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1 | INTRODUCTION

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
has caused a worldwide pandemic, seriously threatening the health of
entire humankind, and an effective vaccine is urgently needed to
help people resist the infection of the virus. The spike protein

on the virion surface is thought to bind to the host receptor
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The global outbreak of severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) urgently requires an effective vaccine for prevention. In this study, 66 epi-
topes containing pentapeptides of SARS-CoV-2 spike protein in the IEDB database
were compared with the amino acid sequence of SARS-CoV-2 spike protein, and 66
potentially immune-related peptides of SARS-CoV-2 spike protein were obtained.
Based on the single-nucleotide polymorphisms analysis of spike protein of 1218
SARS-CoV-2 isolates, 52 easily mutated sites were identified and used for vaccine
epitope screening. The best vaccine candidate epitopes in the 66 peptides of
SARS-CoV-2 spike protein were screened out through mutation and immunoinfor-
matics analysis. The best candidate epitopes were connected by different linkers in
silico to obtain vaccine candidate sequences. The results showed that 16 epitopes
were relatively conservative, immunological, nontoxic, and nonallergenic, could in-
duce the secretion of cytokines, and were more likely to be exposed on the surface
of the spike protein. They were both B- and T-cell epitopes, and could recognize a
certain number of HLA molecules and had high coverage rates in different popula-
tions. Moreover, epitopes 897-913 were predicted to have possible cross-
immunoprotection for SARS-CoV and SARS-CoV-2. The results of vaccine candidate
sequences screening suggested that sequences (without linker, with linker
GGGSGGG, EAAAK, GPGPG, and KK, respectively) were the best. The proteins
translated by these sequences were relatively stable, with a high antigenic index and
good biological activity. Our study provided vaccine candidate epitopes and se-
qguences for the research of the SARS-CoV-2 vaccine.
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angiotensin-converting enzyme 2 (ACE2) and plays an important role in
cell adhesion and virulence similar to SARS-CoV." As the spike protein
plays key roles in inducing neutralizing antibodies and protective
immunity during SARS-CoV infection,”* the spike protein is considered
to be an important vaccine research target for SARS-CoV-2.

According to a report by Lucchese G from Universitatsmedizin

Greifswald, the proteome of SARS-CoV-2 was compared with that of
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humans, focusing on searching for pentapeptides that are unique to
SARS-CoV-2, especially pentapeptides of SARS-CoV-2 in spike protein.”
They found 107 unique pentapeptides in SARS-CoV-2 spike protein,
corresponding to 66 antigen epitopes containing pentapeptides of
SARS-CoV-2 spike protein in the Immune Epitope Database (IEDB,
http://www.iedb.org). These epitopes in the IEDB database had been
experimentally proven to have immunologic relevance® and their tem-
plates were mainly derived from SARS-CoV. As a novel coronavirus
closely related to SARS-CoV,’ the corresponding peptides of SARS-CoV-
2 may also be immunologically relevant. Therefore, based on the above
studies, our study aligned the 66 epitope sequences in the IEDB data-
base with the amino acid sequences of SARS-CoV-2 spike protein to
obtain the corresponding 66 peptides of SARS-CoV-2 spike protein,
which may be candidate epitopes for vaccine research. Mutation ana-
lysis and immunoinformatics analysis were used to screen the best
vaccine candidate epitopes from the 66 peptides of SARS-CoV-2 spike
protein. Then, the best candidate epitopes were connected by different
linkers in silico to obtain vaccine candidate sequences. Through struc-
ture, surface properties, and function analysis, the best vaccine candi-

date sequences were finally screened out.

2 | MATERIALS AND METHODS

2.1 | Sequence alighment of 66 epitopes in IEDB
database to SARS-CoV-2 spike protein

We downloaded the spike protein amino acid sequence of
SARS-CoV-2 isolate Wuhan-Hu-1 from GenBank (GenBank ID:
QHD43416.1). The sequences of the 66 epitopes containing penta-
peptides of SARS-CoV-2 spike protein were from Lucchese G's report
and checked in the IEDB database.* Then, the sequences of these
epitopes were aligned with the amino acid sequence of SARS-CoV-2
spike protein to obtain 66 peptides at the corresponding sequence
position of SARS-CoV-2 spike protein, which might be candidate

epitopes of a vaccine.

2.2 | Detection of nonsynonymous mutation sites of
SARS-CoV-2 spike protein

As nonsynonymous mutation sites in the viral amino acid sequence may
affect the recognition of vaccine antigens, vaccine candidate antigens
are generally more inclined to choose conservative sequences.”®
Therefore, the inclusion of mutation sites in candidate epitopes of
SARS-CoV-2 should be avoided as much as possible. We searched the
2019 Novel Coronavirus Resource (2019nCoVR, https://bigd.big.ac.cn/
ncov) from the China National Center for Bioinformation (CNCB) to
obtain high-quality genomic data of SARS-CoV-2 clinical isolates. A total
of 1218 isolates from 34 countries around the world sampled from June
1, 2020 to June 30, 2020 were selected for analysis. The detailed
countries are shown in Table S1. We focused on counting nonsynon-

ymous mutations that cause amino acid changes in spike protein

single-nucleotide polymorphism (SNPs). The amino acid sites with
nonsynonymous mutations that appeared twice or more in 1218 iso-
lates were considered to be easily mutated. The obtained 66 peptides of
SARS-CoV-2 spike protein were checked for the presence of the easily
mutated amino acid sites, and peptides containing the easily mutated

sites should be noted in subsequent screening.

2.3 | Screening candidate vaccine epitopes in
spike protein

The immune protective antigens in the peptides of SARS-CoV-2 spike
protein were predicted using immunoinformatics tool Vaxijen v2.0,” the
toxic peptides were predicted using ToxinPred'® and the allergenic
peptides were predicted using AllergenFP v.1.0.** The ability of the
epitopes to induce interferon-y (IFN-y), interleukin-4 (IL-4), and IL-10
secretion was predicted using IFNepitope,? IL4Pred,*® and IL-10Pred,**
respectively. The peptides with nonantigenic protection, toxicity, or al-
lergenicity were removed, and the remaining peptides were used as
antigen epitopes for subsequent screening. The solvent accessibility of
each amino acid of spike protein (template 6xr8.1'°) was predicted by
SWISS-MODEL'® to screen the epitopes that were more likely to be
exposed on the surface of the spike protein. ABCpred’’ and IEDB Be-
pipred Linear Epitope Prediction 2.0'® were used to predict B-cell epi-
topes. NetMHC 4.0 Sever,'” Rankpep,® and SYFPEITHI?* were used to
predict T-cell epitopes and HLA molecules. As different HLA types are
expressed at dramatically different frequencies in different ethnicities,??
after obtaining the results of HLA class | and class Il molecules re-
cognized by these epitopes, we predicted the coverage rate of each
epitope in different populations using Population Coverage in IEDB
Analysis Resource.?? Although some epitopes contained easily mutated
sites, some of them might be strong neutralizing epitopes which might
induce strong protections and should also be considered in vaccine
design. Therefore, according to the above analysis, the selected vaccine
candidate epitopes for SARS-CoV-2 were predicted to be relatively
conservative, immunoprotective, nontoxic, and nonallergenic, and could
promote the secretion of cytokines and more likely to be exposed on
the surface of the spike protein. They were both B- and T-cell epitopes,
which could identify a certain number of HLA molecules and had high
coverage rates in different populations.

2.4 | Acquisition, analysis, and screening of vaccine
candidate sequences

The selected vaccine candidate epitopes were connected by different
linkers (no linker, GGGGS, GGGSGGG, EAAAK, GPGPG, AAY, and
KK, respectively) to obtain vaccine candidate sequences. Bioinfor-
matics tools were used to analyze and screen the vaccine candidate
sequences. PredictProtein was used to predict the amino acid com-
position, secondary structure composition, solvent accessibility, and
gene ontology terms of the candidate sequences.?® The flexibility and

antigenic index of the candidate sequences were predicted using
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DNAStar software.?* Expasy ProtParam tool was used to predict the
half-life and stability of the candidate proteins.>® Finally, through a
comprehensive analysis, the best candidate vaccine sequences were
selected and will be prepared into vaccines and their immune effects

verfied through animal experiments.

3 | RESULTS
3.1 | Epitope sequence alighment

After comparing the amino acid sequences of 66 epitopes in the IEDB
database with those of corresponding positions of SARS-CoV-2 spike
protein, 66 peptides belonging to SARS-CoV-2 spike protein were
obtained and shown in Table 1. Among the 66 epitopes in the IEDB
database, 60 epitopes were from the spike protein of SARS-CoV, four
epitopes were from hemagglutinin of influenza A virus, and two
epitopes were from ribonucleoside-diphosphate reductase large
subunit-like protein of human herpesvirus 6B. Among the obtained
66 peptides of SARS-CoV-2 spike protein, six peptides (310-317,%°
757-764,%° 891-907,>’ 897-913,>7 899-906,°° and 1025-10417%")
were completely consistent with the sequences of epitopes in the
IEDB database, which are bolded in Table 1. Moreover, there were
seven peptides (356-372, 356-373, 365-381, 371-387, 373-389, 379-
395, and 418-434) partially overlapped with CR3022 epitope of
SARS-CoV-2 published in Science by Yuan et al.,”® which are under-
lined in Table 1. CR3022 is a neutralizing antibody previously iso-
lated from a convalescent SARS patient and targets a highly
conserved epitope that enables cross-reactive binding between
SARS-CoV and SARS-CoV-2.252? CR3022 related epitopes may
produce cross-protective antibody responses against SARS-CoV and
SARS-CoV-2. Therefore, these peptides need to be focused on in

subsequent experiments.

3.2 | Detection of nonsynonymous mutation sites of
SARS-CoV-2 spike protein

After analyzing the SNPs of 1218 SARS-CoV-2 clinical isolates of
spike protein, we found a total of 52 nonsynonymous mutation
sites that occurred twice or more, which were considered to be
easily mutated and are marked in Figure 1A. The D614G mutation
occurred the most and appeared in 1101 SARS-CoV-2 clinical
isolates. The D614G mutation was also discovered by Kor-
ber et al.,>° and might lead to the change of SARS-CoV-2 virulence,
but further research is needed. We checked the obtained 66
peptide sequences of SARS-CoV-2 to determine whether they
contained easily mutated sites, and the peptides containing easily
mutated sites should be noted in subsequent screening. Finally, 21
peptides containing easily mutated sites were found and are
shown in Table 1. Peptides 15-44, 195-226, 683-699, 690-706,
and 690-707 even contained more than two easily mutated sites,

and should not be considered as vaccine epitopes.

MEDICAL VIROLOGY

3.3 | Prediction of protective antigen, toxicity,
allergenicity, and cytokine secretion of the 66
peptides

The prediction results of protective antigen, toxicity, allergenicity,
and cytokine secretion of the 66 peptides are shown in Table 2.
There were 26 peptides without immune protection (score lower
than 0.4 in analysis tool), 6 peptides with toxicity (score higher than O
in analysis tool), and 19 peptides with allergenicity. There were 28
epitopes that had the ability to induce IFN-y secretion, 42 epitopes
had the ability to induce IL-4 secretion, and 24 epitopes had the
ability to induce IL-10 secretion. After removing the non-
immunoprotective, toxic, or allergenic peptides, there were 28 re-
maining peptides as candidate epitopes for further screening. Among
the 28 epitopes, only 897-913, 899-906, and 1025-1041 epitopes
were completely consistent with the sequences in the IEDB database,
and only 371-387 and 379-395 epitopes partially overlapped with
CR3022 epitope of SARS-CoV-2.2 Moreover, 371-387, 379-395, and
410-426 epitopes exist in the binding region of spike protein and
ACE2,%® which might be the important candidate vaccine targets.

These six epitopes would be noted in the subsequent screening.

3.4 | Prediction of solvent accessibility, B- and
T-cell epitopes, and population coverage rates

The solvent accessibility prediction results of spike protein and the
remaining 28 epitopes are shown in Figure S1, and the average sol-
vent accessibility scores of amino acids for the 28 epitopes are shown
in Table 3. There were 15 epitopes with an average solvent acces-
sibility score higher than 20, which might be considered as vaccine
candidates. The prediction results of B-, T-cell epitopes, and HLA
class | and class Il molecules identified by the 28 epitopes are shown
in Table 3. Except that the amino acid sequence of 899-906 epitope
was too short to predict, all the other 27 epitopes were predicted to
contain B-cell epitopes, which might induce the production of neu-
tralizing antibodies. The analysis results also suggested that the 28
epitopes belonged to T-cell epitopes, 25 of which could recognize
HLA class | and class || molecules, two of which could only recognize
HLA class | molecules, and one of which could only recognize HLA
class Il molecules. However, among the six epitopes we focused on,
only 371-387, 379-395, and 897-913 could recognize a certain
number of HLA class | and class Il molecules. The epitope 410-426,
899-906, and 1025-1041 could only recognize HLA class | molecules
or class Il molecules. The population coverage rates of HLA class |
and class |l molecules recognized by the 28 epitopes in different
populations around the world are shown in Figure 1B. The highest
population coverage rate of each epitope was found in Europe and
North America, followed by East Asia and Oceania, and the popula-
tion coverage rates of all epitopes in Africa populations were lower
than in other populations. Among the 28 epitopes, 19 epitopes had a
world population coverage rate of more than 50%. They were 15-44,
194-210, 195-226, 291-325, 307-323, 371-387, 410-426, 525-566,
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) The amino acid sites with non-synonymous mutations

of spike protein
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FIGURE 1 Mutation analysis of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spike protein and prediction of epitope
population coverage. (A) The amino acid sites with nonsynonymous mutations of spike protein in 1218 clinical isolates of SARS-CoV-2. The
amino acid sites with nonsynonymous mutations appeared twice or more in 1218 isolates, which were considered to be easily mutated and
marked in the figure. We totally found 52 easily mutated sites. (B) Prediction of population coverage rates of 28 epitopes in SARS-CoV-2 spike

protein

525-574, 683-699, 690-706, 722-739, 747-763, 749-771, 754-770,
891-906, 897-913, 1129-1145, and 1213-1229.

3.5 | Screening vaccine candidate epitopes

Combined with the prediction results, among the 28 epitopes, epitopes
with an average accessibility score of more than 20 or a world population

coverage rate of more than 50% were selected. Therefore, a total of 21

epitopes were selected. However, among the 21 epitopes, eight of them
(15-44, 195-226, 371-387, 525-574, 683-699, 690-706, 749-771, and
754-770) had easily mutated sites. Considering the importance of the
371-387 epitope and the relatively few mutations of 749-771 and 754-
770 epitopes, these three epitopes were retained. Finally, 16 epitopes
were selected for vaccine preparation, they were 194-210, 291-325,
307-323, 371-387, 410-426, 525-566, 530-544, 722-739, 747-763, 749-
771, 754-770, 891-906, 897-913, 1101-1115, 1129-1145, and 1213-

1229. The 16 epitopes were relatively conservative, immunological,
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HLA class Il molecule

HLA class | molecule
HLA-B2705

ABCpred IEDB
5-12

2-15

SOA score

Amino acid sequence in spike protein

protein

HLA-DRB1 0401 HLA-DRB1 0402
HLA-DRB1 0404 HLA-DRB1 1501

11.38

MAYRFNGIGVTQNVLY

902-917

HLA-DRB1 0801

HLA-A2402 HLA-A2601

-11
HLA-B2705

2-13

23.55

HWFVTQRNFYEPQII

1101-1115

HLA-DRB1 1501 HLA-DQA1 0301

HLA-DQB1 0302

HLA-A0101 HLA-A0201
HLA-BO702 HLA-B0801

HLA-B3901

9-13

1-16

22.72

FKNIDGYFKIYSKHTPI

194-210

HLA-DRB1 0101 HLA-DRB1 0701

HLA-A0101 HLA-A0301
HLA-B1516 HLA-B3901

9-14

1-16

13.03

VTTEILPVSMTKTSVDCT

722-739

Note: In the table, the underlined epitopes overlaped with CR3022 epitope published in Science by Yuan et al.>® The bolded epitopes were consistent with the corresponding epitope sequences in IEDB

database. The prediction results of T-cell epitope and MHC binding combined the results of three analysis tools NetMHC 4.0 Sever, Rankpep and SYFPEITHI. N/A meant undetectable. HLA, human lymphocyte

antigen; SOA, solvent accessibility.
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nontoxic, and nonallergenic, and could induce the secretion of cytokines,
and more likely to be exposed on the surface of the spike protein. They
were both B- and T-cell epitopes, could recognize a certain number of
HLA molecules, and their population coverage rates in the world were
more than 50%.

3.6 | Vaccine candidate sequences acquisition and
general analysis

The 16 candidate epitopes were eventually merged into 11 peptides
and connected with different linkers to obtain vaccine candidate se-
quences. The schematic diagram of tandem sequences of the 11 pep-
tides is shown in Figure 2A. After the analysis of the candidate
sequences by PredictProtein, DNAStar, and Expasy ProtParam tool,
their secondary structure and surface properties were obtained. The
number of amino acids with no linker, linker GGGGS, GGGSGGG,
EAAAK, GPGPG, AAY, and KK were 243aa, 293aa, 313aa, 293aa,
293aa, 273aa, and 263aa, respectively. Their molecular weights were
27046.39 Da, 30199.25 Da, 31340.29 Da, 31751.62 Da, 30700.29 Da,
30099.73 Da, and 29609.79 Da, respectively. The isoelectric points of
the sequences were 8.84, 8.84, 8.84, 8.76, 8.84, 8.78, and 9.85, re-
spectively. As the N-terminal amino acids of the sequences were all
phenylalanine (F), their half-lives were the same. Their estimated half-
life were: 1.1 h (mammalian reticulocytes, in vitro), 3 min (yeast, in vivo)
and 3 min (Escherichia coli, in vivo). Therefore, a methionine (M) was
considered to add at the N-terminus of each of the sequences to extend
the half-life of the protein. Moreover, the instability index of the seven
sequences was 27.39, 40.80, 38.52, 27.54, 23.62, 25.33, and 22.02,
which suggested that the protein with linker GGGGS was classified as
unstable and the other proteins were classified as stable.

The analysis results of amino acid composition, secondary
structure composition, and solvent accessibility of the candidate se-
quences are shown in Figure 2B. We found that the addition of dif-
ferent linkers changed the secondary structure composition of the
proteins, especially the GPGPG and AAY linkers increased the Loop
structure. Loops are irregular structures that connect two secondary
structure elements in proteins, and they often play important roles in
function, including enzyme reactions and ligand binding.>* Moreover,
the addition of linkers also changed the solvent accessibility of the
proteins. The addition of these six linkers increased the solvent ac-
cessibility of the proteins, and all exposed more amino acids on the
protein surface. The flexibility and antigenic index results of the se-
quences were shown in Figure 3. Compared with the results of no
linker sequence, except for linker AAY, the addition of other linkers
all increased the flexibility and antigenic index of the sequences.

3.7 | Functional analysis of vaccine candidate
sequences

The prediction results of gene ontology terms of the sequences were

shown in supplementary material Figure S2. The number of
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molecular function ontology and cell composition ontology of the
protein sequences was changed by different linkers, and the specific
results of molecular function ontology prediction for the sequences
are shown in supplementary material Figure S3-S9. However, protein
sequences connected by different linkers had almost no effect on
biological process ontology. Interestingly, the number of molecular
function ontology or cell composition ontology of sequence with
linker GGGGS and GPGPG was more than that of the other se-
quences, indicating that the use of GGGGS or GPGPG linker might
increase some biological activities of the protein. However, the pre-
vious protein stability prediction showed that the protein with the
GGGGS linker was unstable, so the GGGGS linker was not a good
choice.

3.8 | Comprehensive selection of vaccine candidate
sequences

Based on the above analysis, the protein sequence with linker
GGGGS was predicted to be unstable and the sequence with linker
AAY was predicted to reduce the flexibility and antigenic index of the
protein. Therefore, considering the secondary structure, flexibility,
antigenic index, solvent accessibility, stability, and function predic-
tion results of the sequences, we finally selected five sequences
(without linker, with linker GGGSGGG, EAAAK, GPGPG, and KK,
respectively) as the SARS-CoV-2 vaccine candidate sequences. These

vaccine candidate sequences contained T- and B-cell epitopes

exposed on the surface of spike protein and the HLA molecules re-
cognized by the epitopes had high population coverage rates. These
sequences were predicted to be stable, with high antigenic index and

good biological activity, especially the sequence linked by GPGPG.

4 | DISCUSSION

At present, scientists all over the world are stepping up the research
into the COVID-19 vaccine. According to the Draft landscape of
COVID-19 candidate vaccines-7 July 2020 published by the World
Health Organization (WHO),*? 21 candidate vaccines of COVID-19
had been approved for clinical trials. These included five RNA vac-
cines, four inactivated vaccines, four DNA vaccines, four protein
subunit vaccines, three viral vector vaccines, and one plant-derived
virus-like particle vaccine. The vaccine in this study belonged to the
class of epitope vaccine and peptide vaccine, increasing the diversity
of COVID-19 vaccine types. Previous studies on vaccines for other
infectious diseases showed that different types of vaccines had their
own limitations.*® In most cases, the immune effects of combining
different types of vaccines were stronger than that of a single vaccine

alone,*#%°

and this situation had also appeared in SARS-CoV vaccine
research.’**” Therefore, we recommend in future research and de-
velopment of COVID-19 vaccines, considering the diversity of vac-
cine types, combining the advantages and disadvantages of different
types of vaccines, and using different vaccines for immunization, and

carrying out research on heterologous prime-boost vaccines.
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FIGURE 2 Schematic diagram of the tandem sequence of 11 vaccine candidate peptides and sequence analysis after connecting with
different linkers. (A) Schematic diagram of tandem sequences of 11 vaccine candidate peptides. Peptides 897-913 were predicted possible
cross-immunoprotection for SARS-CoV and SARS-CoV-2. Peptides 371-387 and 747-771 contained easily mutated sites. (B) Amino acid
composition, secondary structure composition, and solvent accessibility analysis of different vaccine candidate sequences
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FIGURE 3 Analysis of flexibility and antigenic index of different vaccine candidate sequences

Vaccine design is a complex issue with many factors to consider,
the most important of which is the safety and effectiveness of the
vaccine.®® When screening candidate epitopes in our study, non-
synonymous mutation sites in the sequence were considered to en-
sure that the candidate epitopes did not contain easily mutated sites
to avoid affecting antigen recognition.”® The toxicity and allergeni-
city of epitopes were considered to ensure the safety of the epi-
topes.®”*® The immunogenicity of antigens, the secretion of
cytokines, the solvent accessibility of amino acids, and the recogni-
tion of MHC molecules were considered to ensure the effectiveness
of the epitopes.®®*1"*® The coverage of epitopes in different popu-
lations was also considered to ensure the effectiveness of the epi-
topes in most populations.** Moreover, when expressing the fusion
protein, choosing the appropriate linker is very important for the
design of the vaccine candidate sequence. Different linkers have
impacts on the correct folding, stability, biological activity, and im-
munogenicity of proteins.”” These studies need a lot of experiments
to verify. However, the application of immunoinformatics tools to

help design vaccine has greatly improved the efficiency and accuracy

of epitope screening and the rationality of vaccine design and has
been applied to many vaccine research.***’

In this study, 16 epitopes of spike protein were predicted to be
B- and T-cell epitopes and selected as vaccine candidate epitopes for
vaccine design. Among them, the epitope 371-387 partially over-
lapped with the CR3022 epitope of SARS-CoV-2 published in Science
by Yuan et al.?® CR3022 can neutralize SARS-CoV and is also able to
interact with SARS-CoV-2.22? Moreover, containing the 371-387
epitope in this study, epitope 375-394 was observed to stimulate
robust secretion of IFN-y from splenocytes.”® Epitopes 375-394,
525-646, and 902-926 with an average positive rate of 2 50% (the
percentage of convalescent sera from COVID-19 patients having
positive reactions to the epitopes) among all 39 patients*® contained
or overlapped with epitope 371-387, 525-566, and 891-913 in this
study. The study of Ferretti et al.*’ reported the epitopes of spike
protein recognized by memory CD8+ T cells of patients with
COVID-19 recovery. Among them, the 378-386 and 1208-1216
epitopes partially overlap with the 371-387 and 1213-1229 epitopes

screened in this study. Therefore, some of the epitopes selected in
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this study had been confirmed to be antigenic epitopes in other
studies and showed immune effects. As the multi-epitope vaccine
proposed in this study consists of less than 500 amino acids, we will
consider connecting another strong immunogenicity peptide and
choosing the appropriate vaccine vectors (such as adenovirus vec-
tors), drug delivery systems (such as PAGL microspheres or lipo-
somes, etc.) and adjuvants (such as TLR receptor adjuvants, etc.) to
improve the immune effects of the vaccine.

In the previous results, we believed that six epitopes were im-
portant. Epitope 897-913, 899-906, and 1025-1041 epitopes were
completely consistent with the sequences in the IEDB database.
Epitope 371-387 and 379-395 partially overlapped with CR3022
epitope of SARS-CoV-2.2% Epitope 371-387, 379-395, and 410-426
exist in the binding region of spike protein and ACE2.?® However,
only 371-387, 410-426, and 879-913 were finally selected as vaccine
candidate epitopes. The reasons were that epitope 379-395 con-
tained the easily mutated sites 382, the average solvent accessibility
score of amino acids was only 15.48, and it recognized few HLA
molecules. Epitope 899-906 had an average solvent accessibility
score of only 4.06 and cannot recognize HLA class Il molecules.
Epitope 1025-1041 also had a low average solvent accessibility score
(12.33) and cannot recognize HLA class | molecule. Therefore, these
three epitopes were not selected as vaccine candidates.

Another interesting finding was that in the population coverage
results of 28 epitopes, the coverage rate of each epitope was high in
Europe, North America, East Asia, and Oceania, but low in East
Africa, West Africa, South Africa, and Central Africa. We thought this
was due to the differences in recognition of HLA molecules by dif-
ferent populations.”® However, this difference might lead to people
in Africa being less protected by the same vaccine than people in
Europe, North America, East Asia, and Oceania. Whether it is ne-
cessary to prepare a specific vaccine based on the recognition ability
of the African population to HLA subclasses in the future remains to
be studied.

5 | CONCLUSIONS

According to the results of mutation and immunoinformatics analysis,
we finally recommend 16 epitopes (194-210, 291-325, 307-323, 371-
387, 410-426, 525-566, 530-544, 722-739, 747-763, 749-771, 754-
770, 891-906, 897-913, 1101-1115, 1129-1145, and 1213-1229) of
spike protein as SARS-CoV-2 vaccine candidate epitopes. In parti-
cular, epitope 897-913 was predicted to have possible cross-
immunoprotection for SARS-CoV and SARS-CoV-2. The vaccine
candidate sequences (without linker, with linker GGGSGGG, EAAAK,
GPGPG, and KK, respectively) were predicted to be relatively stable,
with a high antigenic index and good biological activity. We re-
commended the five sequences as candidate sequences for SARS-
CoV-2 vaccine. Our next project is to synthesize the gene sequences
for cloning and expression to prepare vaccines for SARS-CoV-2 and

verify their immune effects. The bioinformatics analysis method in

our study will greatly improve the accuracy and effectiveness of
vaccine epitopes screening and the rationality of vaccine design, and

can also be applied to vaccine design for other infectious diseases.
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