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INTRODUCTION  
The first case of severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2) infection was reported in Wuhan, 
Hubei Province, China, in December 2019, following an 
outbreak of people exhibiting pneumonia-like symptoms [1,2]. 
The virus rapidly spread globally, leading to its declaration as a 
pandemic. The virus continues to infect people and cause deaths, 

especially among older individuals with underlying health 
conditions [3]. In the Philippines, the first confirmed case was 
reported in January 2020 when two Chinese nationals traveling 
for vacation in the country developed fever, cough, and sore 
throat [4]. As of now, there have been over 2.84 million cases 
and 51,373 deaths in the Philippines, while globally, more than 
287 million cases and 5.43 million deaths have been reported 
[5,6]. 

Although the respiratory system is primarily affected in 
COVID-19 patients, evidence of the virus’s detrimental effects 
on other organ systems has been reported [7]. Understanding 
the structure and characteristics of spike proteins is crucial for 
developing effective vaccines and treatments. The spike protein 
is a vital component of the SARS-CoV-2 virus. These proteins 
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ABSTRACT
A recently identified novel epitope, which maps to the furin cleavage site, a crucial virulence factor of severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2), has shown that its corresponding antibody may be able to 
neutralize the virus before it enters a host cell. This study aimed to identify conserved and distinct epitopes that map 
to the furin cleavage site of the SARS-CoV-2 spike protein across various SARS-CoV-2 variants, focusing on the top 
two most frequent human leukocyte antigen (HLA) alleles across Southeast Asia. In this study, we predicted potential 
epitopes that map to the furin cleavage site within the immune epitope database thresholds. Multiple sequence 
alignment was performed to determine the conservation of the epitopes, and different epitopes were docked to 
their corresponding HLA molecules using AutoDock Vina. The resulting peptide-major histocompatibility complex 
(pMHC) complexes were then docked to prospect T-cell receptors (TCRs), and the interactions and binding energies 
of the pMHC and TCR-pMHC model complexes were identified. Our results revealed potential epitopes that may be 
suitable for vaccine design, including SQSIIAYTM (−7.1 kcal/mol) of HLA-B40:01, VASQSIIAY (−8.2 kcal/mol), 
and SIIAYTMSL (−7.2 kcal/mol) of HLA-B46:01, IAQYTSALL (−8.0 kcal/mol) of HLA-C01:02, and VASQSIIAY 
(−8.2 kcal/mol) of HLA-C07:02, as well as SQSIIAYTMSLGAEN, ASQSIIAYTMSLGAE, EMIAQYTSALLAGTI, 
and NFNGLTGTGVLTESN (HLA-DRB1*09:01). The pMHC complexes formed dominant hydrogen bonds and 
hydrophobic interactions. TCR-pMHC docking revealed that SQSIIAYTM (−16.0 kcal/mol) has the lowest binding 
energy and the highest number (128) of binding interactions, primarily consisting of charged-polar and charged-
nonpolar interactions. Our findings suggest that epitopes mapping to the furin cleavage site of the SARS-CoV-2 
spike protein could be potential targets for vaccine design. Our identified epitopes could serve as a basis for the 
development of effective vaccines that provide broad coverage across different SARS-CoV-2 variants, particularly 
in Southeast Asia, where the top two most frequent HLA alleles are prevalent.
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Epitope prediction
The immune epitope database (IEDB) T-cell epitope 

prediction tool for major histocompatibility complex (MHC) 
I and MHC II was used to predict T-cell epitopes of SARS-
CoV-2 spike protein sequences [14]. This study focused on 
the two most frequent Southeast Asian human leukocyte 
antigen (HLA)-A, HLA-B, and HLA-C for MHC I and HLA-
DRB for MHC II. Specifically, the HLA alleles studied were 
HLA-A11:01, HLA-A24:02, HLA-B40:01, HLA-B46:01, 
HLA-C01:02, HLA-C07:02, HLA-DRB109:01, and HLA-
DRB112:02 [15]. Default prediction methods, NetMHCpan EL 
4.1 for MHC I and NetMHCIIpan for MHC II were used to 
predict T-cell epitopes and 9-mer peptides were considered for 
MHC I and 15-mer peptides for MHC II. Predicted epitopes 
with a percentile rank of ≤1% for MHC I and ≤10% for MHC II 
were selected for further analysis [16].

Epitope modeling
The identified conserved epitope sequences were used 

for further analysis. The conserved epitopes were 3-D modeled 
in preparation for molecular docking using PEP-Fold3. The 
sequences of the conserved epitopes were entered into the 
server of PEP-Fold3 to create its most likely structure [17–19]. 
The model from the best cluster from the output models based 
on the Hidden Markov Model and sOPEP energy were used in 
molecular docking.

Epitope-MHC docking
The conserved epitope sequences were docked to their 

respective HLA allele proteins to determine their binding energies 
to the MHC molecules. The HLA protein molecules for docking 
were obtained from the Protein Data Bank (PDB) for HLA alleles 
that have available structures [20]. Only structures without 
mutation were used for the study. The HLA molecules that have 
available structures in PDB were HLA-A*11:01 (Accession No. 
6JOZ), HLA-A*24:02 (Accession No. 7JYV), HLA-B*40:01 
(Accession No. 6IEX), HLA-B*46:01 (Accession No. 4LCY), 
and HLA-C*07:02 (Accession No. 5VGE). The HLA alleles that 
did not have available downloadable structures (HLA-C*01:02, 
HLA-DRB1*09:01, and HLA-DRB1*12:02) were modeled 
using SWISS-MODEL using their sequences obtained from IPD-
IMGT/HLA Database [21,22].

protrude from the surface of the virus and facilitate its entry into 
human cells. By binding to specific receptors on the cell surface, 
spike proteins enable the virus to invade and initiate infection. 
Researchers are currently mapping T-cell furin cleavage site 
epitopes within spike protein sequences to gain insights into the 
virus’s behavior and potential immune detection. 

The furin cleavage site is one of the main virulence 
factors of SARS-CoV-2, distinguishing it from other 
betacoronaviruses. This site increases the virus’s infectivity 
in humans by facilitating the fusion of the viral membrane 
with host cells. Plasma samples that contain epitopes adjacent 
to the SARS-CoV-2 S1/S2 cleavage sites have been found to 
inhibit proteolysis mediated by furin [8]. Recently, a novel 
spike epitope, RSVASQSIIAYT, that maps to the furin 
cleavage site (i.e., 685–686) has been identified [9]. Given 
that this epitope is located at the furin cleavage site, we 
hypothesized that the corresponding antibody would react to 
the virus before it is cleaved and enters a host cell, potentially 
preventing infection. To the best of our knowledge, no studies 
have been conducted to map the furin cleavage site epitopes 
using the sequences of the SARS-CoV-2 variants identified 
in the Philippines. While previous research has explored this 
aspect, our study specifically focuses on analyzing the unique 
variants circulating within the country. By mapping the furin 
cleavage site epitopes of these Philippine-specific sequences, 
we aim to contribute valuable insights into the behavior and 
potential immune recognition of these variants. This research 
will provide a deeper understanding of the SARS-CoV-2 
landscape in the Philippines and aid in the development of 
targeted interventions and strategies. 

Although COVID-19 vaccines are available, new 
SARS-CoV-2 variants continue to emerge, hindering efforts 
to achieve herd immunity and potentially rendering current 
vaccines less effective [10]. To address this, diagnostic tools and 
vaccines should be developed while considering the variants’ 
genetic drift and impact on immune recognition [11,12]. 

This study aims to identify immunogenic epitopes 
that are both distinct and conserved to SARS-CoV-2 variants 
of concern and interest (VOCs and VOIs) in the spike protein 
that maps to the furin cleavage site using an in silico approach.

MATERIALS AND METHODS

Sequence retrieval
The SARS-CoV-2 sequences were retrieved from the 

NCBI virus database [13]. The search results for the SARS-
CoV-2 sequences were refined by setting the virus of interest 
to SARS-CoV-2. The sequences for each variant were obtained 
by adding the Pango Lineage of each variant to the search filter. 
For this study, sequences from the Philippines were prioritized. 
Variants that did not have available sequences from the 
Philippines were obtained by widening the geographic filter to 
sequences from Southeast Asia, Asia, and then other continents. 
Only sequence IDs that have complete coding sequences were 
considered. The NCBI virus GenBank accession IDs of the 
SARS-CoV-2 spike sequences that were used in the study are 
listed in Table 1.

Table 1. NCBI virus GenBank accession IDs of SARS-CoV-2 spike 
sequences used and their geographic origins.

Variant Pango Lineage Geographic 
location Accession ID

Alpha B.1.1.7 Philippines UFK33384.1

Beta B.1.351 Philippines UFK33431.1

Gamma P.1 South Korea UHJ32554.1

Delta B.1.617.2 China UHY65676.1

Omicron B.1.1.529 Bahrain UHW31884.1

Lambda C.37 USA UDA75566.1

Mu B.1.621.1 Mongolia UIH02006.1
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Stuffer and negative control peptides were also docked 
to the MHC molecules to serve as the positive and negative 
controls. The stuffer peptides are protein sequences that bind 
to the MHC molecule that was used in this study were p9–17, 
an EBV-derived peptide, selenoprotein H, M. leprae—derived 
bacterioferritin (bfr) peptide, septin-6, RYR, and CLIP81-104 [23–
29]. On the other hand, the negative control peptides that do not 
bind to the HLA molecules that were used in this study were 
an HLA-C*07:01 restricted epitope (RYR) and NP230 [30]. 
Table 2 lists the stuffer and negative control peptides that were 
used in the study.

The ligands and proteins were prepared for docking 
using Schrödinger PyMOL 2.5.1 and Scripps Research 
AutoDock Tools 1.5.6. Using PyMOL 2.5.1, the ligands 
available from the protein obtained from PDB were removed. 
Then, using AutoDock Tools 1.5.6, the water molecules from 
the protein were removed, and then the polar hydrogens and 
Kollman charges were added to the protein molecule [31]. A 
grid box that spans the active site was prepared for each MHC 
molecule [31].

After the preparation of the ligands and MHC 
proteins, the predicted epitopes, stuffer peptides, and negative 
controls were docked to their respective HLA molecules 
using Scripps Research AutoDock Vina v1.2.3 using default 
parameters (exhaustiveness: 8) [32]. The binding energies 
from the molecular docking using AutoDock Vina v1.2.3 
of the conserved epitopes were compared to the binding 
energies of the stuffer and negative control peptides. Epitopes 
whose complexes have lower binding energies than the 
stuffer peptides with the corresponding HLA molecule were 
considered promising candidate epitopes for vaccine design 
[33]. Ligands that have lower binding energies may displace 
docked ligands with higher binding energies [34]. A reference 
protein complex from PDB (Accession No. 6IEX) was used to 
validate the docked complexes. The original ligand and HLA 
molecule were each isolated and then redocked using AutoDock 
Vina. The resulting docked ligand and the original ligand 
structure were validated by superimposing the corresponding 
structures. An root mean square deviation (RMSD) value of 
1.5 Å was used as the threshold for validation [35].

Prediction of peptide-MHC (pMHC)-T-cell receptors (TCR) 
binding

After docking the epitopes to the MHC proteins, 
the potential TCRs that were able to recognize the pMHC 
complexes were determined. TCRs that can identify epitopes 
with the greatest similarity to the predicted epitopes in the 
study were selected for pMHC-TCR docking. A percent 
similarity of the IEDB predicted epitopes and TCR epitopes 
was calculated using Sequence Manipulation Suite under 
default parameters (similar amino acids considered) [36]. 
TCRs that were used were identified from VDJdb [37]. The 
TCR sequences were obtained from the TCRmodel web server 
[38]. The TCR, ligand, and MHC sequences were uploaded to 
TCRpMHCmodels to precisely model each complex based on 
homology.

The docked pMHC complex using AutoDock Vina 
v1.2.3 and PyMOL 2.5.1 replaced the pMHC obtained from the 
output from TCRpMHCmodels by first removing the pMHC 
part of the modeled complex from TCRpMHCmodels using 
PyMOL 2.5.1, then docked on the corresponding prospect 
TCR using ClusPro 2.0 [39]. The new pMHC-TCR complex 
was refined using the GalaxyRefineComplex web server [40]. 
To determine the binding energy and interactions of the pMHC 
complex to the prospect TCR, the PRODIGY web server was 
used for the prediction [41].

Postdock analysis
The conserved and distinct predicted T-cell epitopes 

using IEDB were determined using the aligned sequences of the 
SARS-CoV-2 variants. The complexes obtained from molecular 
docking were visualized using PyMOL 2.5.1. After visualizing 
the complexes, the interactions between the ligand and the MHC 
proteins were identified using BIOVIA, Dassault Systèmes 
Discovery Studios. The interactions were identified using the 
classifications available in Discovery Studios: hydrogen bonds, 
charge interactions, hydrophobic, unfavorable, and others 
for the ones not included in the classifications. The binding 
interactions present in TCR-pMHC complexes were identified 
using the PRODIGY web server.

Table 2. Stuffer and negative control peptides used in molecular docking of predicted SARS-CoV-2 spike 
protein epitopes on HLA molecules.

HLA allele
Stuffer peptides Negative controls

Protein Sequence Protein Sequence

A*11:01 p9–17 STAPPAHGV RYR RYRPGTVAL

A*24:02 Epstein–Barr virus 
(EBV)-derived peptide

TYGPVFMCL RYR RYRPGTVAL

B*40:01 Selenoprotein H AEAAVVAVA RYR RYRPGTVAL

B*46:01 M. leprae—derived

bfr peptide

LLLDGLPNY RYR RYRPGTVAL

C*01:02 Septin-6 IAPTGHSL NP230 IDTKKSSLNS

C*07:02 Ryanodin receptor (RYR) RYRPGTVAL NP230 IDTKKSSLNS

DRB1*09:01 CLIP81–104 GAGCCATGGATGACCAACGCGACC RYR RYRPGTVAL

DRB1*12:02 CLIP81–104 GAGCCATGGATGACCAACGCGACC RYR RYRPGTVAL
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Table 3. IEDB-predicted SARS-CoV-2 spike protein T-cell epitopes 
based on the upstream and downstream residues of the furin cleavage 

site (S1/S2) on the spike protein.

HLA allele SARS-CoV-2 
variant Epitope sequence IEDB 

percentile rank

A*11:01 Alpha

Beta

Gamma

Delta

Omicron

Lambda

Mu

QTQTNSHRR

QTQTNSPRR

QTNSPRRAR

QTQTNSPRR

QTNSPRRAR

-

-

-

QTQTNSHRR

0.73

0.67

0.8

0.67

0.8

-

-

-

0.73

B*40:01 Alpha

Beta

Gamma

Delta

Omicron

Lambda

Mu

SQSIIAYTM

SQSIIAYTM

SQSIIAYTM

SQSIIAYTM

SQSIIAYTM

SQSIIAYTM

-

0.88

0.88

0.88

0.88

0.88

0.88

-

B*46:01 Alpha

Beta

Gamma

Delta

Omicron

Lambda

Mu

VASQSIIAY

SIIAYTMSL

SQSIIAYTM

VASQSIIAY

SIIAYTMSL

SQSIIAYTM

VASQSIIAY

SQSIIAYTM

VASQSIIAY

SIIAYTMSL

SQSIIAYTM

VASQSIIAY

SIIAYTMSL

SQSIIAYTM

VASQSIIAY

SIIAYTMSL

SQSIIAYTM

VASQSIIAY

0.01

0.26

0.75

0.01

0.26

0.75

0.01

0.75

0.01

0.26

0.75

0.01

0.26

0.75

0.01

0.26

0.75

0.01

C*01:02 Alpha

Beta

Gamma

Delta

SIIAYTMSL

NSPRRARSV

SIIAYTMSL

NSPRRARSV

SIIAYTMSL

IAQYTSALL

0.26

0.14

0.26

0.14

0.26

0.31

HLA allele SARS-CoV-2 
variant Epitope sequence IEDB 

percentile rank

Omicron

Lambda

Mu

SIIAYTMSL

NSPRRARSV

SIIAYTMSL

-

0.26

0.14

0.26

-

C*07:02 Alpha

Beta

Gamma

Delta

Omicron

Lambda

Mu

VASQSIIAY

SIIAYTMSL

VASQSIIAY

SIIAYTMSL

VASQSIIAY

VASQSIIAY

SIIAYTMSL

VASQSIIAY

SIIAYTMSL

VASQSIIAY

SIIAYTMSL

-

0.38

0.92

0.38

0.92

0.38

0.38

0.92

0.38

0.92

0.38

0.92

-

DRB1*09:01 Alpha

Beta

Gamma

Delta

Omicron

Lambda

Mu

SIIAYTMSLGAENSV

NFNGLTGTGVLTESN

QSIIAYTMSLGAENS

SQSIIAYTMSLGAEN

SIIAYTMSLGVENSV

QSIIAYTMSLGVENS

SQSIIAYTMSLGVEN

IIAYTMSLGVENSVA

SQSIIAYTMSLGAEN

EMIAQYTSALLAGTI

SIIAYTMSLGAENSV

QSIIAYTMSLGAENS

SQSIIAYTMSLGAEN

RRARSVASQSIIAYT

ASQSIIAYTMSLGAE

RARSVASQSIIAYTM

SIIAYTMSLGAENSV

IAYTMSLGAENSVAY

IIAYTMSLGAENSVA

QSIIAYTMSLGAENS

SQSIIAYTMSLGAEN

IAYTMSLGAENSVAY

IIAYTMSLGAENSVA

QSIIAYTMSLGAENS

SQSIIAYTMSLGAEN

-

4.4

5.2

5.3

5.3

5.9

6.4

6.4

9.2

5.3

9.8

0.18

0.33

1.2

5.4

6.1

7.6

4.4

4.7

4.9

5.3

5.3

4.7

4.9

5.3

5.3

-
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fully conserved across other variants, even though they were 
not initially identified as potential T-cell epitope targets. 
Despite these limitations, we performed further analysis of the 
identified conserved and distinct epitopes. Table 4 presents the 
different conserved and distinct SARS-CoV-2 spike protein 
T-cell epitopes and their corresponding target variants.

pMHC docking
To determine the potentially immunogenic properties 

of the selected epitopes, molecular docking was conducted to 
model the interaction between the peptides and HLA alleles 
[33,43]. A higher predicted binding energy (kcal/mol) of the 
HLA allele to the selected epitopes compared to the stuffer and 
negative control peptides makes it more likely for the epitopes 
to replace the stuffer peptides and be involved in antigen 
presentation [33].

Table 5 displays the predicted binding energies of 
the docked complexes of the selected epitope sequences. 
Among the epitope sequences, only one of each in HLA 
allele B40:01 (SQSIIAYTM), C01:02 (IAQYTSALL), and 
C07:02 (VASQSIIAY) showed a higher binding energy than 
the stuffer and negative control peptides. In contrast, two 
epitope sequences were observed in B46:01 (VASQSIIAY 
and SIIAYTMSL), and four epitope sequences for 

RESULTS

Epitope prediction
The T-cell epitopes of SARS-CoV-2 spike protein 

sequences were predicted using the IEDB T-cell epitope 
prediction tool for MHC-I and MHC-II servers, selecting 
peptides with percentile ranks of ≤1.0 for MHC-I and ≤10.0 for 
MHC-II [16]. The predicted epitope sequences that map to the 
furin cleavage site of SARS-CoV-2, along with their respective 
IEDB scores for each variant and HLA allele, are presented 
in Table 3. Notably, no T-cell epitopes within the threshold 
values were mapped to the furin cleavage site for HLA alleles 
HLA-A24:02 and HLA-DRB112:02.

Epitope conservation
To identify conserved and distinct epitopes, we 

conducted a multiple-sequence alignment using ClustalW2. 
Epitopes with at least an 80% identity threshold were 
considered conserved [42]. For vaccine design, we focused 
on epitopes that were potential targets for other variants while 
remaining conserved across different variant sequences. We 
only considered distinct epitopes that fell within the IEDB 
prediction threshold. However, we found that some of the 
distinct epitopes specific to certain variants were partially or 

Table 4. Conserved and distinct SARS-CoV-2 spike protein T-cell epitopes based on the upstream and downstream 
residues of the furin cleavage site (S1/S2) on the spike protein.

HLA allele Epitope sequence
Target variant

Alpha Beta Gamma Delta Omicron Lambda Mu

B*40:01 SQSIIAYTMa,2 ✓ ✓ ✓ ✓ ✓ ✓ ✕

B*46:01 VASQSIIAYa,1

SIIAYTMSLa,2

SQSIIAYTMa,2

✓

✓

✓

✓

✓

✓

✓

✕

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✕

✕

C*01:02 SIIAYTMSLa,2

IAQYTSALLa,3

✓

✕

✓

✕

✕

✕

✓

✓

✓

✕

✓

✕

✕

✕

C*07:02 VASQSIIAYa,1

SIIAYTMSLa,2

SYQTQTNSHb,3

✓

✓

✕

✓

✓

✕

✓

✕

✕

✓

✓

✕

✓

✓

✕

✓

✓

✕

✓

✕

✓

DRB1*09:01 QSIIAYTMSLGAENSb,2

SQSIIAYTMSLGAENb,2

RRARSVASQSIIAYTa,3

ASQSIIAYTMSLGAEb,3

RARSVASQSIIAYTMa,3

EMIAQYTSALLAGTIa,3

NFNGLTGTGVLTESNb,3

✓

✓

✕

✕

✕

✕

✓

✕

✕

✕

✕

✕

✕

✕

✕

✓

✕

✕

✕

✓

✕

✓

✓

✓

✓

✓

✕

✕

✓

✓

✕

✕

✕

✕

✕

✓

✓

✕

✕

✕

✕

✕

✕

✕

✕

✕

✕

✕

✕

✓ Indicates that the sequence is an epitope of the target variant within the IEDB threshold.
✕ Indicates that the sequence is not an epitope of the target variant within the IEDB threshold.
a indicates that the epitope sequence is fully conserved across the sequences of the different variants.
b indicates that the epitope is partially conserved across the sequences of the different variants.
1 indicates that the epitope sequence is a potential epitope for all target variants.
2 indicates that the epitope sequence is a potential epitope for at least four of the target variants.
3 indicates that the epitope sequence is a possible distinct epitope to the target variant.
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DRB1*09:01 (SQSIIAYTMSLGAEN, ASQSIIAYTMSLGAE, 
EMIAQYTSALLAGTI, and NFNGLTGTGVLTESN).

Studies suggest that shorter peptides bind to MHC-I 
epitopes that have buried extremes and a raised center ligand 
conformation, while relatively longer and larger peptides bind 
to MHC-II epitopes that have a more linear and extended ligand 
conformation [44]. The predicted epitopes’ conformations 
when bound to the selected HLA alleles showed a similarity 
to this claim, as shown in Figures 1–5. The buried amino acid 
residues that were deep in the pocket of the binding groove may 
have contributed to higher binding energy than the stuffer and 
negative control peptides.

For validation of the docked complexes, a reference 
protein complex from PDB (Accession No. 6IEX) was used. 
The original ligand and HLA molecule were isolated and then 
redocked. The new docked complex from the isolated molecules 
was compared to the original structure, resulting in an RMSD 
value of 1.410 after superimposing the two complexes.

pMHC interactions
To visualize the interactions between the MHC-I 

and MHC-II complexes and the chosen epitopes, BIOVIA, 
Dassault Systèmes Discovery Studio was utilized. The resulting 
interactions are presented in Tables 6 and 7 for MHC-I and 
MHC-II, respectively.

In the MHC-I interactions, hydrogen bonds (blue) and 
hydrophobic bonds (green) dominate the epitopes, with favorable 
charged interactions (yellow) observed at P9 of HLA-B46:01 
VASQSIIAY and P1 of HLA-C07:02 VASQSIIAY. However, 
unfavorable interactions (red) were identified at P1, P8, and 
P9 of HLA-B46:01 SIIAYTMSL, P1 and P6 of HLA-C01:02 
IAQYTSALL, P1 and P8 of HLA-C07:02 SIIAYTMSL, and 
P3 of HLA-C07:02 SYQTQTNSH. The unfavorable amino 
acid residues are lysine (K) and arginine (R) for P1, serine (S) 
for P3, threonine (T) for P6, tyrosine (Y) and lysine (K) for P8, 
and lysine (K) for P9.

For MHC-II interactions, hydrogen bonds (blue) and 
hydrophobic bonds (green) also dominate, with favorable charged 
interactions (yellow) observed at P14 of HLA-DRB109:01 
SQSIIAYTMSLGAEN and P1 of both HLA-DRB109:01 
RARSVASQSIIAYTM and EMIAQYTSALLAGTI. However, 
unfavorable interactions (red) are observed in all epitope 
sequences for HLA-DRB1*09:01, specifically at P1, P2, 
P4, P6, P7, P10, P14, and P15. The unfavorable amino acid 
residues are glutamic acid (E) and arginine (R) for P1, serine 
(S) for P2, arginine (R) for P4, histidine (H) for P6, serine (S) 

Table 5. Predicted binding energies (∆Gbinding) of docked complexes 
of predicted SARS-CoV-2 spike epitopes with the stuffer and 

negative control peptides. 

HLA allele Epitope sequence

Binding 
energy  

(∆Gbinding) 
(kcal/mol)

B*40:01 SQSIIAYTM

(+) AEAAVVAVA (Selenoprotein H)

(−) RYRPGTVAL (RYR)

−7.1a

−6.9

−6.8

B*46:01 VASQSIIAY

SIIAYTMSL

SQSIIAYTM

(+) LLLDGLPNY (M. leprae—derived bfr 
peptide)

(−) RYRPGTVAL (RYR)

−8.2a

−7.2a

−6.2

−7.0

−6.9

C*01:02 SIIAYTMSL

IAQYTSALL

(+) IAPTGHSL (Septin-6)

(−) IDTKKSSLNS (NP230)

−6.6

−8.0a

−7.3

−6.4

C*07:02 VASQSIIAY

SIIAYTMSL

SYQTQTNSH

(+) RYRPGTVAL (RYR)

(−) IDTKKSSLNS (NP230)

−8.2a

−7.8

−7.8

−7.9

−7.8

DRB1*09:01 QSIIAYTMSLGAENS

SQSIIAYTMSLGAEN

RRARSVASQSIIAYT

ASQSIIAYTMSLGAE

RARSVASQSIIAYTM

EMIAQYTSALLAGTI

NFNGLTGTGVLTESN

(+) GAGCCATGGATGACCAACGCGACC 
(CLIP81-104)

(−) RYRPGTVAL (RYR)

−5.5

−6.7a

−6.6

−7.5a

−6.2

−7.0a

−6.9a

−6.2

−6.6

(+) Indicates that the epitope sequence is a stuffer peptide.
(−) Indicates that the epitope sequence is a negative control peptide.
a indicates that the binding energy of the T-cell epitope is higher than that of the 
stuffer and negative control peptides.

Figure 1. Conformations of the predicted epitopes, when bound to B*40:01. Epitope sequences that 
have higher binding affinity than the stuffer and negative control peptides, are indicated in bold.
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TCR-pMHC docking was only carried out for HLA-B40:01 
and HLA-C01:02 epitopes. To select the most relevant TCR 
molecules, we compared the predicted epitope sequences with 
the TCR epitope sequences in the database using Sequence 
Manipulation Suite. We then chose the TCR epitopes with the 
highest residue similarity scores for docking. Unfortunately, the 
similarity scores between the predicted epitopes and the selected 
TCR epitopes were low, at only 33.33% for the SQSIIAYTM 
epitope of HLA-B40:01 and 44.44% for both SIIAYTMSL and 
IAQYTSALL epitopes of HLA-C*01:02. Table 8 summarizes 
the similarity scores between the predicted epitope sequences 
and the available TCR epitope sequences.

To obtain the TCR complex sequences for TCR-
pMHC docking, the prospective TCR molecules identified 
earlier were retrieved. Table 9 presents the prospective TCRs 
used in the study, along with their corresponding V and J 

and glutamine (Q) for P7, glutamine (Q) and asparagine (N) 
for P10, and arginine (R), glutamic acid (E), histidine (H), and 
tryptophan (W) for P14, and Asn (N) for P15.

TCR-pMHC docking
To identify potential TCR molecules that may interact 

with the pMHC complexes of the identified epitopes, we first 
docked the complexes to their respective MHC molecules. We 
then used the VDJdb database to prospect for TCR molecules 
that have been experimentally shown to recognize similar 
epitope sequences as those we predicted. However, we were 
unable to find any corresponding TCRs for HLA-B46:01, 
HLA-C07:02, and HLA-DRB109:01 in the database, so the 

Figure 2. Conformations of the predicted epitopes, when bound to B*46:01. Epitope sequences 
that have higher binding affinity than the stuffer and negative control peptides, are indicated in 
bold.

Figure 3. Conformations of the predicted epitopes, when bound to C*01:02. 
Epitope sequences that have higher binding affinity than the stuffer and negative 
control peptides, are indicated in bold.

Figure 4. Conformations of the predicted epitopes, when bound to C*07:02. 
Epitope sequences that have higher binding affinity than the stuffer and 
negative control peptides, are indicated in bold.
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To model the TCR-pMHC complexes, we used 
TCRpMHC models for the identified TCR sequences, which 
were then docked with the pMHC complexes obtained from 
AutoDock Vina. ClusPro was used for protein–protein docking 

gene segments. These TCR molecules were selected based 
on their ability to successfully recognize and dock with the 
recorded epitope sequences and MHC molecules in previous 
experimental studies.

Figure 5. Conformations of the predicted epitopes, when bound to DRB1*09:0. Epitope sequences that have higher 
binding affinity than the stuffer and negative control peptides, are indicated in bold.

Table 6. Predicted noncovalent interactions of MHC-I docked complexes. PΩ refers to the position of the amino acid in the epitope.

Epitope P1 P2 P3 P4 P5 P6 P7 P8 P9

HLA-

B*40:01

SQSIIAYTM

S

A:ARG62

Q

A:ARG62a

S

A:ARG62

I

A:TYR99

A:TYR159

A:ARG97a

I

-

A

-

Y

A:ARG62

A:GLN155

A:TYR116

T

A:TYR74

A:TYR74

A:ARG97

A:TYR116

M

A:SER143

A:LYS146

A:LEU147

HLA-

B*46:01

VASQSIIAY

V

A:ASN80

A:LEU81

A:TYR84

A:LEU95

A:TYR123

A:THR143

A:LYS146

A

A:SER77

A:VAL76

A:TRP147

S

A:TRP147

Q

A:THR73

S

A:GLN70

A:GLU152

I

-

I

A:LYS66

A:TYR99

A:TYR159

A

A:LYS66

Y

A:TYR7

A:MET5

A:LYS66

A:TRP167

A:TRP167

A:TYR171

Continued
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Epitope P1 P2 P3 P4 P5 P6 P7 P8 P9

HLA-

B*46:01

SIIAYTMSL

S

A:SER77

A:ASN80

A:LYS146

A:TRP147

I

A:ALA150

I

-

A

-

Y

A:LYS66

A:ARG69

T

A:GLN70

M

A:TRP156

A:TYR159

S

A:TYR7

A:TYR9

A:TYR99a

A:TYR99

A:GLU63

A:TYR159

L

A:LEU9

A:GLU63

A:LYS66

A:LYS66

A:TYR159

A:LEU163

A:TRP167

A:TYR171

HLA-

B*46:01

SQSIIAYTM

S

A:SER77

A:ASN80

Q

A:LYS146

A:TRP147

S

-

I

A:ARG69

A:THR73

I

-

A

A:LYS66

A:TYR99

Y

A:TRP156

A:TYR159

T

-

M

-

HLA-

C*01:02

SIIAYTMSL

S

-

I

A:LYS90

I

A:TRP121

A:CYS123

A:ARG180

A:TYR183

A

-

Y

A:LYS90

T

-

M

-

S

A:TRP171

L

A:TRP171

A:TRP171

HLA-

C*01:02

IAQYTSALL

I

A:LYS90

A:ARG93

A

-

Q

A:THR187

Y

A:TYR31

A:TRP121

A:ARG180

A:TYR183

T

A:TYR140

A:ARG180

S

A:THR97

A:GLU176

A

-

L

A:LYS170

A:TRP171

L

A:ASN104

A:TYR108

A:TYR140

A:TRP171

HLA-

C*07:02

VASQSIIAY

V

A:ASP9

A:TYR7

A:GLU63

A:SER99

A:TYR159

A

A:LYS66

A:LEU156

A:TYR159a

S

-

Q

A:GLN155

S

-

I

A:ALA73

I

A:SER77

A

A:VAL76

Y

A:SER77

A:ASN80

A:TYR84

A:LEU95

A:ARG97

A:SER116

A:THR143

A:LYS146

HLA-

C*07:02

SIIAYTMSL

S

A:ASN80

A:LYS146

I

A:ALA73

A:SER77

I

A:ARG97

A:LEU147

A

A:ALA152

A:GLN155

A:LEU156

Y

A:ARG69

A:ALA73

T

A:LYS66

M

A:TYR159

S

A:TYR7

A:LYS66

A:SER99

L

A:TYR67

A:ARG97

HLA-

C*07:02

SYQTQTNSH

S

A:GLN155

Y

A:THR143

A:ASP9

Q

A:GLN70

A:SER77

A:ARG97

T

-

Q

-

T

A:LYS66

N

A:LYS66

S

A:ARG97

A:SER99

A:ASP114

H

A:TYR7

A:ASP9

A:TYR159

a indicates that there are two interactions of the same kind for the same residue.
Blue: hydrogen bonds      Yellow: charged interactions     Green: hydrophobic       
Red: unfavorable              Purple: others (Pi-Sulfur).
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Table 8. Similarity scores of the predicted epitope sequences and the 
available TCR epitope sequences.

HLA allele Epitope sequence TCR epitope 
sequence

Residue similarity 
score (%)

B*40:01 SQSIIAYTM EFTVSGNIL 33.33

C*01:02 SIIAYTMSL

IAQYTSALL

AVGVGKSAL

AVGVGKSAL

44.44

44.44
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binding cleft for each complex was recorded. The epitope 
SQSIIAYTM of HLA-B40:01 had the highest number of 
interfacial contacts, with a total of 128 binding interactions. Both 
epitopes of HLA-C01:02 were predicted to have 108 binding 
interactions, but SIIAYTMSL had more charged-charged 
interactions compared to IAQYTSALL. Table 11 summarizes 
the number of binding interactions for each property present in 
each TCR-pMHC complex.

DISCUSSION

Epitope prediction
Based on the furin cleavage site threshold, 

HLA-A11:01, HLA-A24:02, and HLA-DRB112:02 alleles are 
not viable targets for vaccine development. The following alleles 
were further used in the study: HLA-B40:01, HLA-B46:01, 
HLA-C01:02, HLA-C07:02, and HLA-DRB109:01. In 
selecting predicted epitopes for vaccine development, it is 
crucial to choose those with the highest binding affinity as the 
binding of the antigen to both MHC and TCR is necessary for 
its immunogenicity [33]. MHC-I molecules have close-ended 
binding clefts on both ends and typically bind to peptides with 
lengths of 8–10 amino acids containing appropriate anchor 
residues. Longer peptides are more likely to be trimmed 
[33,45,46]. A recent study found that 9 residue length (9-mer) 
is the optimal epitope length for MHC-I peptides, and this 
length was used in our study [47]. On the other hand, MHC-II 
molecules have an open binding groove and can accommodate 
peptides of 13–25 amino acid lengths with more flexibility 
[45]. Therefore, we used 15 residues (15-mer) as the length for 
MHC-II peptides in this study.

Epitope conservation
Although some epitopes were found to be distinct from 

their target variants, these epitope sequences were still present 
in the genomic sequence of other variants, indicating that they 
are not potential diagnostic indicators for the corresponding 
variants. Conserved epitopes are regions of pathogen sequences 
that evolve slowly and have very low variability in their amino 
acid residues, making them crucial for preserving the protein 
functions of the pathogens [48]. However, these epitopes are 
considered good targets for the development of epitope-based 
vaccines, which can provide broad-spectrum protection against 
the pathogen [49]. It is important to note that the flanking 
residues beside the antigen epitopes are also processed for 
presentation by antigen-presenting cells and recognition by 
TCRs [49]. Hence, there may be differences in the amount of 
recognition and reactivity of the immune system to the epitopes. 

pMHC complex
The change in Gibbs free energy, measured as binding 

energy in kcal/mol, is negative in peptide-ligand complexes 
since binding only occurs when there is a decrease in the 
total Gibbs energy of the system at equilibrium while keeping 
the temperature and pressure constant [50]. Epitopes with 
higher binding affinity compared to the stuffer and negative 
control peptides have a favorable potential in designing 
vaccines for SARS-CoV-2 [33]. The following epitopes 

to improve the accuracy of the complex formation. The resulting 
complexes were further refined using the GalaxyRefine 
Complex web server. The final TCR-pMHC complexes are 
shown in Figure 6. 

The binding energies obtained from TCR-pMHC 
docking can be used as an indicator of the immunogenicity of 
the identified epitopes [33]. Therefore, to further evaluate the 
potential immunogenicity of the identified epitopes, the binding 
energies of the TCR-pMHC complexes were predicted using the 
PRODIGY web server. Epitope SQSIIAYTM of HLA-B40:01 
exhibited the lowest binding energy among the three complexes 
at −16.0 kcal/mol, followed by SIIAYTMSL and IAQYTSALL 
of HLA-C01:02. Table 10 presents the predicted binding 
energies of the TCR-pMHC complexes.

To further evaluate the TCR-pMHC complexes, the 
number of different interfacial contacts per property at the 

Figure 6. Conformations of the following TCR-pMHC complexes: (A) 
SQSIIAYTM of HLA-B*40:01, (B) SIIAYTMSL of HLA-C*01:02, and (C) 
IAQYTSALL of HLA-C*01:02.

Table 10. Predicted binding energies (∆Gbinding) of SARS-CoV-2 
pMHC complexes to TCR (TCR-pMHC). 

HLA allele Epitope sequence
pMHC-TCR binding  

Energy (∆Gbinding) 
(kcal/mol)

B*40:01 SQSIIAYTM −16.0

C*01:02 SIIAYTMSL

IAQYTSALL

−14.4

−12.9

Table 11. Number of binding interactions of the TCR-pMHC 
complexes.

Property

Epitope sequence

SQSIIAYTM

(HLA-B*40:01)

SIIAYTMSL

(HLA-C*01:02)

IAQYTSALL

(HLA-C*01:02)

Charged-charged 18 19 10

Charged-polar 27 15 19

Charged-nonpolar 19 26 27

Polar-polar 3 7 11

Polar-nonpolar 35 27 27

Nonpolar-nonpolar 26 14 14

Total 128 108 108
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DRB109:01, which favors the residue arginine (R) at P1 and 
serine (S) and tryptophan (W) at P2.

TCR-pMHC complex
In this study, we successfully modeled three TCR-

pMHC complexes in silico: SQSIIAYTM of HLA-B40:01, 
SIIAYTMSL and IAQYTSALL of HLA-C01:02. The 
SQSIIAYTM epitope has been extensively studied previously, 
which was found to be effective in producing clonotypes in 
HLA-A02:01 COVID patients as well as in healthy individuals 
[54]. Based on this, it is reasonable to assume that people with 
the HLA-B40:01 allele could also produce positive clonotypes 
against SARS-CoV-2. Another epitope investigated in this 
study was SIIAYTMSL, which was found to be nontoxic and to 
have a high population coverage across several regions [55,56]. 
Although IAQYTSALL has been studied mainly as a core 
epitope for HLA-DRB101:01 and HLA-DRB115:01 [57,58], 
we identified it as a distinct epitope to the Delta variant that 
maps to the furin cleavage site.

Our results showed that the TCR-pMHC complex of 
SQSIIAYTM had the lowest binding energy among the three 
complexes. This could be due to the greater number of binding 
interactions in this complex compared to the other two. However, 
we also observed that, even with the same number of binding 
interactions, the SIIAYTMSL epitope had lower binding energy 
than IAQYTSALL, possibly because of the greater number 
of charged-charged interactions in SIIAYTMSL. Charge-pair 
interactions play a crucial role in the assembly of the complex [59].

CONCLUSION
This in silico study successfully predicted distinct 

and conserved MHC-I and MHC-II epitopes in the furin 
cleavage site of SARS-CoV-2 VOCs and VOIs spike protein. 
Only alleles that are potential targets for epitope vaccines were 
analyzed for pMHC docking, and fully and partially conserved 
epitopes were identified as important for the development of 
epitope-based vaccines with broad-spectrum protection against 
the pathogen. Epitopes with better binding affinities than stuffer 
and negative peptides were further analyzed for docking with 
their corresponding MHC alleles, as they have the potential 
to replace stuffer peptides during antigen presentation. The 
study found that hydrogen bonds and hydrophobic interactions 
were the dominant interactions that influenced the binding 
energy and contributed to the structural stability of the protein-
ligand interaction, which is an important factor for predicting 
the immunogenicity of the identified epitopes. The pMHC 
complexes with corresponding TCRs (HLA-B40:01 and 
HLA-C01:02 epitopes) were also docked to prospect TCR 
molecules. The study identified the epitope SQSIIAYTM of 
HLA-B*40:01 as the candidate immunogenic epitope with the 
lowest binding energy (−16.0 kcal/mol) and the greatest number 
of binding interactions to TCR (128) from the furin cleavage 
site of the spike protein. 

This in silico study has provided significant findings 
and opened up avenues for future research in the field of epitope-
based vaccines for SARS-CoV-2. The predicted epitopes should 
be experimentally validated to confirm their binding affinity 
and immunogenicity. Conducting in vitro and in vivo studies 

have a higher binding affinity for their respective allotypes: 
SQSIIAYTM for HLA-B40:01, VASQSIIAY and SIIAYTMSL 
for HLA-B46:01, IAQYTSALL for HLA-C01:02, and 
VASQSIIAY, SQSIIAYTMSLGAEN, ASQSIIAYTMSLGAE, 
EMIAQYTSALLAGTI, and NFNGLTGTGVLTESN for HLA-
DRB109:01. Epitopes with lower binding energy can displace 
stuffer peptides during antigen presentation. The magnitude of 
negative Gibbs free energy change determines the stability and 
binding affinity of the protein-ligand complex [51]. With an 
RMSD value of 1.410 Å, the predicted complexes are expected 
to be close to the conformation of experimentally determined 
docking.

MHC-I has a single α-chain with a binding groove 
with closed ends, limiting the possible residues to bind to 
8–10 amino acids. Studies indicate that the C-terminal end or 
P9 at the F pocket region of the MHC-I plays a crucial role 
in presenting stable pMHC complexes [45]. The SQSIIAYTM 
epitope sequence has the highest binding energy as it matches 
the binding motif of HLA-B40:01, favoring the residue leucine 
(L) at the C-terminal (P9) and tyrosine (Y) at P4, P7, and 
P8. This is consistent with the preference of leucine as the 
C-terminal residue and tyrosine as one of the critical amino 
acids found in the hydrophobic F pocket of HLA-B40:02, a 
closely related allotype of HLA-B40:01 [28]. Hydrogen bonds 
and hydrophobic interactions are abundant in most positions of 
HLA-B40:01, in line with the presence of hydrogen bonds and 
hydrophobic side chains.

Both epitope sequences VASQSIIAY and SIIAYTMSL 
exhibit the highest binding energy, maybe due to their matching 
the preferential binding motif of HLA-B46:01, which favors 
residues tyrosine (Y) at P1 and tryptophan (W) and tyrosine (Y) 
at the C-terminal. However, the epitope sequence VASQSIIAY 
of HLA-B46:01 has a higher binding affinity as compared to 
SIIAYTMSL, possibly due to the absence of preferred residues 
at the P1 position in the latter. 

HLA-C allotypes generally exhibit a preference for 
hydrophobic amino acid residues at the C-terminal anchor 
position [33,52]. This preference is observed in both epitope 
sequences SIIAYTMSL and IAQYTSALL of HLA-C01:02. 
However, only the epitope sequence IAQYTSALL of 
HLA-C01:02 contains tyrosine (Y) residues, which are one of 
the restricted aromatic amino acids found at the C-terminal of 
HLA-C allotypes [52]. 

HLA-C07:02 has a preference for lysine (L) or 
tyrosine (Y) as anchor residues in P1 and P2, respectively [53]. 
The epitope sequence VASQSIIAY matches the binding motif 
of HLA-C07:02, with a preference for both lysine (L) and 
tyrosine (Y) residues at P1 and P2, respectively. In addition, the 
presence of a tyrosine (Y) residue at the C-terminal position of 
the epitope sequence VASQSIIAY is the only residue accepted 
by HLA-C07:02 [52]. MHC-II has two chains, mainly α-chain 
and β-chain, with an open binding groove that exhibits a more 
flexible accommodation of 13–25 amino acid length. The P1 
and P2 regions have a dominant effect on the presentation 
of stable pMHC complexes [45]. The epitope sequence 
ASQSIIAYTMSLGAE has the highest binding energy, which 
could be attributed to its matching the binding motif of HLA-
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will be crucial to validate the effectiveness of these epitopes 
in inducing an immune response. The docking of pMHC 
complexes with TCRs provides insights into the interaction 
between T cells and epitopes. Future studies can delve deeper 
into understanding the binding interactions and dynamics of 
TCRs with the identified epitopes to enhance our understanding 
of the immune recognition process. Overall, this study provides 
valuable insights into the development of epitope-based 
vaccines for SARS-CoV-2 by identifying potential candidate 
epitopes from the furin cleavage site of the spike protein. By 
exploring the identified epitopes, conducting experimental 
studies, and advancing vaccine design, future investigations can 
contribute to the development of effective and broad-spectrum 
vaccines against SARS-CoV-2 and its variants.
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