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Methods: Integrative immunoinformatics algorithms were used to determine linear and
Keywords: discontinuous B-cell epitopes from the S-glycoprotein sequence. End-point selection of the
Immunoinformatics most potential B-cell epitope was based on highly essential physicochemical attributes.
SARS-CoV-2 NetCTL-I and NetMHC-II algorithms were used to predict probable MHC-I and II T-cell epitopes
B-cell epitopes for globally frequent HLA-A*02:01, HLA-B*35:01, HLA-B*51:01 and HLA-DRB1*15:02 molecules.
T-cell epitopes Highly probable T-cell epitopes were selected based on their high propensities for C-terminal
Vaccine design cleavage, transport protein (TAP) processing and MHC-I/II binding.
High-affinity binding Results: Preferential epitope binding sites were further identified on the HLA molecules

using a blind peptide-docking method. Phylogenetic analysis revealed close relativity be-
tween SARS-CoV-2 and SARS-CoV S-protein. LALHRSYLTPGDSSSGWTAGAA 45 . 263 Was the
most probable B-cell epitope with optimal physicochemical attributes. MHC-I antigenic
presentation pathway was highly favourable for YLQPRTFLLygo.p77 (HLA-A*02:01),
LPPAYTNSF,4.3, (HLA-B*35:01) and IPTNFTISV7q4.7,; (HLA-B*51:01). Also, LTDEMIA-
QYTSALLAges-gs1 exhibited the highest binding affinity to HLA-DR B1*15:01 with core in-
teractions mediated by IAQYTSALLg;0.g7s. COVID-19 YLQPRTFLLygo.27; Was preferentially
bound to a previously undefined site on HLA-A*02:01 suggestive of a novel site for MHC-I-
mediated T-cell stimulation.

Conclusion: This study implemented combinatorial immunoinformatics methods to model
B- and T-cell epitopes with high potentials to trigger immunogenic responses to the S
protein of SARS-CoV-2.
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At a glance commentary
Scientific background on the subject

Immunoinformatics investigations are essential in
identifying prospective vaccine candidates for disease
treatment. Due to COVID-19’s ferocity and fatality, there
is need for urgent intervention. Therefore, identifying
highly potential B and T-cell epitopes from SARS-CoV-2
Spike protein could be crucial for vaccine development.

What this study adds to the field

The exhaustive and combinatorial approach imple-
mented in this study could align with the high potentials
of our predicted epitopes for future anti-COVID-19 vac-
cine development.

Coronavirus is a pneumonia-related outbreak that intensifies
from a milder to a more severe situation. This deadly virus be-
longs to the family Coronaviridae known to possess a positive-
sense, single-stranded polyadenylated RNA virus, more likely
to affect humans and animals. Coronaviruses have been iden-
tified in several avian hosts as well as in various mammals,
including camels; bats, masked palm civets, mice, dogs, and
cats. Novel mammalian coronaviruses are now regularly iden-
tified. Human coronavirus strains such as HCoV-229E, HCoV-
NL63, HCoV-HKU1, HCoV-EMC, and HCoV-OC43 have been
epidemic in various continental regions in the past causing
multiple respiratory diseases of varying severity, including
common cold, pneumonia and bronchiolitis.

Among several coronaviruses that are pathogenic to
humans, most are associated with mild clinical symptoms.
However, Severe Acute Respiratory Syndrome (SARS) coro-
navirus (SARS-CoV) and Middle East Respiratory Syndrome
(MERS-CoV) emerged to be more lethal compared to the other
strains of human corona virus. SARS-CoV is a beta coronavi-
rus that emerged in Southern China in 2002 which led to more
than 8000 human infections and 774 deaths in 37 countries
during the years 2002—2003 [1,2].

At present, the novel Coronavirus SARS-CoV-2 (2019-nCoV)
which has engendered a global panic reportedly originated
from the food market in central China metropolis. This, has, in
turn, accounted for severe epidemic outbreaks in other prov-
inces of Mainland China, which has further spread to 27 other
countries. There are currently rapid increases in the death
rates caused by the irate novel coronavirus strain [3,4].

According to research investigations in the Laboratory of
Biosafety, National Institute for Viral Disease Control and Pre-
vention, 2019-nCoV is structurally different from SARS-CoV
which underlies its identification as a novel host-infecting beta
coronavirus with a genome size that ranges from 26 to 32 kilo-
base in length [5,6]. The phylogenetic studies of the coronavirus
indicate that bats might be the original host of this virus [7].

The Coronavirus consists of the following proteins; S-Spike
Proteins, Membrane proteins and the Nucleocapsid (N) Pro-
teins [Fig. 1]. These proteins play several crucial roles in the
pathogenesis, infection and transmission of the virus in

humans. The spike glycoprotein (S) of coronavirus is cleaved
into two subunits (S1 and S2). The S1 subunit helps in receptor
binding and the S2 subunit facilitates membrane fusion. The
spike glycoproteins of coronaviruses are important de-
terminants of tissue tropism and host range. In addition, the
spike glycoproteins are critical targets for vaccine develop-
ment. N is the only protein that functions primarily to bind to
the CoV RNA genome, making up the nucleocapsid [8—10].

Although N is largely involved in processes relating to the
viral genome, it is also involved in other aspects of the CoV
replication cycle and the host cellular response to viral
infection. The M protein is the most abundant structural
protein and defines the shape of the viral envelope. It is also
regarded as the central organizer of viral assembly, interact-
ing with all other major SARS-CoV-2 structural proteins [11].

The SARS-CoV-2 transmits from human-to-human through
close contact especially through viral droplets from sneezing
and coughing. The symptoms of the viral disease include high
fever, dry cough, and breathing difficulties. Virus replication
and reproduction occur, as estimated, in a proportion of 3—5i.e.
the virus infects 3 to 5 people per established infection even
during the incubation period. Other research groups have
estimated the basic reproduction number between 1.4 and 3.8.
More so, it has been established that the virus can transmit
along a chain of at least four people [12].

Researchers are making assiduous attempts to identify
effective treatments for the disease, and currently, Remdesivir
and Chloroquine, have been reportedly used in clinical trials
to treat patients against COVID-19. Regardless, there is still a
need for continued efforts to design strong vaccines to curtail
viral spread. Peptide-based vaccines have been promising for
treatments against the pathogenic-virulence since it contains
minimal components of infectious microbe. This makes it
sufficient to effectively trigger immunogenic responses
mediated by B-cells and T-cells [13] Peptide-based vaccines
are safer amongst other vaccine types due to highly minimal
allergic and toxic properties. This explains the implementa-
tion of numerous studies aimed at peptide-vaccine design
[14,15]. Relatively, immunoinformatics approaches have
majorly contributed to the identification of potential vaccine
candidates against microbial diseases, by enabling the pre-
diction of highly probable B-cell and T-cell epitopes [16,17].

Immunoinformatics methods incorporate multiple algo-
rithms that assist the predictions of highly potential B-cell and
T-cell epitopes that are essential for peptide-vaccine con-
struction. High promising B-cell epitopes are selected based
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Fig. 1 Structural representation of the COVID-19 virion
showing antigenic components and their cellular locations.
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on inherent physicochemical properties such as flexibility,
surface-exposure/accessibility, hydrophilicity, and antigenic-
ity. More so, predictions of peptide MHC-I/II binding affinities,
proteasome C-terminal cleavage and TAP transport efficiency
are essential for identifying the most potential T-cell epitopes
for MHC-I and II molecules [18,19].

Therefore, our aim in this study is centered on the use of
immunoinformatics methodologies to identify highly poten-
tial antiviral peptides (B-cell epitopes and T-cell epitopes) to
impede the pathogenic process of SARS-CoV-2. We believe
findings from this study will contribute vitally to the vaccine
development researches relative to COVID-19 treatment.

Methodology

Flowchart presented in Fig. 2 summarizes the paradigmatic
approaches employed in this study to identify highly potential
B-cell and T-cell epitopes as vaccine candidates for curtailing
the pathogenicity of SARS-CoV-2. Incorporated methodologies
are subsequently elaborated.

Protein sequence retrieval

Viral Zone, a database of ExPASy Bioinformatics Resource
Portal was utilized to retrieve information such as the host,
transmission, ailment, genus, family, genome, and proteome
of the virus [20]. The reviewed S-protein sequences of human
coronavirus strains (HCOV-229E, HCOV-NL63, HCOV-HKU1,
HCOV-EMC, and HCOV-0C43, and the SARS-CoV-2) were ob-
tained as presented in Table 1. The primary sequence of SARS-
CoV-2 (QHD43416.1) was obtained from NCBI (National Center
for Biotechnology Information) database while the protein
sequences of other strains were retrieved from the UniProtkKB
database in FASTA format for further analysis.

Evolutionary analysis and structure analysis of protein

The analysis of evolutionary divergence was performed using
the Mega7.0 software which was further represented as a
Phylogenetic tree. The phylogenetic tree was schemed using a
distance of 0.10 with default parameters [21,22]. Furthermore,
the selected protein sequence (QHD43416.1) was subjected to
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Fig. 2 Overall workflow of the combinatorial immunoinformatics methodologies implemented in this study.


https://doi.org/10.1016/j.bj.2021.05.001
https://doi.org/10.1016/j.bj.2021.05.001

450 BIOMEDICAL JOURNAL 44 (2021) 447—460

Table 1 Primary linear sequences of human coronavirus strains used for preliminary studies as obtained from UniProtkb.

Entry Entry name Gene Name Organism Length
P15423 SPIKE_CVH22 S2 Human coronavirus 229E (HCoV-229E) 1173
Q14EBO SPIKE_CVHN2 S3 Human coronavirus HKU1 (isolate N2) (HCoV-HKU1) 1351
QOZME7 SPIKE_CVHN5 S3 Human coronavirus HKU1 (isolate N5) (HCoV-HKU1) 1351
Q6Q1S2 SPIKE_CVHNL S2 Human coronavirus NL63 (HCoV-NL63) 1356
Q5MQDO SPIKE_CVHN1 S3 Human coronavirus HKU1 (isolate N1) (HCoV-HKU1) 1356
K9N5Q8 SPIKE_CVEMC S3 Middle East respiratory syndrome-related coronavirus (Human 1353
coronavirus EMC)
P36334 SPIKE_CVHOC S3 Human coronavirus OC43 (HCoV-0C43) 1353
P59594 SPIKE_CVHSA S3 Human SARS coronavirus 1255
QHD43416.1 Surface Glycoprotein S3 COVID-19 1273

secondary and tertiary structural analyses. The secondary
structure of the protein was studied using the SOPMA (Self
optimized prediction method) algorithm which helped iden-
tify the Alpha Helix, Beta Sheet, and coils of the structure [23].

Homology (structural) modelling and validation

Furthermore, the structure of the SARS-CoV-2 spike glycopro-
tein (QHD43416.1) was modeled using the I-Tasser (Iterative
Threading Assembly Refinement) algorithm, which entailed
replica-exchange Monte Carlo simulations. This enabled the
prediction and modeling of protein structures via an exhaustive
search method appropriate for identifying the most matching
protein template. Herein, the PDB protein 5 x 58A was identi-
fied and used as a template [24] with a z-score of 15.24 indica-
tive of a considerable degree of accuracy. The structural model
was validated using the Rampage tool [25].

B-cell epitope prediction

B-cell epitope predictions were performed for constituent
linear and discontinuous (conformational) epitopes. The pro-
tein sequence (QHD43416.1) was initially subjected to linear B-
cell epitope prediction using Ellipro algorithm (combines
Thornton's method with a residue clustering algorithm, the
MODELLER program, and the JMOL viewer) to identify both the
linear and the conformational epitopes where the predictive
threshold was set to a minimum of 0.7. In this study, a pre-
dictive threshold of 1.000 was set to predict the physicochem-
ical properties of the linear B-cell epitopes. These attributes
were defined using the IEDB-integrated Karplus and Schulz
flexibility [26], Kolaskar & Tongaonkar Antigenicity [27], Parker
Hydrophilicity [28] and Emini Surface accessibility methods
[29]. These properties cumulatively account for the immuno-
genic tendencies of B-cell epitopes [30].

Moreover, the discontinuous epitopes were also predicted
from the secondary structures of the antigenic protein based
on their protrusion indices (PI), which indicate conformational
protrusion. In other words, PI provides a simplistic way of
detecting those regions of the protein that bulge from the
protein's surface with B-cell recognition potentials. Residues
with high protrusion index values are often associated with
antigenic sites [31].

Allergenicity of the linear B-cell epitope was evaluated
using the Algpred method which integrates support machine
vector, motif-based and BLAST-search algorithms, to predict
whether or not a particular epitope is an allergen or non-
allergen with a reported accuracy of 85%. This makes
Algpred tool an exceptionally valuable tool for cross-reactivity
prediction of allergens [32].

T-cell epitope prediction and modelling

CD8+ cell epitope prediction

The NetCTL 1.2 method was used for the identification of the
CD8+ T cell epitopes from the antigenic S-protein. This tool
functions using multiple combinatorial methods such as SNN
(Simulated Neural Network), weight matrix and an Artificial
Neural Network (ANN). NetCTL prediction method integrates
the peptide major histocompatibility complex class I (MHC-I)
binding, proteosomal C-terminal cleavage, and TAP transport
efficiency. The respective parameters employed for this anal-
ysis were set at threshold 0.9 to enhance sensitivity and spec-
ificity [19]. This allowed us to identify more potential epitopes
for further analysis. A combined algorithm of MHC—I binding,
TAP transport efficiency, and proteasomal cleavage efficiency
was selected to predict overall scores [17,33]. These describe the
crucial stages of the antigenic presentation pathway.

Overall, we performed HLA-T-cell epitope binding predic-
tion for MHC-1 molecules (Human Leukocyte Antigens; HLA-
A*02:01, HLA-B*35:01 and HLA-B*51:01) which were selected
based on their high global frequency [34]. The most probable
potential ligands for these MHC-I molecules were identified
(<-E) and presented accordingly.

3-dimensional (3D) structures of the respective HLAs were
retrieved from RCSB PDB with the following entries: HLA-
A*02:01 (PDB ID: 3UTQ), HLA-B*35:01 (PDB ID: 4LNR), HLA-
B*51:01 (PDB ID: 1E28) and HLA-DRB1*15:01 (1BX2) [35—38].

CD4+ T-cell epitopes identification

CD4+ T-cell epitope prediction was carried out using NetMHC
II 2.3; a method that incorporates Artificial Neural Network
(ANN) algorithm for binding core and affinity predictions. The
parameters employed for NetMHC-I1.2.3 were set at a
threshold value of 0.7 to maintain high sensitivity and speci-
ficity value. T-cell epitope binding prediction was performed
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Fig. 3 Homology 3D model of SARS-CoV-2 S-glycoprotein.

for MHC-II molecule; HLA DRB*15:01 [39]. The crystal structure
for HLA-DRB*15:01 was obtained from PDB with ID 1BX2, for
peptide-protein docking studies [40].

Conformational modeling of predicted T-Cell epitopes
Furthermore, the most probable T-cell epitopes (9-mer) were
identified and their corresponding 3D structures were
modeled using the PEPFOLD3 algorithm. The prediction
method utilized a simulation run of 200ns in addition to a
sOPEP energy function, which enabled the sampling of mul-
tiple conformations predicted [41].

Blind peptide-protein docking and interaction analysis

The pep-ATTRACT method was further utilized to model in-
teractions between the predicted peptides (T-cell epitopes)
and HLA molecules using a blind docking approach. This
method performs a rigid body global search on the surface of
the target protein and also identifies the most appropriate
sites for binding [42]. This was more suitable to determine the
most preferential binding regions for the epitopes on HLA-
A*02:01, HLA-B*35:01, HLA-B*51:01 and HLA-DRB*15:01. The
best protein-peptide complexes were ranked based on global
energy scores [43] and the docking results are presented
accordingly.

Results
Sequence retrieval and phylogenetic analysis

Amino acid sequences for the SARS-CoV-2 S-protein was
retrieved from the NCBI database with entry QHD43416.1, in
addition to the primary sequences of other coronavirus
strains [Table 1].

Furthermore, the phylogenetic analysis revealed dispar-
ities between SARS-CoV-2 and other coronavirus strains
throughout evolution. Sequences of the respective spike pro-
teins were mapped out across the selected coronavirus strains
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Physiochemical Properties

S/No

Allergenicity

Antigenicity

Surface Accessibility

Surface Flexibility

Hydrophilicity

Start — End

Sequences

Score (max/min)

Epitope

Score (max/min)

Score Epitope Score Epitope
(max/min)

(max/min)

Epitope

Non allergen

1.102
0.963

LALHRSY

1.956
0.291

1.125 HRSYLTP

0.964

PGDSSSG
LALHRSY

6.143
-0.771

5.857

PGDSSSG
ALHRSYL

242 — 263

LALHRSYLTPGDSSSGWTAGAA

1

GWTAGAA

HAIHVSG

GWTAGAA
NGTKRFD
HAIHVSG

Allergen

1.099
0.878

2.052

1.105
0.936

SGTNGTK
HAIHVSG

SGTNGTK
HAIHVSG

66 — 80

HAIHVSGTNGTKRFD

2

GTNGTKR
VSQPFLM

0.204
2.496

0.971

Allergen

1.092
0.913

KQGNFKN
FLMDLEG
TRTQLPP
FVFLVLL

4.529 EGKQGNF 1.102
PFLMDLE 0.93

DLEGKQG
QPFLMDL

171 — 188

VSQPFLMDLEGKQGNFKN

3

KQGNFKN
LVLLPLV

0.271

—1.957
3.371

Non allergen

1.261
0.949
1.11

3.954
0.066

1.044
0.917

TTRTQLP

NLTTRTQ
FVFLVLL

1076 — 1090 CHDGKAH

MFVFLVLLPLVSSQCVNLTTRTQLPP 1 — 26

4

NLTTRTQ
TAPAICH

MFVFLVL

—7.629
4.157
1.0

Allergen

2.357
0.451

DGKAHFP
TAPAICH

1.043

0.937

CHDGKAH
APAICHD

TTAPAICHDGKAHFP

5

0.999

DGKAHFP

TAPAICH
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COVID-19 Spike
protein

Physicochemical

Linear B-cell
properties Epitope
LALHRSYLTPGDSSSGWTAGAA
Hydrophilic PGDSSSG
Surface flexible PGDSSSG
Surface Accessible HRSYLTP
Antigenic LALHRSY

Fig. 4 Sequential overlapping and analyses of the most probable linear B-cell epitope with characteristic physicochemical

properties.

and depicted as a phylogenetic tree (Supplementary
Figure S1). As shown, results highlighted the close relativity
between SARS coronavirus (SARS-CoV) and SARS-CoV-2.

In addition, the secondary structure of the SARS-CoV-2
consists of 1273 amino acids and as estimated, 364 amino
acids (28.59%) of the protein were helical, the extended B
strand comprises 296 amino acids (23.25%) while 570 amino
acids (44.78%) constituted the random coil region of the pro-
tein (Supplementary Figure S2).

Structural modelling and validation

The selection of the 3D structure was based on the obtained C-
Scores (confidence score), which is in the normal range of (-5
— +2) [44]. Accordingly, the model with the highest C-score
(—1.52) was selected [Fig. 3].

Also, about 1043 residues were located in the favoured re-
gion (82.1%) while those in the allowed numbered up to 195
(15.3%) with about 2.6% (33 residues) constituting the outliers.
Taken together, a considerable degree of correctness can be
presumed for our model since about 97.7% of residues of the
predicted model lie within the favoured and allowed regions.

B-cell epitope predictions

Linear B-cell epitope

Five most probable linear epitopes were selected based on
their scores relative to the set predictive threshold of 1 as
presented in Table 2. Results revealed a 22mer (LALHR-
SYLTPGDSSSGWTAGAA,45.263) peptide as the most potential
B-cell epitope with a score of 0.865. Predicted epitopes were

further examined based on their physicochemical attributes
which underlie their immunogenicity.

Physicochemical analyses revealed the core PGDSSSGys;-
257 region to be highly hydrophilic (max score = 6.143) with
considerable surface flexibility (max score = 1.125). Moreover,
HRSYLTP,45.,51 Was identified for its surface accessibility (max
score = 1.956) while regions LALHRSY,4,.045 Were antigenic
(max score = 1.102). Prediction of allergenicity also revealed
that two among the five probable B-cell epitopes were non-
allergenic. We further identified sequence overlaps based on
their inherent attributes and how their cumulatively present
LALHRSYLTPGDSSSGWTAGAA4,. 263 as the most potential
linear B-cell epitope. This is diagrammatically presented in
Fig. 4.

Discontinuous epitope

As earlier stated, the 3-D structure of the antigenic spike
protein was employed to predict conformational or discon-
tinuous (non-linear) epitopes. Based on PI, predicted non-
linear epitopes are represented in Table 3 while their respec-
tive positions on the 3-D structure are shown in Fig. 5.

Predictions of high-affinity T-cell epitopes and de-novo
structural modeling

The T-cell epitopes were predicted using the NetCTL-I and
NetMHC-II to identify potential T-cell epitopes that interact
with HLAs of MHC classes I and II respectively. For our study,
we have randomly selected the most frequent HLAs from
MHC-I (HLA-A*02:01, HLA-B*35:01, HLA-B*51:01) and MHC-II
(HLA-DRB*15:01). Three most probable T-cell epitopes were
selected (<-E) for each of the HLA molecules as presented in
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Table 3 Predicted discontinuous epitopes from COVID-19 S-protein. Overlapping sequence of the most probable linear B-

cell epitope are highlighted in red.

No. Residues

Number of residues Scores

1 Y707, S708, A1078, P1079, A1080, 11081, C1082, H1083, D1084, G1085, K1086, 111 0.861

A1087, H1088, F1089, P1090, V1094, F1095, V1096, S1097, N1098, G1099, T1100,
H1101, W1102, F1103, V1104, P1112, Q1113, T1116, T1117, D1118, T1120,

F1121, V1122, $1123, G1124, N1125, C1126, D1127, V1128, 11130, G1131, 11132,
V1133, T1136, V1137, Y1138, D1139, P1140, L1141, Q1142, P1143, E1144, L1145,
D1146, S1147, F1148, K1149, L1152, D1153, K1154, Y1155, F1156, K1157, N1158,
H1159, T1160, S1161, P1162, D1163, V1164, D1165, L1166, G1167, D1168, 11169,
$1170, G1171, 11172, N1173, A1174, S1175, N1178, 11179, Q1180, K1181, E1182,
11183, D1184, R1185, L1186, N1187, E1188, V1189, A1190, K1191, N1192, L1193,
N1194, E1195, $1196, L1197, 11198, D1199, L1200, Q1201, E1202, L1203, G1204,

K1205, Y1206, E1207

) F329, P330, N331, 1332, T333, N334, L335, C336, P337, F338, G339, E340, V341, 144

0.842

F342, N343, A344, T345, R346, F347, A348, $349, V350, Y351, A352, W353, N354,
R355, K356, R357, 1358, S359, N360, C361, V362, A363, L368, N394, Y396, A397,
D398, $399, F400, V401, 1402, R403, G404, D405, E406, V407, R408, Q409, 1410,
A411, P412, G413, Q414, T415, G416, K417, 1418, A419, D420, Y421, N422, Y423,
K424, 1425, PA26, W436, N437, $438, N439, N440, L441, D442, S443, K444, V445,
G446, G447, N448, Y449, N450, Y451, L452, Y453, R454, L455, F456, R457, K458,
S$459, N460, 1461, K462, P463, F464, R466, D467, 1468, S469, T470, E471, 1472,

Y473, Q474, A475, G476, S477, TA78, PA79, C480, N481, G482, V483, E484, G485,
F486, N487, C488, Y489, F490, PA91, L492, Q493, $494, YA95, G496, F497, Q498,
P499, T500, N501, G502, V503, G504, Y505, Q506, P507, Y508, R509, V510, V511,

T523

3 F2, V3, F4, L5, V6, L7, L8, P9, L10, V11, S12, S13, Q14, C15, V16, N17, 118, T19, 125

0.806

T20, R21, T22, Q23, 124, P25, P26, H66, A67, 168, H69, V70, S71, G72, T73, N74,
G75, T76, K77, R78, F79, D80, E96, K97, S98, N99, 100, R102, S112, N121, N122,
A123, T124, N125, Q134, F135, C136, N137, D138, P139, F140, L141, G142, V143,
Y144, Y145, H146, K147, N148, N149, K150, S151, W152, M153, S155, E156,
F157, R158, V159, Y160, S161, S162, A163, N164, C166, Q173, P174, F175, L176,
M177, D178, 1179, E180, G181, K182, Q183, G184, N185, F186, N188, 1210, N211,
1212, V213, R214, L242, A243, 1244, H245, R246, S247, Y248, 1249, T250, P251,
G252, D253, S254, S255, S256, G257, W258, T259, A260, G261, A262, A263

Table 5. As shown, YLQPRTFLLygo.27; exhibited the highest
binding affinity with a score of 0.8882, coupled with a rela-
tively high score for proteasomal C-terminal cleavage and
transport affinity. Likewise, for HLA-B*35:01, binding affinity
was highest for LPPAYTNSF ,4.3, with a score of 0.6566 while
IPTNFTISV,14.720 had the highest binding affinity for HLA-
B*51:01 as predicted [Table 4]. For the class I HLA DRB*15:01,
LTDEMIAQYTSALLA demonstrated the highest binding affin-
ity with a score of 8.3 nM. However, it is important to note that
the three predicted T-cell epitopes had a uniform core peptide
(9mer); IAQYTSALLg;0.g75 that interacted at the binding site of
the target HLA DRB*15:01.

3D structures of the selected T-cell epitopes as modeled by
the PEP-FOLD3 server are presented in Fig. 6. The interacting
core region (9mer) of the 15mer T cell epitope of MHC-II
DRB*15:01 was also modeled.

HLA-docking analysis of potential T cell epitopes and
interaction mechanisms

A blind docking approach was employed to investigate the
mechanisms of interactions between the predicted T-cell
epitopes and selected HLAs of MHC classes I and II. This was
an important method since it was suitable to identify regions
on the HLA molecules where the epitopes would preferentially
bind based on affinity and complementarity.

Hence, the pepATTRACT method was sufficient to identify
the most appropriate binding regions on HLA-A*02:01, HLA-
B*35:01, HLA-B*51:01 and HLA-DRB1*15:01 for the respective
epitopes. For each peptide-protein complex, 51 clusters were
obtained while global energy scoring was used to select the best-
docked complexes [Table 5], with structures shown in Fig. 6.

A global energy score of —16.78 kcal mol ' was estimated
for T-cell epitope YLQPRTFLLyes.o77 When bound to HLA-
A*02:01 while LPPAYTNSF,4.3, and IPTNFTISV;q4.707 COmM-
plexes with HLA-B*35:01 and HLA-B*51:01 had energy values
of —21.94 kcal mol~* and -20.28 kcal mol~* respectively. For
MHC-II, HLA-DRB1#15:01, while the 15mer T-cell epitope
(LTDEMIAQYTSALLAges g31) had a binding energy value of
—16.8035 kcal mol™™.

We also enumerated energies associated with interactions
between the 9mer core region (IAQYTSALLg;o.g75) for the pre-
dicted HLA-DRB1*15:01 epitope. Findings revealed that the
9mer (IAQYTSALLgso.g7s) had an energy value of
—17.21 kcal mol~?, further pinpointing it as the region that
majorly mediated complementary interactions at the binding
region of HLA-DRB1*15:01.

Structural analysis of the respective epitope-HLA com-
plexes revealed the most preferential binding regions relative
to the crystallized structures.

As observed, high-affinity interactions mediated by
YLQPRTFLL,g9.77 Occurred at a site adjacent to the primary
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Y707, S708, A1078, P1079 A1080 11081, C1082,
H1083, D1084, G1085, K1086, A1087, H1088, F1089,
P1090, V1094, F1095 V1096 81097 N1098, G109,
T1100, H1101, W1102, F1103, V1104, P1112, Q1113,
T1116, T1117, D118, T1120, F1121 V1122, §1123,
G1124, N1125, C1126, D1127, V1128, 11130, G1131,
11132 'v1133, T1136, V1137, v1133 'D1139. P1140,
L1141, Q1142, P1143, E1144, 11145 D1146, S1147,
F1148, K1149' L1152, D1153 K1154, Y1155,
K1157, N1158, H1159, T1160, S1
V1164, D1165, L1166, G1167, D1168, 11169, S1170,
11172, N1173. A1174, S1175, N1178 11179,
Q1180 K118, E1182, 11183 D1184, L1186,
N1187, E1188, V1189, A1190, K1191 N1192 L1193,
N1194) E1195 $1196, L1197, 11198, D1199, L1200,
Q1201, E1202, 11202, G1204, K1205 Y1208 E1207

F329, P330, N331, 1332, T333, N334, L335, C336, P337,
F338, G339, E340, V341, F342 N343, A344, T345 R346,
F347, A348, S349, V350, Y351, A352, W353, N354, R355,
K356, R357, 1358, 5359, N360, C361, V362, A363, L368,
N394, Y396, A397, D398, 5399, F400, V401, 1402, R403,
G404, D405, E406, V407, R408, Q409, 1410, A411, P412,
G413, Q414, T415, G416, K417, 1418, A419, D420, Y421,
N422, Y423, K424, | 425, P426, W436, N437, 5438, N439,
N440, 1441, D442, 5443, K444, V445 G446, G447, N448,
Y449, N450, Y451, L452, Y453, R454, L 455, F456, R457,
K458, 5459, N460, L461, K462, P463, F464, R466, D467,
1468, 5469, T470, E471, 1472, Y473, Q474, A4T5, G476,
5477, T478, P479, C480, N481, G482, V483, E484, G485,
F486, N487, C488, Y489, F490, P491, L492, Q493, 5494,
Y495, G496, F497, Q498, P499, T500, N501, G502, V503,

G504, Y505, Q506, P507, Y508, R509,V510, V511, T523

F2, V3, F4, L5, V6, L7, L8, P9, L10V11, S12, §13, Q14,
C15, V16, N17, L18, T19, T20, R21, T22, Q23, |24, P25,
P26, HE6, A67, 168, HB9, V70, 871, G72, T73, N74, G75,
T76, K77, R78, F79, D80, E96, K97, 598, N99, 1100, R102,
§112, N121, N122, A123, T124, N125, Q134, F135, C136,
N137, D138, P139, F140, L141, G142, V143, Y144, Y145,
H146, K147, N148, N149, K150, §151, W152, M153, 8155,
E156, F157, R158, V159, Y160, $161, 5162, A163, N164,
C166, Q173, P174, F175, L176, M177, D178, L179, E180,
G181, K182, Q183, G184, N185, F186, N188, 1210, N211,
1212, V213, R214, 1242, A243 | 244 H245 R246, 5247,
Y248, 1249, T250, P251, G252, D253, 5254, 5255, 5256,
G257, W258, T259, A260, G261, A262, A263

Fig. 5 Structural analysis of conformational or discontinuous B-cell epitopes. The locations of the respective epitopes (surface
representation) are shown on the 3D structure of COVID-19 S-protein. Corresponding amino acid sequences, as predicted, are

also shown (cyan highlights).

pocket of HLA-A*02:01 defined by x-ray crystallization in a
previous study by Bulek et al. [35] This could depict a previ-
ously undefined high-affinity pocket on HLA-A2 supertypes
for peptide binding. At this identified site, high-affinity
hydrogen and attractive charge (salt bridge) interactions
were observed. H-bonds occurred between “*°*'Thry, (—
Leuyyy), #9291 Thry,s (— Tyraee) while attractive charge in-
teractions were mediated by #+°%%'Asp37 (— Arg,ss) [Fig. 7].
Other important interactions that could contribute to the
stability of this epitope in this region are ring—ring (r-aro-
matic interactions) which occurred at #+°2°1Tyr,, (— Pro,y,)
and #+°%91Pro50 (— Tyraeo).

For HLA-B*35:01 and HLA-B*51:01, T cell epitopes;
LPPAYTNSFy4 3, and IPTNFTISV ;14.75, Were bound preferen-
tially to the hydrophobic patches similar to the ones experi-
mentally identified by X-ray crystallography in previous
studies by Yanaka et al., [37] and Pieper et al. [38] This further
validates the predictive ability of the blind-docking approach
employed for modeling peptide-protein interactions.

In the LPPAYTNSFy3, — HLA-B*35:01 complex, in-
teractions at the hydrophobic pocket was strengthened and
stabilized by hydrogen interactions observed among
B*35:01Ly5146 (_> Phe32)» B*SS:OlArg97 (_> ASH30) and B*35101A5n70
(= Thry). Important aromatic interactions were also
observed among B*3>©'Tyrgg (— Tyrag), 2** ' Tyr;59 (— Pro,s)
and B+3*% Trpye; (— Proas).

Moreover, important hydrogen interactions that contrib-
uted to the high-affinity binding of IPTNFTISV;14.75, to HLA-
B*51:01 were mediated by B+**1°1Tyr,, and B+***'Arg,, with
Thry,6/Asnyq7 and Ile;,0 respectively. Strong attractive charges
were also mediated by B+*%'Arg,,, with Val,,,.

A closer look at the interaction mechanisms of LTDEMIA-
QYTSALLAggs g1 at the hydrophobic patch of MHC-II HLA-
DRB1*15:01 revealed that while the starting LTDEMggs-geo

region of the 15mer epitope was more extended into the sur-
rounding surface, the remainder core region IAQYTSALLAg;o.
870 Was buried in the hydrophobic pocket.

This was further characterized by the occurrence of high-
affinity interactions between the pocket residues and the
core 9mer IAQYTSALLg;0.g7s epitope. Consequentially strong
H-bond interactions were observed among PRB1#501GIn 6 (—
Serge) and PREL#1501Agn, ¢ (— Ilegyo) as showed in Fig. 8.

Discussion

The need for novel and highly effective treatments to evade
SARS-CoV-2 virulence is highly urgent to help curtail the
global pandemic [45]. Although the information on its treat-
ment and management are still elusive, remdesivir and
chloroquine are currently being tested for their efficacies since
they are most likely to interfere with viral entry and replica-
tion in host cells [46].

Vaccines are important treatment modalities that can
stimulate immunogenic responses against foreign antigens of
the virus in the course of its pathogenesis. Since information
on the cellular components of the novel coronavirus is avail-
able, the design of highly effective peptide or subunit vaccines
is achievable, hence the importance of implementing immu-
noinformatics methods for predicting highly potential viral T-
cell and B-cell epitopes [47]. This approach has been previ-
ously used to identify potential T-cell and B-cell epitopes for
peptide design against the Zika virus [48], Dengue [49], Chi-
kungunya [50], EBV [51], Ebola Virus [52] and HIV-1 [53,54].

Viral molecules are antigenic in nature, hence during host
infection, they are able to drive protective responses, which
could in turn lead to the death of infected cells. These
immunogenic responses are mediated by B- and T-cells,
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Table 5 Binding energy estimations for the MHC-epitope complexes. Regions involved in high-affinity interactions are

highlighted in yellow.
Antigenic MHC class Supertypes Allele PDB ID Potential T-cell pep-ATTRACT
Proteins Epitope Global energy
score (kcal mol %)
Covid-19 MHC-I A2 HLA-A*02:01 3UTQ YLQPRTFLL -16.78
Spike B7 HLA-B*35:01 4LNR LPPAYTNSF ~19.09
Protein HLA-B*51:01 1E28 IPTNFTISV -20.28
MHC-1I DR-B1 HLA-DRB1*15:01 1BX2 LTDEMIAQYTSALLA -17.21

For MHC-II HLA-DRB1*15:01, the most potential CD4 T-cell
epitope was LTDEMIAQYTSALLAgss.gs1, Which presumably
mediated its strong affinity binding with its core region;
IAQYTSALL. As estimated, their predictive scores were
considerably high relative to the 0.9 threshold employed.

It was further important to investigate the mechanisms by
which these T-cell epitopes bind to the respective MHC-I and
MHC-II molecules, providing primary details into the mecha-
nistic stimulation of CD4 and CD8 T cells by SARS-CoV-2 S
protein. Moreover, while binding sites have been previously
identified on the target MHC molecules (HLA-A*02:01, HLA-
B*35:01, HLA-B*51:01 and HLA-DR B1*15:01) by X-ray

crystallography, it was pertinent to define novel high-affinity
sites for epitope binding. This could provide structural de-
tails not only for peptide-vaccine design, but also for thera-
peutic peptides and drug molecules which can to stimulate T
cell immunogenic responses.

To this effect, we implemented a blind peptide-docking
approach wherein existing binding site information was not
considered in the course of complex preparation. Rather, the
most probable epitopes predicted were allowed to attach pref-
erentially, without restraints, to sites on the MHC molecules.

Our findings revealed that the S protein T cell epitope
YLQPRTFLLygs.277 Was preferentially bound to a novel site on

LPPAYTNSF 54 3

IPTNFTISV;14.72

Fig. 6 3D structural model of the predicted T-cell epitopes for (A) HLA-A*02:01 (B) HLA-DRB1*15:01 (C) HLA-B*35:01 (D) HLA-

B*51:01.
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Preferential
binding site

Epitope:
YLQPRTFLL

L IG 76

Epitope:
0 IPTNFTISV

Epitope:
LPPAYTNSF

Fig. 7 Predicted MHC binding regions and interactions mechanisms with bound T-cell epitopes.

HLA-A*02:01, which is adjacent to a previously characterized
site. This could represent a novel site for the design of
therapeutic T-cell stimulants for HLA-A supertypes relative
to impeding SARS-CoV-2 virulence. Further analyses of
interaction mechanisms revealed the roles Leu277, Tyr269,
Arg273, and Pro272 in stabilizing the epitope at the high-
affinity site.

However, epitope binding to the HLA-B molecules occurred
at the same binding cleft that has been previously defined in
studies by Yanaka et al., [37] and Pieper et al., [38] which

further validate the correctness of the blind-peptide docking
approach employed.

In HLA-B*35:01, the binding and stability of the predicted
epitope LPPAYTNSF,43, was enhanced by Phe32, Asn30,
Thr29, Tyr28, and Pro25. Also, Thr716, Asn717, Ile720, and
Val722 played crucial roles in the affinity binding of IPTNF-
TISV714_722 to HLA-B*51:01.

Moreover, while the 15mer MHC-II epitope, LTDEMIA-
QYTSALLAges-gg1 Was bound to a previously defined pocket in

HLA-DRB1*15:01, important binding interactions were

HLA-
DRB1*15:01

Fig. 8 Binding site and interaction analysis of HLA-DRB1*15:01 and LTDEMIAQYTSALLAges_gg; epitope. Complementary
interaction mediated by the core IAQYTSALLAg0.s79 €pitope region is also shown.
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mediated by its core region consisting of IAQYTSALLAg70-879,
which was buried in the hydrophobic pocket. Taken together,
the innate attributes associated with B- and T-cells predicted
in this study present them as strong candidates for the design
of COVID-19 peptide-vaccines.

Conclusion

Viral Infections by SARS-CoV-2 have translated into a global
pandemic since it emerged from the Wuhan region of China in
2019. Ever since, numerous efforts have been put in place to
discover effective treatment regimen for curtailing its spread
across our national borders. While drug molecules have been
integral to several disease treatment, the efficacies of peptide
vaccines in pathogenic infections cannot be over-emphasized
since it elicits its functionalities by interacting with receptors
of B- and T-cells whilst triggering immunogenic responses.
More so, peptide vaccines are designed from cellular compo-
nents of the infectious organisms, hence the ability to trigger
immune responses when detected.

Although, no effective treatment option has been discovered,
we propose the viability of a peptide vaccine designed from B-
and T-cell epitopes derived from the viral spike (S) protein.

In this study, we implemented multiple algorithms to
identify highly probable B- and T-cell epitopes for antigenic
SARS-CoV-2 S-protein which is crucial for attachment and
entry into host cells. Linear and discontinuous (non-linear)
epitopes were ranked and predicted using multiple algorithms
from the IEDB, which carried out its selection based on the
inherent physicochemical attributes of the epitopes. Accord-
ingly, flexibility, surface accessibility/exposure, hydrophilicity
and antigenicity were considered for B-cell epitope prediction.

Most probable CD4 and CD8 T-cell epitopes were also pre-
dicted, particularly their binding propensities to MHC-I and
MHC-II molecules of the HLA-A, HLA-B and HLA-DRB1 super-
types. These predictions were as well performed by taking into
consideration the antigenic presentation pathways.

Using a blind peptide docking approach, a novel site was
identified for the selective binding of S-protein T-cell epitope
on HLA-A*02:01 while binding sites identified for high-affinity
interactions on HLA-B*35:01, HLA-B*51:01 and HLA-DR
B1*15:01 have been previously resolved. Binding analyses
revealed that complementary interactions were favourable
and could account for strong stimulatory interactions.

Findings from this study indicate that B- and T-cells pre-
dicted in this study are highly probable which presents them
as viable candidates for developing peptide-vaccines relative
to COVID-19 treatment.
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