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At the beginning of the year 2020, the world was struck with a global pandemic virus referred to as SARS-
CoV-2 (COVID-19) which has left hundreds of thousands of people dead. To control this virus, vaccine
design becomes imperative. In this study, potential epitopes-based vaccine candidates were explored.
Six hundred (600) genomes of SARS-CoV-2 were retrieved from the viPR database to generate CD8"
T-cell, CD4+ T-cell and linear B-cell epitopes which were screened for antigenicity, immunogenicity
and non-allergenicity. The results of this study provide 19 promising candidate CD8" T-cell epitopes that
strongly overlap with 8 promising B-cells epitopes. Another 19 CD4" T-cell epitopes were also identified
that can induce IFN-y and IL-4 cytokines. The most conserved MHC-I and MHC-II for both CD8" and CD4*
T-cell epitopes are HLA-A*02:06 and HLA-DRB1*01:01 respectively. These epitopes also bound to Toll-
like receptor 3 (TLR3). The population coverage of the conserved Major Histocompatibility Complex
Human Leukocyte Antigen (HLA) for both CD8" T-cell and CD4"* T-cell ranged from 65.6% to 100%. The
detailed analysis of the potential epitope-based vaccine and their mapping to the complete COVID-19
genome reveals that they are predominantly found in the location of the surface (S) and membrane
(M) glycoproteins suggesting the potential involvement of these structural proteins in the immunogenic
response and antigenicity of the virus. Since the majority of the potential epitopes are located on M pro-
tein, the design of multi-epitope vaccine with the structural protein is highly promising though the whole
M protein could also serve as a viable epitope for the development of an attenuated vaccine. Our findings
provide a baseline for the experimental design of a suitable vaccine against SARS-CoV-2.

© 2021 Elsevier Ltd. All rights reserved.
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1. Introduction

The recent emergence of the new coronavirus, referred to as
‘COVID-19, is posing a global challenge to public health and has
placed the global economy under financial burden. The virus,
which was first reported in Wuhan, a city in the Hubei province
of China [1] in late December 2019, has since spread to different
continents of the world causing severe illness, which range from
mild sicknesses to death. Globally, 16,523,815 confirmed cases
and 655,112 death cases of COVID-19 have been reported across
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216 countries as of 29 July 2020 (https://www.who.int/docs/de-
fault-source/coronaviruse/situation-reports/20200729-covid-19-
sitrep-191.pdf?sfvrsn = 2c327e9e_2). The World Health Organiza-
tion on January 30, 2020, declared COVID-19 outbreak as Public
Health Emergency of International concern.

The epidemiological transmission of this virus from human to
human has been attributed to sneezing and coughing, which
release the droplet that transmits the virus [2]. Some of the symp-
toms associated with this viral infection include fever, sore throat
and pneumonia [2]. To date, there is no certified cure [3]. Presently,
treatment relies on symptomatic relief and self-isolation to pre-
vent infection of other people.

The genetic component of this virus is a positive-sense single-
stranded RNA with a similar genome to SARS-CoV and bat coron-
avirus, hence the name SARS-CoV-2 [4]. It belongs to the Coron-
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aviridae family and classified as B-coronavirus with a 2B group [5].
Contrary to other human coronaviruses such as HCoV-229E, HCoV-
NL63, HCoV-0C43, and HCoV-HKU1 which are mostly associated
with the common cold [6], the emergence of some human coron-
avirus such as SARS (Severe Acute Respiratory Syndrome), MERS
(Middle East Respiratory Syndrome) and the recently COVID-19
have led to fatal endemics and pandemic [7].

Similar to other coronaviruses, SARS-CoV-2 consists of both
structural and non-structural proteins. The structural proteins
include N-protein (Nucleocapside), S-protein (Spike), E-protein
(Envelop), and M- protein (Membrane) [8]. Based on the similarity
of COVID-19 (SARS-CoV-2) to SARS-CoV, it has been suggested that
the previous understanding of the protective immune response in
SARS-CoV could be helpful in the design of effective vaccine for this
novel SARS-CoV-2 [8]. Different reports have indicated the crucial
role of the humoral and cell-mediated immune response in the
control of SARS-CoV [9-11]. Although antibodies have been
reported to be produced against N-protein of SARS-CoV, the
responses were only for a short time [12]. On the other hand, T-
cell response is highly immunogenic against all structural proteins
of SARS-CoV and has been reported to be dominant and long-
lasting specifically against N and S proteins [11].

Currently, immunoinformatics studies on different potential
vaccine epitopes have been carried out by various researchers
and several are under clinical trials [13-16]. Although most of
these studies explored potential T-cell and B-cell epitopes from dif-
ferent proteins of the viral genome, the protein sequences
retrieved were based on limited data of the viral genome that were
available at different databases at the early onset of the pandemic.
Due to the drastic impact of this virus and the emergence of
updated genomic data, further study on the potential immuno-
genic T-cell and B-cell epitopes are crucial as this could guide the
experimental design of vaccines against SARS-CoV-2. Therefore,
this study provided details of the immunoinformatics approach
towards the development of multi-epitope vaccine candidates
against COVID-19 (SARS-CoV-2) with long-lasting immune
response and effectiveness when validated.

2. Materials and methods

The flow chart of all the major steps in the design of the poten-
tial CD4" and CD8" T-cell, and B-cell epitopes and multi-epitope
vaccines are shown in Figure S1. The details of the various steps
are described in this section.

2.1. SARS-CoV-2 sequence retrieval and filtering

The genomic sequences of SARS-CoV-2 isolates were retrieved
from the ViPR database (Virus Pathogen Database and Analysis
Resource) (http://www.viprbrc.org/). All available sequences were
used, including partial and complete. Human Leukocyte Antigen
(HLA) CD8* and CD4" were also obtained from protein database
(RCSB PDB (www.rcsb.org) [17] with identifiers 3QZW and 354S
respectively. All retrieved sequences were aligned by multi-
sequence alignment using the CLUSTALW server [18] with the
default parameters. The CLUSTAL W server uses the k-tuple
method to generate a pairwise alignment, thereafter the server
runs tree construction by the Neighbour-Joining method which
will inform the final multiple sequence alignment [18]. From the
alignment, conserved regions of 15 amino acids or more with the
CD8" and CD4" epitopes were selected. The identified sequences
were then subjected to antigenic (Vaxijen V2.0) [19] and trans-
membrane helix property prediction (based on a hidden Markov
model) (TMHMM V2.0) [20]. For antigenicity prediction, the virus
was the target organism and the threshold value was 0.4 as used
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elsewhere in similar research [21]. The VaxiJen server uses auto
cross-covariance transformation of protein sequences into uniform
vectors and is alignment-independent (alignment to known anti-
gens is not a reliable way to predict antigenicity) [19]. From these
antigenic sequences, the transmembrane sequences as determined
by TMHMM [20] were extracted for further analysis.

For this study, the definitions of ‘immunogenicity’ and ‘anti-
genicity’ were used as outlined by [22]. A substance is considered
to be immunogenic if it can induce cellular and humoral responses.
Conversely, a substance is antigenic if it can be recognized by anti-
bodies that arise due to the immune response to the substance.

2.2. Prediction of CD8" T-cell epitopes and MHC-I binding alleles

NetCTL v1.2 was employed to predict nonamers that can bind
major histocompatibility (MHC) class I (HLA allele) molecules
[23]. NetCTL incorporates aspects of proteosomal cleavage, TAP
transport efficiency and MHC class I affinity to predict epitopes
[23]. Within the NetCTL parameters, the A1 supertype was selected
while the weight on C terminal cleavage, weight on TAP transport
efficiency and a threshold for epitope identification were at 0.15,
0.05, and 0.75 respectively which were the default parameters.
Nonamers above the threshold of 0.5 were input into the IEDB
analysis tool (http://tools.iedb.org/mhci/) [24] to identify fre-
quently and non-frequently occurring MHC class I binding alleles.
The Stabilized Matrix Base Method (SMM) was used with an amino
acid length of 9 and ICso value of < 250 to determine the CD8*
T-cell epitopes.

2.3. Prediction of CD4" T-cell epitopes and MHC-II binding allele
prediction

To predict CD4" T-helper lymphocytes and the MHC class II alle-
les, the IEDB MHC II binding tool was used (http://tools.iedb.org/
mhcii/) [25]. SMM method was utilized and peptides with an
ICs0 < 250 were selected as the CD4" T-cell epitopes.

2.4. Prediction of immunogenicity, antigenicity, conservancy and
allergenicity

Immunogenicity of the CD8" T-cell epitopes was deducted from
the MHC I immunogenicity tool of IEDB (http://tools.iedb.org/im-
munogenicity/) [26]. This server describes immunogenicity as T-
cell recognized peptide-MHC complexes [26]. VaxiJen (http://
www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html) [15] was
used to determine protective antigenicity scores for all epitopes,
only those with scores above 0.5 were used as done in other stud-
ies [27,28]. The threshold was increased from the initial value of
0.4 to ensure higher accuracy at this stage of the protocol.

To assess conserved epitopes that correspond to a portion of
protein sequence that will restrain the epitope [29], both the CD8*-
and CD4" T-cell epitopes were input into the IEDB conservation
across antigens tool (https://tools.iedb.org/conservancy/) [30]. Fol-

lowing this, AllerTOP (http://www.ddg-pharmfac.net/AllerTOP/)
was used to determine if the epitopes would be expected to cause
an allergic reaction in patients or not. Thus the resulting epitopes
were predicted to be immunogenic, conserved across antigens
and had no allergenicity.

To identify IFN-y inducer properties in CD4" T-cells, the online
tool IFNepitope (https://crdd.osdd.net/raghava/ifnepitope) tool
was utilized (Dhanda et al., 2013). The CD4"* T-cell epitopes that
were IFN-y inducing then underwent IL-4 inducer prediction by
the IL4pred tool (http://crdd.osdd.net/raghava/il4pred/) [31]. For
IL4 prediction, the support vector machine (SVM) model was used
with a threshold value of 0.1.
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2.5. HLA-allele distribution

As it is known that different HLA alleles are differentially
expressed in different ethnicities, it is important to determine
the HLA-allele distribution globally to inform successful peptide-
based vaccine development. To do this, the CD8" and CD4" T-cell
epitopes were input into the IEDB population coverage analysis
tool (http://tools.iedb.org/population/) [32].

2.6. Linear B-cell epitope prediction

In this, the initial sequences with an antigenicity score > 0.4
from the VaxiJen server and identified as the outer membrane pro-
tein in TMHMM were input in the ABCpred server (http://osd-
dlinux.osdd.net/raghava/abcpred) [33]. ABCpred predicts linear B-
cell epitopes through the use of a recurrent neural network [33].
The window length and threshold values were hexadecamer and
0.51 respectively. The B-cell epitopes generated were later tested
for their antigenicity and allergenicity. Overlapping B-cell epitopes
with CD8* T-cell epitopes were also filtered from the list of
epitopes.

2.7. Multi-epitopes construction

All the selected promising CD4" T-cells and B-cells epitopes
were mapped to the surface of the COVID-19 complete genome
(GenBank: MN908947.2) obtained from NCBI using the software
Snapgene. The region of the epitopes that mapped well with the
in house protein region as shown in Figs. 2 and S3 was selected
as multi-epitopes. The multi-epitopes peptides located on surface
(S) glycoprotein also called spike protein was cut from the pdb pro-
tein structure (6vxx), the ones located on the orflab polyprotein
and nucleocapsid (N) phosphoprotein were generated using trRo-
setta tool (https://yanglab.nankai.edu.cn/trRosetta/help/) [34]
while the long chains multi-epitopes peptides (Table 5) from the
membrane (M) and ORF3a were obtained through the homology
model.

2.8. Molecular docking

To determine the interaction between CD8" T-cell epitopes with
the chosen MHC-I HLA allele HLA-A*02:06 and CD4" T-cell epitopes
with MHC-II allele HLA-DRB1*01:01, the respective protein geome-
tries (pdb: 30XR and 1AQD respectively) were retrieved from the
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Fig. 1. Population coverage rate of overlapping CD8" T cell epitopes and CD4" T cell
epitopes in SARS-CoV-19.
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RCSB Protein Data Bank in the PDB format [35]. Similarly, the inter-
action of multi-epitope with Toll-like receptor 3 (TLR) was also
evaluated. The protein ‘2A0Z" pdb was retrieved for TLR3 and
docked with multi-epitope. Docking was conducted on pepAT-
TRACT (http://www.attract.ph.tum.de/services/ATTRACT/peptide.
html) [36] wherein 50 structures were added to the resulting
pdb file and run on 12 processing cores. pepATTRACT is fully blind
but performs similarly to local docking methods FlexPepDock and
HADDOCK [36]. All other criteria were left as default. The docking
file was retrieved from this and run on the Centre for High Perfor-
mance Computing (CHPC) server, Lengau cluster to complete dock-
ing calculations. This was conducted for each CD8" T-cell epitope
and the HLA allele. From the 50 structures generated for each dock-
ing run, the structure with the lowest energy state was selected
and viewed in Visual Molecular Dynamics software (VMD) [37].
The CD8* T-cell epitope was identified from the HLA structure
and indicated accordingly. The image was then rendered in VMD
and subsequently Chimera [38] for publication.

Further docking of the multiepitopes to TLR was carried out
using HADDOCK 2.2 [39-41]|. The solvent accessibility (SA)
of > 50 was used to define the active residues of the entire multi-
epitopes that will interact with TLR3. The active site residues of the
TLR was selected and the active residues define for residues with
SA > 50. Three docking results were generated from the Haddock
dockings which were the results from the constrained docking,
flexible docking and refinement in water solvent medium.

3. Results
3.1. Conservation, antigenicity and proteins localization

Out of the 600 genomes of SARS-CoV-2 that were subjected to
multiple sequence alignment, 495 conserved protein sequences
were generated. Antigenicity analysis with threshold > 0.4 showed
only 43 out of 495 conserved sequences to be antigenic and after
being subjected to transmembrane topology analysis, only 38 of
these antigenic sequences met exomembrane criteria (Table S1).
Among these 38 protein sequences that met both antigenic and
transmembrane criteria, the VaxiJen scores ranged from 0.4031
to 0.9547. These sequences were selected for further analysis.

3.2. CD8" T-cell epitopes and their MHC-I binding allele identification

The 38 protein sequences obtained were used to generate the
CD8" T-cell epitopes using NetCTL v1.2 servers with a threshold
of greater than or equal to 0.5 to ensure a high confidence in the
prediction of the epitopes. A total of 975 nonamers were generated,
but 330 were selected after being subjected to the IEDB MHC-I pre-
diction tool under the criteria that the IC5q value < 250. Antigenic-
ity and immunogenicity analysis were conducted on the 330
epitopes of CD8* T-cell and only 18 CD8* T-cell epitopes were both
antigenic and immunogenic. Similarly, the 18 CD8" T-cell epitopes
interact with at least one different MHC-I HLA alleles. The epitopes
IFLWLLWPV and YIIKLIFLW had the highest and lowest antigenic
score of 1.4835 and 0.5220 respectively (Table 1). The highest
and lowest immunogenic scores of 0.3785 and 0.0076 were also
observed for IFLWLLWPV and AFLPFAMGI epitopes respectively.
A total of 12 MHC class I binding alleles made up of 7 HLA-A
(HLA-A*02:01, HLA-A*02:03, HLA-A*02:06, HLA-A*23:01, HLA-
A*30:01, HLA-A*31:01, HLA-A*68:02) and 5 HLA-B alleles (HLA-
B*15:01, HLA-B*35:01, HLA-B*53:01, HLA-B*57:01, HLA-B*58:01)
were observed for the 18 CD8* T-cell epitopes. The epitope YIIK-
LIFLW with 5 HLA alleles had the maximum number of alleles.
All the 18 epitopes were most conserved with CD4" T-cell epitopes
with a 100% conservancy score. The HLA-A*02:06 was the most
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Table 1

Vaccine 39 (2021) 1111-1121

The 18 final CD8" T-cells epitopes of SARS-CoV-2 that are found to be antigenic, immunogenic, overlapping with CD4" T-cell epitopes and interacting with MHC class I HLA-alleles.

CD8" T-cells epitopes ~ Antigenicity score Immunogenicity MHC-I alleles Position Conservancy scores
IFLWLLWPV 1.4835 0.3785 HLA-A*02:01, HLA-A*02:06 80 100%
RNRFLYIIK 0.8364 0.3104 HLA-A*30:01,HLA-A*31:01 102 100%
ATRRIRGGD 0.6108 0.2956 HLA-A*30:01 57 100%
LWLLWPVTL 1.1590 0.2480 HLA-A*23:01 276 100%
ENAFLPFAM 1.0278 0.2309 HLA-A*68:02, HLA-B*35:01 151 100%
ATATIPIQA 0.7881 0.2155 HLA-A*68:02 54 100%
LAAVYRINW 1.1825 0.2079 HLA-B*58:01, HLA-B*53:01, HLA-B*57:01 170 100%
LACFVLAAV 1.1343 0.1859 HLA-A*02:06, HLA-A*02:03 171 100%
FAMGIIAMS 1.1005 0.1624 HLA-A*68:02 160 100%
NLLLLFVTV 0.6912 0.1421 HLA-A*02:06,HLA-A*02:01,HLA-A*02:03 326 100%
TLACFVLAA 0.5781 0.1248 HLA-A*02:03,HLA-A*02:01, HLA-A*02:06 240 100%
VTLACFVLA 0.5358 0.1218 HLA-A*02:06 80 100%
ELLHAPATV 1.0476 0.1123 HLA-A*02:03 149 100%
RVVVLSFEL 0.6783 0.0457 HLA-A*02:06 125 100%
YIKLIFLW 0.5220 0.0330 HLA-B*58:01,HLA-B*53:01,HLA-A*02:01, HLA-A*02:06, HLA-B*57:01 130 100%
GIAIAMACL 0.5505 0.0209 HLA-A*02:03 13 100%
AMACLVGLM 0.9558 0.0086 HLA-A*02:03,HLA-B*15:01 31 100%
AFLPFAMGI 0.9095 0.0076 HLA-A*02:06 17 100%

conserved MHC-class 1 binding allele for all the 18 CD8" T-cell epi-
topes (Table 1). Allergenicity screening of the 18 CD8* T-cell epi-
topes revealed that they were non-allergens.

3.3. Identification of CD4" T-cell epitopes and their MHC-II binding
alleles from conserved sequences

The 495 conserved protein sequences were subjected to the
IEDB MHC-II prediction tool under the following criteria: SMM-
align based and ICsq value < 250. A total of 200 pentadecamer pep-
tides (epitopes) were generated and then subject to antigenicity
test. Only 122 pentadecamers epitopes were antigenic and
regarded as the potential CD4"* T-cell epitopes. The 122 pentade-
camers were also subjected to overlapping test with the immuno-
genic CD8" T-cell epitopes. The epitopes TLACFVLAAVYRINW and
RNRFLYIIKLIFLWL had the highest and lowest antigenic score of
1.3949 and 0.5114 respectively as shown in Table 2. A total of 13
MHC class II binding alleles (HLA-DPA1*01:03, HLA-DPA1*02:01,

observed for the 19 CD4" T-cell epitopes. The most conserved
MHC-class 1I binding allele for all the 19 CD4" T-cell epitopes
was HLA-DRB1*01:01 (Table 2).

3.4. Identification and analysis of overlapping CD8" and CD4" T-cell
epitopes

Conservancy analysis was carried out on the 19 CD4" T-cell epi-
topes with the immunogenic and antigenic 18 CD8"* T-cell epitopes
(Table 1) and all the epitopes showed 100% conservancy. The over-
lapped CD4" T-cell epitopes together with their antigenicity scores
and interacting MHC-II alleles are shown in Table 2.

3.5. Analysis of the IFN-y and IL-4 property of CD4" T-cell epitopes

The overlapped CD4" T-cells were also tested for their ability to
induce interferon-gamma (IFN-y) and interleukin 4 (IL-4) using
IFNepitope and IL4pred prediction tool. The final 19 IFN-y and IL-

HLA-DPA1*03:01, HLA-DQA1*01:01, HLA-DRB1*01:01, HLA- 4 inducing CD4"* T-cell epitopes were overlapped 18 CD8" T-cell

DRB1*08:02, HLA-DRB1*11:01, HLA-DRB4*01:01, DPB1*01:01, epitopes indicated in Table 2. All these epitopes were also non-

DPB1*02:01, DPB1*04:02, DPB1*05:01, DQB1*05:01) were allergic.

Table 2

The 19 final CD4" T-cells epitopes of SARS-CoV-2 that are found to be antigenic, IFN-y and IL-4-inducer, overlapping with CD8" T-cell epitopes and interacting with MHC class II

HLA-alleles.
Overlapping CD4" T-cells Epitopes Antigenicity scores MHC-II alleles Conservancy (%) IFN-y IL-4
ACFVLAAVYRINWIT 1.1115 HLA-DRB4*01:01 100% Inducer Inducer
AFLPFAMGIIAMSAF 1.0499 HLA-DQA1*01:01/DQB1*05:01 100% Inducer Inducer
FFLYENAFLPFAMGI 0.8191 HLA-DPA1*02:01/DPB1*05:01 100% Inducer Inducer
FLPFAMGIIAMSAFA 1.0725 HLA-DRB4*01:01 100% Inducer Inducer
GIAIAMACLVGLMWL 0.9155 HLA-DRB4*01:01 100% Inducer inducer
IGYYRRATRRIRGGD 0.6649 HLA-DPA1*02:01/DPB1*01:01 100% Inducer Inducer
IKLIFLWLLWPVTLA 0.8704 HLA-DQA1*01:01/DQB1*05:01 100% Inducer Inducer
KLIFLWLLWPVTLAC 0.7344 HLA-DRB1*08:02 100% Inducer Inducer
LPFAMGIIAMSAFAM 1.0879 HLA-DRB1%01:01 100% Inducer Inducer
NAFLPFAMGIIAMSA 0.9681 HLA-DPA1*03:01/DPB1%04:02 100% Inducer Inducer
PSDFVRATATIPIQA 0.5466 HLA-DPA1*03:01/DPB1%04:02 100% Inducer Inducer
PVTLACFVLAAVYRI 0.9703 HLA-DPA1*03:01/DPB1%04:02 100% Inducer Inducer
RNRFLYIIKLIFLWL 0.5114 HLA-DPA1*02:01/DPB1*01:01 100% Inducer Inducer
RVVVLSFELLHAPAT 0.7485 HLA-DQA1*01:01/DQB1*05:01 100% Inducer Inducer
SDFVRATATIPIQAS 0.5411 HLA-DQA1*01:01/DQB1*05:01 100% Inducer Inducer
TLACFVLAAVYRINW 1.3949 HLA-DQA1*01:01/DQB1*05:01 100% Inducer Inducer
VHFVCNLLLLFVTVY 1.3132 HLA-DPA1*03:01/DPB1*04:02 100% Inducer Inducer
VVLSFELLHAPATVC 0.8835 HLA-DRB1*11:01 100% Inducer Inducer
YRVVVLSFELLHAPA 0.9711 HLA-DPA1*01:03/DPB1*02:01 100% Inducer Inducer
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3.6. Distribution analysis of combined MHC-I and MHC-II HLA alleles

Evaluating the frequency of distribution of HLA alleles in differ-
ent ethnicity is an important step that determines the possible
effectiveness of a potential vaccine. Thus, the different HLA alleles
that bound to the predicted CD8" and CD4" T-cell epitopes were
subjected to population coverage analysis. Population coverage of
combined MHC-I and MHC-II that is close to 100% indicates good
coverage of a potential vaccine. The predicted T-cell epitopes indi-
cated in Table 1 and 2 respectively were subjected to population
coverage across 15 different geographical areas of the world as
shown in Fig. 1. Among the 18 CD8"* T-cell epitopes, the highest
coverage was observed in West Africa (75.16%) followed by North
America (74.63%), North Africa (71.16%) and West Indies (70.37%)
while the lowest coverage was found in Oceania (26.78%).

Better population coverage was obtained for CD4* T-cell epi-
topes compared to CD8" T-cell epitopes (Fig. 1). The highest cover-
age for CD4" T-cell epitopes was found in North America (99.99%),
Europe (99.94%), East Africa (99.84%), West Africa (99.84%), Central
Africa (99.73%) and South Asia (99.52%) while the least coverage
was in South Africa (27.07%). The combination of the two T-cell
epitopes (CD8" and CD4" T-cell epitopes) resulted in improved
population coverage. The best coverage for both was found in
North America (100%) followed by Europe (99.98%), West Africa
(99.96%), East Africa (99.95%), Central Africa (99.89%), South Asia
(99.76%) and South America (99.49%) while the lowest coverage
was still South Africa but of an improved percentage coverage
(68.05%). The plots showing the percentage distribution of the epi-
topes hits for the countries South Africa, West Africa, Europe and
North America are shown in Figure S2. A better distribution was
observed in countries like West Africa, Europe and North America
that had a higher percentage than South Africa where the percent-
age was small.

3.7. Prediction and selection of putative B-cell epitopes

B-cell epitopes were predicted from the 495 conserved
sequences using the ABCpred server. A total of 187B-cell epitopes
were generated. These were thereafter subjected to antigenicity
and allergenicity tests of which only 21B-cell epitopes were
selected. Further overlapping was then carried out with the CD8"
T-cell epitopes indicated in Table 1 resulting in 8B-cell epitopes
that had 100% conservancy with CD8* T-cell epitopes (Table 3).

To design target-specific vaccines, B-cells epitopes is important
because of the ability of the extreme specificity of B-cell to neutral-
ize pathogenic molecules through secretion of antibodies [42,43].

3.8. Multi-epitopes vaccines development

All the final 19 CD4" T-cell and 8B-cell epitopes were mapped to
the complete viral genomes as shown in Fig. 2 to know the position
where they can be identified. The positions on the complete gen-
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omes where the potential epitope-based vaccines candidates were
identified are the orflab polyprotein, surface (S) glycoprotein,
ORF3a protein, membrane (M) glycoprotein and nucleocapsid (N)
phosphoprotein (Figure S3). All the 19 CD4" T-cell epitopes and
8B-cell epitopes were identified in the complete genome. As shown
in Fig. 2, the large protein in COVID-19 genome is orflab, and a total
of 5 CD4" T-cell epitopes (number E2, E3, E4, E9 and E10 corre-
sponding to their numbering in Table 2) and 1B-cell epitope (E7
corresponding to their numbering in Table 3) were identified and
were found within a very close range (11075 to 11,143 DNA base
pair) as shown in Figure S3. The next big protein to orflab is the
Spike glycoprotein where a total of 3 CD4" T-cell epitopes (E14,
E18 and E19) and 1B-cell (E6) where identified also within a very
close range (23084 to 23,137 DNA base pair). All other proteins
in COVID-19 are small proteins, 3 CD4" T-cell epitopes (E11, E15
and E17) and 1B-cell epitope (E8) was identified but were found
to be widely separated from each other (25465 to 25,872 DNA base
pair). Therefore, we proposed three types of the multi-epitopes for
the ORF3a; one is the whole region select called ORF3a, the second
one is called ORF3a-1a, which comprised of the region of E11, E15
and E17 while the third one is called ORF3a-1b that encompassed
all the residues after CD4" T-cell epitopes E17 to B-cell E8 in
Figure S3.

The highest number of epitopes are found in the membrane (M)
protein of the genome even though it is a very short protein com-
pared to the rest of the proteins where the potential vaccine epi-
topes are identified. A total of 7 CD4" T-cell epitopes (E1, E5, E7,
E8, E12, E13, E16) and 3B-cell epitopes (E1, E4, E5) were identified.
All the identified epitopes are within a short-range (26646 to
26,804 DNA base pair). Since the whole M protein is also a small
protein, we propose taking the whole protein as a potential vaccine
(name M—whole in Table 5). This can be attenuated if necessary
should there be any identified virulence in it. The M—protein is
known to be the most structured protein that helps in the determi-
nation of the shape of the virus envelope [44]. One unique feature
of the M—protein is the ability to bind to other structural proteins.
The binding of the nucleocapsids or N-protein with M—protein
helps to stabilize the N protein-RNA complex inside the internal
virion and therefore promotes completion of viral assembly [44].
The N-protein from the genome is the last protein where our pro-
posed epitopes are identified, and only one CD4" T-cell epitope (E)
was identified in it. All the proposed multi-epitopes potential vac-
cines candidates are shown in Table 5. The region was selected
with some extra residues that corresponded to the in house protein
identified using the Snapgene as shown in Figure S3.

3.9. Molecular docking simulation

3.9.1. The interaction of the CD8" T-cell with MHC-I and CD4" T-cell
with MHC-II HLA alleles

The 3D modelling of all the promising epitopes for CD4* and
CD8" T-cell and B-cell epitopes were modelled using online

Table 3

Putative linear B-cell epitopes of SARS-CoV-2 with their antigenicity and allergenicity.
B-cell epitopes ABCpred score Position VaxiJen score Conservancy (%) Allergenicity
GIAIAMACLVGLMWLS 0.74 1206 0.9132 100% Non-allergen
GKNWITGGIAIAMACL 0.78 1199 0.6906 100% Non-allergen
LWPVTLACFVLAAVYN 0.59 1086 0.9305 100% Non-allergen
LWPVTLACFVLAAVYR 0.56 1727 0.8961 100% Non-allergen
RINWITGGIAIAMACL 0.77 1401 1.2392 100% Non-allergen
VVLSFELLHAPATVCG 0.66 560 0.6184 100% Non-allergen
YENAFLPFAMGIIAMS 0.67 1607 1.1003 100% Non-allergen
YFLCWHTNCYDYCIPY 0.84 773 0.8340 100% Non-allergen

1115



AJ. Fatoba, L. Maharaj, V.T. Adeleke et al.

Table 4
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The interaction energies of CD4" T-cell epitopes with MHC-II HLA allele HLA-DRB1*01:01 and CD8" T-cell epitopes with MHC-I HLA allele HLA-A*02:06 with the number of

interacting residues, number of hydrogen bonds and number of non-bonded contacts.

Epitopes Binding energy Number of interacting Number of interacting Number of Hydrogen Number of non-bonded
(kcal/mol) residues residues bond contacts
CD4" T-cell epitopes HLA Epitope
ACFVLAAVYRINWIT —147.631 29 13 9 139
AFLPFAMGIIAMSAF —121.093 24 12 8 114
FFLYENAFLPFAMGI —110.855 26 11 4 117
FLPFAMGIIAMSAFA —114.943 29 13 9 146
GIAIAMACLVGLMWL  —147.807 26 14 7 147
IGYYRRATRRIRGGD —178.556 31 13 7 139
IKLIFLWLLWPVTLA —124.515 24 11 3 134
KLIFLWLLWPVTLAC —142.978 28 13 5 123
LPFAMGIIAMSAFAM —128.490 27 13 12 128
NAFLPFAMGIIAMSA —123.086 25 10 8 122
PSDFVRATATIPIQA -90.283 23 12 3 126
PVTLACFVLAAVYRI -129.133 28 13 9 140
RNRFLYIIKLIFLWL —170.388 27 12 5 131
RVVVLSFELLHAPAT —142.421 30 13 9 114
SDFVRATATIPIQAS —158.042 21 14 16 183
TLACFVLAAVYRINW -131.079 23 12 10 103
VHFVCNLLLLFVTVY —152.189 28 13 8 137
VVLSFELLHAPATVC —137.146 28 11 11 139
YRVVVLSFELLHAPA —130.201 24 13 12 139
CD8" T-cell epitopes
AFLPFAMGI —121.823 3 9 5 95
AMACLVGLM —121.143 7 9 8 117
ATATIPIQA —114.556 9 9 10 109
ATRRIRGGD —137.499 10 9 12 122
ELLHAPATV —136.211 6 9 9 113
ENAFLPFAM —107.396 6 9 7 126
FAMGIIAMS —114.161 6 9 6 120
GIAIAMACL —85.360 8 9 9 86
IFLWLLWPV —131.361 6 9 7 111
LAAVYRINW —106.038 6 9 8 103
LACFVLAAV —113.552 7 9 7 117
LWLLWPVTL —143.572 7 9 8 141
NLLLLFVTV -130.618 6 9 6 144
RNRFLYIIK —152.292 6 9 8 136
RVVVLSFEL —-131.722 4 9 4 111
TLACFVLAA —94.269 5 9 5 109
VTLACFVLA —104.150 3 9 5 124
YIIKLIFLW —129.732 4 9 7 150

ATTRACT software. The most conserved MHC-I and MHC-II HLA-
alleles that were used for the docking study are HLA-A*02:06
and HLA-DRB1*01:01 respectively. The promising 18 CD8" T-cell
epitopes were docked to HLA-A*02:06 and the 19 CD4" T-cell epi-
topes were docked to HLA-DRB1*01:01. All the binding results of
the CD8" T-cell and CD4" T-cell epitopes are shown in Table 4.
The most promising CD8" T-cell epitopes are RNRFLYIIK,
LWLLWPVTL, ATRRIRGGD, ELLHAPATV, RVVVLSFEL, and
NLLLLFVTV with the binding energy of —152.292, —143.572,
-137.499, -136.211, -131.722, and -130.618 respectively
(Table 4). The binding site orientation of all the 18 final CD8" T-
cell epitopes binds in a similar to HLA-A*02:06 with coil structure
except ATRRIRGGD (among the most promising list) and
VTLACFVLA (-104.150) that assumed alpha-helix structure
(Figure S4).

From Table 4, all the HLA-epitope complexes contained an
appreciable number of hydrogen bonds which are important in
promoting epitopes binding affinities. The overall interacting resi-
dues and non-bonded contacts are also presented. The binding site
interaction of RNRFLYIIK that has the best binding energy among
the CD8" T-cell epitopes shows that it fits into many of the binding
site pockets of HLA-A*02:06 (Fig. 3a). Many of the residues of HLA-
A*02:06 have hydrophobic interactions with RNRFLYIIK while its
specifically formed hydrogen bond interactions with Lys 66, Arg
97, Lys 146, Tyr 159, Glu 166, Glu 173 and a salt bridge with Glu
173 residues of HLA-A*02:06 (Fig. 3b). The binding site interaction
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of the epitope IGYYRRATRRIRGGD that was ranked the best among
the 19 epitopes that bind to HLA-DRB1*01:01 is shown in Fig. 4a.
The epitopes explored the binding pockets of the receptor and
stretched across the binding site. Many of the receptor’s residues
participated in hydrophobic interaction with IGYYRRATRRIRGGD.
The epitope IGYYRRATRRIRGGD forms many hydrophobic interac-
tions and more specific hydrogen bonds interactions with GLN 7,
SER 51, TRP 237, ASP 242, THR 253, HIS 257 and a salt bridge with
ASP 64 of HLA-DRB1*01:01 (Fig. 4b).

3.9.2. The interaction of B-cell epitopes and multi-epitopes to Toll-like
receptor 3 (TLR-3)

As Toll-Like Receptor 3 (TLR-3) is known to greatly facilitate the
induction of immune response, the interaction of constructed
multi-epitope with TLR3 was studied (Table 5). The minimum
binding energies of the multi-epitope were best with water-
flexible.

The multi-epitope binding to TLR-3 (Fig. 5) is that of the
selected region (red colour) of membrane (M) protein and the
whole M—protein. The whole M—protein did not use the epitopes
selected region for the interaction (yellow) but rather used the
unselected region. This resulted in better TLR-3 interaction of the
whole M—protein compared to the selected epitopes part which
is an indication that the other parts that are not found to be anti-
genic can help in improving the immunogenicity of the M—protein.
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Fig. 2. The whole genome sequence (GenBank number MN908947.2) of COVID-19 built using Snapgene showing the position of the promising CD4" T-cell epitopes and B-cell
epitopes. The CD4" T-cell epitopes were named from E1-CD4 to E19-CD4 representing alphabetically the epitopes as found in Table 2, the B-cell epitopes number E1-Bcell to
E8-Bcell represented as found in Table 3.
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Fig. 3. The feature of the (a) binding interaction of the most promising CD8" T-cell epitope RNRFLYIIK with HLA-A*02:06 and (b) the residue interaction showing the binding
site residues that are contributing to the binding interactions. The residues of the receptor that are involved in hydrogen bonding are labeled in green while those involved in
hydrophobic interaction are represented with red semicircle. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 4. The feature of the (a) binding interaction of the most promising CD4" T-cell epitope IGYYRRATRRIRGGD with HLA-DRB1*01:0 and (b) the residue interaction showing
the binding site residues that are contributing to the binding interactions. The residues of the receptor that are involve in hydrogen bonding are labeled in green while those
involved in hydrophobic interaction are represented with red semicircle. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
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Fig. 5. The interaction of the whole M—protein and selected epitopes part (M—sel in
orange and its position on the whole M—protein (green) colour in grey). (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

4. Discussion

The ongoing fight against the COVID-19 pandemic has become a
global phenomenon and has placed demands on scientists for the
search of a suitable vaccine against this virus. Although some vac-
cines are already at clinical and preclinical trials, there is still a
need for extensive continuous research on COVID-19 vaccines as
the solution is still yet to be found. Due to the limited knowledge
of the immunological response of this virus and the urgency for
the design of an effective vaccine, the computational design of
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T-cell and B-cell immunological epitopes becomes important. Fur-
thermore, vaccines developed through this mean does not contain
live pathogen of the virus that can lead to pathogenicity reversal.

Presently, COVID-19 has been declared as a global issue with
even first-world countries struggling to contain the disease out-
break. Different HLA type frequencies vary in different ethnicities
due to high polymorphism of the MHC molecule, too much poly-
morphism may limit the proportion of the human population that
responds to a particular antigen [45]. As such, the alleles consid-
ered in this study had to be proven to show sufficient population
coverage on a large scale as shown in Fig. 1. The combined popula-
tion coverage of both CD8* CD4" T-cell was highest in North Amer-
ica (100%) followed by Europe (99.98%), West Africa (99.96%), East
Africa (99.95%), Central Africa (99.89%), South Asia (99.76%) and
South America (99.49%), an indication of good qualities of potential
vaccine epitopes. While the results showed that the selected alleles
were sufficiently prevalent in most countries, South Africa showed
the lowest coverage. This is similar to the separate study on the
coverage of the epitopes based vaccine for Rift valley fever that also
found the percentage coverage in South Africa to be small [29]. The
reason for this can be traced to a low level of this type of data anal-
ysis in the area like South Africa [46,47] which may affect the pop-
ulation coverage results.

The present investigation presented epitopes-based vaccine
candidates of 18 overlapping CD8" T-cell epitopes and 19 IFN- y
and IL-4 inducer CD4" T-cell epitopes that can bind to MHC-I and
MHCH-II respectively as represented in Tables 1 and 2 respectively.
These epitope vaccine candidates contained cytotoxic T-
lymphocyte that are 100% conserved in both T-cell and B-cell epi-
topes predicted. This gives uniqueness to these candidate vaccines
in addition to their antigenic, non-toxic and immunogenic charac-
teristics (Tables 1 and 2). A similar method has been used in the
prediction of suitable vaccine epitopes for various infectious
pathogens such as Zika virus glycoprotein, Dengue virus protein,
Chikungunya virus protein, and Ebola virus [48-51]. All the pre-
dicted vaccine candidates in this study have strong potential to
fight against COVID-19 when validated and tested.
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Table 5

The multi-epitopes vaccine selected from the region of complete COVId-19 genomes that correspond with the proposed CD4 T-Cell epitopes and B-cell

interaction energy with TLR.

Vaccine 39 (2021) 1111-1121

epitopes and the

Name Sequence

Binding energy

Rigid Flexible Water-flexible

M-—sel ICLLQFAYANRNRFLYIIKLIFLWLL
WPVTLACFVLAAVYRINWITGGI

AIAMACLVGLMWLSYFIASFRLFA

-110

M-—complete MADSNGTITVEELKKLLEQWNLV -121
IGFLFLTWICLLQFAYANRNRFLY
IKLIFLWLLWPVTLACFVLAAVY
RINWITGGIAIAMACLVGLMWLSYFI
ASFRLFARTRSMWSFNPETNILLNVPL
HGTILTRPLLESELVIGAVILRGHLRIAG
HHLGRCDIKDLPKEITVATSRTLSYYK
LGASQRVAGDSGFAAYSRYRIGNYKL
NTDHSSSSDNIALLVQ
DQIGYYRRATRRIRGGDGKMK

N-sel -104

orflab-sel TQWSLFFFLYENAFLPFAMGIIAMSAFAM

ORF3a-1a-sel MDLFMRIFTIGTVTLKQGEIKD
ATPSDFVRATATIPIQASLPF
GWLIVGVALLAVFQSASKII
TLKKRWQLALSKGVHFVCN
LLLLFVTVY
SHLLLVAAGLEAPFLY
LYALVYFLQSINFVRI
IMRLWLCWKCRSKNP
LLYDANYFLCWHTNC
YDYCIPYNSVTSSIVIT
SGDGTTSPISEHD

ORF3a-1b-sel —104

ORF3a-sel MDLFMRIFTIGTVT
LKQGEIKDATPSDFV
RATATIPIQASLPFGW
LIVGVALLAVFQSASKI
ITLKKRWQLALSKGVHF
VCNLLLLFVTVYSHLLLVA
AGLEAPFLYLYALVYFLQSIN
FVRIIMRLWLCWKCRSKNPLL
YDANYFLCWHTNCYDYCIPY
NSVTSSIVITSGDGTTSPISEHD
YQPYRVVVLSFELLHAPATVCGPKK

—109,

S-sel

.839

738

797

—94.365

—88.954

512

.959

—95.409

—34.88032 —75.34169 —103.75328

59.969969 14.51024 —68.86108

—0.1492332 —29.95489 —55.4898

—27.8293501 —53.685868 —89.3723

—7.298504 —29.03831 —49.9221

—16.69614538 —47.02714 —58.1496

46.812421 20.50033 —26.4873

-19.41174 —61.47866 -77.1721

The tools used to design these epitopes were carefully selected
by their accuracy. The IEDB T-cell epitope prediction servers are
widely used and accepted in literature [52,53]. B-cell epitope pre-
diction tools generally have low accuracy [54]. ABCpred has an
accuracy of 65.93% [33] which can be considered to be average,
but it is still considered to be one of the most effective epitope pre-
diction servers available online [55]. This justifies the need for fur-
ther analysis of results obtained from T- or B-cell prediction tools,
including antigenicity testing and docking studies. The allerTOP
server has been identified as the best allergenicity prediction ser-
ver and has an accuracy of 88.7% [56]. While this is high, it must
be acknowledged that there is still room for error. Therefore, the
results presented here are predictive and must be further validated
in the laboratory.

Cytotoxic T-cell (CD8" T-cell) kills infected cells or secrets
antiviral cytokine and as such restricts infection from tissues
[57]. A robust immune response against most infectious pathogens
such as viruses is elicited by CD8" T-cell epitopes [58,59]. The
immune response generated by T-cell is known to be long-lasting
compared to B-cell immune response thus necessitating the impor-
tance of T-cell in vaccine design [60]. Similarly, CD8* CD4" T-cell
responses play a crucial role in antiviral immunity [15]. According
to the report of [11], T-cell response is highly immunogenic, dom-
inant and long-lasting against N and S protein of SARS-CoV. A sim-
ilar study by Grifoni et al [61] showed that T and B-cell epitopes
from structural proteins of SARS-CoV-2 were conserved. One of
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the T-cell epitopes ‘TLACFVLAAV’ from M-protein that was found
in their study was also found in our study. The reason for the dif-
ference in other epitopes predicted by the Grifoni et al [61] from
those found in this present study could be that the predicted epi-
topes in this study were found on M and Orf-3a proteins different
from S and Orf-1ab proteins reported by the authors.

The study by Enayatkhani et al [7], found many similar T and B-
cell epitopes (NLLLLFVTV, LLWPVTLAC, WPVTLACFV, ITGGIAIAM,
IAIAMACLV) from N, M and Orf-3a proteins as found in our present
study. Our study further presented other epitopes besides the sim-
ilar epitopes that passed the screening test for immunogenicity
and cytokines-inducing ability. Another similar study that was
done by Bhattacharya et al [16] predicted T and B-cell epitopes
from the Spike protein of the virus. However, the epitopes selected
for multi-epitope vaccine construction differs from this present
study. Although few of our predicted epitopes were found on the
Spike (S) protein, the differences in the predicted epitopes on S-
protein from those predicted by Bhattacharya et al could be due
to differences in screening criteria. The selected epitopes from
the present study were subjected to allergenicity test and
cytokines-inducing ability which make it different from theirs that
were subjected to only the antigenicity.

A recent study on samples from 20 convalescing COVID-19
patients showed that helper T-cell (CD4"* T-cell) induced a robust
immune response against S, M and N protein [62]. The study also
reported immunogenic epitopes of S, M and N proteins to induce
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CD8" T-cells though this was not specific to only recovered patients
but highlights the promising potentials of epitopes located on
these structural proteins of SARS-CoV-2. Studies on antibody
screening among COVID-19 patient have also confirmed antibodies
detection such as IgA, IgG and IgM against S and N- proteins of the
SARS-CoV-2 virus [63,64]. Occasional detection of antibodies
against M—proteins has also been reported in COVID-19 patient
[65].

According to [66], antibodies detection in SARS-CoV-2 patient
shows cross-reactivity with SARS-CoV with IgM and IgA detected
5 days after symptom onset while IgM was detected 14 days fol-
lowing the symptom onset. A similar study by [67] also shows that
combined antigens from S and N protein-induced optimal antibody
detection with high cross-reactivity of IgA and IgG in both SARS-
CoV-2 and SARS-CoV. Based on the studies, predicted epitopes on
S, M and N protein from SARS-CoV-2 as shown in this study could
serve as a potential vaccine candidate and induce an appreciable
level of antibodies when validated experimentally. It is important
to note that this study is based on the present data of the virus,
considering that new information is always being discovered. If
any new mutations are observed, they are not expected to affect
this proposed vaccine design given that they do not occur in the
studied regions [8].

There was a strong binding affinity of CD8* and CD4" T-cell epi-
topes generated with both MHC-I and II respectively. Besides the
immunogenicity and antigenicity of the 18 CD8" and 19 CD4"
T-cell epitopes, six of the CD8" epitopes (RNRFLYIIK, LWLLWPVTL,
ATRRIRGGD, ELLHAPATV, RVVVLSFEL, and NLLLLFVTV) and four
CD4" epitopes (IGYYRRATRRIRGGD, RNRFLYIIKLIFLWL, SDFVRATA-
TIPIQAS, and VHFVCNLLLLFVTVY) demonstrate strong interaction
with MHC-I and MHC-II.

TLRs are a group of transmembrane receptors that assist with
detection of an invading pathogenic organism [68] by detecting
dsRNA produced by viruses during DNA and RNA replication [69].
TLR activation results in a series of steps that lead to the regulation
of the expression of cytokines, chemokines and type I IFNs [70],
therefore characterization of this interaction is essential. Studies
have shown that this interaction has been associated with the
immune-activating roles of TLRs [71]. This allows the direct
increase of IFN-y production by antigen-specific CD8" T-cells
[72]. CD4" T-cells are required for the induction of cytotoxic T
lymphocyte activation to minor histocompatibility and some
viruses. Interaction of TLR3 with multi-epitope generated in this
study is expected to induce cytokines through TLR pathway that
will promote and enhance the immune response against COVID-
19 disease. Conclusion

Overall, this study provides potential 18 and 19 T-cell epitopes
(each of CD8" T-cell and CD4" T-cell), 8B-cell epitopes and multi-
epitope based vaccines that are highly antigenic, immunogenic
and non-allergic with good population coverage that can assist in
the experimental design of suitable vaccine for COVID-19 (SARS-
CoV-2). They need to be validated, synthesized and tested to meet
the urgent need for the prevention of COVID-19.
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