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ARTICLE INFO ABSTRACT

Keywords: Norovirus is known as a major cause of several acute gastroenteritis (AGE) outbreaks each year. A study was
Reverse vaccinology conducted to develop a unique multi epitope subunit vaccine against human norovirus by adopting reverse
Norovirus

vaccinology approach. The entire viral proteome of Norwalk virus was retrieved and allowed for further in silico
study to predict highly antigenic epitopes through antigenicity, transmembrane topology screening, allergenicity
assessment, toxicity analysis, population coverage analysis and molecular docking approach. Capsid protein VP1
and protein VP2 were identified as most antigenic viral proteins which generated a plethora of antigenic epi-
topes. Physicochemical properties and secondary structure of the designed vaccine were assessed to ensure its
thermostability, hydrophilicity, theoretical PI and structural behavior. Molecular docking analysis of the refined
vaccine with different MHCs and human immune TLR8 receptor demonstrated higher binding interaction as
well. Complexed structure of the modeled vaccine and TLR8 showed minimal deformability at molecular level.
The designed construct was reverse transcribed and adapted for E. coli strain K12 prior to insertion within
pET28a(+) vector for its heterologous cloning and expression, and sequence of vaccine constructs showed no
similarity with human proteins. However, the study could initiate in vitro and in vivo studies regarding effective
vaccine development against human norovirus.
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1. Introduction

Norovirus is responsible for nonbacterial gastroenteritis in adults
and a major cause of several acute gastroenteritis (AGE) outbreaks each
year. In children (under 5years), noroviruses are the third most
common etiological cause of diarrheal mortality after rotavirus and
possibly, enteropathogenic Escherichia coli (Lanata et al., 2013).The
prevalence of norovirus disease is approximately five times higher in
children (21% per year) compared with the whole population (4.5% per
year) (Phillips et al., 2010a). The symptoms of Norovirus infections are
characterized by vomiting, abdominal cramps and fever. However,
some elderly and young children may develop intense symptoms re-
sulting even in death (Phillips et al., 2010b). The genus Norovirus has
one species called Norwalk virus belongs to the family of Caliciviridae.
Among the seven genogroups (GI-GVII), three of them (GI, GII and GVI)

are responsible for most of the diseases in human (Hedlund et al., 2000;
Fankhauser et al., 2002). Several reports revealed that GII is the pre-
dominant norovirus genogroup circulating worldwide and an analysis
from 2005 to 2016, it was found that 91.7% of sequences were GII,
8.2% were GI, and < 0.1% were GIV (Beek et al., 2018). GII.4 is found
to be the most prevalent genotype in many areas of the globe, and over
the past two decades, a new GII.4 strain has emerged in every 2—4 years
which sometimes involved with an increased norovirus-virulence
(Siebenga et al., 2007; Siebenga et al., 2009).

Noroviruses are genetically and antigenically diverse group of single
stranded RNA virus which presents serious challenges for developing a
broadly immunogenic vaccine. Structurally, they are non-enveloped
with a single-stranded positive sense RNA genome (7.5-7.7 kb).The
norovirus genome contains three open reading frames (ORF), whose
ORF1 encodes six nonstructural proteins, ORF2 encodes VP1, P2
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subdomain accounts for most of the antigenicity of each virus, and
ORF3 responsible for encoding the minor capsid VP2 (Kroneman et al.,
2013; Vinje, 2015). Currently, no licensed vaccine against norovirus
has been reported (Bernstein et al., 2015). However, several norovirus
vaccine candidates are under developmental stage right now which
have either progressed to clinical trials or have numerous preclinical
investigations (Cortes-Penfield et al., 2017; Mattison et al., 2018). Two
norovirus vaccines are under clinical trial include, bivalent GI.1/GII.4
intramuscular VLP vaccines (in phase IIb clinical trial) and a mono-
valent GI.1 oral pill recombinant adenovirus vaccine (phase I trials).
Apart from that, recently developed norovirus vaccine candidates
contain non-infectious recombinant VP1 proteins as recombinant ade-
noviruses (Mattison et al., 2018). Researchers have developed vaccines
based on expressing norovirus VP1 using recombinant adenovirus ser-
otype 5 vectors; one is based on a GI.1 norovirus sequence (Phase I
clinical trials) while the other, based on a GII.4 sequence. In a nutshell,
the progress of vaccines developments highlight the importance of
vaccine coverage beyond GII.4 strains and suggest candidate vaccines
include representative VLPs from at least both genogroups (Aliabadi
et al., 2015).

Norovirus infections are extremely difficult to prevent and control
due to their environmental stability, low infectious dose and high
shedding titre. There are several possible barriers to the development of
an effective norovirus vaccine. Development of efficient and long-
lasting norovirus vaccines has been hampered greatly by their un-
cultivability (Jones et al., 2015). Hence, other common vaccine tech-
nologies, including killed or live-attenuated viruses, have not been
pursued for norovirus (Mattison et al., 2018). Circulating noroviruses
are antigenically diverse and continually evolving, which could limit
the durability of protection conferred by a vaccine that does not elicit
broadly neutralizing antibodies. Immunization of mice with norovirus
like particles (VLPs) has demonstrated that GI VLPs fail to produce
antibodies with blocking activity against GII noroviruses and vice versa
(Malm et al., 2015). Still to date, the VP1 candidate vaccine was de-
veloped but the robust immune response to heterogenous strains have
not been documented in experimental studies (Cortes-Penfield et al.,
2017). Therefore, it is crying need to find out the suitable polyvalent
vaccine candidates against norovirus rendering immunity to several
genogroups. In-silico study for the drug-development has opened a new
era where one can design drugs using genomics, proteomics as well as
immunoinformatics approach, minimizing time and cost required in
development process (Mohammed et al., 2017; Dash et al.,, 2017;
Adhikari et al., 2018; Joy et al., 2019). Various genome based tech-
nologies have enabled functionally blind selection of vaccine candi-
dates and allowed prediction of antigens without the requirement to
grow the pathogen in vitro (Rappuoli, 2000; Sette and Fikes, 2003;
Agrawal and Raghava, 2018).Hence, we herein applied some im-
munoinformatics approaches to design a highly immunogenic and
thermostable, multi-epitope peptide vaccine against norovirus utilizing
their capsid proteins.

2. Materials and methods

In the present study, attempts were taken to develop a novel multi-
epitope peptide vaccine against human norovirus. The schematic dia-
gram, summarizing the protocol over in silico vaccinomics strategy to
design a chimeric subunit vaccine is elucidated in Fig. 1.

2.1. Retrieval of protein sequences and antigenicity screening

The NCBI (National Center for Biotechnology Information) and
ViralZone (https://viralzone.expasy.org/194) server were used for the
selection and comprehensive study of human norovirus (Genome ID:
5619) (https://www.ncbi.nlm.nih.gov/genome/genomes/5619?). The
entire viral proteome of human norovirus (Norwalk virus) was retrieved
from UniProtKB (https://www.uniprot.org/uniprot/?query
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+database), consisting three proteins named genome polyprotein,
capsid protein VP1 and protein VP2. The VaxiJen v2.0 (http://www.
ddg-pharmfac.net/vaxijen/) was used for the investigation of protein
immunogenicity to find the most potent antigenic proteins
(Doytchinova and Flower, 2007a). Only the structural proteins were
prioritized based on their antigenic score and various physicochemical
parameters were analyzed using ExPASy's secondary structure predic-
tion tool ProtParam (Gasteiger et al., 2003; Das et al., 2016).

2.2. Identification of homologous proteins sets and T-Cell epitope prediction

Homologous sequences of the antigenic proteins (i.e. capsid protein
VP1 and protein VP2) were retrieved from the NCBI database by using
BLASTp tool (Supplementary File 1). Both the proteins were used as
query and the searches were restricted to norovirusgenogroup GI
(Taxid: 122928) and GII (Taxid: 122929). Multiple sequence alignment
(MSA) was performed by using Clustal Omega (Sievers and Higgins,
2014; Chenna et al., 2003), and further those common regions were
employed for T-Cell epitopes prediction (Vita et al., 2014). MHC-I
(http://tools.iedb.org/mhci/) and MHC-II prediction tool (http://tools.
iedb.org/mhcii/) prediction tool of Immune Epitope Database were
used to predict the MHC-I binding and MHC-II binding peptides re-
spectively.

2.3. Transmembrane topology and antigenicity screening of T-Cell epitope

TMHMM (http://www.cbs.dtu.dk/services/TMHMM/) and VaxiJen
v2.0 server (http://www.ddg-pharmfac.net/vaxijen/) were used to
predict the transmembrane helices in proteins (Krogh et al., 2001) and
determine epitope antigenicity (Doytchinova and Flower, 2007b), re-
spectively. The most potent antigenic epitopes were selected and al-
lowed for further analysis.

2.4. Population coverage, allergenicity and toxicity analysis of predicted
epitopes

HLA distribution varies among different ethnic societies and geo-
graphic domains around the world. Population coverage for each in-
dividual epitope was analyzed by IEDB population coverage calculation
tool (http://tools.iedb.org/population/) (Vita et al., 2014). The fraction
of individuals predicted to respond to the proposed epitope set were
calculated on the basis of HLA genotypic frequencies and MHC binding
(Bui et al., 2006). Moreover, Four servers named AllergenFP (Dimitrov
et al, 2014), AllerTOP (http://www.ddg-pharmfac.net/AllerTop/)
(Dimitrov et al., 2013), Allermatch (http://www.allermatch.org/
allermatch.py/form) (Fiers et al., 2004) and PA%P (http://www.Ipa.
saogabriel.unipampa.edu.br:8080/pa3p/) (Chrysostomou and Seker,
2014) were used to predict the allergenicity of the proposed epitopes
for vaccine construction. Epitopes found to be non-allergenic were then
allowed to assess the toxicity level by ToxinPred server (http://crdd.
osdd.net/raghava/toxinpred/) (Gupta et al., 2013).

2.5. Conservancy and cluster analysis of MHC restricted alleles

Conservancy level determines the efficacy of epitope candidates to
confer broad spectrum immunity. To reveal the conservancy pattern,
homologous sequence sets of the selected antigenic proteins were re-
trieved form the NCBI database by using BLASTp tool (Supplementary
File 1). Further, the epitope conservancy analysis tool (http://tools.
iedb.org/conservancy/) at IEDB was selected for the analysis of con-
servancy pattern. Moreover, Structure dependent clustering methods
have been proven efficient to identify the super-families of MHC pro-
teins with similar binding specificities. MHC cluster v2.0 (Thomsen
et al., 2013) server was used to produce pictorial tree-based graphics
and generate highly instinctive heat-map of the functional association
among MHC variants.
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Fig. 1. Flow chart summarizing the protocols for the prediction of epitope based vaccine candidate by in silico reverse vaccinology technique.

2.6. Prediction of 3D structures for superior epitopes and analysis of
molecular docking

Top ranked epitopes were subjected to PEP-FOLD server which aims
to predict peptide structures (Maupetit et al., 2010; Kaur et al., 2007;
Wang et al., 2011). In this study, the predicted superior CTL and HTL
epitopes were able to bind with different large number of HLA alleles.
Depending on the available structures deposited in Protein Data Bank
(PDB) database, HLA-A*11:01 and HLA-DRB1*04:01 were selected for
docking analysis with MHC class I and class II binding epitopes re-
spectively. The purpose of the molecular docking analysis was to show
the proposed epitopes could interact with at least one MHC molecule at

minimum binding energy. MGLTools were used to visualize and analyze
the molecular structures of biological compounds (Sanner, 1999). The
grid box was set to 28 A°, 18 A®, 20 A°(x, y and z) with default value of
1.0 A°® spacing by AutodockVina at 1.00- °A spacing. The exhaustiveness
parameter was kept at 8.00 and the number of outputs was set at 10
(Morris et al.,, 2009; Sanner et al., 2002). Output PDBQT files were
converted in PDB format using Open Babel. The docking interaction
was visualized with PyMOL molecular graphics system (https://www.
pymol.org/).
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2.7. Identification of B-Cell epitope

B cell epitopes were predicted for both capsid protein VP1 and
protein VP2 to find the potential antigens that would interact with B
lymphocytes and initiate immune response. Several tools from IEDB
were used to identify the B cell antigenicity depending on some algo-
rithms i.e. Kolaskar and Tongaonkar antigenicity scale (Kolaskar and
Tongaonkar, 1990), Emini surface accessibility prediction (Emini et al.,
1985), Karplus and Schulz flexibility prediction (Karplus and Schulz,
1985), Bepipred linear epitope prediction analysis (Jespersen et al.,
2017), Chou and Fasman beta turn prediction (Chou and Fasman, 1978)
and Parker hydrophilicity prediction (Parker et al., 1986).

2.8. Construction of vaccine molecules

Vaccine sequences started with an adjuvant followed by the top CTL
epitopes for capsid protein (VP1 and VP2), top HTL epitopes and BCL
epitopes respectively, in the similar way. Three vaccine sequences were
constructed (i.e. V1, V2 and V3) each associated with different ad-
juvants including beta defensin (a 45 mer peptide), L7/L12 ribosomal
protein and HABA protein (M. tuberculosis, accession number:
AGV15514.1) (Rana and Akhter, 2016). PADRE sequence and different
linkers, for instances, EAAAK, GGGS, GPGPG and KK linkers were also
used to construct effective vaccine molecules.

2.9. Allergenicity, antigenicity and solubility prediction of different vaccine
constructs

AlgPred v.2.0 (Saha and Raghava, 2006) and AllerTOP v.2.0
(Dimitrov et al., 2013) servers were used to predict the non-allergic
behavior of the vaccine constructs. In order to suggest the superior
vaccine candidate, VaxiJen v2.0 server (Doytchinova and Flower,
2007b) was utilized for determining the probable antigenicity of the
designed vaccine constructs through an alignment independent algo-
rithm. The solubility of the proposed vaccines was analyzed via Proso II
server (Smialowski et al., 2006) and Protein-sol software (Hebditch
et al., 2017; Chan et al., 2013).

2.10. Physicochemical characterization and secondary structure analysis

ProtParam, a tool from Expasy's server (http://expasy.org/cgi-bin/
protpraram)(Gasteiger et al., 2003; Hasan et al., 2015a) was used to
functionally characterize the vaccine proteins. Physicochemical prop-
erties including molecular weight, aliphatic index, isoelectric pH, hy-
dropathicity, GRAVY values, instability index and estimated half-life
were investigated. The PSIPRED v3.3 (Kosciolek and Jones, 2014) and
NetTurnP 1.0 program (Petersen et al., 2010; Thaysen-Andersen and
Packer, 2012) were used to predict the alpha helix, beta sheet and coil
structure of the vaccine protein.

2.11. Prediction, refinement, validation and disulfide engineering of vaccine
constructs

The RaptorX server (Kallberg et al., 2014; Peng and Xu, 2011) was
applied for determining 3D structure of designed vaccine constructs
based on the degree of similarity between target protein and available
template structure from PDB. Refinement was performed to enhance
the accuracy of the predicted structures using ModRefiner (Xu and
Zhang, 2011) followed by FG-MD refinement server (Zhang et al.,
2011). The refined protein structure was validated through Ra-
machandran plot assessment at RAMPAGE (Lovell et al., 2002; Hasan
et al., 2015b). Again, an online tool, DbD2 was used to design disulfide
bonds for the predicted vaccine constructs (Craig and Dombkowski,
2013). Residues in the highly mobile region of the protein exhibit the
potential to be mutated with cysteine that allowed disulfide en-
gineering of the refined structure. Pairs of residues with proper
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geometry and ability to form a disulfide bond were detected while in-
dividual amino acids mutated to cysteine.

2.12. Protein-protein docking and molecular dynamics simulation

Owing to determine the binding affinity of the vaccine constructs
with different HLA alleles and TLR-8 immune receptor, ClusPro 2.0
(Comeau et al., 2004), hdoc (Macalino et al., 2018; Extra-Kangueane
and Nilofer, 2018) and PatchDock server (Schneidman-Duhovny et al.,
2005) were applied. Inflammation mediated by ssRNA virus are in-
volved with immune receptors present over the lymphocytes mainly by
TLR-7 and TLR-8 (Heil et al., 2004; Cros et al., 2010). The 3D structure
of human TLR-8 immune receptor was retrieved from RCSB protein
data bank. Desirable complexes were identified according better elec-
trostatic interaction and free binding energy following refinement via
FireDock server. The iMODS server were used to explain the collective
motion of proteins via analysis of normal modes (NMA) in internal
coordinates (Lopez-Blanco et al., 2014). Essential dynamics is a pow-
erful tool and alternative to costly atomistic simulation that can be
compared to the normal modes of proteins to determine their stability
(Aalten et al., 1997; Wuthrich et al., 1980; Cui and Bahar, 2007). The
server predicted the direction and magnitude of the immanent motions
of the complex in terms of deformability, eigenvalues, B-factors and
covariance. Structural dynamics of the protein-protein complex was
investigated (Awan et al., 2017; Prabhakar et al., 2016).

2.13. Codon adaptation, in silico cloning and similarity analysis with
human proteins

E. coli strain K12 was selected as host for the cloning purpose of the
vaccine construct V1. Due to the dissimilarity between the codon usage
of human and E. coli, a codon adaptation tool (JCAT) was used to adapt
the codon usage to the well characterized prokaryotic organisms for
accelerating the expression rate in it. Rho independent transcription
termination, prokaryote ribosome binding site and cleavage sites of
restriction enzyme BglIl and Apal were avoided while using the server
(Grote et al., 2005). The optimized sequence of vaccine protein V1 was
reversed followed by conjugation with BgIII and Apal restriction site at
the N-terminal and C-terminal sites respectively. SnapGene (Solanki
and Tiwari, 2018) restriction cloning module was used to insert the
adapted sequence into pET28a(+) vector between the BglII (401) and
Apal(1334). At last, human sequence similarity analysis of the proposed
vaccine with human proteins was done by using NCBI protein-protein Blast
(https://blast.ncbi.nlm.nih.gov/Blast.cgi), and here blast was done
against Homo sapiens (taxid: 9606) dataset.

3. Results
3.1. Retrieval of protein sequences and antigenicity screening

The entire viral proteomeof human norovirus (Norwalk virus)
(Proteome ID: UP000000826) was retrieved from UniProtKB (https://
www.uniprot.org/uniprot/?query + database). All the sequences belong
to the origin of United States. Only the structural proteins were selected
for further investigation. The VaxiJen server was used to find out the
most potent antigenic proteins. Among three viral proteins, capsid
proteinVP1 (Accession ID: Q83884) and proteinVP2 (Accession ID:
Q83885) were identified, having better immunogenic potential with
total prediction score of 0.555 and 0.510 respectively. Different phy-
siochemical behaviors of the proteins were analyzed by ProtParam tool
as described in Supplementary Table 1.

3.2. Identification of homologous proteins sets and T-Cell epitope prediction

Two sets of homologous proteins, one for capsid protein VP1 and
another for protein VP2 were retrieved from the NCBI protein database
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after BLASTp search (Supplementary File 1). The retrieved protein se-
quences belonged to the norovirus genogroup GI and GII. Multiple se-
quence alignment tool of Clustal Omega determined the common
fragments with varying lengths from both sets of proteins which were
further utilized to predict T-Cell epitopes for vaccine design. A plethora
of immunogenic epitopes were identified to be potential T cell epitopes
for capsid protein VP1(Supplementary File 2) and protein VP2
(Supplementary File 3) that can bind to different large number of HLA-
A and HLA-B alleles using MHC class-I and MHC class II binding pre-
dictions of IEDB. Epitopes that could interact with maximum number of
HLAs with a high binding affinity were selected.

3.3. Transmembrane topology and antigenicity screening of T-Cell epitope

Top epitopes (MHC-I and MHC-II binding peptides) for both pro-
teins having the capacity to elicit strong T-cell response were selected
as putative T cell epitope candidates according to their topology
screening by TMHMM and antigenic scoring (AS) by Vaxijen server
(Supplementary Table 2).

3.4. Population coverage, allergenicity and toxicity analysis of predicted
epitopes

Population coverage was demonstrated for each individual epitope
by IEDB population coverage calculation tool analysis resource. Here,
all the indicated alleles were identified as optimum binders with the
suggested epitopes and used to determine the population area covered
by them (Fig. 2). Two different population coverages were calculated
from CTL and HTL populations for MHC class I and MHC class II re-
stricted peptides respectively. Epitopes, found to be non-allergen for
human were identified according to the allergenicity assessment via 4
servers (i.e. AllerTOP, AllergenFP, PA3P, Allermatch) (Supplementary
File 4). However, epitopes, predicted as toxin by ToxinPred server were
removed from the predicted list of epitopes (Table 1).
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3.5. Conservancy and cluster analysis of MHC restricted alleles

Several epitope candidates from both capsid protein VP1 and VP2
were found to be highly conserved within different strains of human
Norovirus with maximum conservancy level of 100% (Table 1). The
epitopes, showing conservancy pattern at a biologically significant
level, were only allowed for further docking analysis. Clustering of both
class I and class II HLA molecules identified to interact with the pre-
dicted epitopes were generated by MHCcluster v2.0 server. The server
utilized the conventional phylogenetic method to generate the output
(heat map), based on sequence data available for different HLA alleles
(Supplementary Fig. 1).

3.6. Prediction of 3D structures for superior epitopes and analysis of
molecular docking

3D structures were predicted for top epitopes (6 from capsid protein
VP1 and 6 from VP2) to analyze their interactions with different HLA
alleles. The PEP-FOLD3 server modeled five 3D structures for each in-
dividual epitopes and the best one was identified for docking study.
Result showed that ‘FDLSLGPHLNPFLLH’ epitope of capsid protein VP1
bound in the groove of the HLA-DRB1*04:01 with an energy of
—8.7 kcal/mol. The demonstrated energy was —8.9 kcal/mol for epi-
tope ‘VPIPFASKQKQVQSS’ containing the 9-mer core ‘VPIPFASKQ’ of
protein VP2. On the contrary VP1-epitope ‘SCIPPGFGS’ was found to be
superior in terms free binding energy while interacted with HLA-
A*11:01 (—8.8 kcal/mol) (Table 2).

3.7. Identification of B-Cell epitope

B-cell epitopes of both capsid protein VP1 and protein VP2 were
generated using six different algorithms from IEDB. For capsid protein
VP1, Bepipred linear prediction method predicted that the peptide se-
quences from 221 to 247 and 510-527 amino acids are able to induce
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Fig. 2. Population coverage analysis of capsid protein VP1 (A) and protein VP2 (B).
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Table 1
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Allergenicity assessment, toxicity test and conservancy analysis of the predicted epitopes generated from protein VP1 and protein VP2.

Capsid protein VP1

Protein VP2

Epitope (Outer Membrane) Allergenicity Toxicity Conservancy Epitope (Outer Membrane) Allergenicity Toxicity Conservancy
PDFNFLFLV Non Allergen Non Toxin 100% SSRFGNLSP Non Allergen Non Toxin 26.6%
FDLSLGPHL Non Allergen Non Toxin 100% VPIPFASKQ Non Allergen Non Toxin 83.3%
VLFDLSLGP Non Allergen Non Toxin 100% PNYSPSSIS Non Allergen Non Toxin 86.6%
LFDLSLGPH Non Allergen Non Toxin 100.% ALGAGIQVG Non Allergen Non Toxin 100%
SCIPPGFGS Non Allergen Non Toxin 98.0% FGNLSPYHA Non Allergen Non Toxin 56.6%
FDLSLGPHLNPFLLH Non Allergen Non Toxin 100% NSSRFGNLSPYHAEA Non Allergen Non Toxin 26.6%
SCIPPGFGSHNLTIA Non Allergen Non Toxin 95.5% VESQNSSRFGNLSPY Non Allergen Non Toxin 30.0%
IVSCIPPGFGSHNLT Non Allergen Non Toxin 38.5% SNPNYSPSSISRTTS Non Allergen Non Toxin 60.0%
PFLSLGPHLNLLHLS Non Allergen Non Toxin 98.0% VPIPFASKQKQVQSS Non Allergen Non Toxin 56.6%
VSCIPPGFGSHNLTI Non Allergen Non Toxin 95.5% GFMSVPIPFASKQKQ Non Allergen Non Toxin 83.3%

the strong immune responses as B cell epitopes. Emini surface accessi-
bility prediction was done which indicated 223-232 and 462-471
amino acid residues to be more accessible. Chou and Fasman beta-turn
prediction method predicted regions from 73 to 79 and 193-199 as
potential Beta-turn regions. Karplus and Schulz flexibility prediction
method displayed that the region of 190-196 and 488-494 amino acid
residues are the most flexible regions. Kolaskar and Tongaonkar anti-
genicity result confirmed the region from 233 to 241 and 497-516 as
highly antigenic while Parker hydrophilicity prediction indicated
193-199 and 518-524 amino acid residues to be more potent (Fig. 3).
In case of VP2, bepipred linear prediction method predicted that the
peptide sequences from 32 to 43 and 107-169 amino acids are able to
induce better immune responses as B cell epitopes. The regions from 31
to 50 and 128-134 amino acid residues were more accessible according
to Emini surface accessibility prediction algorithm. Chou and Fasman
beta-turn prediction method predicted regions from 140 to 146 and
183-189 as potential Beta-turn regions. Karplus and Schulz flexibility
prediction method indicated the region of 30-36 and 128-134 amino
acid residues as a most flexible region. Kolaskar and Tongaonkar anti-
genicity result confirmed the region from 86 to 97 & 188-197 as highly
antigenic while Parker hydrophilicity prediction indicated 45-51 and
157-163 amino acid residues to be more preferred (Fig. 3). Allergeni-
city pattern of the predicted B-cell epitopes is shown in Supplementary
Table 3.

3.8. Construction of vaccine molecules

A total 3 constructs were designed in the study, each comprising a
protein adjuvant and PADRE peptide sequence. The rest of the con-
structs were occupied by the T-cell and B-cell epitopes and their re-
spective linkers. PADRE sequence was also introduced to enhance the
efficacy and potency of the vaccine proteins. Each constructs consist of
12 CTL epitopes and 10 BCL epitopes where CTL, HTL and BCL epitopes
were conjugated together by GGGS, GPGPG and KK linkers respectively
(Supplementary Table 4). The designed vaccine constructs V1, V2 and
V3 were403, 488 and 517 residues long.

Table 2

3.9. Allergenicity, antigenicity and solubility prediction of different vaccine
constructs

AlgPred server demonstrated the non-allergic behavior of the final
vaccine constructs. Vaccine construct V1 with beta-defensin adjuvant
and construct V3 with HBHA adjuvant were found to be non-allergic in
nature. Immunogenicity of the vaccine proteins was further determined
using VaxiJen 2.0 server. Results indicated V1 as the most potent
vaccine candidate with better antigenic nature (0.60) that can elicit
strong immune response (Supplementary Table 4). All three constructs
showed solubility above threshold value 0.6 (0.77, 0.73, 0.68 for V1, V2
and V3 respectively). However, Proso II server revealed that construct
V1 has the best chance to be soluble upon over expression in E. coli
which was further confirmed via Protein-sol software. The server cal-
culated the surface distribution of charge, hydrophocity and the stabi-
lity at 91 different combinations of pH and ionic strength.

3.10. Physicochemical characterization and secondary structure analysis

The ProtParam tool from Expasy server was used for the char-
acterization of final vaccine protein according to different physico-
chemical parameters. Molecular weight of the designed construct V1
was 41.67 kDa which confirmed its good immunogenic potential. The
theoretical pl 10.33 implied that the protein will have net negative
charge above this pI and vice versa. The extinction coefficient was
19,940 at 0.1% absorption, assuming all cysteine residues are reduced.
The estimated half-life was predicted to be 1 h within mammalian re-
ticulocytes in vitro while > 10 h in E. coli in vivo. Hydrophilic behavior
and thermostability of the protein was represented by the GRAVY value
and aliphatic index which were — 0.499 and 60.82 respectively.
Various physicochemical features classified the protein as a stable one
with the capacity to initialize a strong immunogenic reaction in the
body. The predicted structure secondary confirmed to have 21.33%
alpha helix, 7.7% sheet and 70.9% coil structure (Supplementary
Fig. 2).

Binding energy of suggested T-cell epitopes with selected class I and class Il MHC molecules generated from molecular docking analysis.

Epitopes MHC allele Binding energy (kcal/mol) Epitopes MHC allele Binding energy (kcal/mol)
PDFNFLFLV MHC-A*11:01 —8.6 FDLSLGPHLNPFLLH HLA-DRB1*04:01 -8.7
FDLSLGPHL -8.7 SCIPPGFGSHNLTIA -8.2
SCIPPGFGS —8.8 PFLSLGPHLNLLHLS -7.7
VPIPFASKQ -8.4 SNPNYSPSSISRTTS -85
PNYSPSSIS -8.4 VPIPFASKQKQVQSS -89
ALGAGIQVG —-8.3 GFMSVPIPFASKQKQ -7.6
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Fig. 3. Prediction of B cell epitopes and intrinsic properties for protein VP1 (A) and VP2 (B) using different scales (A: Linear, B: Beta-turn, C: Flexibility, D: Surface
Accessibility, E: Antigenicity, F:Hydrophilicity). For each graph, X-axis and Y-axis represent the position and score. Residues that fall above the threshold value are
shown in yellow color while the highest peak in yellow coloridentifies most favored position. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

3.11. Prediction, refinement, validation and disulfide engineering of vaccine
constructs

RaptorX predicted the tertiary structure of the construct V1 com-
posed of 2 domains. Homology modeling was performed by detecting
and using 1kj6A from RCSB Protein Data Bank (http://www.rcsb.org/
structure/1KJ6) as best suited template for Vaccine protein V1 (Fig. 4A
and Fig. 4B). All 403 amino acid residues were modeled with only a few
residues in the disordered region. The quality of the 3D model was
defined by P value which was 2.03e %%, The lower P value ensured
good quality of the modeled structure. Refinement was performed using
ModRefiner followed by FG-MD refinement server to enhance the ac-
curacy of 3D modeled structure of predicted vaccine V1. During Ra-
machandran plot analysis, 93% residues were in the favored, 5.1%

A B

residues in the allowed and 1.9% residues in the outlier region prior to
refinement. However, after refinement 98.1% and 1.9% residues were
in the favored and allowed region respectively while no residues oc-
cupied in the outlier region (Fig. 4C). Modeled tertiary structure of
designed construct V2 and V3 have been shown in Supplementary
Fig. 3. A total 18 pairs of amino acid residues were identified with the
potential to form disulfide bonds by DbD2 server. However, after in-
vestigating them according to energy, chi3 and B-factor parameter, only
2 pairs (i.e. PRO 318-LYS 350, TYR 340-SER 344) were compatible for
disulfide bond formation (Supplementary Fig. 4). All these residues
were replaced with cysteine residue. The value of chi3 considered for
the residue screening was between —87 to +97 while the energy
considered was < 2.2.

GeneraliPre-Pro/Proline Allowed
Glycine Allowed

#&| GeneralPre-Pro/Proline Favored % &
x Glycine Favored x

C

Fig. 4. Tertiary structure prediction and validation of vaccine protein V1, (A) Cartoon format, (B) Ball structure, (C) Validation of the 3D structure of vaccine protein

V1 by Ramachandran plot analysis.
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Fig. 5. Molecular dynamics simulation of vaccine protein V1-TLR8 complex; stability of the protein-protein complex was investigated through mobility (A), ei-
genvalue (B), B-factor (C), deformability (D), covariance (E) and elastic network (F) analysis.

3.12. Protein-protein docking and molecular dynamics simulation

Docking study was conducted between three vaccine constructs (i.e.
V1, V2, V3) and different HLA alleles. Construct V1 showed biologically
significant results and found to be superior in terms of free binding
energy (Table 3). Besides, docking was also performed to evaluate the
binding affinity of predicted vaccine V1 with TLR8 immune receptor of
human via ClusPro, HDOC and PatchDock web servers. ClusPro gen-
erated thirty protein-ligand complexes (clusters) as output along with
respective free binding energy. The lowest energy was —1183.9 for
cluster 3 (Supplementary Fig. 5). The HDOC server predicted the
binding energy for the docked complex was — 300, while FireDock
output refinement of PatchDock server showed the lowest global energy
of —8.52 for solution 10. Normal mode analysis allowed the demon-
stration of large scale mobility andthe stability of proteins. The iMODS
server performed such analysis based on internal coordinates of the
protein-protein complex (Fig. 5A). In the 3D model, the direction of
each residue was given by arrows and the length of the line represented
the extent of mobility. The vaccine protein V1 and TLR8 were oriented
towards each other. The B-factor values deduced from normal mode
analysis, was analogous to RMS (Fig. 5C). Hinges in the chain indicated
the probable deformabilty of the complex measured by contortion of

each individual residues (Fig. 5D). The eigenvalue found for the com-
plex was 2.4784e % (Fig. 5B). The variance associated to each normal
mode was inversely linked to the eigenvalue (Kovacs et al., 2004).
Covariance matrix explained the coupling between pairs of residues
where correlated, uncorrelated or anti-correlated motions were re-
presented via red, white and blue colors respectively (Fig. 5E). The
result also generated an elastic network model (Fig. 5F) which identi-
fied the pairs of atoms connected via springs. Each dot in the diagram
was indicated one spring between the corresponding pair of atoms and
colored based on the degree of stiffness.

3.13. Codon adaptation, in silico cloning and similarity analysis with
human proteins

Codon adaptation was performed due to the difference in the pro-
tein expression system of human and E. coli. Vaccine protein V1 was
transcribed reversely. Codon adaptation index (CAI) of the adapted
codons indicated the higher proportion of most abundant codons. The
CAI was found 0.951 and the GC content of the optimized codons
(53.43%) was also significant. The construct did not hold restriction
sites for Bglll and Apal which ensured its safety for the cloning pur-
poses. The optimzed codons were incorporated into pET28a(+) vector
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Table 3

Docking score of vaccine construct V1, V2 and V3 with different HLA alleles
including HLA-DRB3*02:02 (3C5J), HLA-DRB5*01:01 (1H15), HLA-
DRB1*01:01 (2FSE), HLA-DRB3*01:01 (2Q6W), HLA-DRB1*04:01 (2SEB) and
HLA-DRB1*%03:01 (1A6A).

Vaccine HLA Global Hydrogen ACE Score Area

construct alleles energy bond energy
PDB ID's

\'2! 3C5J —30.45 -5.78 8.80 17,036 2246.70
1H15 —41.18 —9.20 7.58 16,716  2620.90
2FSE —5.43 -1.95 0.71 19,796 3091.6
2Q6W -13.83 —2.87 1.87 16,404 2145.60
2SEB —-21.77 —0.82 8.21 16,912 2389.6
1A6A —0.68 —3.80 2.77 15,836 2577.8

V2 3C5J -2.92 0.00 0.56 22,456 5683.1
1H15 3.54 —-0.32 0.92 17,880 3565.6
2FSE —24.52 —2.16 —0.86 18,200 2816.5
2Q6W -12.61 -2.82 4.38 17,146 2568.6
2SEB -27.91 -1.98 5.69 20,392 2834.9
1A6A 9.58 0.00 0.13 17,702  2408.4

V3 3C5J —23.12 —4.23 6.93 20,378 2797.1
1H15 -19.97 -4.70 4.00 23,418 3743.5
2FSE —28.33 —6.67 3.84 19,880 3540.5
2Q6W —33.22 -0.38 —2.16 18,280 2446.0
2SEB -6.22 -1.45 3.36 19,006 2764.3
1A6A —-9.55 -1.12 6.28 18,558 2498.8

along with BglII and Apal restriction sites. A clone of 5655 base pair
was obtained including the 1219 bp desired sequence and the rest be-
longing to the vector. The desired region was shown in red color in
between the pET28a(+) vector sequence (Supplementary Fig. 6).
Sequence similarity analysis of the proposed vaccine with human pro-
teins revealed that there was no similarity between predicted vaccine
constructs and human proteins (Supplementary File 5).

4. Discussion

The importance of developing new vaccines for combating the ever
rising global burden of disease cannot be ignored. Norovirus is an
emerging virus that may be attributed to the leading cause of viral
gastroenteritis in people of all ages worldwide. This highly infectious
virus cause significant secondary spread of infection within close
communities. Therefore, it is important to take preventive measures
against it. To date, there is no specific treatment for norovirus
(Bernstein et al., 2015). In this study, we aimed to design an epitope
based peptide vaccine against human norovirus through im-
munoinformatics strategies by utilizing various bioinformatics tools.
Advances in genomics have changed the concepts and approaches to
vaccine candidate selection and design (Ahluwalia et al., 2017). Now, it
is possible to use genomic based approaches to aid selection of vaccine
candidates and structure based design to optimize the chosen im-
munogens. Conventional approaches for vaccine development are not
always feasible as microorganisms are sometimes difficult to cultivate
and in some instances to attenuate resulting in undesirable or adverse
immune responses (Purcell et al., 2007). Moreover, most of the methods
so far utilized to acquire and purge the target antigen were un-
successful, resulting in less suitable vaccine candidates (Rappuoli,
2000). That is why vaccine development is now being shifted to the
most effective and less time consuming prescreening programs (Mora
et al., 2003; Rappuoli et al., 2016).Reverse vaccinology, a novel ap-
proach to combine immunogenomics and immunogenetics with bioin-
formatics has been used tremendously to introduce new vaccines
(Poland et al., 2009; Hasan et al., 2019a).

In the present study, the entire viral proteome of human norovirus
(Norwalk virus) was retrieved from UniProtKB and the physiochemical
properties of the proteins were analyzed. The VaxiJen server was used
to assess the antigenicity of all the retrieved protein sequences in order
to find out the most potent antigenic protein. Among the three viral
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proteins, capsid protein VP1 (Accession ID: Q83884) and protein VP2
(Accession ID: Q83885) were identified as the best immunogenic pro-
tein candidates and allowed for further analysis. GI and GII contain
majority of the norovirus strains associated with the human diseases
(Bok and Green, 2012).Hence, the homologous protein sequences for
both proteins belonging to these two genogroups were retrieved via
BLASTp analysis. Multiple sequence alignment (MSA) enabled the
identification of common regions for both sets of protein. Only the
common fragments were used to predict the CTL and HTL epitopes in
this study. Most antigens trigger both, B cell and T cell response (Hasan
et al., 2019b). Vaccine induces production of antibodies that are syn-
thesized by B cells and mediates effector functions by binding specifi-
cally to a toxin or a pathogen (Cooper and Nemerow, 1984; Hossain and
Rahman, 2014). Cytotoxic CD8 + T lymphocytes (CTL) restrict the
spread of infectious agents by recognizing and killing infected cells or
secreting specific antiviral cytokines (Garcia et al., 1999; Sharmeen
et al., 2012). Thus, T-Cell epitope-based vaccination is a unique process
of eliciting strong immune response against infectious agents such as
viruses (Shrestha, 2004). Numerous immunogenic epitopes of capsid
protein VP1 and protein VP2 were generated to be potential T-Cell
epitopes that can bind a large number of HLA-A and HLA-B alleles with
a very high binding affinity using the MHC-I and MHC-II binding pre-
dictions of IEDB with recommended methods. Top ten epitopes, bound
with the highest number of HLA alleles were selected as putative T cell
epitope candidates (Table 1) based on their protein transmembrane
topology screening (Krogh et al., 2001) and VaxiJen score (Doytchinova
and Flower, 2007b).

Allergenicity is one of the prominent obstacles in vaccine develop-
ment. Today, most vaccines stimulate the immune system into an al-
lergic reaction (McKeever et al., 2004). According to the WHO/FAO, if
a sequence has an identity of at least six contiguous amino acids over a
window of 80 amino acids (0.35% sequence identity) to a known al-
lergens), it is considered to be potentially allergenic. In this study, Al-
lerTOP, AllergenFP, PA®P, Allermatch were used for the allergenicity
assessment of the predicted T-cell epitopes of both proteins. Population
coverage is another important factor in the development of a vaccine.
Multiple population coverages were simultaneously generated and
average population coverage was demonstrated. Results showed
that > 90% population of the world can be covered by the predicted T-
cell epitopes of capsid protein VP1 and protein VP2. As MHC super
families play a vital role in vaccine design and drug development, MHC
cluster analysis was also performed to determine the functional re-
lationship between MHC variants. To ensure effective binding between
predicted epitope and HLA molecules, a docking study was performed
using MGLTools. HLA-A*11:01 and HLA-DRB1*04:01 was selected for
docking analysis with MHC class I and class II binding epitopes re-
spectively. All the finalized epitopes showed a lower binding energy
which was biologically significant (Table 3). CTL epitope ‘SCIPPGFGS’
from capsid protein VP 1 was found to be best as it bound in the groove
of the HLA-A*11:01 with an energy of —8.8 kcal/mol. Again, ‘VPIPF-
ASKQ’ and ‘PNYSPSSIS’ were found best for protein VP 2 and their
binding energy was — 8.4 kcal/mol.

For B-cell epitope prediction, Emini surface accessibility prediction,
Chou & Fasman beta-turn prediction and Schulz & Karplus flexibility
prediction method was employed to identify the easily accessible, most
potent beta-turns and most flexible regions respectively. Hydrophilicity
and antigenicity were also predicted as well for both proteins. From all
above, the most potent B cell epitopes for capsid protein VP1 and
protein VP2 were identified as vaccine candidates against human nor-
ovirus (Supplementary Table 6). The final vaccine proteins were con-
structed using the promiscuous epitopes and protein adjuvants along
with PADRE sequence. Beta defensin adjuvant can act as an agonist to
TLR1, TLR2 and TLR4 receptor while L7/L12 ribosomal protein and
HBHA protein are agonists to only TLR4 (Rana and Akhter, 2016).
PADRE sequence was incorporated along with the adjuvant peptides to
overcome the problems caused by highly polymorphic HLA alleles.
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Literature studies revealed that PADRE containing vaccine construct
showed better CTL responses than the vaccines lacked it (Wu et al.,
2010).Individual epitopes were linked together via suitable linker to
ensure effective immune response. EAAAK linkers were used to join the
adjuvant and CTL epitopes. Similarly, GGGS, GPGPG and KK linkers
were used to conjugate the CTL, HTL and BCL epitopes respectively.
Linkers were utilized to ensure effective separation of individual epi-
topes in vivo (Saadi et al., 2017; Karkhah et al., 2017; Hajighahramani
et al., 2017; Pandey et al., 2016).The constructed vaccines were further
checked for their non-allergic behavior and immunogenic potential
(Supplementary Table 4).

However, construct V1 was superior in terms of antigenicity and
VaxiJen score. Results also ensured its higher solubility during het-
erologous expression in the E. coli. Moreover, the final vaccine con-
structs were functionally characterize according to molecular weight,
aliphatic index, isoelectric pH, hydropathicity, instability index,
GRAVY values, estimated half-life and various physicochemical prop-
erties. Physicochemical properties of vaccines such as surface charge,
shape, hydrophobicity, pH and composition play a pivotal role to de-
termine their activity and potency. Researchers also correlated the
physicochemical properties of vaccines with immune responses (Bastola
and Lee, 2019). Different physicochemical analysis of our designed
vaccine classified it as a stable one.

To strengthen our prediction, we checked the interactions between
designed vaccine constructs and different HLA molecules (i.e.
DRB1%0101, DRB3*0202, DRB5*0101, DRB3*0101, DRB1*0401, and
DRB1*0301). Again construct V1 was found to be best considering the
free binding energy. Moreover, docking analysis was also performed to
explore the binding affinity of vaccine protein V1 and human TLR8
receptor to evaluate the efficacy of used adjuvant. Molecular dynamics
study was conducted to determine the complex stability. Structural
dynamics had been investigated previously using subsets of atoms and
covariance analysis (Aalten et al., 1997). Literature studies linked the
stability of macromolecules with correlated fluctuations of atoms
(Clarage et al., 1995; Caspar, 1995). In the present study, essential
dynamics was compared to the normal modes of proteins to determine
its stability through iMODS server. The analysis revealed negligible
chance of deformability for each individual residue, as location of
hinges in the chain was not significant and thereby strengthening our
prediction. Finally, the designed vaccine construct V1 was reverse
transcribed and adapted for E. coli strain K12 prior to insertion within
pET28a(+) vector for its heterologous cloning and expression. More-
over, Similarity analysis is very important since vaccine could not
trigger immune protection, instead the body develop immune tolerance
against the vaccine because their sequence are similar with human
body. But, the study found that the designed vaccine constructs (V1, V2
and V3) did not show similarity with human proteins which could be
considered as the further efficacy of the designed vaccine molecules.

In case of conventional vaccines, the virulent form of attenuated
vaccine may reverse or inactivation process may fail to suppress the
virulence property (Hasson et al., 2015; Kaufmann et al., 2014).
Moreover, some recent clinical trials raised safety concerns while em-
phasizing on conventional approach for vaccine development (Tameris
et al., 2013).Sometimes the cellular lines used for the preparation of the
vaccine may be contaminated by microorganisms that do not produce
any cytopathic effect while undergoing replication along with the
vaccine virus (Merten, 2002; Stratton et al., 2003). If the quality control
process fails to detect these contaminations it may be proved hazardous
for the host. However, the recombinant subunit vaccine does not carry
any risk of emergence of virulence property as it comprises the anti-
genic parts only (not the entire virus itself). Besides, a number of tools
have been used in this study to validate the nontoxic and non-allergic
behavior of the designed vaccine construct. However, the predicted in
silico results were based on different analysis of sequence and various
immune databases. We suggest further wet lab based analysis using
model animals for the experimental validation of our predicted vaccine

10

Infection, Genetics and Evolution 74 (2019) 103936

candidates.
5. Conclusion

The genomic-based technologies continue to transform the field of
vaccinology through aiding selection of potential vaccine candidates
and facilitating the optimization of the chosen immunogens. In this
study, we have designed overall vaccine models with highly im-
munogenic epitopes and also suggested expression system which defi-
nitely can confer a good message to the scientific community to carry
out further in vivo trials. Thus the present study prompts future vaccine
development against human norovirus and other emerging infectious
diseases.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.meegid.2019.103936.
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