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Abstract

All approved coronavirus disease 2019 (COVID-19) vaccines in current use are safe, effec-

tive, and reduce the risk of severe illness. Although data on the immunological presentation

of patients with COVID-19 is limited, increasing experimental evidence supports the signifi-

cant contribution of B and T cells towards the resolution of severe acute respiratory syn-

drome coronavirus 2 (SARS-CoV-2) infection. Despite the availability of several COVID-19

vaccines with high efficacy, more effective vaccines are still needed to protect against the

new variants of SARS-CoV-2. Employing a comprehensive immunoinformatic prediction

algorithm and leveraging the genetic closeness with SARS-CoV, we have predicted poten-

tial immune epitopes in the structural proteins of SARS-CoV-2. The S and N proteins of

SARS-CoV-2 and SARS-CoVs are main targets of antibody detection and have motivated

us to design four multi-epitope vaccines which were based on our predicted B- and T-cell

epitopes of SARS-CoV-2 structural proteins. The cardinal epitopes selected for the vaccine

constructs are predicted to possess antigenic, non-allergenic, and cytokine-inducing proper-

ties. Additionally, some of the predicted epitopes have been experimentally validated in pub-

lished papers. Furthermore, we used the C-ImmSim server to predict effective immune

responses induced by the epitope-based vaccines. Taken together, the immune epitopes

predicted in this study provide a platform for future experimental validations which may facili-

tate the development of effective vaccine candidates and epitope-based serological diag-

nostic assays.
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Introduction

Coronavirus disease 2019 (COVID-19) is a highly transmissible acute respiratory disease

caused by a novel strain of coronavirus called the severe acute respiratory syndrome coronavi-

rus 2 (SARS-CoV-2). Phylogenetic analysis of whole-genome sequences of SARS-CoV-2 iso-

lated from infected patients revealed an overall sequence identity of 96.2%, 79.6%, and 50%

with the genome of RaTG13, SARS-CoV BJ01, and MERS-CoV, respectively [1, 2]. The

genome of SARS-CoV-2 encodes both structural and nonstructural proteins (NSPs). The first

ORFs (ORF1a/b) encode 16 NSPs (NSP1-16) except in gamma coronavirus which lacks NSP1.

There is a -1 frameshift between ORF1a and ORF1b leading to the production of two polypep-

tides (pp1a and pp1ab). These polyproteins are post-translationally processed by virus-

encoded chymotrypsin-like protease (3CLpro) or main protease (Mpro) and by one or two

papain-like proteases into 16 NSPs. The structural proteins include spike glycoprotein (S),

envelope protein (E), membrane protein (M), and nucleocapsid protein (N). The S protein has

two functional subunits that mediate cell attachment (S1 subunit) and virus-host membrane

fusion (S2 subunit). The S proteins of SARS-CoV-2 and SARS-CoV are phylogenetically

closely related with an amino acid sequence identity of approximately 77% [1] while utilizing

the same cellular receptor angiotensin-converting enzyme 2 (ACE2) for entry into cells [3].

Antibodies that bind to the S protein have been reported to neutralize SARS-CoV-2. The

ensuing rapid development of neutralizing antibodies against the S protein is correlated with

the immune response to the virus, and individuals who show seroconversion may develop a

lasting immune response against SARS-CoV-2 [4–6]. In a recent study, a rapid diagnostic test

for the serodiagnosis of COVID-19 was developed using the S and N proteins of SARS-CoV-2

[7–9]. Many studies have reported the generation of IgM- and IgG-specific neutralizing anti-

bodies against the S protein of SARS-CoV-2 [10–15]. Limited information is available on spe-

cific SARS-CoV-2 proteins that are recognized by immune cells; however, a few studies have

found a higher proportion of T-cell responses specific to structural proteins in convalescent

serum from patients with COVID-19 [16–18]. As of June 3, 2021, the World Health Organiza-

tion (WHO) has approved the emergency use of COVID-19 vaccines, namely AstraZeneca/

Oxford, Moderna, Johnson and Johnson, Pfizer/BioNTech, Sinopharm, and Sinovac Biotech

after the evaluation of safety and efficacy data from clinical trials. The findings from clinical

trials of a Chimpanzee adenoviral vector vaccine (ChAdOx1 nCoV-19, AZD1222) expressing

the S protein of SARS-CoV-2 protein demonstrated an acceptable safety profile and good effi-

cacy in symptomatic patients [19]. B.1.1.7, a new variant of SARS-CoV-2, has emerged as the

dominant variant of COVID-19 in the UK. The clinical efficacy of AZD1222 against symptom-

atic infection was 70�4% for the B.1.1.7 variant and 81�5% for non-B.1.1.7 lineages; however,

the neutralization activity of AZD1222 was lower against the B.1.1.7 variant than that against

the non-B.1.1.7 variants [20]. The Moderna COVID-19 (mRNA-1273) vaccine is a lipid nano-

particle-encapsulated nucleoside-modified mRNA vaccine, which encodes the stabilized prefu-

sion S protein of SARS-CoV-2. It showed an overall efficacy of 94.1% (95% confidence

interval = 89.3–96.8%) in preventing symptomatic patients diagnosed with COVID-19, includ-

ing those with severe symptoms [21]. The vaccine was also highly effective in clinical trials,

exhibiting a high efficacy in individuals with different demographical characteristics, including

age, sex, race, and ethnicity, as well as in individuals with pre-existing medical conditions. In a

phase 1 trial of the mRNA-1273 vaccine, serum neutralizing antibody responses were detected

in all participants (40 adults aged between 56 to 70 years), which were similar to those previ-

ously reported among vaccine recipients by multiple methods [22]. The vaccine elicited an

increased production of CD4 response lymphocytes, including type 1 helper T cells [22]. The

COVID-19 vaccine developed by Johnson and Johnson’s/Janssen (Ad.26.COV2.S) is a
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recombinant, replication-incompetent adenovirus serotype 26 (Ad26) vector vaccine, which

encodes the stabilized prefusion S protein of SARS-CoV-2. The Johnson and Johnson vaccine

showed 66.3% efficacy in symptomatic patients with laboratory-confirmed COVID-19 with no

prior history of COVID-19 [23]. The efficacy of Ad.26.COV2.S, which varied geographically,

was the highest in the United States (74.4%; 95% CI = 65.0–81.6%), followed by Latin America

(64.7%; 95% CI = 54.1–73.0%) and South Africa (52.0%; 95% CI = 30.3–67.4%) [23]. These

findings indicated that CD4+ T-cell responses were observed in 76 to 83% of the participants

in cohort 1. In addition, 60 to 67% of those in cohort 3 showed a clear skewing toward type 1

helper T-cell responses on day 14 post-vaccination [23]. The Pfizer-BioNTech COVID-19

(BNT162b2) vaccine is a lipid nanoparticle-formulated nucleoside-modified mRNA vaccine,

which encodes the prefusion S protein of SARS-CoV-2. Randomized clinical trials of a two-

dose regimen of BNT162b2 revealed an overall efficacy of 95% in patients with COVID-19

who were 16 years of age or older [24]. The Sinopharm COVID-19 or BIBP is an inactivated

vaccine developed by Beijing Bio-Institute of Biological Products Co Ltd. This vaccine showed

an overall efficacy of 79% in preventing symptomatic disease and hospitalization [25]. Sino-

vac-CoronaVac is an inactivated vaccine developed by Sinovac Biotech showed efficacies of

51% against symptomatic SARS-CoV-2 infection, 100% against severe COVID-19, and 100%

against hospitalization in the studied population [26]. Although the above-mentioned vaccines

are effective against both symptomatic and asymptomatic COVID-19, the recent global rise in

the emergence of SARS-CoV-2 variants might compromise the effectiveness of these vaccines.

In recent years, in silico vaccine designing, which involves the prediction of immunogenic

antigenic sequences in viral proteins, has gained increasing attention due to advantages such

as the rapid screening and identification of multiple antigen candidates that can generate an

immune response in vivo. This approach harnesses high-throughput proteomics data available

in public databases to screen for the most effective candidate epitopes based on criteria such as

antigenicity and immunogenicity profiles. Therefore, the identification of B-cell and T-cell epi-

topes of structural proteins is essential for developing effective diagnostic tests and epitope-

based vaccine candidates against SARS-CoV-2. Although computational approaches have suc-

cessfully predicted potential B- and T-cell epitopes, a detailed analysis of epitopes of four struc-

tural proteins of SARS-CoV-2 might have important implications in the design and analysis of

COVID-19 vaccines under various stages of clinical development [27–38]. Currently, well-

developed bioinformatic approaches for epitope analysis have been used to successfully iden-

tify epitopes that generate both weak and strong immune responses, which might have been

experimentally ignored [39]. In our study, we used multiple online bioinformatics resources

and stringent selection criteria to identify potent B- and T-cell epitopes of four structural pro-

teins of SARS-CoV-2. Our in-silico prediction method has led to the identification of potent,

common, and species-specific B- and T-cell epitopes, which are likely to be recognized in

humans. Moreover, we determined the conservancy of the predicted epitopes across different

species of coronaviruses (CoVs).

Materials and methods

Sequence retrieval of structural proteins of SARS-CoV-2 and SARS-CoV

Coding sequences for structural proteins including S, N, M, and E proteins of SARS-CoV-2

(isolate WIV02, accession number MN996527.1) [1] and SARS-CoV (isolate BJ01, accession

number AY278488.2) were retrieved from NCBI GenBank [40]. Sequence alignment of the

receptor-binding domains (RBDs) of the S protein of SARS-CoV-2 (QHR63250.2) and SARS--

CoV (QHR63300.2) was performed using Clustal Omega.
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Prediction of B-cell epitopes

Linear B-cell epitopes were predicted using BepiPred-2.0, Bcepred, and ABCpred online serv-

ers. The BepiPred-2.0 server predicts linear B-cell epitopes based on a web-based random for-

est algorithm, which is trained on epitopes annotated from antibody-antigen protein

structures [41]. The Bcepred server predicts B-cell epitopes based on physicochemical proper-

ties such as hydrophilicity, flexibility, accessibility, polarity, exposed surface, number of turns,

and antigenic propensity [42]. The ABCpred server uses an artificial neural network algorithm

to predict linear B-cell epitopes in an antigen sequence with 65.93% accuracy. In this study, we

applied a window length of 18 amino acids (aa) with a threshold setting of 0.7 and ranked the

predicted B-cell epitopes according to their score; a higher score indicates a higher probability

of being an epitope [43].

Moreover, EPSVR, DiscoTope, CBTOPE, and ElliPro servers were used to predict confor-

mational B-cell epitopes. The EPSVR server uses a support vector regression (SVR) method to

predict antigenic B-cell epitopes [44]. The DiscoTope server predicts discontinuous B-cell epi-

topes from 3D structures of proteins. This method calculates the surface accessibility and a

novel epitope propensity amino acid score to predict potential epitopes [45]. The CBTOPE

server predicts conformational B-cell epitopes from the primary sequence of the protein with

an accuracy of more than 85% [39]. The ElliPro server predicts linear and discontinuous B-cell

epitopes based on the protein structure and the homology-based model of the amino acid

sequence [46]. The helical behavior of predicted monomeric peptides was computed using the

Agadir server (http://agadir.crg.es) [47].

Prediction of T-cell epitopes

TepiTool is an interactive and easy-to-use tool used to predict potential major histocompatibil-

ity complex (MHC) class I- and class II-binding peptides based on a panel of 27 most frequent

alleles [48]. The Proteasomal cleavage/TAP transport/MHC class I combined predictor (http://

tools.iedb.org/processing) in the Immune epitope database and analysis resource (IEDB) inte-

grates data on proteasomal processing, transporter associated with antigen processing (TAP)

transport, and MHC binding to produce an overall score for the intrinsic potential of each

peptide being a T-cell epitope [49]. The MHC-NP predictor predicts T-cell peptides naturally

processed by the MHC [50]. The NetMHCIIpan 4.0 server predicts peptide binding to known

sequences of any MHC II molecule using artificial neural networks [51]. Three different tools,

the IEDB combined server, TepiTool, and MHC-NP were used to predict 9-mer epitopes of

MHC I. First, the 9-mer epitope list was generated using the 27 HLA-Class I allele reference

list. Next, the top 2% were chosen from the high-scoring epitopes with an IC50 cut-off value of

less than or equal to 500 nM. In TepiTool, MHC-I epitopes were searched from the query

sequence using ‘the panel of 27 most frequent A & B alleles’ available in the server. In the ‘Pre-

diction method’, the default IEDB method was selected. When the field ‘peptides’ was to be

included in prediction, the default setting was applied at ‘low number of peptides’ since the

epitope length was only 9 mer. Finally, the peptides were predicted based on the IC50 cut-off

value of less than or equal to 500 nM. In MHC-NP, all default parameters were selected, and

9-mer epitopes that bind to 17 class I alleles were selected. The top 2% highest binders (epi-

topes with highest scores) were selected from the raw files.

MHC II epitopes of 15-mer length were predicted using three different tools, namely, IEDB

combined server, TepiTool, and NetMHCIIpan. In TepiTool, MHC-II epitopes were searched

using ‘the panel of 27 most frequent A & B alleles’, with the inclusion of HLA-DR, HLA-DP,

and HLA-DQ alleles. In the ‘prediction method’, the default IEDB was applied, and a ‘moder-

ate number of peptides’ was selected for the default setting of ‘peptides’ since the epitope length
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was 15-mer. Finally, the peptides were predicted based on the IC50 cut-off value of less than or

equal to 1000 nM. In NetMHCIIpan, 15-mer peptides were predicted for binding to the 27

MHC-II alleles from the reference list. The default threshold value for strong binders (% rank)

was set as 1 and that for weak binders (% Rank) was set as 5. The results were sorted according

to the prediction score; the strong binders were listed first and subjected to further analysis.

All 9-mer and 15-mer peptides were predicted for their binding affinity to 27 MHC class I and

MHC class II molecules, which accounted for 97% of HLA-A and HLA-B allelic variants in

most ethnicities [52].

Population coverage analysis of T-cell epitopes

The IEDB analysis resource tool was used to analyze the population coverage of predicted

MHC class I and class II epitopes using the allele frequency database of 115 countries [53]. The

population coverage was analysed by entering the following data: the number of epitopes, epi-

tope, MHC-restricted alleles as predicted by the epitope prediction servers, and the popula-

tions in which the coverage is to be checked. The MHC-I alleles (n = 27) that bound to the

predicted epitopes were checked using IEDB. For MHC-II alleles, twenty three alleles (n = 23)

were available in the population coverage tool of IEDB (http://tools.iedb.org/population/) and

four alleles (HLA-DRB3�01:01, HLA-DRB3�02:02, HLA-DRB4�01:01, and HLA-DRB5�01:01)

were excluded from the analysis. The ability of the predicted T-cell epitopes to induce inter-

feron-gamma (IFN-γ) response was assessed using the IFN epitope server. The IFN epitope

tool uses an algorithm based on three models, motif-based, SVM-based, and hybrid

approaches, for the prediction of IFN-γ-inducing epitopes [54].

Analysis of antigenicity, allergenicity, and conservancy of predicted B- and

T-cell epitopes

The antigenicity and allergenicity of epitopes were predicted using VaxiJen v2.0 and AllerTOP

online servers, respectively. VaxiJen predicts protective antigens and subunit vaccines based

on an alignment-independent method [55]. AllerTOP is a server for in silico prediction of

allergens in a given antigen [56]. The epitope conservancy analysis tool from the IEDB analysis

resource was used to compute the degree of the conservancy of an epitope within a given pro-

tein sequence [57].

Immune simulation of multi-epitope vaccine

For designing multi-epitope vaccine, the predicted immunogenic epitopes were united with

the help of linkers B-cell (GGGGS), HTL (KK), and CTL (AAY) [58]. To determine the immu-

nogenicity and immune response profile of the multi-epitope vaccine consisting of the top pre-

dicted B- and T-cell epitopes, in silico immune simulation was conducted using the

C-ImmSim server. The C-ImmSim server uses a position-specific scoring matrix and machine

learning techniques to predict epitope and immune interactions [59]. The server simulates

three components of the immune system found in mammals: (i) the bone marrow, where

hematopoietic stem cells differentiate into cells of lymphoid and myeloid lineages; (ii) the thy-

mus, where naive T-cells are selected to avoid autoimmunity; (iii) a tertiary lymphatic organ

such as lymph nodes. All default simulation parameters were selected, with time steps set at 1,

84, and 168 (each time step is 8 hours, and time step 1 is injection at time = 0). Therefore,

three injections were administered four weeks apart, without lipopolysaccharide (LPS). The

Simpson index D (a measure of diversity) was interpreted from the plot.
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Results

Prediction of B-cell epitopes of S, E, M, and N proteins of SARS-CoV-2

In this study, we predicted B- and T-cell epitopes using multiple prediction servers by leverag-

ing existing immunological knowledge and the genetic closeness of SARS-CoV-2 with SARS--

CoV [4–6]. Previous studies have identified epitopes mainly on the S protein of SARS-CoV-2

(Table 1) using a limited number of prediction servers [27–38]. Using well-established predic-

tion tools, we identified potential B- and T-cell epitopes in the structural proteins (S, E, M, and

N) of SARS-CoV-2 (Fig 1a). By selecting the top linear B-cell epitopes predicted using

BepiPred, Bcepred, and ABCpred servers, we obtained 20 linear B-cell epitopes (11 for S, 6 for

N, 2 for M, and 1 for E proteins) in the structural proteins of SARS-CoV-2 (Table 2). A heat

map was generated using R software that showed the distribution of antigenic B-cell epitopes

across the length of SARS-CoV-2 structural proteins (Fig 1b and 1c). Interestingly, some of the

antigenic epitopes predicted by at least two servers are clearly delineated in the heat map.

In the absence of bioinformatics tools to analyze the common epitopes, we manually sorted

the epitopes and found conserved epitopes of S (aa 407–416, aa421-427, aa1028-1049, aa1254-

1273), N (aa173-189, aa235-247), M (aa163-182), and E (aa 58–68) proteins that are common

to both SARS-CoV and SARS-CoV-2 (Table 3). The B-cell epitopes were mapped on the 3D

structure of the structural proteins of SARS-CoV and SARS-CoV-2 and visualized using BIO-

VIA Discovery Studio 2017 R2. The images predicted the probable localization of epitopes on

the surface of the 3D structure of S, E, M, and N proteins (Fig 2a–2e). In addition, the high

alpha-helical content of most peptides, as predicted by the high Agadir scores, indicated the

stability of peptides in solution [47].

Table 1. A summary of literature review showing the bioinformatically predicted B- and T-cell epitopes identified in the structural proteins of SARS-CoV-2.

Sl

No

Type of protein Predicted B cell

epitope

Predicted T cell

epitope

Reference

1 Spike protein (S) Yes Yes [20]

4 structural proteins and 5 non-structural proteins (open reading frame (ORF)3a, ORF6, ORF7a, ORF8,

ORF10); and 1 non-structural polyprotein (ORF1ab)

- Yes

2 S Yes Yes [21]

3 S Yes Yes [22]

4 N Yes Yes [23]

5 S Yes Yes [24]

6 S Yes - [25]

S - Yes

M

N

7 S Yes Yes [27]

8 S Yes Yes [28]

9 S Yes Yes [29]

N

M

Orf3a protein

Orf 1ab protein

10 S, E, M Yes - [30]

11 S Yes Yes [31]

The findings of the present in silico study have been provided, and the gap in the study has been addressed.

https://doi.org/10.1371/journal.pone.0258645.t001
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The Cryo-EM structure of the S protein of SARS-CoV-2 (PDB: 6VSB) is available from resi-

dues 1 to 1208, but it lacks the 65 residues of the C-terminal region of the protein [3]. To over-

come this problem, we used I-TASSER-modelled structures of the S protein of SARS-CoV-2

[60]. We compared I-TASSER-modelled structures with cryo-EM solved structures and

observed high similarity, with a root mean square deviation (RMSD) of approximately 1.3 Å
(SARS-CoV) and 2.0 Å (SARS-CoV-2). Similarly, the structures of E, M, and N proteins were

modelled and used as query and input structures to identify potent conformational B-cell epi-

topes using CBTOPE, DiscoTope, ElliPro, and EPSVR servers. We filtered and selected the top

conformational B-cell epitopes that were predicted by at least two prediction servers used in this

study. We obtained a total of 21 conformational B-cell epitopes (9 for S, 8 for N, 3 for M, and 1

for E proteins) in the structural proteins of SARS-CoV-2 (Table 4). We observed conformational

B-cell epitopes of S, E, M, and N proteins common to both SARS-CoV-2 and SARS-CoV with a

high degree of epitope conservancy (Table 5). Furthermore, we noticed that the predicted con-

formational epitopes are likely to be localized on the accessible region of the 3D structure of

SARS-CoV-2 proteins, as visualized by BIOVIA Discovery Studio 2017 R2 (Fig 3a–3e).

We performed sequence alignment of RBDs of the S protein and found that some of the lin-

ear and conformational B-cell epitopes are located in the RBD of the S protein of SARS-CoV-2

(Fig 4, inset Table). A previous study has identified four linear B-cell immunodominant (ID)

sites on the RBD of the S protein located at aa330-349, aa375-394, aa450-469, and aa480-499

with an average positive rate of� 50% among all 39 patients [61]. Although mice immunized

with the entire RBD, aa370-395, and aa435-479 generated high titers of specific antibodies,

these antibodies demonstrated weak neutralizing activity [61]. The identification of these epi-

topes in our present study clearly suggests that the bioinformatically predicted epitopes contrib-

ute to the immunogenicity of the S protein (Table 2). Interestingly, we observed that CR3022, a

monoclonal antibody targeting a highly conserved cryptic epitope, has 20 out of 28 binding res-

idues of the SARS-CoV-2 located in the RBD of the S protein (aa370-395; Table 2 & Fig 4) [10,

Fig 1. (a) Schematic representation of the in-silico workflow for the prediction of potential B- and T-cell epitopes of structural proteins (spike [S],

envelope [E], membrane [M], and nucleocapsid [N] of SARS-CoV-2 and SARS-CoV. Summary of SARS-CoV-2-derived B-cell epitopes. Heat map

showing the distribution of (b) linear (continuous) and (c) conformational (discontinuous) B-cell epitopes across the protein sequences of spike

(1273 aa), nucleocapsid (419 aa), membrane (222 aa), and envelope (75 aa) proteins of SARS-CoV-2. Red represents the antigenic epitopes

predicted using the methods described in Fig 1a.

https://doi.org/10.1371/journal.pone.0258645.g001

PLOS ONE Mapping of B- and T-cell epitopes of SARS-CoV-2

PLOS ONE | https://doi.org/10.1371/journal.pone.0258645 November 15, 2021 7 / 45

https://doi.org/10.1371/journal.pone.0258645.g001
https://doi.org/10.1371/journal.pone.0258645


T
a

b
le

2
.

L
in

ea
r

B
-c

el
l

ep
it

o
p

es
o

f
st

ru
ct

u
ra

l
p

ro
te

in
s

o
f

S
A

R
S

-C
o

V
-2

.

S
A

R
S

-C
o

V
-2

p
ro

te
in

A
m

in
o

a
ci

d

p
o

si
ti

o
n

L
in

ea
r

B
-c

el
l

ep
it

o
p

es
L

en
g

th
S

er
v

er
A

n
ti

g
en

ic
it

y

b
y

V
a

x
iJ

en

(T
=

0
.4

)

A
ll

er
g

ei
ci

ty

b
y

A
ll

er
T

O
P

v
.

2
.0

A
g

a
d

ir

S
co

re

C
o

n
se

rv
a

n
cy

a
n

a
ly

si
s

b
y

IE
D

B
to

o
l

E
x

p
er

im
en

ta
ll

y

v
er

if
ie

d
ep

it
o

p
es

/

V
iP

R
re

fe
re

n
ce

S
A

R
S

-C
o

V
-

2

S
A

R
S

-C
o

V

S
p

ik
e

(S
)

1
7

7
–

1
9

6
M
D
L
E
G
K
Q
G
N
F
K
N
L
R
E
F
V
F
K
N

2
0

2
A

n
ti

g
en

(0
.6

1
7

4
)

N
o

n
-

al
le

rg
en

1
.3

2
9

9
.4

3
%

(1
7

4
/1

7
5

)

0
.3

1
%

(1
/

3
2

6
)

[7
4

]

3
3

1
–

3
5

6
N
I
T
N
L
C
P
F
G
E
V
F
N
A
T
R
F
A
S
V
Y
A
W
N
R
K

2
6

1
&

2
A

n
ti

g
en

(0
.5

5
2

5
)

A
ll

er
g

en
0

.5
5

1
0

0
.0

0
%

(1
7

5
/1

7
5

)

0
.0

0
%

(0
/

3
2

6
)

[5
3

,
3

6
]

3
7

0
–

3
9

5
N
S
A
S
F
S
T
F
K
C
Y
G
V
S
P
T
K
L
N
D
L
C
F
T
N
V

2
6

1
A

n
ti

g
en

(1
.3

6
0

9
)

N
o

n
-

al
le

rg
en

0
.3

9
1

0
0

.0
0

%

(1
7

5
/1

7
5

)

0
.0

0
%

(0
/

3
2

6
)

[5
3

][
In

sil
ic
o

p
re

d
ic

te
d

,2
4

,
2

5
,

2
6

]

4
0

3
–

4
2

7
R
G
D
E
V
R
Q
I
A
P
G
Q
T
G
K
I
A
D
Y
N
Y
K
L
P
D

2
5

1
&

2
A

n
ti

g
en

(1
.0

3
5

6
)

N
o

n
-

al
le

rg
en

0
.4

5
1

0
0

.0
0

%

(1
7

5
/1

7
5

)

0
.0

0
%

(0
/

3
2

6
)

[I
n
sil
ic
o

p
re

d
ic

te
d

,2
0

,
2

2
,

2
5

,
p

ar
ti

al

se
q

u
en

ce
fr

o
m

aa

4
0

5
–

4
1

8
,
2

7
]

4
3

7
–

4
6

1
N
S
N
N
L
D
S
K
V
G
G
N
Y
N
Y
L
Y
R
L
F
R
K
S
N
L

2
5

1
&

2
A

n
ti

g
en

(0
.4

0
1

5
)

N
o

n
-

al
le

rg
en

4
.4

2
1

0
0

.0
0

%

(1
7

5
/1

7
5

)

0
.0

0
%

(0
/

3
2

6
)

[1
0

,
5

3
,
6

9
,

7
4

]

{[
In

sil
ic
o

p
re

d
ic

te
d

p
ar

ti
al

se
q

u
en

ce
fr

o
m

aa

4
4

0
–

4
5

0
[2

0
],

aa

4
4

1
–

4
4

8
[2

7
]}

4
8

3
–

4
9

3
V
E
G
F
N
C
Y
F
P
L
Q

1
1

1
A

n
ti

g
en

(0
.5

6
1

2
)

A
ll

er
g

en
0

.1
6

1
0

0
.0

0
%

(1
7

5
/1

7
5

)

0
.0

0
%

(0
/

3
2

6
)

[1
0

,
3

5
]

5
2

5
–

5
4

6
C
G
P
K
K
S
T
N
L
V
K
N
K
C
V
N
F
N
F
N
G
L

2
2

1
&

2
A

n
ti

g
en

(0
.7

6
8

8
)

A
ll

er
g

en
0

.2
8

1
0

0
.0

0
%

(1
7

5
/1

7
5

)

0
.3

1
%

(1
/

3
2

6
)

[I
n
sil
ic
o

p
re

d
ic

te
d

,
2

5
]

6
5

3
–

6
6

6
A
E
H
V
N
N
S
Y
E
C
D
I
P
I

1
4

1
&

2
A

n
ti

g
en

(0
.6

6
8

7
)

N
o

n
-

al
le

rg
en

0
.0

3
9

9
.4

3
%

(1
7

4
/1

7
5

)

0
.3

1
%

(1
/

3
2

6
)

[7
1

][
In

sil
ic
o

p
re

d
ic

te
d

p
ar

ti
al

se
q

u
en

ce
fr

o
m

aa

6
5

7
–

6
6

4
,
2

9
an

d

aa
6

5
6

-6
6

0
,3

0
]

1
0

2
8

–

1
0

4
9

K
M
S
E
C
V
L
G
Q
S
K
R
V
D
F
C
G
K
G
Y
H
L

2
2

1
&

2
A

n
ti

g
en

(0
.7

7
1

7
)

A
ll

er
g

en
0

.4
1

1
0

0
.0

0
%

(1
7

5
/1

7
5

)

8
4

.0
5

%

(2
7

4
/3

2
6

)

[7
4

]

1
1

9
1

–

1
2

1
1

K
N
L
N
E
S
L
I
D
L
Q
E
L
G
K
Y
E
Q
Y
I
K

2
1

2
A

n
ti

g
en

(0
.5

7
3

8
)

N
o

n
-

al
le

rg
en

3
.2

4
9

8
.2

9
%

(1
7

2
/1

7
5

)

8
4

.3
6

%

(2
7

5
/3

2
6

)

[7
4

]

-N
u

cl
eo

ca
p

si
d

(N
)

1
2

5
3

–

1
2

7
3

C
C
K
F
D
E
D
D
S
E
P
V
L
K
G
V
K
L
H
Y
T

2
1

1
&

2
A

n
ti

g
en

(0
.9

1
0

1
)

N
o

n
-

al
le

rg
en

0
.2

6
9

4
.8

6
%

(1
6

6
/1

7
5

)

8
3

.7
4

%

(2
7

3
/3

2
6

)

[5
5

]I
E

D
B

ID
:

6
4

7
6

[5
9

][
In

sil
ic
o

p
re

d
ic

te
d

p
ar

ti
al

se
q

u
en

ce
fr

o
m

aa

1
2

5
6

–
1

2
6

5
,

2
2

]

2
–

1
3

S
D
N
G
P
Q
N
Q
R
N
A
P

1
2

1
&

2
A

n
ti

g
en

(0
.6

6
7

2
)

N
o

n
-

al
le

rg
en

0
.2

3
1

0
0

.0
0

%

(1
8

5
/1

8
5

)

0
.0

0
%

(0
/

3
0

1
)

-

3
2

–
4

6
R
S
G
A
R
S
K
Q
R
R
P
Q
G
L
P

1
5

1
,
2

&

3

A
n

ti
g

en

(0
.8

5
7

1
)

N
o

n
-

al
le

rg
en

0
.3

7
9

9
.4

6
%

(1
8

4
/1

8
5

)

0
.0

0
%

(0
/

3
0

1
)

-

(C
on

tin
ue
d)

PLOS ONE Mapping of B- and T-cell epitopes of SARS-CoV-2

PLOS ONE | https://doi.org/10.1371/journal.pone.0258645 November 15, 2021 8 / 45

https://doi.org/10.1371/journal.pone.0258645


T
a

b
le

2
.

(C
o

n
ti

n
u

ed
)

S
A

R
S

-C
o

V
-2

p
ro

te
in

A
m

in
o

a
ci

d

p
o

si
ti

o
n

L
in

ea
r

B
-c

el
l

ep
it

o
p

es
L

en
g

th
S

er
v

er
A

n
ti

g
en

ic
it

y

b
y

V
a

x
iJ

en

(T
=

0
.4

)

A
ll

er
g

ei
ci

ty

b
y

A
ll

er
T

O
P

v
.

2
.0

A
g

a
d

ir

S
co

re

C
o

n
se

rv
a

n
cy

a
n

a
ly

si
s

b
y

IE
D

B
to

o
l

E
x

p
er

im
en

ta
ll

y

v
er

if
ie

d
ep

it
o

p
es

/

V
iP

R
re

fe
re

n
ce

S
A

R
S

-C
o

V
-

2

S
A

R
S

-C
o

V

1
7

3
–

1
9

0
A
E
G
S
R
G
G
S
Q
A
S
S
R
S
S
S
R
S

1
8

1
,
2

&

3

A
n

ti
g

en

(0
.8

0
8

1
)

N
o

n
-

al
le

rg
en

0
.2

1
9

9
.4

6
%

(1
8

4
/1

8
5

)

7
9

.7
3

%

(2
4

0
/3

0
1

)

IE
D

B
ID

:
2

2
4

8
1

[5
9

][
In

sil
ic
o

p
re

d
ic

te
d

,
2

3
]

2
2

7
–

2
6

6
L
N
Q
L
E
S
K
M
S
G
K
G
Q
Q
Q
Q
G
Q
T
V
T
K
K
S
A
A
E
A
S
K
K
P
R
Q
K
R
T
A
T
K

4
0

1
,
2

&

3

A
n

ti
g

en

(0
.5

3
8

7
)

N
o

n
-

al
le

rg
en

1
.9

1
0

0
.0

0
%

(1
8

5
/1

8
5

)

0
.0

0
%

(0
/

3
0

1
)

[I
n
sil
ic
o

p
re

d
ic

te
d

,p
ar

ti
al

se
q

u
en

ce
fr

o
m

aa

2
3

5
–

2
4

3
,
aa

2
4

9
–

2
6

3
,
2

3
]

2
7

4
–

2
8

3
F
G
R
R
G
P
E
Q
T
Q

1
0

2
A

n
ti

g
en

(1
.0

3
5

5
)

A
ll

er
g

en
0

1
0

0
.0

0
%

(1
8

5
/1

8
5

)

8
3

.3
9

%

(2
5

1
/3

0
1

)

[7
3

]

3
6

6
–

3
9

4
T
E
P
K
K
D
K
K
K
K
A
D
E
T
Q
A
L
P
Q
R
Q
K
K
Q
Q
T
V
T
L

2
9

1
,
2

&

3

A
n

ti
g

en

(0
.5

2
4

8
)

N
o

n
-

al
le

rg
en

0
.6

3
1

0
0

.0
0

%

(1
8

5
/1

8
5

)

0
.0

0
%

(0
/

3
0

1
)

{[
In

sil
ic
o

p
re

d
ic

te
d

,p
ar

ti
al

se
q

u
en

ce
fr

o
m

aa

3
6

3
–

3
7

9
[2

3
]

an
d

aa
3

5
5

–
3

9
4

[2
9

]}

M
em

b
ra

n
e

(M
)

1
0

1
–

1
1

9
R
L
F
A
R
T
R
S
M
W
S
F
N
P
E
T
N
I
L

1
9

2
A

n
ti

g
en

(0
.4

1
6

6
)

A
ll

er
g

en
0

.1
7

9
8

.8
2

%

(1
6

8
/1

7
0

)

8
2

.4
6

%

(2
2

1
/2

6
8

)

[7
3

]

1
6

0
–

1
8

2
D
I
K
D
L
P
K
E
I
T
V
A
T
S
R
T
L
S
Y
Y
K
L
G

2
3

2
&

3
A

n
ti

g
en

(0
.7

4
4

2
)

N
o

n
-

al
le

rg
en

0
.3

1
9

8
.2

4
%

(1
6

7
/1

7
0

)

7
9

.4
8

%

(2
1

3
/2

6
8

)

-

E
n

v
el

o
p

e
(E

)
5

7
–

7
5

Y
V
Y
S
R
V
K
N
L
N
S
S
R
V
P
D
L
L
V

1
9

1
,
2

&

3

A
n

ti
g

en

(0
.5

6
5

)

N
o

n
-

al
le

rg
en

0
.2

1
0

0
.0

0
%

(1
7

7
/1

7
7

)

0
.0

0
%

(0
/

2
4

5
)

[I
n
sil
ic
o

p
re

d
ic

te
d

p
ar

ti
al

se
q

u
en

ce
fr

o
m

aa

6
5

6
–

6
6

0
,
3

0
]

F
o

u
r

st
ru

ct
u

ra
l

p
ro

te
in

s
o

f
S

A
R

S
-C

o
V

-2
,

n
am

el
y

sp
ik

e
(S

),
en

v
el

o
p

e
(E

),
m

em
b

ra
n

e
(M

,)
an

d
n

u
cl

eo
ca

p
si

d
(N

)
p

ro
te

in
s,

w
er

e
su

b
je

ct
ed

to
p

re
d

ic
ti

o
n

o
f

B
-c

el
l

ep
it

o
p

es
.
L

is
t

o
f

B
-c

el
l

ep
it

o
p

es

p
re

d
ic

te
d

b
y

at
le

as
t

tw
o

se
rv

er
s,

w
it

h
th

e
co

rr
es

p
o

n
d

in
g

p
re

d
ic

ti
o

n
se

rv
er

s
n

u
m

b
er

ed
as

(1
)

fo
r

B
ep

iP
re

d
,
(2

)
fo

r
B

ce
p

re
d

,
an

d
(3

)
fo

r
A

B
C

p
re

d
.

h
tt

p
s:

//
d
o
i.o

rg
/1

0
.1

3
7
1
/jo

u
rn

al
.p

o
n
e.

0
2
5
8
6
4
5
.t
0
0
2

PLOS ONE Mapping of B- and T-cell epitopes of SARS-CoV-2

PLOS ONE | https://doi.org/10.1371/journal.pone.0258645 November 15, 2021 9 / 45

https://doi.org/10.1371/journal.pone.0258645.t002
https://doi.org/10.1371/journal.pone.0258645


T
a

b
le

3
.

L
in

ea
r

B
-c

el
l

ep
it

o
p

es
co

m
m

o
n

to
S

A
R

S
-C

o
V

-2
a

n
d

S
A

R
S

-C
o

V
.

C
o

V
s

p
ro

te
in

A
m

in
o

a
ci

d
p

o
si

ti
o

n
C

o
m

m
o

n
li

n
ea

r
B

-c
el

l
ep

it
o

p
es

L
en

g
th

P
ro

b
a

b
le

A
n

ti
g

en
ic

it
y

b
y

V
ex

iJ
en

(T
=

0
.4

)

A
ll

er
g

ei
ci

ty
b

y

A
ll

er
T

o
p

e
v

.
2

.0

A
g

a
d

ir

sc
o

re

C
o

n
se

rv
a

n
cy

a
n

a
ly

si
s

b
y

IE
D

B
to

o
l

S
A

R
S

-C
o

V
-

2

S
A

R
S

-C
o

V
S

A
R

S
-C

o
V

-2
S

A
R

S
-C

o
V

S
p

ik
e

(S
)

2
8

1
–

2
9

1
2

6
8

–
2

7
8

E
N
G
T
I
T
D
A
V
D
C

1
1

A
n

ti
g

en
(0

.5
8

6
0

)
A

ll
er

g
en

0
.0

9
1

0
0

.0
0

%
(1

7
5

/1
7

5
)

8
5

.5
8

%
(2

7
9

/3
2

6
)

3
7

4
–

3
8

3
3

6
1

–
3

7
0

F
S
T
F
K
C
Y
G
V
S

1
0

A
n

ti
g

en
(0

.7
2

3
9

)
A

ll
er

g
en

0
.0

5
1

0
0

.0
0

%
(1

7
5

/1
7

5
)

8
6

.2
0

%
(2

8
1

/3
2

6
)

4
0

7
–

4
1

6
3

9
4

–
4

0
3

V
R
Q
I
A
P
G
Q
T
G

1
0

A
n

ti
g

en
(1

.3
8

5
6

)
N

o
n

-a
ll

er
g

en
0

1
0

0
.0

0
%

(1
7

5
/1

7
5

)
8

5
.8

9
%

(2
8

0
/3

2
6

)

4
2

1
–

4
2

7
4

0
8

–
4

1
4

Y
N
Y
K
L
P
D

7
A

n
ti

g
en

(1
.1

4
5

4
)

A
ll

er
g

en
0

1
0

0
.0

0
%

(1
7

5
/1

7
5

)
8

6
.2

0
%

(2
8

1
/3

2
6

)

6
9

4
–

7
0

1
6

7
6

–
6

8
3

A
Y
T
M
S
L
G
A

8
A

n
ti

g
en

(0
.6

9
2

4
)

N
o

n
-a

ll
er

g
en

0
.0

2
1

0
0

.0
0

%
(1

7
5

/1
7

5
)

8
5

.5
8

%
(2

7
9

/3
2

6
)

8
2

8
–

8
3

3
8

1
0

–
8

1
5

L
A
D
A
G
F

6
A

n
ti

g
en

(1
.1

9
3

4
)

N
o

n
-a

ll
er

g
en

0
.0

1
1

0
0

.0
0

%
(1

7
5

/1
7

5
)

8
5

.5
8

%
(2

7
9

/3
2

6
)

1
0

2
8

–
1

0
4

9
1

0
1

0
–

1
0

3
1

K
M
S
E
C
V
L
G
Q
S
K
R
V
D
F
C
G
K
G
Y
H
L

2
2

A
n

ti
g

en
(0

.7
7

1
7

)
A

ll
er

g
en

0
.4

1
1

0
0

.0
0

%
(1

7
5

/1
7

5
)

8
4

.0
5

%
(2

7
4

/3
2

6
)

1
1

1
2

–
1

1
1

8
1

0
9

4
–

1
1

0
0

P
Q
I
I
T
T
D

7
A

n
ti

g
en

(0
.6

3
8

7
)

A
ll

er
g

en
0

1
0

0
.0

0
%

(1
7

5
/1

7
5

)
8

5
.2

8
%

(2
7

8
/3

2
6

)

1
1

5
7

–
1

1
6

5
1

1
3

9
–

1
1

4
7

K
N
H
T
S
P
D
V
D

9
A

n
ti

g
en

(0
.7

8
0

9
)

A
ll

er
g

en
0

1
0

0
.0

0
%

(1
7

5
/1

7
5

)
8

5
.8

9
%

(2
8

0
/3

2
6

)

1
2

5
4

–
1

2
7

3
1

2
3

6
–

1
2

5
5

C
K
F
D
E
D
D
S
E
P
V
L
K
G
V
K
L
H
Y
T

2
0

A
n

ti
g

en
(0

.8
2

4
7

)
N

o
n

-a
ll

er
g

en
0

.2
8

9
4

.8
6

%
(1

6
6

/1
7

5
)

8
3

.7
4

%
(2

7
3

/3
2

6
)

N
u

cl
eo

ca
p

si
d

(N
)

3
8

–
4

6
3

9
–

4
7

K
Q
R
R
P
Q
G
L
P

9
A

n
ti

g
en

(0
.9

7
3

4
)

N
o

n
-a

ll
er

g
en

0
9

9
.4

6
%

(1
8

4
/1

8
5

)
8

5
.0

5
%

(2
5

6
/3

0
1

)

1
2

1
–

1
2

6
1

2
2

–
1

2
7

L
P
Y
G
A
N

6
A

n
ti

g
en

(0
.7

6
7

0
)

N
o

n
-a

ll
er

g
en

0
1

0
0

.0
0

%
(1

8
5

/1
8

5
)

8
5

.3
8

%
(2

5
7

/3
0

1
)

1
7

3
–

1
8

9
1

7
4

–
1

9
0

A
E
G
S
R
G
G
S
Q
A
S
S
R
S
S
S
R

1
7

A
n

ti
g

en
(0

.7
4

1
2

)
N

o
n

-a
ll

er
g

en
0

.2
9

9
.4

6
%

(1
8

4
/1

8
5

)
7

9
.7

3
%

(2
4

0
/3

0
1

)

2
2

8
–

2
3

3
2

2
9

–
2

3
4

N
Q
L
E
S
K

6
A

n
ti

g
en

(0
.5

5
3

3
)

N
o

n
-a

ll
er

g
en

0
.0

3
1

0
0

.0
0

%
(1

8
5

/1
8

5
)

8
4

.7
2

%
(2

5
5

/3
0

1
)

2
3

5
–

2
4

7
2

3
6

–
2

4
8

S
G
K
G
Q
Q
Q
Q
G
Q
T
V
T

1
3

A
n

ti
g

en
(0

.5
5

6
2

)
N

o
n

-a
ll

er
g

en
0

.1
5

1
0

0
.0

0
%

(1
8

5
/1

8
5

)
7

9
.7

3
%

(2
4

0
/3

0
1

)

3
3

9
–

3
4

4
3

4
0

–
3

4
5

L
D
D
K
D
P

6
A

n
ti

g
en

(1
.9

5
2

9
)

N
o

n
-a

ll
er

g
en

0
9

8
.3

8
%

(1
8

2
/1

8
5

)
8

5
.7

1
%

(2
5

8
/3

0
1

)

3
8

2
–

3
8

9
3

8
3

–
3

9
0

L
P
Q
R
Q
K
K
Q

8
A

n
ti

g
en

(1
.3

5
7

3
)

N
o

n
-a

ll
er

g
en

0
.1

3
1

0
0

.0
0

%
(1

8
5

/1
8

5
)

8
2

.7
2

%
(2

4
9

/3
0

1
)

M
em

b
ra

n
e

(M
)

4
1

–
4

8
4

0
–

4
7

N
R
N
R
F
L
Y
I

8
A

n
ti

g
en

(0
.6

2
2

1
)

N
o

n
-a

ll
er

g
en

0
.0

4
9

8
.8

2
%

(1
6

8
/1

7
0

)
8

0
.2

2
%

(2
1

5
/2

6
8

)

1
3

6
–

1
4

4
1

3
5

–
1

4
3

S
E
L
V
I
G
A
V
I

9
A

n
ti

g
en

(0
.6

4
0

9
)

N
o

n
-a

ll
er

g
en

0
.0

5
9

8
.8

2
%

(1
6

8
/1

7
0

)
8

2
.4

6
%

(2
2

1
/2

6
8

)

1
6

3
–

1
8

2
1

6
2

–
1

8
1

D
L
P
K
E
I
T
V
A
T
S
R
T
L
S
Y
Y
K
L
G

2
0

A
n

ti
g

en
(0

.4
3

2
8

)
N

o
n

-a
ll

er
g

en
0

.4
9

8
.2

4
%

(1
6

7
/1

7
0

)
7

9
.4

8
%

(2
1

3
/2

6
8

)

E
n

v
el

o
p

e
(E

)
5

8
–

6
8

5
8

–
6

8
V
Y
S
R
V
K
N
L
N
S
S

1
1

A
n

ti
g

en
(0

.7
8

4
5

)
N

o
n

-a
ll

er
g

en
0

.1
8

1
0

0
.0

0
%

(1
7

7
/1

7
7

)
8

3
.2

7
%

(2
0

4
/2

4
5

)

h
tt

p
s:

//
d
o
i.o

rg
/1

0
.1

3
7
1
/jo

u
rn

al
.p

o
n
e.

0
2
5
8
6
4
5
.t
0
0
3

PLOS ONE Mapping of B- and T-cell epitopes of SARS-CoV-2

PLOS ONE | https://doi.org/10.1371/journal.pone.0258645 November 15, 2021 10 / 45

https://doi.org/10.1371/journal.pone.0258645.t003
https://doi.org/10.1371/journal.pone.0258645


62]. The B38, which is a SARS-CoV-2-specific human neutralizing monoclonal antibody, has 9

out of 18 binding residues on the RBD of SARS-CoV-2 [11, 12, 62]. B38 is involved in both B38

and hACE2 interaction located in the ID of predicted linear and conformational B-cell epitopes

(aa403-427, aa437-461, and aa483-493; Tables 2 and 4). Similarly, another monoclonal antibody

(S309) known to neutralize both SARS-CoV-2 and SARS-CoV, has 11 out of 21 binding resi-

dues in ID sites [10, 62]. A previous computational study has predicted aa656-660 of the S pro-

tein and aa60-65 of the E protein as dominant conformational B-cell epitopes [37], and it is

worthy to note that the same epitopes have been predicted in our study (Table 4). A recent

study has predicted that conformational epitopes are mainly localized at aa405-427 and aa439-

505 regions of the tertiary structure of the S protein [38]. The highly conserved linear B-cell epi-

tope (aa1253-1273, Table 2) predicted in the S protein has been shown to elicit IgG antibodies

in some patients with COVID-19 when tested using synthetic peptides spanning aa1256-1273

[63]. A previous study using pools of overlapping linear B-cell peptides has found IgG immuno-

dominant regions on the S protein of SARS-CoV-2. These regions are recognized by conva-

lescent sera from patients with COVID-19, and the region aa562-580 is localized near the RBD

of the S protein [64]. The partial sequence of this immunogenic peptide is computationally pre-

dicted as a conformational B-cell epitope in our study (Table 4). Findings of computational pre-

diction of epitopes reported in this study, as well as the published experimental observations,

suggest the association of linear ID B-cell epitopes with conformational epitopes. However, fur-

ther studies are needed to identify the functions of the predicted linear and conformational epi-

topes for the rational design of de novo peptide-based vaccines.

Prediction of MHC I-binding epitopes of S, E, M, and N proteins of

SARS-CoV-2

A few studies on SARS-CoV-2-specific T-cell responses and their role in protective immunity

[65] found that recovered patients with COVID-19 show CD4+ and CD8+ memory responses

Fig 2. Mapping of linear B-cell epitopes on the three-dimensional structure of SARS-CoV-2 structural proteins. Localization of top

predicted monomeric B-cell epitopes (inset table) on the (a) modeled structure and (b) crystal structure (PDB: 6VSB) of the spike protein, (c)

nucleocapsid, (d) membrane, and (e) envelope proteins, as observed using BIOVIA Discovery Studio 2017 R2.

https://doi.org/10.1371/journal.pone.0258645.g002
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Table 5. Conformational B-cell epitopes common to SARS-CoV-2 and SARS-CoV.

Protein, PDB/

I-TASSER

Conformational B-cell epitopes Length Server Probable

Antigenicity by

VexiJen

(T = 0.4)

Allergeicity

by AllerTope

v. 2.0

Agadir

Score

Conservancy analysis by

IEDB tool

SARS-CoV-2 SARS-CoV SARS-CoV-

2

SARS-CoV SARS-CoV-

2

SARS-CoV

Spike (S) S1161,P1162,

D1163,V1164,

D1165,L1166,

G1167,D1168,

I1169,S1170,

G1171,I1172,

N1173,A1174,

S1175,V1176,

V1177,N1178

S1143,P1144,

D1145,V1146,

D1147,L1148,

G1149,D1150,

I1151,S1152,

G1153,I1154,

N1155,A1156,

S1157,V1158,

V1159,N1160

18 1,2,3,4 1,2,3,4 Antigen

(0.872)

Allergen 0.29 100.00%

(175/175)

83.44%

(272/326)

Q1201,E1202,

L1203,G1204,

K1205,Y1206,

E1207,Q1208,

Y1209,I1210,

K1211,W1212

Q1183,E1184,

L1185,G1186,

K1187,Y1188,

E1189,Q1190,

Y1191,I1192,

K1193,W1194

12 3,4 4 Antigen

(0.5743)

Allergen 0.42 94.86%

(166/175)

82.52%

(269/326)

C1254,K1255,

F1256,D1257,

E1258,D1259,

D1260,S1261,

E1262,P1263,

V1264,L1265,

K1266,G1267,

V1268,K1269,

L1270,H1271

C1236,K1237,

F1238,D1239,

E1240,D1241,

D1242,S1243,

E1244,P1245,

V1246,L1247,

K1248,G1249,

V1250,K1251,

L1252,H1253

18 1 1 Antigen

(0.5883)

Non-allergen 0.24 94.86%

(166/175)

83.74%

(273/326)

Spike (S)

SARS-CoV-2

(6VSB)

&

SARS-CoV

(5WRG)

F797,G798,G799,

F800,N801,F802,

S803,Q804,I805

F779,G780,G781,

F782,N783,F784,

S785,Q786,I787

9 3 3 Antigen

(1.2730)

Non-allergen 0.01 99.43%

(174/175)

83.44%

(272/326)

Q901,M902,A903,

Y904,R905,F906,

N907,G908,I909

Q883,M884,A885,

Y886,R887,F888,

N889,G890,I891

9 3 3 Antigen

(0.6803)

Non-allergen 0.04 100.00%

(175/175)

86.81%

(283/326)

G1035,Q1036,

S1037,K1038,

R1039,V1040,

D1041,F1042

G1017,Q1018,

S1019,K1020,

R1021,V1022,

D1023,F1024

8 1 1 & 3 Antigen

(1.9298)

Allergen 0.03 100.00%

(175/175)

84.05%

(274/326)

Nucleocapsid

(N)

L104,S105,P106,

R107,W108,Y109,

F110,Y111,Y112,

L113,G114,T115,

G116,P117

L105,S106,P107,

R108,W109,Y110,

F111,Y112,Y113,

L114,G115,T116,

G117,P118

14 2,3 1,2 Antigen

(1.3764)

Non-allergen 0.77 100.00%

(185/185)

83.39%

(251/301)

Q272,A273,F274,

G275,R276,R277,

G278,P279,E280,

Q281,T282,Q283,

G284,N285,F286,

G287,D288,Q289

Q273,A274,F275,

G276,R277,R278,

G279,P280,E281,

Q282,T283,Q284,

G285,N286,F287,

G288,D289,Q290

18 1,4 1,2,4 Antigen

(0.8885)

Allergen 0.1 100.00%

(185/185)

85.71%

(258/301)

Membrane

(M)

L176,S177,Y178,

Y179,K180,

L1801G182,A183,

S184,Q185,R186,

V187

L175,S176,Y177,

Y178,K179,L180,

G181,A182,S183,

Q184,R185,V186

12 1 1,3,4 Antigen

(0.6421)

Allergen 0.11 98.82%

(168/170)

82.46%

(221/268)

Envelope (E) C43,C44,N45,I46,

V47,N48,V49,S50

C43,C44,N45,I46,

V47,N48,V49,S50

9 3 3 Antigen

(0.8522)

Allergen 0.02 100.00%

(177/177)

84.49%

(207/245)

S60,R61,V62,K63,

N64,L65,N66,S67,

S68

S60,R61,V62,K63,

N64,L65,N66,S67,

S68

9 1,3,4 1,3,4 Antigen

(0.7404)

Allergen 0.12 100.00%

(177/177)

0.00% (0/

245)

https://doi.org/10.1371/journal.pone.0258645.t005
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to SARS-CoV-2 [16]. SARS-CoV-2-specific CD4+ T-cell responses were also frequently

observed in unexposed healthy participants, suggesting the possibility of pre-existing cross-

reactive immune memory to seasonal human coronaviruses [18, 66]. The access to informa-

tion on SARS-CoV-2 proteins, and epitopes recognized by human T-cells, can greatly assist

researchers in selecting potential epitopes, or target proteins for the future design of candidate

vaccines.

We selected the high affinity-ranked top 2% peptides and found 55 non-overlapping pep-

tides (26 CD8+ T-cell epitopes for S, 16 for N, 10 for M, and 3 for E proteins), as strong binders

of MHC I molecule, based on the prediction of epitopes by at least two servers (Table 6). These

strong MHC I binding peptides were assessed for their predicted capacity to elicit IFN-γ
responses and are concurrently predicted to possess antigenic and non-allergenic properties.

Notably, we predicted 16 CD8+ T-cell epitopes (5 CD8+ T-cell epitopes each for S and N pro-

teins and 3 each for M and E proteins), which are common to structural proteins of both

SARS-CoV-2 and SARS-CoV (Table 7).

Prediction of MHC II-binding epitopes of S, E, M, and N proteins of

SARS-CoV-2

Helper T cells, which are required for adaptive immune responses, help activate B cells to

secrete antibodies and activate cytotoxic T cells to kill infected target cells. TepiTool [48] and

NetMHCIIpan [51] were used to predict and identify high-affinity MHC II-binding epitopes

based on 27 HLA class II molecules (HLA-DP, HLA-DQ, and HLA-DR). We found 25 non-

overlapping CD4+ T-cell epitopes (15 CD4+ T-cell epitopes for S, 6 for N, 3 for M, and 1 for E

Fig 3. Mapping of conformational B-cell epitopes on the three-dimensional structure of SARS-CoV-2 structural proteins. The selected B-cell

epitopes are listed in the inset table, and the corresponding color shows the localization of predicted epitopes on the (a) modeled structure and (b)

crystal structure (PDB: 6VSB) of the spike, (c) nucleocapsid, (d) membrane, and (e) envelope proteins, as observed using BIOVIA Discovery

Studio 2017 R2.

https://doi.org/10.1371/journal.pone.0258645.g003
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proteins), which were predicted as antigenic and non-allergenic, as well as IFN-gamma-induc-

ing property, with a high degree of conservancy (Table 8). Furthermore, we found 4 CD4+ T-

cell epitopes for S, 5 for N, and 2 each for M and E proteins, which are common to both

SARS-CoV-2 and SARS-CoV, with epitope conservancy in the range of 80 to 100% (Table 9).

The allele-wise distribution of predicted MHC I and MHC II epitopes for the S, E, M, and N

proteins of SARS-CoV-2 are presented in a heat map (Fig 5a and 5b).

On careful observation of computationally predicted epitopes, we found that the regions

aa403-427 and aa437-461 of the S protein were predicted as both linear B-cell and MHC I-

binding epitopes (Table 10). Similarly, the conserved C-terminal epitope of S (aa1253-1273)

and E (aa57-75) proteins common to SARS-CoV and SARS-CoV-2 were predicted as both lin-

ear and conformational B-cell epitopes. Notably, the peptide aa366-394 in the N protein and

the peptide aa160-182 in the M protein were predicted to induce both humoral and cell-medi-

ated immune responses (Table 11).

The findings of our computational predictions in conjunction with previous experimental

studies suggest that T-cell-based immunity might be generated largely against the S and N pro-

teins of SARS-CoV-2; therefore, the S and N proteins of SARS-CoV-2 could be selected as tar-

get candidates for recombinant protein-based vaccines [14–16, 61–63]. CD4+ T-cell responses

were observed predominately in the S protein, and the robustness of the T-cell response was

correlated with the values of IgG and IgA titers of SARS-CoV-2. Among the structural pro-

teins, the S and M proteins were mainly recognized as possible targets for CD8+ T cells of

SARS-CoV-2 [16, 17, 65, 66].

Fig 4. Sequence alignment of receptor-binding domains (RBDs) of SARS-CoV-2 and SARS-CoV spike (S) proteins. GenBank

accession numbers of the S protein of SARS-CoV-2 and SARS-CoV are QHR63250.2 (SARS-CoV-2) and AAP30030.1 (SARS-CoV

BJ01), respectively. ACE2-binding residues are colored magenta, and CR3022 epitope residues are colored bright green. The

alignment was performed using Clustal Omega. The inset table shows the antigenic linear and conformational B-cell epitopes

predicted in the RBD of the S protein of SARS-CoV-2.

https://doi.org/10.1371/journal.pone.0258645.g004
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Cross-validation of predicted epitopes of SARS-CoV-2 in the NIAID Virus

Pathogen Database and Analysis Resource and published literature

The Virus Pathogen Database and Analysis Resource (ViPR) database funded by the National

Institute of Allergy and Infectious Diseases (NIAID), USA, provides two types of immune-

related information on antigens; the predicted epitopes (NetCTL 1.2 server) and the experi-

mentally determined epitopes derived from the IEDB. The B- and T-cell epitopes predicted in

this study were searched on the ViPR database (https://www.viprbrc.org) by selecting different

parameters such as family-Coronaviridae, human host, and experimentally determined B- and

T-cell epitopes. Two different assays, positive T-cell and positive MHC-binding assays were

applied for testing the T-cell response against epitopes and epitope-MHC binding, respectively

[67]. We have furnished the unique identification number (IEDB ID) of some predicted B-

and T-cell epitopes of structural proteins of SARS-CoV-2, which are identical to experimen-

tally determined epitopes of structural proteins of SARS-CoV (Tables 2–10). It is pertinent to

note that the predicted continuous B-cell epitopes reported in this study have been previously

identified using similar computational tools, and some of the predicted epitopes have now

been experimentally validated (Tables 2–9). Similar findings presented in this work have been

reported previously [27–38].

Identification of potential B- and T-cell epitopes of structural proteins for

development of serological assays and multi-epitope-based vaccines

Generally, the S and N proteins are the major targets for the development of vaccines and diag-

nostic tools against SARS-CoV-2 using recombinant antigens. The development of rapid

Fig 5. Summary of SARS-CoV-2-derived T-cell epitopes. Heat map showing the distribution of (a) HLA class I and

(b) HLA class II epitopes across the protein sequences of spike (1273 aa), nucleocapsid (419 aa), membrane (222 aa),

and envelope (75 aa) proteins of SARS-CoV-2. Red color represents antigenic epitopes predicted using the methods

described in Fig 1.

https://doi.org/10.1371/journal.pone.0258645.g005
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antibody tests requires the production of recombinant antigens and their validation in an

enzyme-linked immunosorbent assay (ELISA) using the convalescent serum of patients with

COVID-19. In addition, ELISA does not require the culture of SARS-CoV-2 in a BSL-3 con-

tainment facility [10–14, 68–70]. In this study, we designed a multi-epitope chimeric con-

struct, using the computationally predicted B- and T-cell epitopes of the S, E, M, and N

proteins of SARS-CoV-2 (Table 6). In the multi-epitope vaccine constructs, we included MHC

class I (CTL)- and class II (HTL)-binding antigenic, non-allergenic, and conserved epitopes,

which were predicted to elicit IFN-γ release. The CTL and HTL epitopes were linked together

by AAY and KK cleavable linkers, whereas the B-cell epitopes (linear and conformational)

were linked together with the GGGGS flexible linker (Fig 6a–6d). The following four multi-

epitope chimeric vaccine constructs containing N-CTL, HTL and B-cell epitopes were

designed: (i) The RBD of the S protein (B- and T-cell epitopes), (ii) the full-length S protein

(B- and T-cell epitopes), (iii) the structural protein construct (B- and T-cell epitopes of S, E, M,

and N proteins), and (iv) the chimeric construct of S and N proteins (B- and T-cell epitopes of

S and N proteins) (Fig 6).

The structure of multi-epitope vaccine constructs was modeled using I-TASSER and was

validated by the RAMPAGE server to generate a Ramachandran plot [71] (S1a-S1d Fig in S1

File). Most of the amino acid residues of epitope constructs were found in the favorable region

(S3 Fig in S1 File, Inset table). Various physicochemical parameters including the number of

residues, theoretical pI, molecular weight, aliphatic index, and grand average of hydrophobic-

ity (GRAVY), were analysed using ProtParam [48]. Based on the aliphatic index scores, the

multi-epitope constructs might be considered moderately thermostable (S1 Table in S1 File).

GRAVY scores obtained displayed negative value for all the constructs, indicating the likeli-

hood of the chimeric multi-epitope constructs being globular and hydrophilic in nature. The

secondary structure of multi-epitope constructs was predicted using the online server

Fig 6. Schematic diagram of multi-epitope vaccine constructs of SARS-CoV-2. The multi-epitope vaccine

constructs consisted of top-ranked predicted and experimentally validated B- and T-cell epitopes. Cytotoxic T

lymphocytes (CTL) epitopes were joined by the AAY linker, whereas helper T lymphocytes (HTL) and B-cell epitopes

were joined by KK and GGGGS linkers, respectively. (a) The receptor-binding domain (RBD) of the spike (S) protein

(B- and T-cell epitopes); (b) The S protein (B- and T-cell epitopes), (c) The structural protein construct (B- and T-cell

epitopes of S, N, M, and E proteins); (d) The chimeric construct of S and N proteins (B- and T-cell epitopes of S and N

proteins).

https://doi.org/10.1371/journal.pone.0258645.g006
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PSIPRED [51], and the alpha-helical content of the constructs is provided in S4a-S4d Fig in S1

File.

The cleavable linkers are required to be accessible for the proteases associated with the MHC

I and II antigen processing pathways [49]. We observed that the cleavable linkers (AAY and

KK) included in multi-epitope vaccines were predicted on the accessible region of vaccine con-

structs, indicating a high probability of T-cell epitope presentation by MHC molecules (S2a-

S2d in S1 File). The results of C-ImmSim server (http://150.146.2.1/C-IMMSIM/index.php)

prediction revealed the multi-epitope constructs were able to stimulate cytokine production,

including IFN-γ, following immunization with the peptide (Fig 7a–7d). In silico immune simu-

lation of the multi-epitope constructs {(a) RBD of the S protein, (b) the S protein, (c) structural

protein construct, and (d) chimeric construct of S and N proteins)} showed consistent correla-

tion with the actual immune responses as observed by the primary response of high levels of

IgM. This is followed by a marked increase in B-cell populations and levels of IgG1 + IgG2, IgM,

and IgG + IgM antibodies, as a part of the secondary and tertiary responses S5a-S5d in S1 File

[i-iv]). A similarly high response was seen in the TH (helper) and TC (cytotoxic) cell populations

with corresponding memory development, especially for constructs made of structural proteins

(S, E, M, and N) and chimeric constructs of S and N proteins (S5c and S5d Fig in S1 File).

Discussion

Research communities around the world are in the process of developing safe, effective, and

affordable vaccines against COVID-19. As of June 3, 2021, the World Health Organization has

Fig 7. In silico immune simulation of multi-epitope vaccine constructs of SARS-CoV-2. C-ImmSim simulation of

the cytokine levels induced by three injections administered four weeks apart. The main plot shows cytokine levels

after the injections. The inset plot shows IL-2 levels with the Simpson index (D), which is indicated by the dotted line,

is a measure of diversity. Increase in D over time indicates the emergence of different epitope-specific dominant clones

of T cells. The smaller the D value, the lower the diversity. (a) The receptor-binding domain (RBD) of the spike (S)

protein (B- and T-cell epitopes); (b) The S protein (B- and T-cell epitopes); (c) The structural protein construct (B- and

T-cell epitopes of S, N, M, and E proteins); (d) The chimeric construct of S and N proteins (B- and T-cell epitopes of S

and N proteins).

https://doi.org/10.1371/journal.pone.0258645.g007
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evaluated and recommended the emergency use of COVID-19 vaccines developed by AstraZe-

neca/Oxford, Moderna, Johnson and Johnson, Pfizer/BioNTech, Sinopharm, and Sinovac Bio-

tech based on satisfactory published findings on the safety and efficacy profiles of these

vaccines [19–26, 72, 73]. Although data on immunological characteristics of patients with

COVID-19 are limited, growing experimental evidence suggests that B and T cells are naturally

activated during infection, and they contribute substantially towards the resolution of SARS--

CoV-2 infection [16–18, 74, 75]. Importantly, SARS-CoV-2-specific antibodies which are

found in convalescent sera of approximately 95% of patients with COVID-19 can neutralize

the virus, and the antibody titers correlate positively with measured levels of immunoglobulins

that mainly target S and N proteins [7–9, 14, 76]. There have been interesting observations on

virus-specific CD4+ and CD8+ T cells in sera from both patients with acute COVID-19 and

convalescent patients. A similar development of T cells in SARS-CoV-2-unexposed healthy

individuals might have important implications for new design and analysis of ongoing vaccine

trials [16–18]. A proportion of the SARS-CoV-2-specific CD8+ T cells isolated from conva-

lescent peripheral blood of patients with COVID-19 exhibited the undesirable “exhausted”

phenotype; such perturbations of T-cell subsets may eventually weaken the antiviral immunity

of the host [77]. While efforts to develop vaccines that are more effective are ongoing, there is

a need to develop a better understanding of B- and T-cell responses against SARS-CoV-2.

Of the linear B-cell epitopes predicted in the RBD of the S protein (Fig 4, Inset table), the

synthetic peptide spanning the regions aa331-356, aa370-395, aa437-461, and aa483-493 has

been shown to react with convalescent sera from patients with COVID-19 [61, 77]. Intrigu-

ingly, most of the amino acid residues spanning the predicted B-cell epitope (aa331-356 and

aa437-461, Fig 4, Inset table) of the S protein have been shown to interact with the cross-neu-

tralizing mAb S309 in an ACE2 receptor-independent manner [10, 62]. In a related study

using the recombinant SARS-CoV-2 RBD antigen, a strong correlation between levels of RBD-

binding antibodies and SARS-CoV-2-neutralizing antibodies was observed in patients with

COVID-19 [11, 78]. Similar investigations performed using samples collected from patients

with COVID-19 in the USA, Europe, and Hong Kong have detected specific and sensitive anti-

bodies using the full-length and RBD of the S protein [69, 78]. Interestingly, the predicted lin-

ear B-cell epitope (aa653-666, Table 2) has now been experimentally validated using the

synthetic peptide aa655-672 of the S protein, which was abundantly detected in samples

derived from patients with COVID-19 [79].

The S and N proteins are considered the main targets for the development of vaccines and

immunoassays against COVID-19. Antibodies to N protein appear earlier than S antibodies

are found more sensitive for detection of early infection of SARS-CoV-2 [14]. Leung et al.
(2004) showed that antibody responses specific to the N protein were detected during early

infection with SARS-CoV [5]. The B-cell epitope predicted and identified (aa359-403) in the N

protein of SARS-CoV was previously shown to react abundantly with the serum of patients

with SARS-CoV [80, 81]. The C-terminal epitope (aa366-TEPKKDKKKKADET-
QALPQRQKKQQTVTL-394) predicted in the N protein of SARS-CoV-2 was located on the

accessible region of the virus protein structure; however, the immunogenicity of this predicted

epitope requires further experimental validation. A recent study used a peptide-based SARS--

CoV-2 proteome microarray and identified several B-cell peptides (approximately 5-mer in

length) in the serum of patients with COVID-19 [82]. Many of these peptides partially overlap

with the predicted B-cell epitopes of S, N, and M proteins presented in this study (Table 2).

Previously, 206 monoclonal antibodies specific to the RBD of the S protein of SARS-CoV-2

have been characterized in infected individuals [83]. Wang et al. (2020) identified a human

monoclonal antibody (47D11) that neutralizes SARS-CoV-2 and SARS-CoV by binding to

their respective RBDs without hampering ACE2 receptor interaction [12]. Amanat et al.
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(2020) developed a serological assay using the S protein expressed in insect and mammalian

expression systems; the results indicated plasma/serum samples derived from patients with

COVID-19 reacted strongly to both the RBD and the full-length S protein [68]. To date, the

findings from published work juxtaposed with those of our study might have significant impli-

cations in the rational designing of epitope-based vaccines and serological diagnostic assays

based on S and N proteins of SARS-CoV-2 [10–14, 68, 70].

Increasing experimental evidence suggests the development of CD4+ and CD8+ T-cell

responses in a majority of patients who recovered from COVID-19; however, their role in dis-

ease progression and protection is not well understood [16–18, 65]. For example, the presence

of a high proportion of CD4+ T cells in SARS-CoV-2-unexposed healthy individuals might be

attributed to cross-reactivity of the C-terminus of the S protein, which shares homology with

the C-terminus of spike glycoproteins in human endemic coronaviruses [18]. The identifica-

tion of non-spike dominant CD8+ T-cell epitopes suggest that other proteins such as E, N, M,

and ORFs can be used to design effective vaccines [17]. Therefore, in this study, we considered

the four structural proteins (S, E, M, and N) for the mapping of T-cell epitopes based on data

from published literature regarding immune responses to SARS-CoV and SARS-CoV-2 [16–

18]. We selected the T-cell epitopes based on predicted parameters such as antigenicity, con-

servancy, non-allergenicity, and ability to elicit IFN-γ response. The CD8+ T-cell epitope of S

protein (aa268-GYLQPRTFL-276, Table 6) predicted in this study has been experimentally

verified to induce IFN-γ response in peripheral blood monocular cells (PBMCs) isolated from

patients who recovered from COVID-19 [17, 84]. Similarly, the CD8+ T-cell epitopes pre-

dicted for the S protein (aa505-520, aa755-765, aa873-881, and aa1209-1217), N protein (aa66-

74, aa102-110, and aa343-369), and M protein (aa54-62, aa64-72, and aa172-180) have been

experimentally validated using PBMCs of patients with COVID-19 (Table 6) [17, 67, 85].

Notably, the highly conserved CD8+ T-cell epitope (aa361-369) of the N protein (Table 6) has

been detected in convalescent sera from patients with COVID-19 [17]. Therefore, these find-

ings from previous studies endorse that epitope predicted through validated computational

tools can help to rapidly identify immunogenic epitopes. The presence of conserved CD4+ T-

cell epitopes common to both SARS-CoV and SARS-CoV-2 in proteins such as S (aa 1014–

1028, aa539-553, aa899-913), N (aa219-233, aa298-312, aa311-325, aa317-331), and E (aa17-

31) have already been validated experimentally [11, 80]. We have provided the unique IEDB

IDs of predicted B- and T-cell epitopes of SARS-CoV-2 that matched with experimentally vali-

dated epitopes of SARS-CoV available in the ViPR database. The S, M, and N proteins of

SARS-CoV-2 are associated with CD4+ responses, while the S, M, and some non-structural

proteins contribute to CD8+ T-cell responses [16]. In this study, we found that the predicted

B-cell epitopes of S (aa 407–416, aa421-427, aa1028-1049, aa1254-1273), N (aa173-189, aa235-

247), M (aa163-182), and E (aa 58–68) proteins are both conserved and common in the two

genetically divergent viruses (SARS-CoV and SARS-CoV-2). We predicted 16 CD8+ T-cell

epitopes (five CD8+ T-cell epitopes predicted each for S and N proteins, and three each for M

and E proteins) that are common to structural proteins of SARS-CoV-2 and SARS-CoV. Simi-

larly, we found 4 CD4+ T-cell epitopes for S, 5 for N, and 2 each for M and E proteins that are

common to SARS-CoV-2 and SARS-CoV, with epitope conservancy in the range of 80 to

100%. These findings imply the importance of determining the effect of pre-existing immune

memory on COVID-19 disease severity. The findings of computationally predicted B- and T-

cell epitopes common to both SARS-CoV-2 and SARS-CoV might have a role in heterotypic

immunity against SARS-CoV-2. This hypothesis draws support from recent studies on the

pre-existence of T-cell responses in a majority of healthy individuals unexposed to SARS--

CoV-2 [16–18, 80]. For example, the presence of cross-reactive T cells, known in some viruses

including HIV [86], is speculated to confer heterologous immunity upon exposure to a non-
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identical pathogen [87, 88]. Furthermore, recent studies have experimentally demonstrated

the presence of cross-reactive T cells in SARS-CoV-2 and SARS-CoV implicating the impor-

tance of heterologous immunity in SARS-CoV-2 infection [16, 18, 66].

Recently, to accelerate the process of vaccine development, researchers have employed in
silico methods based on immunoinformatic data to develop multi-epitope vaccines without

the cumbersome necessity to cultivate pathogens [27–38]. Experimental epitope identification

is an expensive procedure, which presents several challenges, including antibody production

to identify antigenic regions in a target protein, unavailability of animal models, and further

epitope validation through crystallography. Computational approaches can help to guide

experimental assays and improve precision by facilitating the selection of specific regions with

a high probability of being effective epitopes [39]. An ideal multi-epitope vaccine should be

designed to include epitopes that can elicit CTL, HTL, and B cells as well as induce effective

responses against a targeted virus.

In this study, we designed multi-epitope chimeric constructs that included the predicted B-

and T-cell epitopes of the S, E, M, and N proteins of SARS-CoV-2. Some of the epitopes pre-

dicted in this study have been verified experimentally in peer-reviewed studies. Although we

included CTL, HTL, and B-cell epitopes in the chimeric constructs, these multi-epitope vac-

cine constructs should be subjected to further experimental validation in vitro and in vivo. The

designing of efficacious multi-epitope vaccines remains a great challenge. Expression of the

recombinant multi-epitope protein from the synthetic gene encoding the constructed multi-

epitope vaccine can be a great challenge. Moreover, the ability of the multi-epitope construct

to retain the native antigenic structure as a vaccine subunit and to elicit protective immune

responses remains to be investigated. In addition, it is unclear whether the linear and confor-

mational B-cell epitopes will fold into appropriate conformations resembling the native S, E,

M, and N proteins and elicit a protective immune response. Tembusu virus (TMUV) is a

newly emerging flavivirus that causes rapid egg drop and neurological symptoms in ducks.

Potential in silico predicted B-cell epitopes of the E protein of TMUV fused with glutathione S-

transferases tag have been successfully expressed in Escherichia coli [89]. The findings sug-

gested that two of the four predicted B-cell epitopes could elicit the generation of neutralizing

antibodies in ducks and provide protection when challenged with TMUV [89]. A chimeric

recombinant antigen comprising of predicted CD4+ and CD8+ T cell-specific epitopes derived

from Leishmania infantum was successfully expressed in E. coli. This purified antigen showed

protective efficacy in mice against Leishmania amazonensis infection [90]. In our earlier study,

we successfully synthesized chimeric antigens with predicted B- and T- cell epitopes of rotavi-

rus proteins. The chimeric antigen was subsequently purified using the E. coli expression sys-

tem, and the antigen presentation is yet to be investigated [58]. Thus, the present

bioinformatic prediction provides a platform for the design of synthetic peptides and its vali-

dation using convalescent sera from patients with COVID-19. However, it remains to be inves-

tigated whether the pool of B- and T-cell epitopes identified in this study can stimulate B and

T cells. The amount of cytokines released in response to these antigenic epitopes needs to be

measured both in vitro and in vivo, thus providing a platform for future investigations on

SARS-CoV-2-specific immune responses.

Conclusions

In this study, the in silico predicted immune epitopes are limited to the structural proteins of

SARS-CoV-2. Noteworthily, many of the predicted B- and T-cell epitopes, derived from multi-

ple computational tools, have been experimentally verified in recent studies using sera from

convalescent patients with COVID-19. Further rigorous experimental validations of predicted
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epitopes might provide a better understanding and resolution of the immune response to

SARS-CoV-2 infection.
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