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Abstract

Presently, the world needs safe and effective vaccines to overcome the COVID-19 pandemic. Our work has focused on for-
mulating two types of mRNA vaccines that differ in capacity to copy themselves inside the cell. These are non-amplifying
mRNA (NRM) and self-amplifying mRNA (SAM) vaccines. Both the vaccine candidates encode an engineered viral replicon
which can provoke an immune response. Hence we predicted and screened twelve epitopes from the spike glycoprotein of
SARS-CoV-2. We used five CTL, four HTL, and three B-cell-activating epitopes to formulate each mRNA vaccine. Molecular
docking revealed that these epitopes could combine with HLA molecules that are important for boosting immunogenicity.
The B-cell epitopes were adjoined with GPGPG linkers, while CTL and HTL epitopes were linked with KK linkers. The
entire protein chain was reverse translated to develop a specific NRM-based vaccine. We incorporate gene encoding replicase
in the upstream region of CDS encoding antigen to design the SAM vaccine. Subsequently, signal sequences were added
to human mRNA to formulate vaccines. Both vaccine formulations translated to produce the epitopes in host cells, initiate
a protective immune cascade, and generate immunogenic memory, which can counter future SARS-CoV-2 viral exposures
before the onset of infection.
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Introduction

SARS-CoV-2 is responsible for a dreadful disease (COVID-
19) that poses a serious threat to public health worldwide
[1]. The virus was first detected in Wuhan city of Cen-
tral China’s Hubei province. Subsequently, it spread at an

Manojit Bhattacharya and Ashish Ranjan Sharma have contributed impetuous speed to become a worldwide pandemic [2]. At
equally to this work.

the onset of the pandemic, 88 countries enforced lockdown

54 Chiranjib Chakraborty mandates to eliminate community transmission and lower
drchiranjib@yahoo.com the rates of new infections [3]. More than 70 million people

. . o ‘ have been infected and around 1.7 million casualties have
Department of Zoology, Fakir Mohan University, Vyasa been declared by the World Health Organization (WHO).

Vihar, Balasore 756020, Odisha, India . . . L.
Coronaviruses belong to the kingdom Riboviria, phy-
Institute for Skeletal Aging and Orthopedic Surgery, Hallym

S . . lum Pisuviricota, class Pisoniviricetes, order Nidovirales,
University-Chuncheon Sacred Heart Hospital, Chuncheon-si, . .. . ..
Gangwon-do 24252, Republic of Korea family Coronaviridae, and subfamily Orthocoronavirideae.

) L There are four genera under Orthocoronavirideae: alpha,
Department of Zoology, Vidyasagar University, .
Midnapore 721102, West Bengal, India beta, gamma, and delta coronaviruses [4, 5]. Among them,
. . . alpha and beta coronaviruses mainly infect humans, while
Department of Biotechnology, School of Life Science R . Lo
and Biotechnology, Adamas University, Barasat-Barrackpore gamma and delta coronaviruses cause diseases in birds and
Rd, Jagannathpur, Kolkata 700126, West Bengal, India non-human mammalian species [6]. The spike protein on the

@ Springer


http://orcid.org/0000-0002-3958-239X
http://crossmark.crossref.org/dialog/?doi=10.1007/s12033-021-00432-6&domain=pdf

Molecular Biotechnology (2022) 64:510-525

511

surface of this virus mimics the sun’s corona; thus, the virus
name was derived. The SARS-CoV-2 belongs to the beta
coronavirus family and possesses a single-stranded RNA
genome. It has a nucleocapsid composed of viral spikes,
glycoproteins, and envelope proteins [7-9].

At present, there is no specified clinical therapy for
COVID-19. Application of hand sanitizer, washing of hand,
use of mask-wearing, and maintaining physical distance can
lower the risk of infection. Although some drugs, including
remdesivir, favipiravir, and hydroxychloroquine, are being
repurposed for treatment and their efficacy remains unclear
[10, 11]. The development of therapeutics in the near future
to combat COVID-19 will be beneficial but will not be suf-
ficient to end the pandemic. Therapeutics can cure infected
patients but cannot limit infection. It will be necessary to
contain the infection to cure the patients. An effective vac-
cine can provide a permanent solution to the COVID-19
pandemic [12]. Scientists from many parts of the world are
rigorously investing tireless efforts to develop an effective
vaccine that can bring an end to the pandemic. As a result,
nearly 30 RNA, 19 DNA, 29 non-replicating viral vectors,
21 replicating viral vectors, 14 inactivated virus, four live-
attenuated virus, 71 protein, 13 nanoparticles, four whole
cells, and three viral vector-based vaccines are under devel-
opment in pre-clinical trials, clinical trials, or approved [13].
Covaxin, Covishield, Moderna, Oxford AstraZeneca, Jans-
sen COVID-19, Sputnik V, and Pfizer-BioNTech vaccines
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have been approved for public use in several countries [14,
15]. Many vaccines are undergoing phase III clinical trials
to establish their safety and efficacy [15].

Our current work aims to develop a suitable mRNA-based
vaccine expressing antigenic CD4+and CD8+ T cell and
B-cell-activating sequences. The novel goal of mRNA vac-
cine modeling is to deliver the transcript of interest, encod-
ing one or more antigens or immunogens, into the host cell
cytoplasm to generate a sufficient quantity of the encoded
immunogen to boost the immune system [16]. Herein, two
types of mRNA vaccine constructs are dynamically con-
sidered: (a) self-amplifying mRNA (SAM) and (b) non-
replicating mRNA (NRM) (Fig. 1) [17, 18]. Both mRNA
vaccine constructs have common features, including a 5 cap
sequence, 5" and 3’ translated regions (UTRs), an open read-
ing frame (ORF) carrying coding sequence (CDS), and a 3’
poly(A) tail, as shown in Fig. 1 [16, 19]. We focused on a
comprehensive NRM-mediated immune activation mecha-
nism and a SAM vaccine construct that carries an insertion
of genetic replication machinery (replicase) obtained from a
positive-stranded mRNA virus. The ORF encoding the viral
structural proteins is replaced with the antigen-expressing
transcript and the viral RNA-dependent RNA polymerase
(RdRp) is retained for direct cytoplasmic amplification of
the replicon construct.

The nucleocapsid spike (S) protein is the preferred
candidate antigen, as it is expressed on the virus’s outer
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Fig.1 Schematic illustration of two different mRNA vaccine constructions and their cellular interaction
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surface mediates viral entry into the host and is specific
to the SARS-CoV-2 virus [20-22]. mRNA vaccines are
better and safer than conventional vaccines, such as killed
virus and attenuated live virus vaccines [19, 23]. It is also
better and safer than modern viral vector-based vaccines
[24, 25]. The expressivity of mRNA vaccines is higher
than that of DNA vaccines because they do not need to
cross the nuclear membrane for translation [26, 27]. All
these attributes of mRNA vaccines prompted us to develop
mRNA-based vaccines against SARS-CoV-2. An immu-
noinformatic strategy is required for the successful selec-
tion of effective antigens. This strategy recruits online
databases and software to map the immunogenic epitope
fragments within the target sequence [28—30]. This method
is easy, reliable, cost effective, and widely accepted [31,
32]. These epitopes are the building blocks of candidate
vaccines. We subsequently formulated an mRNA vaccine
coding sequence and performed qualitative assessments
through molecular docking. This contemporary approach
might support safe and effective COVID-19 vaccine devel-
opment in the near future. The final NRM-based mRNA
vaccine construct was cloned in silico into pET28a (+) to
propagate the vaccine, whereas the SAM-based mRNA
vaccine is self-replicating and needs only to be delivered
into the host cell cytoplasm for translation. It does not
require cloning [17]. In this work, SARS-CoV-2 S-protein
sequence were used to develop the two mRNA vaccines.
We have used different antigenic parts using MHC-I and
MHCH-II for their high antigenicity. We have calculated the
antigenicity, allergenicity, and physiochemical properties
of the vaccine candidates. Finally, we have performed the
molecular docking of Cytotoxic T lymphocytes (CTLs)

Fig.2 The flowchart describes
the mRNA vaccine construct
design against the spike protein
of SARS-CoV-2
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and Helper T lymphocytes (HTLs) epitopes with HLA
alleles to understand the suitability of vaccine candidates.

Materials and Methods
Briefings of Research Design

The methods and strategies used in this research are sum-
marized in a flow diagram. From SARS-CoV-2 S-protein
sequence retrieval to molecular docking between predicted
epitopes and their corresponding receptors are shown in
Fig. 2.

Retrieval of S-Protein Sequence

Protein sequence data are the primary prerequisite for the
formulation of a peptide-based mRNA vaccine. The neces-
sary data about the spike glycoprotein of SARS-CoV-2 were
acquired from GenBank (NCBI accession no. 6VYB_C) and
PDB (ID. 6VYB) databases.

Prediction of CTL Epitopes

Cytotoxic T lymphocytes (CTLs) are the key immune sys-
tem component for maintaining adaptive immunity against
virus-infected cells. It recognizes viral epitopes presented
to surface receptors by the MHC-I complex [33]. There-
fore, the prediction and selection of CTL epitopes are piv-
otal for developing peptide-based mRNA vaccines. CTL
epitopes were predicted by the NetCTL 1.2 Server [34].
The server deploys an artificial neural network (ANN)-based

Epitopes
Identification of «CD8+ Helper T cell
,H Epitopes
and B-cell *B cell Epitopes
Epitopes
(NetCTL1.2,
BcPred and IEDB
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methodology to execute epitope prediction [35]. At the
default threshold of 0.75, a transporter associated with anti-
gen presentation (TAP) transport efficiency of 0.05, and
C-terminal cleavage weighting of 0.15, we predicted the
CTL epitopes among all 12 A and B supertypes of the HLA
allele. Predicted CTL epitopes were then selected for vac-
cine formulation after antigenicity and allergenicity evalua-
tion. Antigenic properties of epitopes were evaluated using
the VaxiJen server. Allergenic characteristics were evaluated
using the AllerTOP v2.0 server [36, 37].

Prediction of HTL Epitopes

Helper T lymphocytes (HTL) play critical roles in both cell
mediated and humoral immunity upon viral infection. MHC-
II-mediated cell surface receptors on HTLs recognize viral
epitopes and initiate a responding immune cascade [38].
MHC-II binding and HTL epitopes were predicted using
the immune epitope database (IEDB) analysis resource of
MHC-II-binding prediction module v2.22 [39]. To predict
epitopes, the whole HLA reference set was used, maintain-
ing other parameters at default settings. After epitope predic-
tion, functional epitopes were chosen based on the antigenic
and allergenic evaluations of VaxiJen and AllerTOP servers,
respectively.

Prediction of B-Cell Epitopes

B-cell epitopes play a major role in computational vaccine
design [40]. In this work, we used the BCPREDS server
to identify B-cell epitopes within the target protein [41].
The BCPred prediction method was applied to predict fixed-
length linear epitopes. The length of the predicted epitopes
was selected as 20 amino acids. The B-cell epitopes were
also screened for antigenic and allergenic properties in Vaxi-
Jen and AllerTOP server, correspondingly.

Population Coverage Calculation

The MHC-I and MHC-II epitopes of SARS-CoV-2 S-glyco-
protein, filtered for high antigenicity and absence of aller-
genicity, were assessed for percent coverage of the world
population. The selected MHC-I and MHC-II interactive
alleles were evaluated using the IEDB population coverage
calculation tool [42].

Designing NRM and SAM Vaccine Constructs

The expression of mRNA vaccines is much higher than that
of DNA vaccines [17]. Non-Replicating mRNA molecules
used in mRNA vaccines contain five key elements critical to
the lifespan and expression of an mRNA: a Kozak sequence,
poly-A tail, 5' cap (m’Gp;N), and 5’ and 3’ untranslated

regions must be incorporated within an mRNA vaccine.
By contrast, generating a self-amplifying mRNA molecule-
based vaccine candidate requires only the insertion of a
replicase-coding gene sequence and the five key elements
flanking a CDS. This provides an mRNA vaccine the abil-
ity to self-replicate within the host’s body. The previously
selected epitopes were the desired products of translation of
the mRNA vaccine. To link the epitopes together, we used
a ‘GPGPG’ linker between the B-cell epitopes and a ‘KK’
linker between the CTL epitopes and the HTL epitopes.
The complete epitope-linker sequence was reverse trans-
lated using the EMBOSS Backtranseq tool of EMBL-ESI
[43]. The reverse-translated DNA sequence was converted
to mRNA sequence by applying the Bio model transcription
and translation tool to obtain the vaccine construct.

Characterization of Vaccine Constructs

We obtained the translated primary amino acid sequences
of mRNA vaccines and these are characterized for different
physicochemical properties, which are also crucial for SAM
and NRM molecule-based model vaccines. Physicochemical
properties including molecular weight, molecular formula,
theoretical isoelectric point (pl), instability index (II), ali-
phatic index (Al), estimated half-life, and grand average of
hydrophobicity (GRAVY) were obtained using the ExXPASy
ProtParam online web server. Simultaneously, the anti-
genicity and allergenicity of these vaccine constructs were
evaluated using VaxiJen and AllerTOP servers, respectively.
Finally, Protein-Sol, an online server, was used to evaluate
the expressed vaccine protein’s solubility [44].

Molecular Docking Between Epitopes and HLA
Alleles

Selected CTL and HTL epitopes were studied for structural
compatibility with corresponding MHC alleles and binding
interactions were evaluated via molecular docking studies.
MHC alleles were retrieved from the RCSB PDB database
and refined using PyMOL software to remove unnecessary
ligands [45]. For molecular docking, epitopes need a 3D
conformation to bind with MHC alleles. We used the DIS-
TILL 2.0 server to predict the 3D structures of epitopes [46].
AutoDock Vina software was used for docking of epitopes
and MHC molecules [47]. We set default parameters at the
time of grid box preparation using AutoDock 4 Tool [48].
Finally, the molecular docking complex visualization and
preparation were performed using PyMOL software [49].
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Molecular Docking of mRNA Vaccine with Human
TLR-7

As rationalized by molecular docking studies, we designed
a novel and effective mRNA-based vaccine that supports
antigen expression and immune stimulation and is facilitated
by Toll-like receptor 7 (TLR-7). We employed the HDOCK
server to perform protein docking against mRNA molecules
[50]. This server provides protein—-DNA/RNA docking
based on a hybrid algorithm of template-based modeling
and ab initio free docking. However, a cryo-EM structure of
TLR-7 is not currently available in the RCSB protein data
bank database. Therefore, we obtained this structure by
performing homology modeling using the SWISS-MODEL
server at EXPASy and protein sequences acquired from Gen-
Bank (NCBI accession no. AAZ99026).

Immune Simulation of Vaccine Construct

Immune responses of the two selected mRNA vaccine con-
structs (NRM- and SAM-based) were evaluated using in
silico immune simulation. An agent-based online immune
simulator server, known as C-ImmSim, was employed to
perform immune response simulations of our designed
mRNA-based vaccine constructs. This server furnished
machine learning techniques and a position-specific scoring
matrix (PSSM) to predict immune interactions and immune
epitopes [51]. With a gap of four weeks, three injections
were administered for targeted immune profiling against
newly emerging novel coronaviruses. Expression of con-
served HLA alleles in the host body was used for immune
profiling. Immune analyses were computed at time steps 1,
84, and 168 post-injection (each time step is equal to 8 h and
the time at first injection is step 0) [52]. The volume of the
immune run simulation was set at 25 um and the number of
simulation steps was 1050.

In Silico Cloning to Understand Translation
Efficiency of the Vaccine Candidate

To understand the translation efficiency of our mRNA vac-
cines candidate, we used the JCat server, which optimizes
codon sequence based on default parameters that are cru-
cial to successful recombinant DNA cloning [53]. For clon-
ing, we ligated the proposed NRM vaccine candidate into
an appropriate E. coli K12 expression vector by reverse
transcribing the construct mRNA sequence into the corre-
sponding complementary DNA (cDNA) sequence using the
EMBOSS Backtranseq tool, with codon usage optimized for
the E. coli K12 (high) strain. The construct DNA sequence
was cloned in silico into the expression vector pET28a (+)
(retrieved from the Addgene vector database) using Snap-
Gene software [54].

Results
Retrieval of the S-Protein Sequence

The amino acid sequence of the targeted surface spike glyco-
protein of SARS-CoV-2 (PDB ID. 6VYB_C) was retrieved
from the NCBI database. This S-protein is 1281 amino acids
long and forms a homotrimeric structure. It has two subu-
nits: subunit s, interacts with the host receptor, while subunit
s, mediates cell membrane fusion for SARS-CoV-2 viral
entry. As this protein mediates the fusion and internaliza-
tion of the virus into host cells, it is a crucial component of
viral pathogenicity.

Prediction of CTL Epitopes

CTL epitopes were predicted by screening for antigenicity
scores > 1 using the VaxiJen v2.0 server. A total of seven
CTL epitopes meeting this criterion, with a length of nine
amino acids, were obtained from screening. We next evalu-
ated these epitopes’ allergenicity. Two of the seven epitopes
displayed allergenic properties. Thus remaining five CTL
epitopes were selected for vaccine incorporation. These CTL

Table 1 Selected five epitopes

out of seven MHC-I epitopes S1. No Epitopes C-score Antigenicity Allergenicity

based on high antigenicity 1 RQIAPGQTG 0.8698 1.7890 Probable antigen Probable non-allergen
2 VVFLHVTYV 1.0304 1.5122 Probable antigen Probable non-allergen
3 VRFPNITNL 1.0215 1.1141 Probable antigen Probable non-allergen
4 KIADYNYKL 0.5524 1.6639 Probable antigen Probable allergen
5 QLTPTWRVY 0.7887 1.2119 Probable antigen Probable non-allergen
6 KCYGVSPTK 0.4067 1.4199 Probable antigen Probable allergen
7 QIAPGQTGK 0.4481 1.8297 Probable antigen Probable non-allergen

VaxiJen score> 1 and non-allergic nature
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epitopes are displayed in Table 1 with their exact antigenic
scores and allergenic properties.

Prediction of HTL Epitopes

The IEDB MHC-II-binding server predicted a total of 15
HTL epitopes. Five of these 15 epitopes were deemed non-
antigenic by VaxiJen v2.0 analysis. Because of the safety
measures, we further screened these 10 antigenic epitopes
for allergenicity. Six epitopes emerged as allergenic. Thus,
we chose the four remaining HTL epitopes to incorporate
into our mRNA vaccine candidate, as these are antigenic
and non-allergenic (Table 2).

Prediction of B-Cell Epitopes

The BCPred prediction module identified 21 linear epitopes
within the SARS-CoV-2 S-protein [20] amino acids each.
Among these, 12 epitopes were found to be antigenic. Three
of these 12 B-cell epitopes were found to be both antigenic
and non-allergenic. Thus, these three epitopes were selected
for vaccine incorporation based on their highest antigenicity
(Table 3).

Population Coverage Calculation

Population coverage assessment was performed to determine
the efficacy of epitope recognition by known MHC-I and
MHC-II alleles among the world population.

Population coverage for MHC-I was 75.04%. Population
coverage results for all peptides binding to MHC-I alleles
and their corresponding alleles are shown in Fig. 3. Popula-
tion coverage for MHC-II alleles was 45.70%, as shown in
Fig. 4.

Designing of NRM and SAM Vaccine Constructs

Epitopes and their linkers were reverse translated to obtain
NRM and SAM vaccine sequences. Their total lengths were
588 and 7098 nucleotides, respectively. We used beta-globin
5" UTR and the alpha globin 3" UTR to stabilize our mRNA
vaccines [55]. We placed a 5’ m7G cap at the start and a 150
nucleotide poly-A tail at the 3’ end of the mRNA vaccine.
The poly-A tail has 120-150 nucleotides in the NRM vac-
cine construct (Fig. 5) [56-58]. SAM-type mRNA vaccines
require replicase for self-amplification within the host body.
We inserted a codon-optimized replicase gene within the
vaccine structure with an EAAAK peptide linker flanking
the CDS sequences, as shown in Fig. 6.

Table 2 Selected four epitopes out of fifteen MHC II-binding peptides based on their high antigenicity and non-allergenic nature

S1. No Epitope Percentile rank Allele Antigenicity Allergenicity

1 FGEVFNATRFASVYA 0.03 HLA-DPA1*01:03 0.0415 Probable non-antigen Probable non-allergen
DPB1#04:01

2 QSLLIVNNATNVVIK 0.01 HLA-DRB1%13:02 0.4343 Probable antigen Probable non-allergen
HLA-DRB1%#04:01

3 KTQSLLIVNNATNVV 0.17 HLA-DRB3*02:02 0.6303 Probable antigen Probable allergen

4 NDPFLGVYYHKNNKS 9.30 HLA-DRB1*04:01 0.8199 Probable antigen Probable allergen

5 EVFNATRFASVYAWN 0.14 HLA-DPA1*01:03 0.0832 Probable non-antigen Probable allergen
DPB1#04:01

6 LLLQYGSFCTQLNRA 1.80 HLA-DRB1%04:05 0.9471 Probable antigen Probable non-allergen
DRB1*#15:01

7 VVLSFELLHAPATVC 0.03 HLA-DRB1*01:01 0.8618 Probable antigen Probable non-allergen

8 CPFGEVFNATRFASV 0.18 HLA-DPA1%#01:03 0.2975 Probable non-antigen Probable non-allergen
DPB1*#04:01

9 GNYNYLYRLFRKSNL 5.00 HLA-DPA1%*01:03 0.1801 Probable non-antigen Probable non-allergen
DPB1#04:01

10 GGNYNYLYRLFRKSN 3.60 HLA-DRB5%*01:01 0.0207 Probable non-antigen Probable allergen

11 LSFELLHAPATVCGP 0.03 HLA-DRB1%*01:01 0.5062 Probable antigen Probable allergen

12 SKTQSLLIVNNATNV 0.03 HLA-DRB1%13:02 0.6256 Probable antigen Probable allergen

13 SHAYTMSLGAENSV 1.80 HLA-DPA1%#02:01/ 0.5691 Probable antigen Probable allergen

DPB1#¥14:01

14 EGFNCYFPLQSYGFQ 2.20 HLA-DQA1*01:01 0.5795 Probable antigen Probable allergen
DQB1*05:01

15 TESIVRFPNITNLCP 0.69 HLA-DRB1*15:01 0.6128 Probable antigen Probable non-allergen
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Table 3 B-cell epitopes (14mer) predicted by BCPred prediction server along their position in S-protein

Position Epitopes Score Antigenicity Allergenicity

1238 YFQGGGGSGYIPEAPRDGQA 1 —0.0192 Probable non-antigen Probable allergen

38 TTRTQLPPAYTNSFTRGVYY 0.986 0.4340 Probable antigen Probable allergen

691 ASYQTQTNSPSGAGSVASQS 0.984 0.5617 Probable antigen Probable non-allergen
1154 NTVYDPLQPELDSFKEELDK 0.981 —0.3936 Probable non-antigen Probable non-allergen
612 GGVSVITPGTNTSNEVAVLY 0.975 0.4377 Probable antigen Probable allergen
1082 LHVTYVPAQEKNFTTAPAIC 0.971 0.9251 Probable antigen Probable allergen

133 TQSLLIVNNATNVVIKVCEF 0.959 0.2040 Probable non-antigen Probable non-allergen
1127 NFYEPQIITTDNTFVSGNCD 0.935 0.2402 Probable non-antigen Probable allergen

719 GAENSVAYSNNSIAIPTNFT 0911 0.4985 Probable antigen Probable allergen

801 FAQVKQIYKTPPIKDFGGFN 0.904 0.0841 Probable non-antigen Probable non-allergen
112 ASTEKSNIIRGWIFGTTLDS 0.899 —0.2274 Probable non-antigen Probable non-allergen
427 RQIAPGQTGKIADYNYKLPD 0.888 1.4102 Probable antigen Probable allergen

262 ALHRSYLTPGDSSSGWTAGA 0.888 0.3957 Probable non-antigen Probable non-allergen
167 NNKSWMESEFRVYSSANNCT 0.881 0.1806 Probable non-antigen Probable allergen

330 GIYQTSNFRVQPTESIVRFP 0.871 0.2931 Probable non-antigen Probable non-allergen
512 QSYGFQPTNGVGYQPYRVVV 0.871 0.6459 Probable antigen Probable allergen
1217 IDLQELGKYEQYIKGSGREN 0.863 0.6300 Probable antigen Probable non-allergen
646 DQLTPTWRVYSTGSNVFQTR 0.841 0.5975 Probable antigen Probable non-allergen
1184 DLGDISGINASVVNIQKEID 0.837 0.8227 Probable antigen Probable allergen

670 IGAEHVNNSYECDIPIGAGI 0.821 1.1141 Probable antigen Probable allergen
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Fig.3 Population coverage of the most promising five epitopes binding with MHC-I alleles of SARS-CoV-2

Characterization of the Vaccine Construct

Physicochemical characterization of the translated mRNA
vaccine constructs was performed as shown in Tables 4
and 5. The molecular weights of the primary peptide
sequences encoded by the NRM and SAM molecules were
21.36868 and 272.207 kDa, respectively. The calculated
pI's of NRM- and SAM-encoded proteins were 10.23 and

@ Springer

9.14, respectively. The chemical formulae of the respective
NRM- and SAM-encoded primary amino acid chains were
CosoH548N2720274S3 and C5330H19448N324603508591- The
instability indices of NRM and SAM-encoded proteins were
26.23 and 34.53, respectively. The aliphatic indices of NRM-
and SAM-encoded proteins were 78.01 and 99.57, respec-
tively. The GRAVY scores for NRM- and SAM-encoded
proteins were observed as — 0.470 and — 0.213, respectively.
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Fig.5 Graphical representation of the formulated NRM-based mRNA vaccine construct

The antigenicity features and allergenic potencies of each ~ antigenicities of NRM- and SAM-encoded proteins were
construct were evaluated using another online server. The  0.6661 and 0.4684, respectively, and both vaccine constructs
were non-allergenic. Both vaccine candidates were water

soluble, with scores of 0.850 and 0.120 out of 1 (Table 4).
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Table 4 .AntigeniciFy, SI. No Features Assessment
allergenicity, solubility, and
Physicochemigalhpr@erty 1 Antigenicity 0.6661 (Probable ANTIGEN) by VaxiJen v2.0
assessments of the primary . )
sequence of NRM-based 2 Allerg'e'mclty Probable non-allergen (AllerTOP v.2.0)
vaccine construct, the translated 3 Solubility 0.850 (Soluble)
peptide form of mRNA vaccine 4 Number of amino acids 196
5 Molecular weight 21368.68 Dalton
6 Theoretical isoelectric point (pI) 10.23
7 Total number of atoms 3056
8 Formula CosoH545N2720,74S;
9 Estimated half-life 4.4 h (mammalian reticulocytes, in vitro)
>20 h (yeast, in vivo)
> 10 h (Escherichia coli, in vivo)
10 Instability index 26.23 (Stable)
11 Aliphatic index 78.01
12 Grand average of hydropathicity (GRAVY) -0.470

Molecular Docking of Epitopes to HLA Alleles

Using AutoDock 4, both CTL and HTL epitopes were
docked with their corresponding HLA alleles. Binding
affinities of epitopes with HLA alleles are shown in
Table 6. The docked complex of QIAPGQTGK with the
HLA*C-06 molecule is shown in Fig. 7. Molecular dock-
ing of other CTL and HTL epitopes with their respective
HLA molecules is depicted in Supplementary figure S1.
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Molecular Docking of each mRNA Vaccine
with Human TLR-7

Molecular interactions between intracellular TLR-7 and
the vaccine mRNAs can potentially be characterized by
accurately defining the binding grooves most likely to be
activated in bound conformation. The HDOCK program
uses a fast and flexible Fourier transform (FFT) search
strategy to identify the best binding conformations for
RNA binding to the protein, focusing on cavity predic-
tion and shape complementarity. Server-generated output
model quality is associated with negative score ampli-
tude. We selected the most significant negative docking
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Table 5 Antigenicity,
allergenicity, solubility, and
physicochemical property
assessments of the primary
sequence of SAM-based vaccine
construct, the translated peptide
form of mRNA vaccine
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S1. No Features Assessment
1 Antigenicity 0.4684 (Probable ANTIGEN) by VaxiJen v2.0
2 Allergenicity Probable non-allergen (AllerTOP v.2.0)
3 Solubility 0.167 (less Soluble)
4 Number of amino acids 2366
5 Molecular weight 272207.15 Dalton
6 Theoretical isoelectric point (pI) 9.14
7 Total number of atoms 38623
8 Formula C12330H10448N324603508501
9 Estimated half-life 30 h (mammalian reticulocytes, in vitro)

>20 h (yeast, in vivo)

> 10 h (Escherichia coli, in vivo)
10 Instability index 34.53 (Stable)
11 Aliphatic index 99.57
12 Grand average of hydropathicity (GRAVY) -0.213

Table 6 Molecular docking between both cytotoxic T lymphocyte (CTL) and Helper T lymphocyte (HTL) epitopes and their corresponding

alleles

CTL Docking score (kcal/ Binding allele (HLA) HTL Docking score (kcal/ Binding allele (HLA)
mol) mol)

QIAPGQTGK —-49 HLA*C-06 QSLLIVNNATNVVIK -5.0 HLA-DRB1*04:01

QLTPTWRVY -6.5 HLA*C-06 LLLQYGSFCTQLNRA -7.9 HLA-DRB1*15:01

RQIAPGQTG -53 HLA*C-06 VVLSFELLHAPATVC —-4.7 HLA-DRB1*01:01

VRFPNITNL —44 HLA*C-06 TESIVRFPNITNLCP -84 HLA-DRB1*15:01

VVFLHVTYV -74 HLA*C-06

Fig.7 Molecular docking
showing the CTL epitope
QIAPGQTGK with HLA*C-06
molecule

score (— 399.51) with 204.64 A° ligand RMSD, signify-

QIAPGQTGK
epitope

=»  HLA*C-06 molecule

ing high-affinity binding between the two macromolecules.

The complex of the mRNA vaccine docked with TLR-7 is

shown in Fig. 8.

Immune Response Simulation

We examined simulated immune responses of our mRNA-

based vaccine constructs, similar to real immunological phe-
nomena provoked by specific pathogens. The results of these
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Fig.8 Molecular docking of
mRNA vaccines with human
TLR-7

simulations are presented in Figs. 9 and 10. These simula-
tions indicate that the secondary and tertiary responses are
much higher than the primary responses. The I1gG +IgM
antibody concentrations in response to different antigen
concentrations were higher than those of other immuno-
globins (Figs. 9a, 10a). This server also quantitated the
long-lasting B-cell population (cells per mm?) to assess its
potential for the development of memory cells to mediate
future responses (Figs. 9b, 10b). Elevated levels of active
Ty (helper) and T (cytotoxic) cell populations were also
observed, together with strong memory development
(Figs. 9c—, 10c—f, respectively). The elevation in cytotoxic
T cells reached maxima of 1130 cells per mm? after 10 days
(approx.) of NRM vaccine administration and 1150 cells per
mm? after 8~10 days (approx.) of SAM vaccine administra-
tion (Figs. 9e, 10e, respectively). During NRM and SAM
mRNA vaccine exposure, steady proliferation was observed
among natural killer (NK) cells, together with higher mac-
rophage and dendritic cell activity, as shown in Figs. 9g—i
and 10g—i, respectively. Lastly, increased levels of cytokines
(IFN-y and IL-2) were found, as an innate immune response,
with lower Simpson index (D), indicating greater diversity
of immune response (Figs. 9j, 10j).

In Silico Cloning to Understand Translation
Efficiency of the Vaccine Candidate

After the vaccination of the mRNA vaccine candidate, we
studied the translation process efficiency for expressing
the protein. To examine the expression of the mRNA vac-
cine constructs within a vector-based expression model, we
performed in silico cloning. The total length of the cDNA
sequence after codon optimization was 594 nts. We inserted

@ Springer

Xbal and Xhol restriction sites upstream and downstream,
respectively, of the CDS to permit cloning. The recombinant
plasmid was constructed by inserting the optimized codon
sequence vaccine between Xbal (5026) and Xhol (6318)
restriction sites in the pET28a (+) vector, as shown in figure
S2. The recombinant vector had a length of 5.728 kbp. This
in silico cloning practice substitutes an artificial technique
to amplify the proposed mRNA vaccine candidate for its
accurate application. In this way, the constructed vaccine
can be marked for its probable effectiveness in protecting
from SARS-CoV-2 infection.

Discussion

The world is currently facing the continued threat of the
COVID-19 pandemic caused by SARS-CoV-2 infection
[7, 59, 60]. The disease has spread across 218 nations and
territories, reaching every corner globally [59]. Millions of
infections and casualties are a major public health concern.
The face-to-face transmission mode of the disease has made
people socially disconnected. Lockdown in many countries
has resulted in the strongest interruption [61]. The spread of
this infection must be rendered manageable as early as pos-
sible. Only an effective vaccine has the power to eradicate
an infectious disease [62].

Vaccines represent the most promising therapeutic modal-
ity to control the outbreak and spread of infectious diseases
[63, 64]. A vaccine exerts its full potential when it can excite
both humoral and cell-mediated immunity. Both memory B
and T cells help maintain a defense against future infections
by the pathogen [65, 66]. Currently, there are many avail-
able routes to developing vaccines against certain diseases



Molecular Biotechnology (2022) 64:510-525

521

TH cell popuation per state (cels per mam?)

TC cell population (cels per mm?3)

NK cel population (cells per mm?)

Total

?r W 2000 |
| h«”f%ﬂ f »

il

mofy
| A If' L

lM«Jll

memory cels

ACTIVE —— : Total

Anergic

1070 [ ‘( 200 .
1060 ‘ 405 05
1050 ‘ 200
1040
1030 0 1

50 100 150 200 250 300 350 0 0 100 150 200 250 300 350

days days
e f g
DC population per state (cells per mm?) MA population per state (cells per mm3) 450000
20 INTERNALIZ 20 ALIZI 400000 o e
" ALIZE \;ITERN-«LI:ED 500000 | IL-¢

200

150 |

350000 400000
300000
200000

100000

300000

250000

ng/mL

200000 o RNALL

0 50 100 150 200 250 300 350
150000
100000

50000

Fig.9 In silico immune response simulation of the mRNA vaccine
construct. a Elevation of immunoglobulins at different concentrations
of antigen, b Population of B lymphocytes (IgM, IgG1, and 1gG2)
after three injections, ¢ Amount of helper T-lymphocytes population,
d Helper T-cell count in the resting and active states, € Amount of

[67]. These routes can be broadly classified into two catego-
ries: (i) classical and (ii) non-classical. Classical strategies
include the preparation of killed or inactivated pathogens,
live-attenuated pathogens, and whole-cell vaccines [68].
Non-conventional strategies include the preparation of DNA
vaccines, RNA vaccines, peptide vaccines, replicating viral
vectors, and non-replicating viral vectors [69]. All these
practices have their own pros and cons. We pursued two
types of mRNA vaccine formulation strategy in this work:
an NRM vaccine candidate lacking a replicase-coding gene
sequence and a SAM vaccine candidate encoding a replicase
gene upstream of the antigen CDS. These modern strategies
are more safe and reliable than conventional practices. In
addition, they offer a high expression rate and do not require
nuclear localization for functionality, as do DNA vaccines.

Qi o

Cytotoxic T-lymphocytes population, f Cytotoxic T-lymphocytes pop-
ulation in different states; resting and active, g Population of natural
killer cells, h Population of macrophages, i Population of dendritic
cells in the active and resting states, j Concentration of cytokines and
interleukins with Simpson index

These vaccine strategies have some limitations, including
high susceptibility to RNase and the innate immune system.

Our study adopted mRNA vaccine strategies targeting the
SARS-CoV-2 S-protein. The S-protein primary sequence
was obtained from NCBI and PDB databases (accession no.
6VYB_C). This protein is present on the outer surface of the
virus and mediates viral entry into host cells. CTL, HTL,
and B-cell epitopes present within this protein were pre-
dicted, analyzed, and selected as vaccine components. Seven
highly antigenic epitopes were chosen using the NetCTL
1.2 server. Allergenic analysis eliminated two of these due
to predicted allergenic properties. The IEDB server simul-
taneously provided 15 HTL epitopes, among which 10 were
predicted to possess antigenicity. Six of the 10 antigenic
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Fig. 10 In silico immune response simulation of the SAM-based
mRNA vaccine construct. a Elevation of immunoglobulins at differ-
ent concentrations of antigen, b Population of B lymphocytes (IgM,
IgG1, and IgG2) after three injections, ¢ Amount of helper T-lym-
phocytes population, d Helper T-cell count in the resting and active

epitopes were predicted to exhibit allergenicity. Therefore,
only four HTL epitopes were selected for inclusion in our
mRNA vaccines against SARS-CoV-2. We selected three
B-cell epitopes from among 21 predicted epitopes following
the previously described criteria using the BCPred method.
All selected epitopes were used for mRNA vaccine formula-
tion. The B-cell epitopes were linked using a GPGPG spacer
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states, e Amount of Cytotoxic T-lymphocytes population, f Cytotoxic
T-lymphocytes population in different states; resting and active, g
Population of Natural Killer cells, h Population of Macrophages, i
Population of Dendritic cells in the active and resting states, j Con-
centration of cytokines and interleukins with Simpson index

and a KK spacer was used to link CTL and HTL epitopes.
The assembly of epitopes was reverse translated to obtain
an mRNA sequence. The 5’ m’G cap, 5' UTR, 3' UTR,
and poly-A tail were added for expression in human cells.
Molecular docking of CTL and HTL epitopes with their
corresponding HLA molecules showed effective binding.
All bonds between CTL or HTL epitopes and HLA alleles
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displayed negative bonding energies, indicating spontane-
ous interactions. Molecular docking between these epitopes
and HLA molecules strongly substantiates the utility of the
vaccine components.

A further molecular docking study using HDOCK pro-
vided a genuine interaction and calculated a docking score
of — 399.51, indicating proper interaction with its binding
pockets and stimulation of innate immunity via the TLR-7
cascade machinery. The physicochemical parameters,
including solubility score and instability index, were found
quite satisfactory. The assembled antigen collection encoded
by the vaccine candidates is also antigenic and non-aller-
genic in protein form. This is very important for vaccine
safety. In summary, these mRNA vaccines are reliable and
safe and most importantly, they are effective against SARS-
CoV-2. Our immune simulation study with the designed
mRNA vaccine construct yielded promising humoral and
cellular immune response outcomes. A server-based immune
simulation showed an increase in long-lasting memory B
and T cells, indicating the potential of both constructs to
serve as increased potency vaccine candidates (Figs. 9, 10).

Furthermore, our in silico cloning model (Figure S2) also
revealed the effectiveness of the mRNA vaccine construct
along with the recognized epitopes against the SARS-CoV-2
virus. Even though the proposed mRNA vaccine candidate
has potent efficiency against the COVID-19 infection, suc-
ceeding experimental work is required to validate the actual
effectiveness in vivo and in vitro models.

Conclusion

With rigorous and extensive formulation, prediction, and
validation, we have developed two different mRNA vaccines
against SARS-CoV-2. We developed two mRNA-based vac-
cine candidates (both NRM and SAM) using the immuno-
informatics approach in this work. Further researchers or
developers can choose any vaccine candidate from these two
options to develop an mRNA-based vaccine. These mRNA
vaccines produce a protein chain containing CTL, HTL, and
B-cell epitopes linked with flexible peptide spacers. Molecu-
lar docking of these epitopes with corresponding HLA mol-
ecules suggests good efficacy, prompt recognition, and high
binding affinity. These epitopes are antigenic and immune
cells can be easily detected, leading to immune system acti-
vation. This immune response produces memory B cells
and T cells, which may provide prolonged immunity against
SARS-CoV-2. Although the vaccine shows promising results
via computational analysis, it has yet to be assessed in vitro
and in vivo trials prior to human administration.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12033-021-00432-6.
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