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Abstract—The cases of highly pathogenic viruses such as
zika virus, Ebola virus, Marburg virus, and SARS-CoV-
2 are increasing constantly and posing serious threats to
global public health and highlighting the critical need for
quick, safe, and efficient preventive measures against
these diseases [1]. Vaccination remains one of the most
effective strategies for preventing viral infections.
However, conventional vaccine development techniques
are costly, time-consuming, and limited by stringent
biosafety regulations [2]. Due to the integration of
artificial intelligence with immune-informatics, it
becomes a promising and effective method for the
vaccine design.

Therefore, we are focusing the multi-epitope vaccine
design against SARS-CoV-2. For multi-epitope vaccine
design, the membrane protein of SARS-CoV-2 was
selected as the target due to its high antigenic potential
and non-allergenic nature [3] Physicochemical
properties of the protein were analyzed using ExPASy
ProtParam, while secondary and tertiary structures
were predicted wusing PSIPRED and trRosetta,
respectively. Cytotoxic T-lymphocyte (MHC class I) and
helper T-lymphocyte (MHC class II) epitopes were
predicted using the Immune Epitope Database (IEDB).
The selected epitopes were assembled into a multi-
epitope vaccine construct using suitable linkers and an
adjuvant to enhance immunogenicity [4].

Subsequently, the designed vaccine construct underwent
structural assessment, molecular docking analysis using
ClusPro, and immune simulation using C-ImmSim. The
results demonstrated the potential of the vaccine
construct to elicit a strong immune response. Overall,
this study provides a computationally validated
framework for the rational design of multi-epitope
vaccines against high-risk viral pathogens and
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establishes a foundation for future experimental
validation.

Index Terms—Vaccine, Multi-Epitopes, Artificial
Intelligence, Immuno-informatics, Antigenicity,
Allergenicity

I. INTRODUCTION

Covid-19 is one of the life-threatening infectious
diseases, caused by SARS-CoV-2 (severe acute
respiratory syndrome coronavirus 2) [5]. The first
cluster of pneumonia cases associated with SARS-
CoV-2 was reported in December 2019 in Wuhan,
China. As of now, WHO (world health organization,
(https://www.who.int/emergencies/diseases/novel-
coronavirus-2019/situation-reports), reported 410
million cases with 5.8 million reported deaths

This virus has spread globally very fast and generated
a lockdown condition throughout the world because
the spread rate of this virus was very fast;
approximately 5.8 million deaths are reported due to
this virus. This virus not only impacts health but also
impacts the financial, social, and political landscape
throughout the world [6,7,8].

Coronavirus is responsible for covid-19 diseases, in
2019 this is known as novel coronavirus (2019-nCoV)
or the severe acute respiratory syndrome corona virus
2 (SARS-CoV-2) [9]. Rapid mutations in the viral
genome have led to the emergence of multiple variants
with altered transmissibility and immune-evasion
capabilities. The list of variants is mention in table 1.1
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Sno. | Name of Variants First Origin Impact Reference
1 Alpha uUs Highly Transmitted virus [10]
2 Beta South Africa Increase the immune escape [11]
3 Gamma Brazil Highly transmitted and reinfection potential [12]
4 Delta India Very fast transmit throughout the world [14]
5 Omicron South Have no of variants such as BA Lineages [15]

Africa/Botswana e BA.l
e BA2
e BA3
e BA4
e BAS
Recombinant and Descendant Lineages
e XBB
e XBB.15

e JN.1 and strong immune evasion

XBB.1.16 (Arcturus)
e EG.5 (Eris)
e HV.

The corona virus is an enveloped virus with positive
sense single- standard RNA (+ssRNA) genome of
approximately 29.9 kbp belongs to the Beta-
coronavirus genus with different feature such as
Replicase Genes ( ORFla , ORF1b) , structural gene
([S, EMN ( Spike protein, Envelope protein
membrane protein and nucleocapsid protein
respectively)] and Accessory Genes
(ORF3a,0RF6,0RF7a,0RF7b,0RF8,0RF9b,0RF10

)[16] Among all these, membrane protein plays a very
crucial role in viral assembly and immune
recognition[17]. Due to the rapid mutation of the
SARS-CoV-2 genome, several new variants have
emerged over time. These variants may affect the
effectiveness of existing therapeutic and preventive
measures. Therefore, there is a need to develop broad-
spectrum and adaptable vaccines that can provide
protection against multiple variants of the virus [18].

Although several conventional vaccine development
approaches, such as live-attenuated and inactivated
(heat-killed) vaccines, have been successfully
employed against various infectious diseases, these
methods possess certain limitations. Live-attenuated
vaccines may not be suitable for immune-
compromised individuals and pregnant women due to
the potential risk of reversion to a virulent form. In
contrast, inactivated vaccines often require multiple
booster doses to maintain long-term immunity [19].
Furthermore, both approaches are generally time-
consuming, expensive, and require extensive
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laboratory experimentation, biosafety measures, and
clinical validation. Additionally, the continuous
emergence of new SARS-CoV-2 variants may reduce
the effectiveness of existing vaccines [20]. Therefore,
the development of rapid, cost-effective, and adaptable
vaccine design strategies has become increasingly
important.

Due to the emergence of artificial intelligence (AI) and
Bioinformatics in immunology have revolutionized
this field and develop and computational approach
such as epitope based, multi-epitopes, reverse
vaccinology and structured based designing of
vaccine. In immunoiformatics, we use different web
server, software and immunological database to
predict antigenic protein, B-cell epitopes, T-cell
epitopes, allergenicity, allergenicity and population
coverage, population conservancy, thereby reducing
the  dependence  on laboratory
experimentation [21].

Furthermore, by using artificial intelligence and
learning -based algorithms, we can easily analyse large
biological datasets, to predict the 3d structure of
vaccine, docking with ligand, simulation study and

extensive

expression analysis with high accuracy, these
computational approaches significantly reduce the
time, cost, and resources required for vaccine
designing and become valuable tools for combating
rapidly evolving pathogens such as SARS-CoV-2[22].
For designing a vaccine, there are different
computation approaches are available such reverse
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vaccinology, epitope-Based Vaccine Design, multi-
epitopes- based vaccine design structure-based
vaccine designing approaches, AI/ML based vaccine
design etc. In multi-epitope vaccines designing we
combine multiple cytotoxic T-lymphocyte (CTL),
helper T-lymphocyte (HTL), and B-cell epitopes, by
using linker and adjuvants to stimulate both cellular
and humoral immune responses. These adjuvants and
linkers are used to enhance the stability,
immunogenicity, and efficacy of the vaccine. In
addition, multi-epitope vaccines offer improved
accuracy and specificity, safety, and broad-spectrum
protection against multiple viral strains and its variants
[23].

The aims of my study are to design epitope-based
vaccine by using an artificial intelligence and immune-
informatics-based against SARS-CoV-2. We target
the membrane protein of SARS-CoV-2, its high
conservation among  SARS-CoV-2  variants,
significant antigenic potential, and important role in
viral assembly and host immune recognition. Various
computational web server and AI/ML based tools and
software were employed to predict epitopes, construct
the vaccine candidate, evaluate its physicochemical
and immunological properties, perform molecular
docking analysis, and immune simulation [24]. All
findings of my study may contribute to the
development of effective and broad-spectrum vaccine
candidates against SARS-CoV-2 and its variants
[25,26.27].

II. MATERIAL AND METHODS

The methodology contains in-silico genome sequence,
membrane protein sequence retrieval analysis,
epitope prediction, and immunological screening to
evaluate antigenicity, safety, and population
relevance, structural modelling and protein-protein
docking and immune simulation.

We retrieved SARS-CoV-2 genome (accession no
MT520466) in fasta format from the National Center
for Biotechnology Information (NCBI) database in
FASTA format. Subsequently, the Membrane (M)
protein (Accession No. QKG90185.1) was retrieved
and selected as the target antigen for vaccine design.
We analysed different parameter of selected protein
such as physicochemical property antigenicity,
allergenicity, secondary structure target prediction,
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tertiary  structural prediction, disulphide bond
prediction by using expasy protparam, vaxijen 2.0,
allertop 2.0, psipred, alpha fold dianna 1.1 web server
respectively.

The physicochemical analysis included the
determination of molecular weight, theoretical pl,
instability index, aliphatic index, and GRAVY score,
disulphide bond prediction by using DiANNA server
to evaluate structural stability, secondary structure
prediction was performed by using PSIPRED and
tertiary structure prediction by using the trRosetta
server.

Furthermore, B-cell, MHC Class I (CTL), and MHC
Class II (HTL) epitopes were predicted using the
Immune Epitope Database (IEDB). Then predicted
epitopes were screened and filtered based on binding
affinity (IC50 value), percentile rank, antigenicity,
allergenicity, toxicity, epitope conservancy, and
population coverage. We were selected highly
immunogenic, non-allergenic, non-toxic, and
conserved epitopes for the construction of the multi-
epitope vaccine candidate.

After the prediction and screening of B-cell, MHC
Class I (CTL), and MHC Class II (HTL) epitopes
based on antigenicity, allergenicity, toxicity, epitope
conservancy, and population coverage, the selected
epitopes were assembled to construct a multi-epitope
vaccine candidate. To enhance the immunogenicity of
the vaccine, P-defensin was incorporated as an
adjuvant at the N-terminal region of the construct.
Different linkers were used to connect the selected
epitopes and maintain their individual immunological
functions. The EAAAK linker was used to connect the
adjuvant with the vaccine construct, whereas AAY,
GPGPG, and KK linkers were used to join CTL, HTL,
and B-cell epitopes, respectively. These linkers
facilitate efficient antigen processing and presentation
while preventing the formation of junctional epitopes.
The final vaccine construct was designed to induce
both humoral and cellular immune responses.

Furthermore, the designed vaccine construct was
evaluated for its physicochemical properties,
antigenicity, allergenicity, toxicity, and structural
characteristics. Secondary and tertiary structure
analyses were performed to assess the stability and
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structural integrity of the vaccine candidate.
Subsequently, Toll-Like Receptor 4 (TLR4; PDB ID:
2A0Z) was selected as the immune receptor for
molecular docking studies. The docked complex was
further analysed through molecular dynamics
simulation using the iMODS server to evaluate its
stability and flexibility. Finally, immune simulation
analysis was performed to predict the immune
response generated by the designed vaccine construct.

III. RESULT AND DISCUSSION

The complete genome sequences of SARS-CoV-2
(MT520466) were successfully retrieved from the
NCBI database. Then extraction of all viral proteins
was conducted. Based on immunogenicity profiling,
primary targets were identified: the Membrane (M)
protein of SARS-CoV-2. These proteins were
prioritized as the foundation for the vaccine constructs
due to their critical roles in viral structure and
pathogenesis. Also, the physicochemical analysis of
the selected proteins was done which shows
favourable stability, solubility, and hydrophobicity
profiles, supporting their suitability as vaccine targets.
Furthermore, disulfide bond prediction using the
DiANNA server revealed structurally significant
cysteine residues involved in disulfide bridge
formation, indicating proper folding and enhanced
structural stability of both the Membrane protein.
Secondary structure prediction of the Membrane
protein and the secondary secreted glycoprotein was
performed using PSIPRED. Furthermore, tertiary
structure modelling of both proteins was carried out
using trRosetta.

Results for your protein:

L Bk -

Severe acute respiratory syndrome coronavirus 2 isolate SARS-CoV-
2Zhuman/USA/MA_MGH_00083/2020, complete genome
SerBark. MTSZ04CE1

RETH  Gaphics

Loeus IPLITERR S R ]
CELKLIZON sae -a 31 saolese
- Lule guncm:

Fig no: 01 Retrieval of Viral Genome Sequence of
SARS-CoV-2 (MT520466)

FASTA~ S

membrane glycoprotein [Severe acute respiratory syndrome coronavirus 2]
GenBank: QKG90185.1

5QK690185.1 membrane glycoprotein [Severe acute respiratory syndrome coronavirus 2]
MADSNGTITVEELKKL LEQANLVIGFLFLTWICLLQFAYANRNRF LYLIKLIF LWL LNPVTLACFVLAY
YRINWITGGIATAMACLVGLMWLSYFIASFRLFARTRSMWSFNPETNILLNVPLHETILTRPLLESELVI
GAVILRGHLRIAGHHLGRCDIKDLPKETTVATSRTLSYYKLGASR RYRTGIYKLNTOH
SSSSONIALLV)

Fig no:02 Retrieval of Fasta Sequence of Membrane
(M) protein (QKG90185.1)

Model selected: virus

Threshold for this model: 0.4

Your Sequence:

QKGMEMRANEGLYCPRTEINSEVEREACTER
ESPIRATRYSYNDRMECRNAVIRSMADSNGT
ITVEELKKLLEQWNLVIGFLFLTWICLLQFA
YANRNRFLYIIKLIFLWLLWEVTLACFVLAA
VYRINWITGGIAIAMACLVGLMWLSYFIASE
RLFARTRSMWSFNPETNILLNVPLHGTILTR
PLLESELVIGAVILRGHLRIAGHHLGRCDIK
DLPKEITVATSRTLSYYKLGASQRVAGDSGE
AAYSRYRIGNYKLNTDHSSSSDNIALLVQ

Overall Prediction for the Protective Antigen = 0.5173 ( Probable ANTIGEN ).

Fig no: 03 The antigenicity of all viral proteins in
SARS-CoV-2 was predicted using VaxiJen v2.0

MADSNGTITVEELKKLLEQWNLVIGFLFLTWICLLQFAYANRNRFLYIIKLIFLWLLWPVTLACFVLAAVYRINWITGGIAIAMACLVGLMWLSYFIASFRLFARTRSMWSFNPETNILLNVPLHGTILTR
PLLESELVIGAVILRGHLRIAGHHLGRCDIKDLPKEITVATSRTLSYYKLGASQRVAGDSGFAAYSRYRIGNYKLNTDHSSSSDNIALLYQ
¢ Most similar protein: sp|Q13698|CACTS_HUMAN Voltage-dependent L-type calcium channel subunit alpha-1S OS=Homo sapiens GN=CACNA1S PE=1 SV=4

¢ Classification based on the most similar protein: Probable NON-ALLERGEN

Fig no: 04 The Allergenicity of all viral proteins in SARS-CoV-2 were predicted using AllerTop v2.0
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Fig no: 05 Physiochemical properties of Membrane
(M) protein (QKG90185.1)

Disulfide Connectivity prediction

Step 1: Running PSI-BLAST with input sequence
Step 2: Predicting secondary structure using PSIPRED

Step 3: Disulfide Oxidation State Prediction

Step 4: Disulfide Bonds Prediction using a trained Neural Network
Disulfide bond scores

0.03345
1-38 ag PEFTKCRSFER-AG 0.01964
1-53 52 PHFTHCRSTER - TWIF 0.0108
1-67 56 PEFTKCRSFER-TV 0.02249
11 - 28 17 RETFSCHEWTTQ— 0.01103
11 -39 28 RETFSCEWTTO 0.01205
11 - 53 42 0.01037
11 - 67 56 0.01184
28 - 30 11
28 - 53 25 001038
28 - 87 a9 0.01049
30 - 53 14 0.01037
30 - 67 28 AGENSCYFNI E 0.01047
53 - 87 14 IWLEYCIKLT

Predicted bonds

1-1 PKFTECRSPER - RETFSCHWTIQ
28-39 QEWKECPDYVS - AGENSCYFNSS
53 - 67 IWIFYCIKLTS - TVDEKCFSVIE

Predicted connectivity
1-2, 34, 56

[ References | about | hewt J| Comacts |
© Boston College

Fig no: 06 Computational prediction of disulfide
bond connectivity for the SARS-CoV-2 Membrane
(M) protein (QKG90185.1).

The schematic illustrates the potential linkage of six
cysteine residues within the N-terminal and
transmembrane regions Neural network-based
confidence scores for Cys-Cy’s pairings in the SARS-
CoV-2 M protein. High-probability scores (P > 0.99)
suggest a structured disulfide network (1-11, 28-39,
and 53-67) that may stabilize the protein's dimer
interface or membrane orientation.
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Fig no: 07: PSIPRED-based secondary structure
prediction of the SARS-CoV-2 membrane protein
showing the distribution of a-helices, B-strands, and
coil regions along the amino-acid sequence.
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Fig no: 08 Graphical output of PSIPRED displaying

confidence scores and three-state (helix, strand, coil)

secondary structure assignment for the SARS-CoV-2
membrane protein.

Predicted LDOT

°s e 2 o £
Position
Predicted por-residuo LDDT for modolt @

Fig no: 09 Predicted three-dimensional (tertiary)
structure of the SARS-CoV-2 membrane protein
generated using the trRosetta modelling
approach.Per-residue pLDDT confidence plot for the
trRosetta-predicted SARS-CoV-2 membrane protein
model.
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IV. PREDICTION OF LINEAR B-CELL EPITOPES

The primary sequences of the SARS-CoV-2
Membrane (M) protein were analysed to identify
potential B-cell epitopes. The proteins were screened
for surface-exposed regions which have the ability to
trigger a humoral immune response. This was done
using the BepiPred-2.0 algorithm.

| No. Stat  End  Peplide Length
[ | 1 5 20 NGTITVEELKKLLEQW 16

M [ ' L [ e o 2

i " 1 m W PLLESE §

TR 0 3

500 | 191 | KLGASQRVAGDS 12
e

6 199 | 218 | YRIGNYKLNTOHSSSSONIA 20

Fig no:10 For the SARS-CoV-2 membrane protein,
epitope prediction focused on extracellular regions.
High-scoring epitopes were mainly found in the N-
terminal tail and extracellular loops between
transmembrane helices, and these surface-exposed
regions were selected to ensure effective immune
recognition. B-cell epitope mapping of the SARS-
CoV-2 Membrane (M) protein. Highlights represent
immunodominant extracellular loops identified for
their high surface accessibility.

Original Peptide

T-Cell Epitope Prediction and Immunological Safety
Screening

The T-cell epitopes of MHC-I and MHC-II molecules
were predicted by the help of IEDB tools. This was
done to make sure safety and efficacy of the vaccine.
Biological Safety Assessment

The predicted T-cell epitopes were screened for
antigenicity, allergenicity, and toxicity to ensure safety
and immunogenicity. VaxiJen, AllerTop, ToxinPred
confirmed the predicted epitopes are potential antigen,
non-allergenic and non-toxic.

VaxiJen RESULTS

Model selected: virus

Threshold for this model: 0.4

|[Your Sequence:

AFFLYDRLA

[Overall Prediction for the Protective Antigen = 0.6118 ( Probable ANTIGEN ).

Fig no:11: Evaluation of antigenicity using Vaxilen

Results for your protein:

AFFLYDRLA
« Most simlar protein: sp|Q6627|CCL14 HUMAN C-C motif chemokine 14 OS=Hormo sapiens GN=CCL14 PE=1 SV=1
+ Classification based on the most similar protein: Probable NON-ALLERGEN

Fig no: 12 Evaluation of allergenicity using AllerTop

0.00 619 111541

Mutant Peptides

v 7 063 023 063
1 6 6 020 0
5 017 060
1 7 078 03 063
L 7 .64 029 061
vi 6 097 018 05
v 7 073 CED) 063
™ 6 128 0.14 063
M 7 0.74 0.26 o
& 6 073 012 061
« 7 017 024 06
6
6

19 056 100 910 | 111349

[XF] 027 1ar 0.67 100 510 | 118654
123 0.00 197 0.33 1.00 380 [ 114544
15 027 127 0.56 100 910 | 114780
164 0.00 127 1.00 360 [ 110640
108 027 124 100 893 [ 116380
119 000 124 100 380 | 112240
172 27 1

Fig no: 13 Evaluation of toxicity using ToxinPred

MHC Class I and Class II Epitope Evaluation

T-cell epitope mapping was carried out for both viral
targets. For SARS-CoV-2, MHC Class I and Class II
binding analyses identified multiple epitopes across
diverse HLA alleles, ensuring broad cellular immune
coverage.

IJIRT 204824

MHEH Binding Predictian Results

seqnur.stat . end  |.[length |- |peptide S50 .rank  [oresult |-

1 51 70 10 TLACFULARY 262 0,04 HE
1 B2 . 9 GLMWLSYFI a.s8¥ 0.02 NG
1 2} 32 8 MACLYGLMW 408 0.02 M
1 83 101 9 LSYFIASFR A.3E 0.02 Mo
1 105 113 @ RTRSMWSFN 465 0,03 MO
1 15 3 8 KLLEQYWHLY aTs 0.03 MO
1 42 50 @ RHRFLYIIK 502 0.03 MO
1 177 180 9 AGDEGEARY a3 0.03 ¥ES
1 51 E 10 LIFLWLLWPY 564 0.05 NE
1 155 20 8 AGDSGRARYS 595 0.05 ¥ES
1 o5 105 10 FIASFRLFAR 6.05 0.03 NG
1 53 101 9 LSYFIASFR 834 0.04 HE
1 a2 101 10 WLSYFIASER 655 0.03 MO
1 51 100 10 MWLSYFIASF 8.56 0.02

1 na i IETEreeT: Ao noa e

Fig no: 14: Evaluation of MHC class-1 Epitopes of
SARS-CoV-2 Membrane protein based on percentile
rank.
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Final Selection of High-Affinity T-cell Epitopes
T-cell epitopes from MHC Class I and MHC Class 11
peptides of SARS-CoV-2 were selected because they
showed strong binding ability, with IC50 values below
50 nM and percentile rank below 2.0, indicating high
potential to trigger effective immune responses

MHC-| Binding Prediction Results
Method used: ann

allele -|seqnuri-|start [-'end  |-length -|peptide €50 [-rank - jresult (x
HLA-A+30:01 1 172 180 9 TSRTLSYYK 573 0.03 YES
HLA-A*68:02 1 193 201 9 FAAYSRYRI 5.95 0.05 YES
HLA-A* 1 65 73 9 FVLAAVYRI 7.66 0.07 YES
HLA-A* 1 171 180 10 ATSRILSYYK 7.92 0.02 YES
HLA-A*30:01 1 171 180 10 ATSRTLSYYK 8.47 0.05 YES
HLA-A*68:01 1 5 14 10 NGTITVEELK 9.26 0.08 YES
HLA-A*68:01 1 137 16 10 ELVIGAVILR 9.88 0.08 YES
HLA-A*23:01 1 a4 53 10 RFLYIIKLIF 11.12 0.03 YES
HLA-A* 1 138 16 9 LVIGAVILR 1141 0.08 YES
HLA-A" 1 46 55 10 LYIKLIFLW 12.03 0.03 YES
HLA-A*33:01 1 178 186 9 YYKLGASQR 13.37 0.03 YES
HLA-A%02:03 1 71 80 10 YRINWITGGI 15.86 0.26 YES
HLA-A*02:01 1 &5 73 9 FULAAVYRI 16.52 0.16 YES
HLA-A%01:01 1 171 179 9 ATSRTLSYY 16.73 0.04 YES
HLA-A*02:01 1 88 97 10 VGLMWLSYFI 17.08 0.16 YES
HLA-B*40:01 1 136 145 10 SELVIGAVIL 17.83 0.05 YES
HLA-A*68:01 1 6 14 9 GIIVEELK 18.08 0.14 YES

Fig no: 15 T-cell epitopes of MHC-1 peptides of
SARS-CoV-2 below IC50 value and below 2.0 Rank

MHC-II Binding Prediction Results

Method used: netmhciipan_ba

allele | -[seqnur-istat -lend - length |- core_peptide - peptide -lic50 - irank < lresult ¥
HLA-DQAL 1 136 150 15 VIGAVILRG  SELVIGAVILRGHLR 7.6 0.1 YES
HLA-DQAL 1 137 151 15 VIGAVILRG  ELVIGAVILRGHLRI 1251 0.15 YES
HLA-DRB1 1 100 114 15 FARTRSMWS  FRLFARTRSMWSFNP 1259 016 YES
HLA-DRB1 1 99 13 15 FRLFARTRS  SFRLFARTRSMWSFN 1359 018 YES
HLADQAL 1 7 85 15 TGGIAIAM  YRINWITGGIAIAMA 137 022 YES
HLA-DRB1 1 99 13 15 FARTRSMWS ~ SFRLFARTRSMWSFN 1459 023 YES
HLA-DQAL 1 138 152 15 VIGAVILRG  LVIGAVILRGHLRIA 14.87 0.48 YES
HLA-DRB1 1 100 114 15 FARTRSMWS  FRLFARTRSMWSFNP 1549 053 YES
HLADQAL 1 70 84 15 WITGGIAA  VYRINWITGGIAIAM 1634 054 YES
HLA-DRB1 1 99 13 15 FARTRSMWS  SFRLFARTRSMWSFN 16.88 06 YES
HLA-DRB1 1 99 13 15 FARTRSMWS ~ SFRLFARTRSMWSFN 17.44 065 YES
HLA-DRB1 1 100 114 15 FARTRSMWS  FRLFARTRSMWSFNP 19.76 069 YES
HLA-DRB1 1 99 13 15 FARTRSMWS ~ SFRLFARTRSMWSFN 1992 069 YES
HLA-DRB3 1 68 82 15 YRINWITGG  AAVYRINWITGGIAI 2082 074 YES
HLA-DRBS 1 138 152 15 AVILRGHLR  LVIGAVILRGHLRIA 2086 08 YES
HLA-DQA1 1 133 147 15 VIGAVILRG  LLESELVIGAVILRG 2091 087 YES
HLA-DRB1 1 100 114 15 FARTRSMWS ~ FRLFARTRSMWSFNP 2124 094 YES
HLA-DRBS 1 139 153 15 AVILRGHLR  VIGAVILRGHLRIAG 2184 0.96 YES
HLA-DRB3 1 67 81 15 YRINWITGG  LAAVYRINWITGGIA 2253 099 YES
HLADQAL 1 n 85 15 MGGIAIAM  YRINWITGGIAIAMA 2354 12 YES

Fig no: 16 T-cell epitopes of MHC-2 peptides of
SARS-CoV-2 below IC50 value and below 2.0 Rank

Epitope Conservancy

To make sure broad protection against viral variants,
selected T-cell epitopes were analysed for sequence
conservancy. Only those epitopes with >90%
conservation across viral strains were chosen for the
final construct.

Epitope # Epitope name Epitope sequence  Epitope ler Percent of protein Minimum i Maximum i
1 ws-separated-0  AEGVVAFLILPQAKK 15 100.00% (1/1)  100.00% 100.00%
2 ws-separated-1 AFHKEGAFFLYDRLA 15 100.00% (1/1)  100.00% 100.00%
3 ws-separated-2  AFLILPQAKKDFFSS 15 100.00% (1/1)  100.00% 100.00%
4 ws-separated-3  ATGFGTNETEYLFEV 15 100.00% (1/1)  100.00% 100.00%
5 ws-separated-4  DFAFHKEGAFFLYDR 15 100.00% (1/1)  100.00% 100.00%
6 ws-separated-5  DRLASTVIYRGTTFA 15 100.00% (1/1)  100.00% 100.00%
7 ws-separated-6  EGUVAFLILPQAKKD 15 100.00% (1/1)  100.00% 100.00%
8 ws-separated-7  ETEYLFEVDNLTYVQ 15 100.00% (1/1)  100.00% 100.00%
9 ws-separated-8  EYLFEVDNLTYVQLE 15 100.00% (1/1)  100.00% 100.00%

10 ws-separated-9  FAFHKEGAFFLYDRL 15 100.00% (1/1)  100.00% 100.00%
11 ws-separated-10  FFLYDRLASTVIYRG 15 100.00% (1/1)  100.00% 100.00%
12 ws-separated-11  FLWVILFQRTFSIP 15 100.00% (1/1)  100.00% 100.00%
13 ws-separated-12  FQRTFSIPLGVIHNS 15 100.00% (1/1)  100.00% 100.00%
14 ws-separated-13  FSIPLGVIHNSTLQV 15 100.00% (1/1)  100.00% 100.00%
15 ws-separated-14  GVVAFLILPQAKKDF 15 100.00% (1/1)  100.00% 100.00%
16 ws-separated-15  ILFQRTFSIPLGVIH 15 100.00% (1/1)  100.00% 100.00%
17 ws-separated-16  IPLGVIHNSTLQVSD 15 100.00% (1/1)  100.00% 100.00%
18 ws-separated-17  LESRFTPQFLLQLNE 15 100.00% (1/1)  100.00% 100.00%
19 ws-separated-18  LFEVDNLTYVQLESR 15 100.00% (1/1)  100.00% 100.00%
20 ws-separated-19  LTYVQLESRFTPQFL 15 100.00% (1/1)  100.00% 100.00%
21 ws-separated-20  LWVIILFQRTFSIPL 15 100.00% (1/1)  100.00% 100.00%
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Fig no:17 MHC Class II (HTL): The 15-mer Class II
epitopes were 100% conserved, indicating these
regions are highly stable and unlikely to mutate. Their
ability to bind multiple HLA-DR, DP, and DQ alleles
supports broad helper T-cell activation and global
immune coverage.

SARS-CoV-2 Membrane (M) Protein Conservancy

Results
#_|Epitope na Epitope sequenc Epitops ler Percent of prote Minimum it Maximum i
1 ws-separa AGDSGFAAYS 10 100.00% (1/1) 100.009% 100.00%
2 ws-separa ASFRLFARTR 10 100.00% (1/1) 100.009 100.00%
3 ws-separa ATSRTLSYYK 10 100.00% (1/1) 100.00% 100.009%
4 ws-separa ELVIGAVILR 10 100.00% (1/1) 100.009 100.00%
5 ws-separa FAAYSRYRI 9 100.00% (1/1) 100.00% 100.009%
6 ws-separa FVLAAVYRI 9 100.00% (1/1) 100.009% 100.00%
7 ws-separa GTITVEELKK 10 100.00%6(1/1) 100.00% 100.00%
8 ws-separa LVIGAVILR 9 100.009%6(1/1) 100.00% 100.00%
9 ws-separa LVIGFLFLTW 10 100.00% (1/1) 100.00% 100.00%
10 ws-separa LYIIKLIFLW 10 100.00% (1/1) 100.009% 100.00%
11 ws-separa NGTITVEELK 10 100.00%6(1/1) 100.00% 100.009%
12 ws-separa RFLYIIKLIF 10 100.00% (1/1) 100.009 100.00%
13 ws-separa SELVIGAVI 9 100.00% (1/1) 100.00% 100.009%
14 ws-separa SFRLFARTR 9 100.00% (1/1) 100.009 100.00%
15 ws-separa SGFAAYSRYR 10 100.00% (1/1) 100.00% 100.009%
16 ws-separa TSRTLSYYK 9 100.00% (1/1) 100.009 100.00%
17 ws-separa YRINWITGGI 10 100.00%6(1/1) 100.00% 100.00%
18 ws-separa YYKLGASQR 9 100.00% (1/1) 100.00% 100.00%

Fig no:18 MHC Class I (CTL): Conserved, high-
affinity peptides from the SARS-CoV-2 membrane
protein were selected to maintain effectiveness
against emerging variants.

#__lEp‘\tope na Epitope sequence Epitope le Percent of protei Minimum it Maximum iV

1 ws-separa AAVYRINWITGGIAI 15 100.00% (1/1) 100.00% 100.00%
2 ws-separa DLPKEITVATSRTLS 15 100.00% (1/1) 100.00% 100.00%
3 ws-separa ELVIGAVILRGHLRI 15 100.00% (1/1) 100.00% 100.00%
4 ws-separa FRLFARTRSMWSFNP 15 100.00% (1/1) 100.00% 100.00%
5 ws-separa LAAVYRINWITGGIA 15 100.00% (1/1) 100.00% 100.00%
6 ws-separa LVIGAVILRGHLRIA 15 100.00% (1/1) 100.00% 100.00%
7 ws-separa SELVIGAVILRGHLR 15 100.00% (1/1) 100.00% 100.00%
8 ws-separa SFRLFARTRSMWSFN 15 100.00% (1/1) 100.00% 100.00%
9 ws-separa VIGAVILRGHLRIAG 15 100.00% (1/1) 100.00% 100.00%
10 ws-separa VYRINWITGGIAIAM 15 100.00% (1/1) 100.00% 100.00%
11 ws-separa YRINWITGGIAIAMA 15 100.00% (1/1) 100.00% 100.00%

Fig no: 19 MHC Class II (HTL): High-ranking 15-

mer epitopes located in conserved regions of the M-

protein were chosen to support robust helper T-cell
activation and long-term immune memory.

V. POPULATION COVERAGE ANALYSIS

A population coverage analysis was done to check the
selected epitopes can provide broad immune
protection in different human populations. The
potential usefulness of these epitopes was assessed by
estimating how well they cover diverse global
populations based on HLA allele frequencies, helping
predict vaccine effectiveness across different ethnic
and geographical groups.
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Population Coverage for SARS-CoV-2 (M-Protein)

Population Coverage Calculation Result
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Fig no: 20 MHC Class I: CTL epitopes also demonstrated high worldwide coverage, enabling strong CD8" T-cell
responses and MHC Class II: SARS-CoV-2 HTL epitopes showed broad global coverage, supporting effective CD4*
T-cell activation across diverse populations.

Construction and Physicochemical Evaluation of the final constructs remained antigenic, non-toxic, and
Final Vaccine non-allergenic, indicating their suitability for vaccine
The final vaccine construct was created by combining development.

all selected epitopes into a single protein sequence. At
the beginning to enhance the immune response a B-
defensin adjuvant was added. Different linkers were
inserted between epitopes to keep them properly
separated and functioning as intended. Specifically,
EAAAK was used to connect the adjuvant to the
vaccine sequence, while AAY, GPGPG, and KK
linkers were placed between CTL, HTL, and B-cell
epitopes, respectively, to prevent unwanted
interactions between neighboring sequences.

bowic biirca ¢ |Winkudk o Byoguibicky s evpipaiicky | Hyinehilciy s ot fingun o |Tharpe o 0 (el
an :u an 1

13 " e o am »

11 ] an (0] m

SARS-CoV-2 epitope vaceine SRR S AR R A -
GIINTLQKYYCRVRGGRCAVLSCLPKEEQIGKC S o
STRGRKCCRRKKEAAAKAGDSGFAAYS @)
ASFRLFARTR ATSRTLSYYK
GTITVEELKKAAYNGTITVEELKAAY -
YRINWITGGI CASQROPGHIOETASAILSGRGG

o Mast simiar proteie splQBWYSICOAN_HUMAN Codarin 1 0S<Homo sapiens GNsCOAN1 PE=1 $V=d
YYKLGASQRGPGPGDLPKEITVATSRTLSFRLF * hslaton bsdon h il o okl NON ALERGEN
ARTRSMWSFNPKKNGTIVEELKKLLEQWYRIG
NYKLNTDHSSSSDNIA
Immunological Re-validation After assembling the (b)

full fusion constructs SARS-CoV-2 vaccines were re-
evaluated to confirm safety and immunogenicity. The
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VaxiJen RESULTS

Model selected: virus

(Threshold for this model: 0.4

[Your Sequence:

IGIINTLOKYYCRVRGGRCAVLSCLPKEEQIG
[KCSTRGRKCCRRKKEAAAKAGDSGFAAYSAA
YASFRLFARTRAAYATSRTLSYYKAAYGTIT
EELKKAAYNGTITVEELKAAYYRINWITGG
TAAYYYKLGASQRGPGPGDLPKEITVATSRT
|ILSGPGPGFRLFARTRSMWSFNPKKNGTIVEE
[LKKLLEQWKKYRIGNYKLNTDHSSSSDNIA

[Overall Prediction for the Protective Antigen = 0.5095 ( Probable ANTIGEN ).

(©)

Fig no: 21 (A) Toxicity evaluation for SARS-CoV-2
multi-epitope vaccine by Toxinpred (b)Evaluation of
allergenicity of SARS-CoV-2 multi-epitope vaccine
using AllerTOP v2.0(c)Evaluation of antigenicity of
SARS-CoV-2 multi-epitope vaccine using VaxiJen

Physicochemical Profiling ProtParam analysis showed
that both constructs possess favourable stability and
formulation properties. High aliphatic index values
indicated good thermostability, while negative
GRAVY scores confirmed hydrophilicity and good
solubility. The predicted molecular weight and
isoelectric point further support feasibility for
purification and large-scale production.

Fig no: 22 Physicochemical analyses of SARS-CoV-
2 multi-epitope

5.7 Structural Modelling, Refinement, and Validation
The structural integrity of the designed multi-epitope
vaccines was evaluated to ensure that the integrated
epitopes are correctly folded and accessible for
immune recognition.

Secondary Structure Analysis

The secondary structures of the SARS-CoV-2 M-
protein constructs were predicted using the PSIPRED
server. The results showed a balanced mix of structural
elements.

TIOVYLLGADOGSLAFVYPSEFS) SPCGEK)I YFENNAGFPHNIVFDEDSI PSGY 2
C OASK)I susER DL N AKGE T FEVALENKSEYSFYCSPHOAGAGNYORY T YN

Srane e Cat [ orderns
Oazrseree ovma dreing Puatve Coman Bourdary Vemerase rtiracson Taramencrase Heis
Extraceiiar | RS Cptopteneac Spal Pegte

W seemy

Fig no: 23 Secondary Structure prediction of SARS-CoV-2 Vaccine Designing

Tertiary Structure Prediction

Structural modelling and refinement of the vaccine
constructs were conducted to evaluate their three-
dimensional conformation and stability. The 3D
structures were initially predicted For SARS-CoV-2:
The predicted structure displays a combination of

IJIRT 204824

compact helical regions and extended loops. The lower
confidence in certain loop regions is expected for
multi-epitope vaccines, as these areas are designed to
be flexible and "disordered" to allow better access for
immune cell receptors.
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Predicted LDDT

Position

Fig no: 24 3D vaccine of SARS-CoV-2 and predicted
per-residue pLDDT profile for Membrane (M) protein,
residues 1-120. The plot highlights a confident N-
terminal domain (pLDDT >80) transitioning to
disordered C-terminal regions (pLDDT <50), derived
from trRosetta prediction.

Structural Refinement

The initial confidence levels in the structure were low.
By the help of Galaxy Refinement (Heo et al., 2013),
the quality of structures was improved stereo-
chemically by relaxation of structure and rebuilding of
repeated sidechain. The refined models were then
checked using Ramachandran plots to examine

backbone angles and confirm that the structures were
energetically reasonable.

Fig no: 25 Galaxy Refinement-optimized three-
dimensional structure of the vaccine construct.

Receptor-ligand docking

Afterall, protein-protein docking was performed using
the ClusPro server (Ashizawa et al., 2024) to Analyse
the interaction between the vaccine constructs and
human immune receptorsand the SARS-CoV-2
vaccine was docked against the 2A0Z receptor. The
complexes with the lowest energy scores and largest
cluster sizes were selected to determine the binding
affinity and stability of the vaccine-receptor interface.
Visualization in PyMOL showed that the SARS-CoV-
2 epitope—receptor complexes form clear and well-
organized interaction interfaces. Several salt bridges
and hydrophobic contacts were observed, which help
stabilize these protein—protein interactions.

Fig no: 26 Structure of 2A0Z receptor to dock against
vaccine construct of SARS-CoV-2

VI. MOLECULAR SIMULATION RESULT

Fig no 27: Result of Immune Simulation by using NMA method

IJIRT 204824
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Normal Mode Analysis by using iMODS revealed a
low eigenvalue (9.998 x 107°), it indicating favorable
deformability and structural flexibility of the vaccine
construct. The covariance matrix demonstrated

coordinated residue motions, while the elastic network
confirmed strong structural integrity, suggesting that
the designed vaccine possesses adequate stability and
dynamic behavior.c-imm-simulation Result:

Figure 1: Cell counts shown. Legend: Act=active, Intern=internalized the Ag. Pres Il = prescnting or Figare

2 Legrnd: symbols as figure above

Fig no 28: Immune of Simulation by c-immsim for B epitopes, MHC-I peptides, MHC-II peptides

The C-ImmSim simulation demonstrated strong
activation of B cells, helper T cells, cytotoxic T cells,
macrophages, and dendritic cells, accompanied by
substantial production of IgM/IgG antibodies and
elevated IFN-y levels. The generation of immune
memory cells and efficient antigen clearance suggest
that the vaccine construct is capable of eliciting a

robust and long-lasting immune response.
VII. CONCLUSION

In this study, a computational multi-epitope vaccine
design approach was employed to develop a vaccine
candidate targeting the Membrane (M) protein of
SARS-CoV-2. The membrane protein was selected
due to its high conservation among viral variants,
strong antigenic potential, important immunological
roles, and non-allergenic nature. B-cell, MHC Class I
(CTL), and MHC Class II (HTL) epitopes were
identified to stimulate both humoral and cellular
immune responses. The predicted epitopes were
screened based on antigenicity, allergenicity, toxicity,
population coverage, and sequence conservancy to
ensure safety, immunogenicity, and broad-spectrum
protection against viral mutations.

The selected epitopes were assembled into a multi-
epitope vaccine construct using suitable adjuvants and
linkers to enhance immune stimulation, facilitate
efficient antigen processing and presentation, and

IJIRT 204824
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maintain structural stability. The designed vaccine
further through
physicochemical characterization, structural
modelling, molecular docking, molecular dynamics
simulation, and immune simulation analyses.

The results demonstrated that the designed vaccine
construct  possesses favorable immunological,
structural, and physicochemical properties, supporting
its potential as a promising vaccine candidate against
SARS-CoV-2. Although the present findings are based
on computational analyses, they provide a strong
foundation for future in vitro and in vivo experimental
validation and may contribute to the development of
effective and broad-spectrum vaccines against SARS-
CoV-2 and its emerging variants.

candidate was evaluated
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