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ABSTRACT

Coronavirus-associated severe acute respiratory syndrome (SARS) pandemics have
devastated lives, economies, and societies worldwide. Given the higher severity of the latter
pandemic, the constant mutation, and vaccine escape, new and more dangerous pandemics
could emerge. Therefore, it is imperative to identify conserved vaccine candidates for stable
effectiveness in future pandemics. This study aimed to tailor potential, conserved peptide-
based vaccine candidates for the upcoming Coronavirus pandemic based on the sequences
of the spike protein of SARS-CoV-1 and SARS-CoV-2 viruses, using bioinformatic
approaches, HLA epitope prediction software and literature support. Epitopes were selected
based on sequence analysis of 166 sequences of pandemic strains, binding affinity to HLA
molecules of different alleles and reactive antibodies collected from protein database. Seven
candidate epitopes were chosen with conservation scores over 76/100 and up to 15 predicted
HLA-DRB1 alleles. Over half of the residues of the epitopes interact with antibodies,
suggesting good B-cell uptake. The epitopes possess at least 1 HLA-DRB1 allele that
potentially provides protection against disease severity and play at least 1 role in the function
of the spike protein. A combination of four candidate epitopes was estimated to cover nearly
90% of the world's population. The epitopes could be either modified to adapt to future
pandemic strains, improve antigenicity, or used as booster immunization against the
currently circulating SARS-CoV-2 variant. This study demonstrates that there is still room
for improvement and promising discoveries in vaccine design to deter upcoming SARS
pandemics.

Keywords: ACE2, antibody, HLA, reverse vaccinology, SARS-CoV-2, spike protein

INTRODUCTION

have occurred in 2002-2004 (Chen et al.,

Two Coronavirus pandemics that caused 2021) and from 2019 till the state of global

severe acute respiratory syndrome (SARS)
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health emergency has been lifted (World
Health Organization, 2023), respectively.
The SARS-CoV-1 pandemic infected more
than 8000 patients, with a rate of mortality
of approximately 10% (Zhong et al., 2003).
The latter SARS-CoV-2 pandemic resulted
in over 775 million cases and roughly 7
million deaths (World Health Organization,
forthcoming). The pandemic also resulted in
worldwide economic withdrawal, traveling
restrictions, social distancing, and a burden
on the healthcare system. In the case of the
most recent pandemic, comorbidities (e.g.,
age (Mueller et al., 2020), hypertension,
obesity, and diabetes (Ng et al., 2021),
complications (e.g., septic shock (Li et al.,
2020), coagulation disorders (Vinayagam,
Sattu, 2020), cytokine storm (Song et al.,
2020)) and  persistent  post-COVID
syndrome (Oronsky et al., 2023) have been
widely reported. This fact demonstrated an

increased  pattern in  the disease's
pathological complexity, severity, and
deadliness if newer strains emerge.

Furthermore, the close relationship between
these two strains (Chen et al., 2021) implies
the possible emergence of a new pandemic
strain based on the gradual accumulation of
mutations on the genome of the previous
pandemic strain. Given the tremendous
consequences of the previous pandemics and
the possibility of pandemic re-emergence, it
is, therefore, imperative to prepare vaccines
to contain upcoming pandemics and mitigate
mortality.

However, vaccine design is complicated by
mutations in the pandemic SARS viruses.
The mutations are driven by continuous co-
evolution with the host organisms to
improve the abilities of the viruses to
replicate, transmit, infect, and escape
vaccination (Chen et al., 2020; Harvey et al.,
2021; Milcochova et al., 2021; Zhou et al.,

2021). For vaccine escape, its relationship
with mutations was confirmed by reduced
neutralization against new variants of
SARS-CoV-2 in recipients of COVID-19
vaccines (Lazarevic et al., 2021; Mlcochova
et al, 2021). Consequently, vaccine
development efforts could waste money,
time, labor, and resources if pathogen
mutation and subsequent vaccine escape
were not considered during vaccine
development. This fact calls for identifying
viral protein epitopes that are conserved
across multiple variants of SARS pandemic
strains to maintain the efficacy of the
vaccine despite the genetic variation of the
upcoming pandemic strain.

Among the proteins of Coronavirus, the
spike protein (S protein) is highly
immunogenic given a large number of anti-
spike antibodies. Its location on the viral
surface and its crucial role in cellular
infection lend it a special attention in vaccine
development. The S protein is composed of
S1 and S2 subunits. To facilitate infection,
the SARS-CoV S1 subunit recognizes the
host cell receptor ACE2, and its S2 subunit
fuses the viral envelope with the host cellular
membrane (Huang et al., 2020). There are
two advantages to choosing spike protein for
vaccine design. Firstly, as cellular infection,
driven by S protein, occurs in the early stage
of pathogenesis, vaccines that target S
protein could prevent cellular infection and
disease onset. Secondly, vaccines based on
spike protein could elicit strong immune
responses to block the S protein and then
arrest viral infection. However, mutations
across the spike protein can lead to immune
evasion and vaccine escape.

The development of vaccines requires a
careful curation of immunogens that could
elicit the most effective and robust response.
One of the usual design strategies is to
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predict epitopes with high binding affinity to
HLA molecules and incorporate these
epitopes into the vaccines. Involved in the
early stage of immune response and central
in the development of adaptive immunity,
the HLA molecules (human leukocyte
antigen)  (also known as  Major
Histocompatibility Complex - MHC)
present immunogens to the T-cells. HLA
class Il molecules activate CD4" T-cells,
which prime B-cells to produce antibodies
(Janeway et al., 2001). Moreover, long-
lasting immunity can be achieved via the
differentiation of some effector T-cells into
long-lasting memory T-cells (Abbas et al.,
2014). Hence, vaccine design usually takes
advantage of the HLA. Various programs
have been dedicated to the prediction of
HLA epitopes (Bassani-Sternberg, Gfeller,
2016; O’Donnell et al., 2018; Peters, Sette,
2005; Rammensee et al., 1999; Reynisson et
al., 2020) and formed the basis of the
method in vaccine design studies for
COVID-19, particularly those at the start of
the pandemic (Dar et al., 2020; Rahman et
al., 2020; Yazdani et al., 2020).

Since T-cell epitopes are linear, HLA-based
vaccines usually comprise immunogenic
peptides. Peptide-based vaccines are also
generally considered to have fewer adverse
effects (Asjo et al., 2002; Elliott et al., 2008;
Gahery et al., 2006; Kran et al., 2004) than
attenuated viral vaccines (Saeed et al., 2021)
and full-length protein-encoding vaccines
such as mRNA vaccines or DNA vector
vaccines (Andrzejczak-Grzadko et al., 2021;
Meo et al., 2021).

This study aimed to identify potential HLA-
presented CD4" T-cell epitopes of the spike
protein (referred as candidate epitopes) for
vaccine  development against  future
pandemic  SARS  Coronaviruses by
employing a hybrid, structure-informed
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combination of bioinformatics and a reverse
vaccinology approach applied for infectious
diseases. HLA class Il molecules were the
focus of this study to generate antibodies
against spike protein, thereby blocking the
cellular infection and the onset of the disease.
Among the class Il HLA loci, DR alleles
were chosen in this study to obtain potential
epitope candidates for multiple reasons. At
first, they are widely distributed across most
populations (Arrieta-Bolafios et al., 2023;
Southwood et al., 1998). Secondly, they
were found to be associated with protection
against COVID-19 (Astbury et al., 2022;
Langton et al., 2021; Lehmann et al., 2023;
Littera et al., 2020). Thirdly, as HLA class 1l
molecules, DR molecules could stimulate
antibody production to block infection-
driven viral molecules and prevent the onset
of the disease.

The design strategy was based on (1)
sequence analysis of the spike protein of
different variants for identification of
conserved regions to reduce immune escape;
(2) the prediction of interaction between all
possible segments of the spike protein and
HLA, herein HLA-DRBL1 to attain broad-
spectrum vaccine coverage for the world
population; (3) comparison with the
literature to support the level of confidence
of the selected conserved epitopes for
protective ability against disease severity, B-
cell uptake propensity, immunogenicity and
the sequences conservation of the candidate
epitopes (sequence conservation for short) in
the future pandemic strains. The resulting
peptide-based candidate epitopes are
expected to be safer compared to those using
attenuated viruses and full-length protein-
encoding molecules and more reliable than
those without support from structural data or
literature.


https://doi.org/10.15625/vjbt-xxxxx

Vietnam Journal of Biotechnology 22(3): 482-506, 2024. DOI: 10.15625/vjbt-21493

MATERIALS AND METHODS
Data collection

The sequences of SARS-CoV-1 spike
protein were gathered from the NCBI
Protein database (Wheeler et al., 2000).
Initially, we surveyed the list of proteins
linked with all the entries of SARS—related
strains of the NCBI taxonomy database. The
protein records containing ‘“‘complete
genome” or ‘“‘spike” were retained. The
records with partial sequence or unpublished
were removed. For all sequences published
in journals, their corresponding articles were
scanned for information specific to host
organisms. Spike protein sequences reported
from the articles that specified the host
organism to be human were collected. These
sequences were then clustered at 100%
sequence similarity using CD-Hit (Li,
Godzik, 2006) to remove redundant
sequences. The sequences of SARS-CoV-2,
including the reference sequences and those
of variants of concern (VOCs), were
collected from the reference alignment of
spike proteins provided by the GISAID
database (2022-08-15) (Khare et al., 2021).

Sequence analysis

Initially, a multiple sequence alignment for
SARS-CoV-1 spike sequences  was
generated. For SARS-CoV-2, a multiple
sequence alignment containing the reference
sequence and all VOCs was adapted from
the GISAID data. A profile-to-profile
alignment was made between the two above-
mentioned multiple alignments of the spike
protein of SARS-CoV-1 and SARS-CoV-2.
All alignments were generated using
ClustalX 2.1 (Larkin et al., 2007) with
substitution matrix BLOSUMG62, gap
penalty -1, gap extension penalty -0.5 and

iteration per alignment step. Due to the sheer
number of sequences present in the
alignment, a summarized version was
produced with matplotlib (Hunter, 2007)
containing only the reference sequences of
SARS-CoV-1, SARS-CoV-2, and the
parental sequences of VOCs in the GISAID
repository.

At each position (column) of the alignment,
a conservation score was estimated for the
degree of conservation, i.e., the unlikeliness
for mutations between physicochemically
dissimilar amino acids to occur at this
position. The scores were calculated with the
Scorecons  server at the European
Bioinformatics Institute website using the
Valdar01 scoring method (Valdar, 2002),
BLOSUMG62 matrix, Karlin-like matrix
transformation, and gapphilia 0. The scores
were multiplied by 100 to yield a range of
scores from 0.0 to 100.

For intuitive visualization of the potential
peptide region, the distribution of the
conservation  scores  was illustrated
combined with other contexts across the
sequence of the spike protein. Firstly, a
distribution of the scores was graphed across
the length of S protein sequence. In this
distribution, the x-axis represents the residue
position on the S protein sequence and the y-
axis denotes the magnitude of the
conservation scores. Additionally, a spatial
distribution of the conservation scores was
also visualized on the structure of the SARS-
CoV-2 wild-type spike homotrimer, using
PyMOL (Schrddinger, LLC, 2015) and PDB
structure 6V XX (see below for detail). The
magnitude of the conservation score of each
amino acid in the structure was presented as
color intensity, e.g., the higher the score, the
darker the color intensity. Finally, a
probability-like distribution of the number of
positions concerning the different ranges of
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conservation scores summarized the general
degree of conservation of the spike protein.
This summarized alignment was used as
input to an evolutionary analysis program to
select one SARS Coronavirus strain
representing all the pandemic strains. This
representative strain would be the input for
HLA-DRBL epitope prediction software for
predicting the putatively high pathogenic
epitope. The determination of the
representative strain was carried out with
MEGA11 (Tamura et al., 2021). Pairwise
estimation of evolutionary divergence of all
pairs of strains of SARS-CoV-1, SARS-
CoV-2, and VOCs was conducted using the
p-distance model. The sequence of the spike
protein with the least average divergence
estimates was selected as the representative
strain.

Prediction of potential epitopes binding to
HLA-DRB

Among the sequence of S protein, peptide-
based epitopes with the potential to become
vaccine candidates were predicted by
netMHClIpan 4.0 (Reynisson et al., 2020).
This program predicts whether HLA-DRB1
molecules could present short peptides
derived from antigenic proteins. It also
informs potential alleles that encode the
HLA-DRB1 molecules. Selected DRB1
alleles for prediction were the most common,
as suggested by the Allele Frequency Net
Database (Gonzalez-Galarza et al., 2020)
(wwwe.allelefrequencies.net/top10dist.asp)

(40 alleles excluding HLA-DRB1*04:140
and HLA-DRB1*04:155, as these alleles
were not included in netMHCllIpan 4.0). We
also added the allele HLA-DRB1*08:01 to
this list. The spike protein was slid into
windows of 15-residue peptides. The
binding affinity of each peptide to each allele
was graphed into one figure, and each curve

486

represents a binding affinity profile of an
HLA-DRB1 allele. A peptide will be
deemed an epitope, and its associated HLA-
DRBL1 allele will be considered positive if
the predicted binding affinity between them
is under 50 nM. The total number of strong
binding alleles of each peptide epitope was
also visualized in the figure as the binding
affinity.

Structural analysis for identifying
antibody-reacted epitopes and selection of
potential epitopes

In addition to epitopes identified by HLA-
DRB interaction analysis, the potential list
can be incorporated by antibody-reacted
epitopes. Those can be extracted from 221
structures of complexes between antibodies
and spike protein of SARS-CoV-2 deposited
in the RCSB Protein Data Bank (Rose et al.,
2017). The complexes were analyzed by the
Arpeggio program (Jubb et al., 2017) to
identify non-bonded interactions between
pairs of residues, one from spike protein and
one from the antibody of the same complex
as the spike protein. The residues of the
spike protein involved in the interactions
(excluding those classified as clashes) were
considered part of the antibody-reacted
epitopes. From the list of the epitope
residues, each residue was counted for the
number of complexes where it was part of
the antibody epitope and mapped into the
profile. The higher this number is, the more
likely the residue corresponds to binding to
B-cell receptors, being taken up by the B-
cells, and eliciting immunogenicity.

The epitopes with the most significant
numbers of favorable alleles and many
residues overlapping with antibody-reacted
epitopes were selected as candidate epitopes
for vaccine design. These epitopes are
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reported in a table, along with their binding
affinity to favorable HLA-DRBL1 alleles and
their conservation scores. The degree of
conservation and the immunogenicity of
each epitope were represented by the median
conservation score, and median number of
reactive antibodies, respectively. These
medians were calculated from 15 residues
that constitute each epitope. The selected
epitopes were subjected to further cross-
checking, as described below, to support
their likelihood of protection against disease
severity and sequence conservation.

Literature validation of potential epitopes

To validate the possible protection against
SARS diseases of the candidate epitopes,
protective favorable HLA-DRBL1 alleles of
each candidate epitope were identified by
searching in the literature, using Google
Scholar and keywords “immunogenetic,”
“population,” “cohort,” and “protective”. If
that allele was reported by any HLA-typing
studies to be associated with protection
against disease severity in a population or a
cohort, the epitope related to that allele was
deemed likely to hold protective properties.

For the functional constraint on the sequence
conservation, the candidate epitopes were
also searched on Google Scholar for
research articles that reported structural and
functional features related to the epitopes.
Since the function of the spike protein is
cellular infection, the search was focused on
how the epitopes, at the level of molecular
interactions, help the spike protein infect
cells.

Estimation of coverage of the candidate
epitopes across the human world
population

With the list of potential candidate epitopes
and their respective HLA-DRBL1 alleles, the
population coverage of these epitopes
worldwide was estimated using the IEDB
Population Coverage program (Bui et al.,
2006)  (http://tools.iedb.org/population/).
The program also generated a distribution
graph for the proportion of the population
covered by the combination of all epitope
candidates (input into the program) in terms
of the number of HLA alleles. It also
reported results in the form of summarized
statistics.

RESULTS AND DISCUSSION

Sequence alignment and identification of
representative sequence

After data collection and clustering, 155
SARS-CoV-2 and 11 SARS-CoV-1 spike
sequences were obtained and aligned. From
the complete alignment containing 166
sequences, conservation scores  were
calculated to express the degree of
conservation at each alignment position. The
higher the score for one position is, the less
likely that position is to mutate into
physicochemically dissimilar amino acids.
The score distribution was visualized in
various contexts mentioned in Section 2.2.
Note that sequence conservation allows a
position on the alignment to have different
amino acids as long as substitutions among
them hold positive scores in the substitution
matrices. That 1is because favorable
substitutions between amino acids of similar
physicochemical properties tend to correlate
with a positive score on the substitution
matrices (Ng and Henikoff, 2006; Pearson,
2018). This correlation can be seen in the
PAM matrix (Jones et al., 1992) or the
BLOSUM matrix (Zimmermann, Gibrat,
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2010) used in the alignment step of this
study.

Regarding the subunits and domains of the
spike protein, Figure 1A showed a
fluctuating level of conservation in the S1
subunit and its receptor binding domain
(RBD) and high conservation across the S2
subunit. This skew can be explained by the

fact that the S1 subunit is more exposed at
the viral surface than the S2 subunit (Walls
et al., 2020). Among the S1 subunit, the
highly mutated RBD is located on the top of
the spike trimer, constituting a protruding
region well-exposed to the host immune
surveillance (Li, 2016). As a result, it is the
main target site of host antibodies, leading to
a high mutation rate for immune evasion.

100~
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Figure 1. Overview of the distributions across the sequence of SARS-CoV-2 spike protein. A)
conservation scores derived from the sequence alignment, B) binding affinity of S-derived peptides
with HLA molecules encoded by 41 HLA-DRB1 alleles (with the average binding affinity of all the
alleles as the black curve), C) number of favorable HLA-DRB1 alleles concerning the position of the
peptide on the spike protein and D) number of antibody epitopes per position analyzed from PDB
structures of spike protein-antibody complexes.

Figure S1 illustrates the distribution of the

conservation score across the 3D structure of

the spike protein. Conserved areas span the
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majority of the surface of the spike
homotrimer (Figure S1A). Variable residues
are mostly situated at the top of the spike
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protein (Figure S1B), the most protruding
area frequently targeted by antibodies and
consequently under strong pressure to
mutate for immune escape.

For an overview, a proportional distribution
of the conservation score is provided in
Figure S2. The spike protein has a high level
of sequence conservation, with the

distribution skewed towards the score of 100.

Nearly 95% of the positions in the alignment
have a conservation score equal to or higher
than 70, while a conservation score of 100
(i.e., constituted of only one type of amino
acid) makes up roughly 69% of the
alignment, which is the highest proportion
among the scores. The median conservation

score is 100 with an interquartile range of 5.1.

This result shows high conservation
throughout most of the spike sequence
across different pandemic strains and
variants. This fact may look counterintuitive
initially, given the 75% sequence identity
between SARS-CoV-1 and SARS-CoV-2
(Huang et al., 2020). However, it should be
noted that the conservation score reflects
sequence identity and sequence similarity.
The latter notion is dictated by substitution
matrices. Substitutions with positive scores
tend to be between amino acids with similar
physicochemical properties. Therefore, such
substitutions can improve the conservation
score without attaining sequence identity.

To determine the representative for HLA-
DRB1 epitope prediction, multiple sequence
alignment was used to estimate evolutionary
divergence between pairs of strains and
variants. The result is reported in Table S1.
SARS-CoV-2 was estimated to have the
least degree of divergence, so it was chosen
as the input sequence for predicting
candidate epitopes for downstream analysis.

Identification of high antigenic epitopes
by prediction of HLA-DRB1 interactions

After gathering and analysis, data exported
from netMHClIpan 4.0 were plotted into
Figures 1B and C and summarized in Table
1. In these figures, positive epitopes with
high binding affinity and a high number of
favorable HLA-DRBL1 alleles can be seen
across the sequence of the spike protein.
Most of the functional regions of the spike
protein (NTD, RBD, heptapeptide repeat 1
(HR1) and heptapeptide repeat 2 (HR2),
except fusion peptide (FP)) were predicted
to be able to be presented by HLA-DRB1
molecules. Hence, they can be immunogenic.
Table 1 provided statistics for the binding
affinity and the number of favorable alleles
of these functional regions, calculated from
the respective data of each region's epitopes.
With the Kruskal-Wallis statistical test, no
regions outperformed others in terms of
binding affinity to HLA-DRB1 alleles.
However, some regions are more
promiscuous than others. The Mann-
Whitney test revealed NTD to be more
promiscuous than HR2 (p-value = 0.002).
The RBD has a higher level of promiscuity
than HR1 (p = 0.039) and HR2 (p-value =
0.013). These promiscuity statistics agree
with the maximum number of favorable
alleles in Figure 1. The FP has no positive
HLA-DRB1 molecules; hence, it is deemed
non-immunogenic. These analyses
demonstrated the high immunogenicity of
NTD and RBD, two domains of the S1
subunit, making them suitable for subunit
vaccine design.
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Table 1. Summary of the positive HLA-DRBL1 alleles of each functional region of the spike protein in
terms of the binding affinity and the highest number of the positive alleles.

ICs0 (n M)

- . . Highest number of
Position Functional regions "
positive alleles
Median IQR Min

13-305 N-terminal Domain 31.8 18.4 4.6 15

319-541 Receptor Binding Domain 34.5 17.5 4.6 9

788-806 Fusion Peptide - - - -

912-984 Heptapeptide Repeat 1 30.5 17.1 9.6 3

1163-1213 Heptapeptide Repeat 2 44.0 4.2 398 1

IQR: interquartile range
Min: minimum

A list of epitopes with high potential to be
vaccine candidates (Table 2) was tailored
with Figure 1 and based on criteria. The
criteria were the number of favorable HLA-
DRB1 alleles, conservation score, and
epitope residues overlapping with the

antibody-reacted epitope. The last criterion
IS not present in Table 2 and will be reported
in Table 3. All the selected epitopes belong
to the NTD and RBD, both of which were
found above to be the most promiscuous
regions.

Table 2. List of the epitopes selected to be vaccine candidates.

Positive HLA-DRB1 alleles

Conservation score

Epitopes Sequence ICs0 (NM)

Number Med IQR

Med IQR  Min

59-73 FSNVTWFHAIHVSGT 4 34.6 16.5 19.3 89.1 47.9
115-129 QSLLIVNNATNVVIK 15 329 26.0 46 100 7.7
200-214 YFKIYSKHTPINLVR 4 215 26.0 20.2 82.1 21.6
237-251 RFQTLLALHRSYLTP 13 25.1 19.8 15.3 76.7 19.8
344-358 ATRFASVYAWNRKRI 6 354 34 23.6 100 3.7
364-378 DYSVLYNSASFSTFK 4 21.7 35 21.4 100 17.5
450-464 NYLYRLFRKSNLKPF 9 36.0 18.5 18.7 100 20.5
Med: median

IQR: interquartile range
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Min: minimum

Although epitope 59-73 has a low number of
favorable HLA-DRB1 alleles, it was
selected due to its unique HLA-DRB1
alleles to raise vaccine coverage of the world
population to nearly 90% (see Section 3.6).
Epitopes 200-214 and 364-378 have the
same limitation but were selected for reasons
stated in Section 3.3.

The following section lists the immunogenic
profile of the candidate epitopes obtained
from the structural analysis of spike protein-
antibody complexes.

Incorporating antibody-reacted epitopes

The chance of selecting candidate epitopes
that can contact B-cell receptors and elicit
immunogenicity could be improved by
incorporating the antibody-reacted epitopes.
The antibody-reacted epitopes  were
obtained by analyzing the 3D structure of
spike protein-antibody complexes. There are
two reasons behind this approach. Firstly,
the contact between the candidate epitopes
and B-cell receptors triggers cellular uptake
of the epitopes, paving the way to antigen
processing and immunogenicity. Secondly,
the pieces of experimental data could elevate
the confidence in the predicted results of this
study. For these reasons, the result of HLA-
DRB1 epitope prediction (Figure 1B, C) was

combined with the distribution of the
number of antibodies per position of the
spike protein in Figure 1D. Table 3 provided
further immunogenic data about the
antibody epitopes of each candidate epitope.

Figure 1D shows the abundant antibody-
reacted epitopes in RBD (among residues
319-541). Notably, the number of antibodies
per position substantially climbs up around
and within the receptor binding motif
(among residues 438-506). This motif is
where direct contact with ACE2 is made,
making it a perfect and favorite target for
neutralizing antibodies. Apart from RBD,
only NTD is also targeted by the antibodies,
albeit to a lesser extent.

From Table 3, the residues being part of
antibody epitopes make up more than half
the length of 3 candidate epitopes. All
residues, or almost all of them, are involved
in antibody-reacted epitopes for the other
four epitopes. The higher the number of
candidate-epitope residues participating in
antibody epitopes, the better the chance for
cellular uptake and the more binding
interactions of the antibodies induced by the
candidate epitopes towards the designated
epitopes. All the candidate epitopes overlap
much of the antibody epitopes, so they are
likely to bind well with B-cell receptors and
trigger immunogenicity.

Table 3. Immunogenicity revealed from structural analysis of the antibody-spike protein complexes.
The immunogenicity of each candidate epitope is measured as the number of its residues, which are
also part of the antibody epitopes, and the median number of antibodies per residue of the epitopes.

Number of candidate- Number of antibodies per candidate-epitope
Epitopes epitope residues being residue

part of antibody-reacted

epitope Median IQR Maximum
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59-73 8 1
115-129 8 1
200-214 14 2
237-251 8 1
344-358 14 22
364-378 15 37
450-464 14 48

1 1
2.5 5

2 4

5 6

8 64
27.5 56
37.5 100

IQR: interquartile range

On the other hand, the number of antibodies
per candidate epitope reflects the strength of
immunogenicity. The closer a candidate
epitope is to RBD (among residues 319-541),
the higher the number of antibodies per
candidate-epitope residue is. The RBM-
housed epitope 450-464 has the highest
number, which agrees with the correlation
between RBM and the number of antibodies.

Despite having a low number of favorable
HLA-DRBL1 alleles (table 2), epitopes 59-73,
200-214, and 364-378 were chosen for their
high number of residues being a part of
antibody epitopes. This fact raises the
chance for the vaccine that incorporates
them to be taken in by B-cells.

Protective
literature

properties  revealed by

Many studies designed vaccines against
SARS-CoV-2 using HLA epitope prediction
tools but did not verify their proposed
epitopes for protective ability against the
disease. Consequently, the proposed
vaccines may not be effective. They may
even result in disease severity, as some
HLA-DRB1 alleles were associated with
adverse outcomes in SARS-CoV-2 patients
(Lehmann et al., 2023; Littera et al., 2020).
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These issues could be resolved by
incorporating immunogenetic HLA-typing
population studies to inform the design
strategy. Such studies attempted to
determine the HLA alleles that contribute to
the protection against and the severity of
COVID-19 (Astbury et al., 2022; Langton et
al., 2021; Lehmann et al., 2023; Litteraet al.,
2020). The information from these studies
can be utilized to select candidate epitopes
capable of triggering protective immune
responses rather than harmful side effects
such as antibody-dependent enhancement.
Therefore, incorporating immunogenetic
studies into the candidate selection process
is a valuable contribution to vaccine design.

The protective alleles were searched in the
literature and compared with the list of
predicted alleles of each candidate epitope
exported from the result of netMHClIpan 4.0.
Many HLA-DRB1 alleles of the candidate
epitopes were confirmed by previous studies
to be protective against SARS-CoV-2, so
they are likely to be presented by the HLA-
DRB1 complex to T-cell receptors for
subsequent development of immunity
against the spike protein. Protective alleles
reported in the literature and their
corresponding linear epitopes predicted by
our study are listed in Table 4.
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Table 4. Protective HLA-DRB1 alleles of the epitope candidates predicted to bind to them and the

reference associated with the alleles.

Linear epitope

Protective HLA-DRB1 alleles

Reference

50-73 DRB1*01:01 (Lehmann et al., 2023)
DRB1*15:01 (Astbury et al., 2022)
DRB1*01:01 (Lehmann et al., 2023)
115-129 DRB1*04:01 (Langton et al., 2021)
DRB1*13:01 (Lehmann et al., 2023)
200-214 DRB1*01:01 (Lehmann et al., 2023)
DRB1*13:01 (Lehmann et al., 2023)
237-251 DRB1*15:01 (Astbury et al, 2022)
DRB1*16:01 (Littera et al., 2020)
DRB1*01:01 (Lehmann et al., 2023)
344-358 DRB1*13:01 (Lehmann et al., 2023)
DRB1*16:01 (Littera et al., 2020)
364-378 DRB1*01:01 (Lehmann et al., 2023)
DRB1*01:01 (Lehmann et al., 2023)
450-464 DRB1*13:01 (Lehmann et al., 2023)
DRB1*16:01 (Littera et al., 2020)

All candidate epitopes selected in this study
were associated with at least one protective
allele. Therefore, those epitopes can
potentially trigger protective immune
responses against SARS.

Likelihood for sustained conservation of
the chosen epitopes

Many residues of the candidate epitopes
have been conserved between SARS-CoV-1
and the SARS-CoV-2 pandemics. Such
long-term sequence conservation implies an
essential role of the epitopes in the function
of the spike protein. These epitopes should
be less likely to mutate in future strains to
maintain the spike protein's function. This
hypothesis is based on the observations that
deleterious mutations cause reduction or loss

of protein function. The organisms' fitness
and viability are maintained with proper
protein function. Although mutations can be
advantageous, most yield neutral or
deleterious effects (Eyre-Walker, Keightley,
2007; Soskine, Tawfik, 2010). As a result,
regions of protein sequences that are
important to the protein's function are more
likely to be conserved.

All functional constraints of the candidate
epitopes are summarized in Table 5. The
constraints in the table also describe the
candidate epitopes' contributions to the spike
protein's function. Figures 2 and 3 illustrate
the location of the epitopes near functional
sites of the spike structure with PDB ID
B6VXX.
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Table 5. List of functional constraints placed on the candidate epitopes. The “residues of the epitope”
column informs the residues on which the functional constraints are directly applied.

Epitopes Residues of Functional constraints Reference
the epitope
59-73 61-65 Beta sheet PDB: 6VXX
All Interaction with sialic acid (Unione et al., 2022)
115-129 117-122 Beta sheet PDB: 6VXX
125-129 Beta sheet PDB: 6VXX
122-125 Stabilizing a binding pocket of sialic (Behloul et al., 2020)
acid
200-214 200-209 Beta sheet PDB: 6VXX
237-251 237-244 Beta sheet PDB: 6VXX
241-251 Interaction with sialic acid (Unione et al., 2022)
344-358 346-349 Part of heparin binding site (Clausen et al., 2020)
353-357 Part of heparin binding site
364-378 All Situated close to sialic acid binding (Li et al., 2021)
pockets
375, 378 Stabilizing sialic acid binding
pockets
450-464 453-458, 462 Binding to ACE2 (Yang et al., 2021; Zhang et

al., 2021; 2022)

For epitopes 59-73, 115-129, 200-214, and
237-251 situated in the NTD, many residues
of theirs form beta sheets, a crucial element
to the tertiary structure formation and
stability of the NTD (Figure 2). As side
chains are involved in the stability of beta
sheets (Hutchinson et al., 1998; Merkel et al.,
1999), mutation in this epitope is likely
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discouraged as it could disrupt the beta
sheets and affect the overall structure of
NTD. Therefore, conservation (in the forms
of sequence identity or favorable
substitutions in terms of physicochemical
properties) of the residues inside this epitope
is likely desirable to maintain the structure
and function of NTD.
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115-129

237-251

200-214

59-73

Figure 2. Location of 4 potential epitopes (green) in the NTD (opaque blue) of the spike protein
(transparent blue). Note the beta-sheet segments (thin, long green sheets) inside these epitopes.

The sialic acid associated with host cells
helps bring the pandemic SARS
Coronaviruses close to the surface of the
host cells (Seyran et al., 2021). Epitope 115-
129 contains the loop N122-N125 (which is
also a NxxN conserved motif). The loop was
predicted to be inside a binding pocket of
sialic acid and stabilize it (Behloul et al.,
2020). Epitopes 59-73 and 237-251
overlapped with two regions on NTD that
were predicted to interact with sialic acid
during a 1.75-microsecond molecular
dynamic simulation (Bo et al., 2021). Finally,

epitope 364-378 is situated close to two
putative sialic acid binding pockets, which
were determined by 200 ns of molecular
dynamics (Li et al., 2021). This study also
reported a stabilizing role of residues 375
and 378 in the binding pocket. Because of
this, these residues and others of this epitope
that are adjacent to or spatially close to them
should be physicochemically conserved to
avoid unwanted destabilizing effects to the
binding affinity to sialic acid of these
pockets.

Figure 3. The location of three copies of epitope 364-378 (green) (each on one monomer of the spike
protein (teal blue)) near putative sialic acid binding pockets (cyan).
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Another host-cell molecule, heparin,
contributes to cellular infection. Inside one
putative heparin binding site on RBD are
residues from 346 to 349 and from 353 to
357 of epitope 344-358 (Clausen et al.,
2020). Using transmission  electron
microscopy, the predisposition of RBD to
bind to ACE2 when it is bound to heparin
was detected. Also, in the study, when
treated with SARS-CoV-2 virus and a
mixture of heparin lyases, Vero E6 cells
were less infected by nearly five times. This
observation indicated the role of heparin in
cellular infection.

The receptor binding domain (RBD) of the
S1 subunit is the domain that interacts with
ACE2 (Li, 2016). Epitopes 450-464 in the
receptor binding motif of the receptor
binding domain are conserved across SARS-
CoV-2 VOCs and contribute to the
interaction between RBD and ACE2.
Conservation across this epitope suggests
that its residues are essential to the function
of RBD, which is to bind to ACE2. This fact
was confirmed by molecular dynamics
studies where about half of the residues of
the epitope (Y453, R454, L455, F456, R457,
H/K458, R/K462) (Yang et al., 2021; Zhang
et al., 2021; Zhang et al., 2022) exhibited
negative decomposed binding free energy
when they are in binding conformation with
ACE2. This functional constraint should
keep them conserved in future pandemic
strains, as mutations in these positions might
negatively affect the spike protein's binding
affinity to ACE2.
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Since multiple candidate epitopes are
located near the binding site of infection-
facilitating molecules (i.e., ACEZ2, sialic acid,
and heparin), antibodies or designed
therapeutics that recognize such epitopes
may be able to reduce infection and prevent
disease onset.

Predicted protective coverage of the
candidate epitopes across the world
population

The IEDB Population Coverage tool was
used to estimate the protective coverage of
the selected peptides for the world
population. The tool also generated the
probability distribution of the number of
HLA alleles recognized by the population
(Figure 4) and summarized it with the
maximum and average values (Table 6). A
coverage of 89.65% of the world’s
population can be obtained using all seven
epitopes. The maximum number of alleles
was 13 (Figure 4), and the average value was
3.87 (Table 6). Interestingly, the population
coverage is still the same with the
combination of only four epitopes 59-73,
115-129, 237-251, and 450-464. However,
the four epitopes have a lower profile of
recognized HLA alleles than seven epitopes
(maximum number of 8 and 2.86 for average
number). If epitopes 59-73 were removed
from the four epitopes mentioned earlier, the
remaining three were predicted to bind to 13-
15 HLA-DRB1 alleles per epitope and could
cover 87.65% of the world population. This
result indicates these epitopes as must-have
candidates for vaccine design.
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Figure 4. Distributions of the proportion of world population coverage (vertical bars) with all candidate
epitopes listed in Table 2 (top graph) versus the combination of 4 candidate epitopes 59-73, 115-129,
237-251, and 450-464 (bottom graph). Cumulative distribution of the coverage percentage of the
world population is provided as the blue curve with yellow dots. The graphs were provided by the

IEDB Population Coverage tool.

Table 6. Comparison of different combinations of HLA-DRBL1 epitopes in terms of the percentage of
coverage and the average number of HLA-DRBL1 alleles recognized by the world population.

Epitopes Coverage @ Average hit ®
All 89.65% 3.87
59-73, 115-129, 237-251 and 450-464 89.65% 2.86

aprojected population coverage

b average number of epitope hits / HLA combinations recognized by the population

Future direction and recommendation

We have identified conserved, immunogenic
peptide-based epitopes for vaccine design
against future pandemic Coronavirus. The

epitopes could make potential and
indispensable candidates for vaccine design
for several reasons. Firstly, they are peptide-
based, and are generally less allergenic and
toxic than attenuated vaccines or those based
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on the expression of full-length antigenic
proteins. Next, a large proportion of the
world population could be covered with just
a few of the candidate epitopes. Finally,
compared to the epitopes of other reverse
vaccinology studies during the height of the

COVID-19 pandemic, our candidate
epitopes are supported by structural,
immunogenic and functional data. We

propose them to be utilized as immunogenic
scaffolds, by modifying their sequences
either to adapt to the sequence of future
pandemic Coronavirus or to improve their
immunogenicity. Alternatively, the epitopes
can be administered for booster vaccination
against the currently circulating SARS-
CoV-2 variant.

Due to the theoretical nature of our study, the
following next steps should be taken to
translate the candidate epitopes into practical
solutions for global health. The first step is
molecular dynamics simulation to estimate
the binding affinity between the epitopes and
antibodies. Good binding affinity to
antibodies helps the epitopes to bind well
with B-cell receptors for B-cell uptake.
Because after the uptake, the epitopes are
processed and presented to HLA molecules,
we will measure the binding affinity
between the epitopes and HLA molecules.
Finally, we would like to collaborate with
clinical researchers for clinical trials to
assess the immunogenicity, protection
against disease severity and safety of the
vaccine candidates.

The strength of this reverse vaccinology
study was lent from vast amount of and the
variety of biological data. Hence, it can be
argued that reverse vaccinology will benefit
from the accumulation of a variety of
biological data. There are two ways the data
can augment the effectiveness of this
vaccine design approach. One, continuous
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expansion of the public database of
experimental HLA-epitope affinity
characterization can improve the predictive
power of artificial intelligence models
behind the HLA epitope prediction methods.
Two, each type of data guides the
identification and selection of vaccine
candidates in different ways. Sequence data
helps identify epitopes conserved across a
large number of variants. Antibody-antigen
structural data inform B-cell uptake ability
and immunogenicity of the epitopes.
Immunogenetic  data  gathered  from
population HLA typing studies can point to
protective HLA alleles against disease
severity. And functional data support
sequence conservation of the vaccine
candidates. Therefore, vaccine design
projects should utilize different types of
biological data to determine the most
advantageous vaccine candidates. As a result,
continuous development of biological
databases is highly recommended and can
accelerate vaccine development in response
to the emergence of any pandemic.

CONCLUSION

The increase in severity, deadliness, and
socioeconomic impact of the latter pandemic
Coronavirus strains compared to the former
one and the threat of pandemic re-emergence
prompt the search for vaccine candidates for
future pandemics. The desirable vaccines
require its epitopes to have a generally good
degree of conservation and a high binding
affinity to the antigen-presenting HLA
molecules. Using sequence analysis and
reverse vaccinology, we have detected short
conserved epitopes on the spike protein of
pandemic strains and variants, with high
binding affinity to numerous HLA-DRB1
alleles. These epitopes were cross-checked
with  structural, immunogenetic and
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functional data from many studies published
throughout the COVID-19 pandemic.
Compared to other vaccine design studies (to
our knowledge), the advantage and novelties
of this study are less adverse effect
compared to traditional or full-length
protein-encoding vaccines and the cross-
referencing with previous studies. Our study
contributes a list of potential epitopes for
vaccine design against the SARS pandemic
viruses. The study also demonstrates that
tailoring potential antigenic regions for
vaccine candidates to prepare for a possibly
upcoming pandemic should be an ongoing
effort that can lead to attractive and
promising results.
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APPENDIX

Figure S1. Distribution of the conservation scores throughout the homo-trimeric structure of the spike
protein. The residues with conservation score equal to or higher than 70 are colored teal blue. The
darker the teal blue, the higher the conservation score. Residues lower than 70 are colored orange
and considered as non-conserved. (A) Front view of the spike protein, with brackets to approximately
mark S1 and S2 subunits. (B) The surface of S1 subunit in top-down view.
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Figure S2. Distribution of conservation score from 0 to 100. Each bar illustrates the number of
residues with their conservation scores being within the range of conservation scores of that bar.

Table S1. Estimates of evolutionary divergence between spike protein sequences of Coronavirus.
Evolutionary analyses were conducted in MEGA11 (Tamura et al., 2021). All ambiguous positions of
the input alignment (Figure S1) were removed for each sequence pair using pairwise deletion option.
The number of amino acid differences per position between sequences are shown in the table. The
least average value of estimated evolutionary divergence is highlighted in blue color and belongs to

SARS-CoV-2.
SARS- SARS- .
CoV-1  CoV-2 Alpha Beta Gamma  Delta  Omicron
SARS- 0.219 0.223 0.222 0.223 0.220 0.229
CoVv-1
SARS- 0.219 0.006 0.006 0.009 0.007 0.024
CoV-2
Alpha 0.223 0.006 0.008 0.012 0.010 0.024
Beta 0.222 0.006 0.008 0.009 0.011 0.024
Gamma 0.223 0.009 0.012 0.009 0.015 0.027
Delta 0.220  0.007 0.010 0.011 0.015 0.024
Omicron 0.229 0.024 0.024 0.024 0.027 0.024
Average 0.223 0.045 0.047 0.047 0.049 0.048 0.059
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