the results were refined by the Firedock server  (53). FireDock predicted structures based on
global energy, Van der waal interactions and hydrogen bonding (Table IV and V). Out of the top ten
structures,the graphical representation of the best structure based on global energy is shown in Figure
8. 

3.10 Validation

3.10.1 Codon optimization
The quantification of the vaccine’s expression level in host Escherichia Coli (K12 strain) was done
by Jcat  (56).  Codon adaptation  index was calculated  to  be  1.0 with GC content  51.58% which
indicates better expression. For better expression, GC content between 35% - 70% is required. A
1041 bp improved sequence was also generated which was then used as an insert in pET-28a(+)
plasmid. 

3.10.2 In-silico vaccine expression
The designed vaccine was inserted in pET-28a(+) plasmid by restriction cloning tools of snap-gene
software. The overall construct of the vector with inserted vaccine sequence is shown in Figure 9. the
clone generated was of 6328bp with an insert at number 159 (158-159 : MCS) to 1199. 

4. Discussion
With the ongoing outbreak of COVID-19, the world is not only facing a health crisis but also an
economic and social catastrophe.Since there is no definite treatment yet, to ensure safety against
SARS-CoV-2, researchers around the world are striving to construct vaccines against this virus. An
innocuous and effectual vaccine can reduce the rate of this infection. Since long, vaccination has
been used effectively by humans against viral diseases. Epitope based vaccines are more precise and
safe in comparison to traditionally used live and killed or attenuated vaccines (7, 31). To design an
epitope vaccine, tools of immunoinformatics are convenient as they are time and cost-effective. In
the  present  study,  we  designed  a  multiepitope  vaccine  as  both  T  and  B  cell  epitopes  are  key
components of cellular and humoral immunity. The idea behind its multiepitope design is to design a
vaccine that can elicit a maximum immune response. We used a consensus sequence of polyproteins
from various genomes of the COVID-19 outbreak that resembles “Orf1ab” polyprotein of SARS-
Cov-2. This consensus sequence was then used to predict all three types of epitopes i.e. HTL, CTL
and B-cell  epitopes.T cell  epitopes  were restricted to  few HLA alleles  which  were found to  be
associated with SARS-CoV-2  (17,18).  Adjuvant and end tag were added with suitable linkers to
design vaccine which was validated by different servers for its antigenicity, allergenicity and other
physiochemical properties. The vaccine construct was found to be antigenic, non-allergen and stable.
Furthermore,  secondary  and  tertiary  structures  were  predicted  and  validated.  With  the  tertiary
structure, we were able to dock the vaccine construct to human toll-like receptors 3 and 4. Finally,
the designed vaccine was validated by codon optimization and in-silico cloning. Although there is
still a need to validate it in a wet lab.By Analysing the results, it can be said that this multiepitope
vaccine construct could be used as a vaccine candidate against COVID-19 after further processing in
wet labs. 

Conclusion
The vaccine candidate  against  SARS-CoV-2 was designed by  in-  silico methods.  The consensus
sequence of polyproteins from various genomes of the COVID-19 outbreak that resembles “Orf1ab”
polyprotein of SARS-Cov-2  was used to predict all three types of epitopes i.e. HTL, CTL and B-cell
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epitopes.  Adjuvant  and  end  tag  were  added  with  suitable  linkers  to  design  vaccine  which  was
validated by different servers for its antigenicity, allergenicity and other physiochemical properties.
The vaccine construct was found to be antigenic, non-allergen and stable. Furthermore, secondary
and tertiary structures were predicted and validated and the designed vaccine was validated by codon
optimization and  in-silico cloning. Although there is still  a need to validate it in a wet lab.  The
designed novel  vaccine candidate  has  been validated  in-silico to  elicit  robust  immune responses
hence; it can be used as a potential model for further development of multi-epitope vaccines in the
laboratory.
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Process flow of multiepitope vaccine design and its expression in silico.
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Linear Multiepitope vaccine design with end linked adjuvant.
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PSIPRED web tool predicted secondary structure of vaccine construct showing 44.38% ?-helix, 17.58% extended strand and
38.04 % random coils.

https://preprints.jmir.org/preprint/34349 [unpublished, non-peer-reviewed preprint]



JMIR Preprints Deval et al

3D structure of the final vaccine refined by the GalaxyRefine web server.
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Ramachandran plot of vaccine construct showing most favored (93.8%), additional allowed (5.3%), generously allowed (0.3%)
and disallowed (0.7%) regions.
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Validation of designed vaccine by (a) Z-score plot and (b) ERRAT plot depicting quality factor.
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3D representation of conformational B-cell epitopes from designed vaccine. Epitopes are shown in yellow color and grey sticks
represent bulk of polyprotein. The numbers correspond to values in Table III.
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Graphical representation of vaccine-receptor docking using RasMol; (a): Vaccine TLR3 docking complex; (b): Vaccine TLR4
docking complex.
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Structure of cloned pET-28a (+) vector with inserted vaccine sequence (highlighted in magenta) along with various restriction
sites.
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