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A B S T R A C T   

The Omicron (BA.1/B.1.1.529) variant of SARS-CoV-2 harbors an alarming 37 mutations on its spike protein, 
reducing the efficacy of current COVID-19 vaccines. In this study, we identified CD8+ and CD4+ T cell epitopes 
from SARS-CoV-2 S protein mutants. To identify the highest quality CD8 and CD4 epitopes from the Omicron 
variant, we selected epitopes with a high binding affinity towards both MHC I and MHC II molecules. We applied 
other clinical checkpoint predictors, including immunogenicity, antigenicity, allergenicity, instability and 
toxicity. Subsequently, we found eight Omicron (BA.1/B.1.1.529) specific CD8+ and eleven CD4+ T cell epitopes 
with a world population coverage of 76.16% and 97.46%, respectively. Additionally, we identified common 
epitopes across Omicron BA.1 and BA.2 lineages that target mutations critical to SARS-CoV-2 virulence. Further, 
we identified common epitopes across B.1.1.529 and other circulating SARS-CoV-2 variants, such as B.1.617.2 
(Delta). We predicted CD8 epitopes’ binding affinity to murine MHC alleles to test the vaccine candidates in 
preclinical models. The CD8 epitopes were further validated using our previously developed software tool 
PCOptim. We then modeled the three-dimensional structures of our top CD8 epitopes to investigate the binding 
interaction between peptide-MHC and peptide-MHC-TCR complexes. Notably, our identified epitopes are tar
geting the mutations on the RNA-binding domain and the fusion sites of S protein. This could potentially 
eliminate viral infections and form long-term immune responses compared to relatively short-lived mRNA 
vaccines and maximize the efficacy of vaccine candidates against the current pandemic and potential future 
variants.   

Introduction 

The novel Omicron (BA.1/B.1.1.529) variant of SARS-CoV-2, first 
identified in South Africa in 2021 [1], was quickly declared as a variant 
of concern (VOC) as it had the potential to infect many populations 
across the world. Although several COVID-19 vaccines and antiviral 
drugs are currently available, the new variant has challenged public 
health at an unprecedented scale. Characterized by a heavy mutation 
load, Omicron has raised alarming immune escape and potentially 
increased transmissibility compared to the Delta variant [2]. B.1.1.529 
harbors an alarming number of spike protein substitutions, with a total 
of 15 located on the RNA-binding domain (RBD) of the S protein alone, 
meaning the new VOC may confer enhanced binding to the human 
Angiotensin-Converting Enzyme 2 (ACE2) receptor [2,3]. Moreover, the 
recent emergence and spread of Omicron sub-lineage BA.2 may pose 

another risk to public safety. Thus, there is an urgent need for effective 
booster vaccines against SARS-CoV-2 Omicron variants to reduce the 
spread of this highly infectious agent. 

SARS-CoV-2 spike (S) glycoprotein is a first-generation COVID-19 
target due to its structure and function, which play an important role in 
viral infection and pathogenesis [4]. Mature S protein consists of two 
subunits: S1, which includes the RNA-binding domain responsible for 
the interaction with ACE2, and S2, which facilitates membrane fusion 
and viral entry [5,6]. The S1 subunit contains the N-terminal domain 
(NTD) and the RBD, which are the major targets of polyclonal and 
monoclonal neutralizing antibodies [7]. In addition, SARS-CoV-2 hosts a 
novel protease cleavage site at S1/S2 predicted to increase the virulence 
of the virus by enabling the cleavage of fusion peptides and therefore 
promoting entry into lung cells [4]. The continued spread of COVID-19 
in immunocompromised individuals allows the virus to mutate while 
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generating new SARS-CoV-2 variants. The emergence of B.1.1.529 S 
protein point mutations and deletions, such as mutations at residues 
142–145, 417, 484, and 501, may be correlated with increased viral 
transmission and resistance to NTD or RBD antibodies, therefore 
creating speculation whether the current vaccines provide efficient 
protection against the virus [8,9]. 

The need for a quick and effective vaccine to combat existing and 
emerging infectious diseases has implemented the use of in silico pre
diction methods, such as immunoinformatics [10]. Specifically, immu
noinformatics provides a low-cost and rapid approach for epitope-based 
vaccine design which has many advantages over other conventional 
types of vaccines. Epitope-based vaccines offer more specific immune 
responses, promote long-lasting immunity and reduce undesired side 
effects [11]. Memory T cells specific for SARS-CoV-2 epitopes can persist 
for 11 years after infection [12] compared to relatively short-lived 
antibody responses [13]. Moreover, T cell responses in transgenic 
mice have been correlated with similar T cell responses in vaccinated 
and infected humans [14,15], indicating the potential of epitope-based 
vaccines to undergo clinical testing at an accelerated rate. 

In this study, we obtained immunogenic CD8+ and interferon- 
gamma (IFNγ) inducing CD4+ T cell epitopes from spike protein of 
SARS-CoV-2 for a multi-epitope vaccine to protect against the circu
lating COVID-19 variants and Omicron variant, specifically. Immune 
Epitope Database (IEDB) [16] was utilized to predict CD8+ and CD4+ T 
cell epitopes with high binding affinity to MHC class I and II alleles, 
respectively. Beyond MHC affinity, epitopes were further refined by 
predicting immunogenicity, population coverage, antigenicity, allerge
nicity, toxicity, IFNγ secretion, half-life and GRAVY (grand average of 
hydropathicity), and other amino acid physicochemical properties to 
fully maximize the quality and efficiency of the designed vaccine. After 
predicting CD4+ and CD8+ T cell epitopes, we attempted to identify top 
immunogenic CD8 peptides (9–10 aa long) within IFNγ inducing CD4 
epitopes (15 aa long) that could be used to provoke a strong and 
long-lasting immune response against the Omicron variant. We vali
dated the predicted epitopes using our previously developed program 
called PCOptim [17]. We then predicted the 3D structures of the final 
CD8 T cell epitopes and docked them with their respective HLA alleles to 
visualize the peptide-MHC interaction. Since T-cell receptor (TCR) in 
complex with pMHC structure is thought to play an important role in the 
immune response against evading pathogens, we also visualized the 
pMHC-TCR interaction to gain a better insight into the vaccine mecha
nism. To safely test the peptide-based vaccine constructs for their effi
cacy and immunogenicity in pre-clinical trials, we also predicted murine 
MHC binding affinity to our CD8 peptides. 

Materials and methods 

Retrieval of SARS-CoV-2 sequence 

We retrieved the reference S protein sequence of SARS-CoV-2 Wuhan 
isolates from the NCBI database using accession number 
YP_009724390.1. The Omicron BA.1 and BA.2 specific S protein se
quences were generated using lineage-defining S protein mutations [18, 
19]. 

CD8+ t cell epitope prediction and immunogenicity modeling 

CD8+ T cell epitopes were predicted using NetMHCpan EL 4.1 (IEDB 
Recommended) [20–24]. We predicted CD8+ T cell epitopes for the 
frequently occurring MHC-I-binding alleles and the HLA allele reference 
set. The amino acid length of peptide 9.0 and 10.0 were selected as 
parameters for identifying MHC I alleles. Subsequently, we selected the 
top 300 unique epitopes based on rank and predicted their immunoge
nicity using the IEDB Immunogenicity tool on http://tools.iedb. 
org/immunogenicity/ [25]. Epitopes with an immunogenicity score 
>0 were selected for further analysis. 

CD4+ t cell epitope prediction 

We used the IEDB Analysis Resource v2.22 to predict CD4+ T cell 
epitopes [26,27]. Full HLA reference set and default epitope length were 
selected as parameters for predicting MHC II binders. We chose the top 
300 unique epitopes based on rank for further analysis. 

IFNγ inducing CD4 peptide prediction 

Due to the lack of reliable immunogenicity predictor on IEDB.org, 
the top 300 unique CD4 peptides were refined based on IFNγ inducer 
properties using the IFNEpitope server (https://webs.iiitd.edu.in/ragh 
ava/ifnepitope/index.php) [28]. IFNEpitope is designed to make pre
dictions based on peptide length, positional conservation of residues and 
amino acid composition. Using a hybrid approach of the motif and 
SVM-based predictions, epitopes returned either positive or negative 
induction for IFNγ release. Only epitopes that were “positive” for IFNγ 
release were selected for further analysis. 

Antigenicity prediction 

VaxiJen v2.0 [29] was used to predict antigenic CD8 and CD4 epi
topes (http://www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html). 
VaxiJen predicts epitopes based on the physicochemical properties of 
the protein sequences. A viral model was used, for predictions and 
epitopes that returned a score >0.4 were considered antigenic. 

Allergenicity prediction 

AllerTop v2.0 [30] was used to predict allergenicity for both CD8 and 
CD4 epitopes (http://www.pharmfac.net/allertop). The server provides 
an alignment-free method for in silico prediction of allergens and 
non-allergens based on the physicochemical properties of epitopes. Only 
“probable non-allergen” peptides were selected for our analysis. 

Toxicity prediction 

The toxicity of CD8 and CD4 peptides was determined using the 
ToxinPred server on https://webs.iiitd.edu.in/raghava/toxinpred/ 
[31]. The method was developed based on machine learning and a 
quantitative matrix using several properties of peptides. The tool returns 
both toxic and nontoxic peptides. For our analysis, only “non-toxin” 
epitopes were selected. 

Amino acid physiochemical properties 

Evaluation of various physicochemical properties is essential for 
determining the safety and efficacy of the candidate vaccine. Using 
ProtParam [32] tool on ExPASy (https://web.expasy.org/protparam/), 
the chemical and physical properties of the top CD8 and CD4 peptides 
were assessed. Instability index, aliphatic index, GRAVY and half-life 
were among the parameters used in the study. The instability index 
was calculated to determine whether an epitope was stable or unstable 
in vivo where an instability index <40 was selected as the threshold for 
stable epitopes. Half-life in mammalian reticulocytes in vitro was pre
dicted where half-life >1 hour was chosen as a threshold value. 

Worldwide human population coverage analysis 

We calculated the population coverage of predicted epitopes with 
known MHC restriction using the IEDB population coverage tool on http 
://tools.iedb.org/population/ [33]. The percentage of the world popu
lation predicted to present our epitopes on their MHC molecules was 
computed by the tool. The population coverage analysis was performed 
separately for MHC I and II binders. The analysis covered East Asia, 
Northeast Asia, South Asia, Southeast Asia, Southwest Asia, Europe, East 
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Africa, West Africa, Central Africa, North Africa, South Africa, West 
Indies, North America, Central America, South America and Oceania. 
Only HLA alleles from the top 300 predicted epitopes ordered according 
to “rank” were considered in the analysis. 

Murine mhc restriction prediction 

We utilized SYFPEITHI on http://www.syfpeithi.de [34] to predict 
the CD8 peptide’s affinity to murine MHC class I (H2) molecules. The 
prediction tool is based on published T cell epitopes and MHC ligands. It 
takes into consideration the amino acids in the anchor and auxiliary 
anchor positions, as well as other frequent amino acids. Two common 
mouse strains to study COVID-19 vaccines, C57BL/6 and BALB/CJ, were 
used in mouse MHC affinity predictions. Since scores calculated by the 
SYFPEITHI server vary, we identified peptides that have been experi
mentally validated to bind to C57BL/6 and BALB/CJ supertypes. Sub
sequently, we compared the scores of reference peptides: RTFSFQLI 
[35], MYIFPVHWQF [36] and RPQASGVYM [37] to our predicted CD8 
epitopes. 

Validation using our population coverage optimization software 

We earlier developed a program called PCOptim to validate the 
predicted epitopes. The program can be used to generate an optimized 
dataset of epitopes with maximum population coverage [17]. The tool 
accepts the input of several epitope-HLA allele pairs and generates an 
optimized list of epitopes that provide the maximum possible population 
coverage. PCOptim produces the optimized list of epitopes by 
conserving all unique HLA alleles, thereby ensuring that population 
coverage remains maximized. However, the program does not consider 
several clinical checkpoint variables: antigenicity, allergenicity, or 
toxicity. The epitopes that pass all clinical checkpoint parameters will be 
more limited and likely have lower population coverage than the opti
mized dataset. Therefore, the optimized set of epitopes can be used as a 
point of comparison to identify geographic regions that may receive 
lower coverage. 

Three-dimensional (3D) structure prediction 

Three-dimensional (3D) structure prediction is useful in illustrating 
the binding of the peptide to a respective MHC molecule. To visualize 
the peptide-MHC complex, we first predicted the tertiary structure of the 
top CD8 epitopes using PEPstrMOD [38]. The 3D structure of the HLA 
allele that the S protein epitope binds to was downloaded from Protein 
Data Bank on RCSB.org. The native peptides from the RCSB structures 
were replaced with our predicted epitopes using PyMol. We then 
spatially docked the predicted epitope in the MHC groove using PyMOL 
and FlexPepDock [39]. The best model provided by the server was en
ergy minimized using HADDOCK 2.4 [40]. We also modeled the 3D 
structure of the peptide-MHC-TCR complex using TCRmodel [41]. 

Results 

Workflow of t cell predictions 

A schematic presentation of the immunoinformatic methods was 
proposed for epitope predictions as described in our previous study 
(Fig. 1) [42]. We started the analysis by creating SARS-CoV-2 Omicron 
(BA.1 and BA.2) specific S protein sequences where lineage-defining 
mutations were replaced in the SARS-CoV-2 Wuhan reference 
sequence. We used experimentally validated prediction tools from our 
previous study [43] to predict CD8 and CD4 epitopes with MHC Class I 
and II binding affinity, respectively. We applied additional parameters 
to obtain the highest quality epitopes for the multi-epitope vaccine. 
World population coverage was thereafter calculated to assess the pro
tection scope of selected epitopes. To test the efficacy of the epitopes in 

preclinical trials, we predicted the binding affinity of our CD8 epitopes 
to murine MHC alleles. To validate the CD8 epitopes, we utilized our 
earlier developed program called PCOptim. Eventually, we visualized 
peptide-MHC (pMHC) and pMHC-TCR interactions in three-dimensional 
models to give a better insight into T cell-mediated immune response 
mechanism. 

SARS-CoV-2 omicron variant mutations 

The Omicron variant, also known as PANGO lineage BA.1 or 

Fig. 1. Flowchart of the T cell epitope prediction mechanism. Omicron 
variant specific CD8+ and CD4+ T cell epitopes were predicted using freely 
available prediction tools on Immune Epitope Database (IEDB). MHCI binders 
were refined by immunogenicity and MHCII binders by IFNγ inducer capability. 
All CD8 and CD4 epitopes were then evaluated and selected based on their 
antigenicity, allergenicity, toxicity and physiochemical properties. Population 
coverage was computed for both CD8 and CD4 epitopes with known MHC re
striction. CD8 peptides were further validated using our software PCOptim. 
Murine MHC binding affinity to top CD8 epitopes was predicted and the 
peptide-MHC structures were modeled in three-dimensional analysis. The figure 
was created with BioRender.com. 
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B.1.1.529, harbors up to 59 mutations in the entire genome with 37 of 
them located on the S protein, the mediator of host cell entry (Fig. 2). 
Among these, Omicron hosts a novel three amino-acid insertion at po
sition 214. The RBD region, considered the main target of neutralizing 
antibodies as it binds to the human ACE2 receptor, contains 15 of these 
mutations. Besides novel mutations in the Omicron BA.1 variant, some 
of the mutations are also observed in other SARS-CoV-2 variants. The 
Omicron sub-lineages BA.1 and BA.2 differ in some of the mutations, 
including the spike protein, however, the two have at least 20 common 
mutations (Fig. 2). B.1.617.2 variant shares three amino acid mutations 
with B.1.1.529: G142D, T478K and D614G, whereas B.1.351 and P.1 
share mutations in residues K417N, E484K, and N501Y, which are 
correlated with increased binding affinity to ACE2 [44,45]. 

CD8+ t cell epitope prediction 

We used NetMHCpan EL 4.1 based on rank and additional parame
ters including MHC-I immunogenicity predictor, VaxiJen 2.0, AllerTop 
2.0, ToxinPred and ProtParam, to select only immunogenic, antigenic, 
non-allergenic, nontoxic and stable CD8+ T cell epitopes from SARS- 
CoV-2 Omicron (BA.1) S protein. The search yielded 25 immunogenic, 
antigenic, non-allergenic, nontoxic and stable epitopes. We then 
compared these epitopes to other SARS-CoV-2 variant CD8 peptides 
identified by our previous study [43]. This led us to identify 12 of 25 
common epitopes among Omicron (BA.1/B.1.1.529), Alpha (B.1.1.7), 
Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), US variants (S protein 
mutations), and Cluster 5 mink variants (Supplementary Table S1) 
which could be used in a multi-epitope vaccine to target multiple vari
ants simultaneously. The remaining 13 CD8 peptides appeared to match 

the S protein reference sequence of SARS-CoV-2 indicating the absence 
of any BA.1 variant specific epitopes. 

The stringent method provides an efficient way to match epitopes 
with 100% sequence similarity. We compared all predicted immuno
genic reference epitopes to immunogenic BA.1 epitopes. The search 
successfully returned 25 BA.1 specific immunogenic epitopes where 
eight were identified as immunogenic, antigenic, non-allergenic, 
nontoxic but unstable in vivo (Table 2, Supplementary Table S2). We 
also predicted CD8 peptides specific to the stealth version of the Omi
cron variant of the BA.2 sub-lineage. The study yielded three immuno
genic antigenic non-allergenic nontoxic and stable epitopes specific to 
BA.2 sub-lineage (Supplementary Table S3). Using our 8 BA.1 specific 
CD8 epitopes, we aimed to identify any common epitopes among BA.1 
and BA.2 sub-lineages. The search yielded one CD8+ T cell epitope 
(KSHRRARSV) present in both Omicron lineages and located at the furin 
cleavage site. Finally, we checked if there were any BA.2 CD8 epitopes 
were also common to other SARS-CoV-2 strains. Successively, BA.2 
shares identical epitopes with all other SARS-CoV-2 variants listed in 
Supplementary Table S1. 

CD4+ t cell epitope prediction 

Using the IEDB Analysis Resource v2.22 based on rank, IFNEpitope, 
VaxiJen 2.0, AllerTop 2.0 and ToxinPred, only IFNγ inducing antigenic 
non-allergenic nontoxic CD4 epitopes were selected. Our analysis yiel
ded seven common S CD4+ T cell epitopes across Omicron (BA.1/ 
B.1.1.529) and six other SARS-CoV-2 variants (Alpha, Beta, Delta, 
Gamma, US variants (S protein mutations), and Cluster 5 mink variants) 
reported by our other study (Table 3, Supplementary Table S4) [43]. In 

Fig. 2. 3D structure of SARS-CoV-2 S protein (PDB: 7VNE) highlighting the mutational landscape of Omicron variant (BA.1/ B.1.1.529). Omicron variant harbors 37 
mutations on the S protein with most of the mutations located on the RNA-binding domain. Mutations highlighted in red are shared between BA.1 and BA.2 
sub-lineages. 
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addition, we identified 15 Omicron BA.1 specific S CD4+ T cell epitopes 
(Supplementary Table S5), whereas 11 of them were predicted to be 
stable in vivo. We also predicted CD4+ T cell epitopes from the BA.2 
variant to check any common epitopes among Omicron BA.1 specific 
CD4 peptides and across other SARS-CoV-2 strains. Our analysis resulted 
in 8 common CD4+ T cell epitopes across Omicron BA.1 and BA.2 
sub-lineages (Tables 2 and 3). Moreover, BA.2 shares identical CD4 
peptides with other SARS-CoV-2 variants listed in Table 3. 

Identification of overlapping t cell epitopes 

CD8+ T cells are important for the clearance of infectious cells and 
CD4+ T cells play a crucial role in promoting specific B cell antibody 
production. It is thought that together these T cells can elicit a robust 
immune response against an evading pathogen. Hence, we overlapped 
the CD8+ T cell epitopes on the CD4+ T cell epitopes to identify over
lapping Omicron BA.1 specific epitopes. The analysis from the previous 
section revealed 3 S CD4+ T cell epitopes (KSHRRARSVASQSII, 
SVLYNLAPFFTFKCY and VLYNLAPFFTFKCYG) overlapping with our 
top CD8+ T cell epitopes (Table 3). All identified CD4+ T cell epitopes 
are antigenic, IFNγ inducing, non-allergenic, and nontoxic. Moreover, 
we found that CD4+ T cell (KSHRRARSVASQSII) that overlaps with a 
CD8+ T cell epitope (KSHRRARSV) is common to both Omicron BA.1 
and BA.2 sub-lineages. 

Murine mhc restriction prediction 

To assess the efficacy of the proposed vaccine candidates, we pre
dicted their binding affinity to murine H2 alleles. Since the SYFPEITHI 
server is mostly validated for MHC Class I epitope prediction and has low 
reliability (50%) for MHC Class II peptides, we only identified CD8 
peptides that bind to murine H2 alleles. The comparison of reference 
epitopes to the identified CD8 peptides yielded potential strong, inter
mediate and weak binders. Our analysis revealed seven common S CD8+
T cell epitopes among SARS-CoV-2 variants (Supplementary Table S1) 
and four Omicron BA.1 specific S CD8+ T cell epitopes (Table 1) pre
sented by murine MHC restriction. Moreover, we identified one BA.2 
lineage specific CD8+ T cell epitope (TPINLGRDL) presented by murine 
MHC restriction (Supplementary Table S3). Ultimately, the predicted 
strong, intermediate and weak murine MHCI binders can be used in 
further preclinical trials on mouse models with similar allelic 
presentation. 

Population coverage analysis 

The distribution of MHC alleles varies across geographical areas and 
ethnicities. Thus, it is highly important to consider population coverage 
when designing an effective vaccine. To determine the world population 

coverage of the selected T cell epitopes, corresponding HLA associations 
were considered. Epitopes that bind several MHC (HLA) alleles are 
generally regarded as the best probable epitopes as they have a higher 
potential to show good coverage by approaching 100%. We found that 
the 12 common CD8 peptides among Omicron and other SARS-CoV-2 
variants cover 84.0% of the world population (Supplementary 
Fig. 1A). In contrast, the eight Omicron BA.1 specific CD8 peptides cover 
76.16% (Table 1, Supplementary Fig. 1B). World population coverage 
was also computed for the MHC Class II peptides. We found that the 
seven common CD4+ T cell epitopes across Omicron and other circu
lating variants, including Delta, can elicit an immune response that 
covers 96.65% of the world population (Supplementary Fig. 1C). The 11 
top-quality Omicron BA.1 variant specific CD4 peptides were computed 
to cover 97.46% of the world population (Table 2, Supplementary 
Fig. 1D) whereas the three overlapping CD4 peptides were found to 
cover 92.66% of the world population (Table 3, Supplementary Fig. 1E). 

Validation of top epitopes 

The top 300 epitopes found from IEDB NetMHCpan EL 4.1 have a 
rank range of 0–0.30. We filtered through all the raw epitope data to 
obtain a dataset of epitopes with a rank less than 0.30 and immunoge
nicity greater than 0. We entered this dataset into PCOptim to obtain a 
list of optimized epitopes, which we can use for comparison to our eight 
immunogenic, antigenic, non-allergenic, nontoxic and stable epitopes. 
The optimized list of epitopes included eight unique epitopes and 
returned 98.55% population coverage (Table 4, Fig. 3). Of the eight 
optimized epitopes, two are present in our “Omicron BA.1 variant spe
cific S CD8 epitope” dataset (Supplementary Table S2) (RSYSFRPTY and 
YNLAPFFTF) and one is present in our “Top common S CD8 epitopes 
across Omicron and other SARS-CoV-2 variants” dataset (Supplemen
tary Table S1) (VVFLHVTYV). The HLA alleles present in the optimized 
dataset but not in the clinically relevant dataset are: HLA-B*07:02, HLA- 
B*08:01, HLA-A*31:01, HLA-A*33:01, and HLA-B*51:01. These alleles 
account for the difference in population coverage between the optimal 
epitope dataset and datasets obtained after passing epitopes through 
several clinical checkpoints. 

Three-dimensional (3D) structural analysis 

Protein 3D structures offer useful insights into their molecular ac
tivity and provide a wide variety of applications in bioscience. We 
selected two immunogenic antigenic non-allergenic and nontoxic CD8+
T cell epitopes (KSHRRARSV and YNLAPFFTF) for 3D visualization and 
molecular docking analysis. KSHRRARSV and YNLAPFFTF are both 
strong MHC I binders and presented by murine MHC restriction. The 
selected CD8 epitopes were docked individually with the alleles they 
were restricted to, which was HLA-A*30:01 (RCSB PDB: 6J1W) for 

Table 1 
Omicron (BA.1/B.1.1.529) specific S protein CD8þ T cell epitopes and their world population coverage. All predicted epitopes are immunogenic, antigenic, 
non-allergenic and nontoxic. Variant specific mutations are written in red color. We identified one common CD8+ T cell epitope (KSHRRARSV) across Omicron BA.1 
and BA.2 sub-lineages. Murine model MHC restriction is also indicated for peptides that were identified as weak, intermediate or strong binders.  

World Population 
Coverage 

Omicron Specific 
CD8 Peptide 

Targeted S 
Mutations 

HLA Restriction Mouse MHC 
Restriction 

Omicron sub- 
lineage 

76.16% NLAPFFTFK S371L, S373P, 
S375F 

HLA-A*11:01, HLA-A*03:01, HLA-A*68:01 Not Available BA.1  

YNLAPFFTF S371L, S373P, 
S375F 

HLA-A*23:01, HLA-A*24:02 H2-Ld, H2-Db BA.1  

GVYFASIEK T95I HLA-A*11:01, HLA-A*03:01, HLA-A*30:01 Not Available BA.1  
KSHRRARSV N679K, P681H HLA-A*30:01 H2-Kd BA.1, BA.2  
APFFTFKCY S373P, S375F HLA-B*35:01 H2-Ld BA.1  
VLYNLAPFF S371L, S373P, 

S375F 
HLA-A*32:01, HLA-A*23:01 Not Available BA.1  

REPEDLPQGF ins214EPE HLA-B*44:03, HLA-B*44:02 H2-Db BA.1  
RSYSFRPTY Q493R, G496S, 

Q498R, N501Y 
HLA-A*30:02, HLA-A*32:01, HLA-A*30:01, HLA-B*57:01, 
HLA-B*15:01, HLA-B*58:01, HLA-A*03:01, HLA-A*11:01 

Not Available BA.1  
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epitope KSHRRARSV (Fig. 4A) and HLA-A*24:02 (RCSB PDB: 5WWI) 
for epitope YNLAPFFTF (Fig. 4B). The structures were also energy 
minimized to reduce the overall potential energy between the epitope 
and MHC molecule. Furthermore, to get a better insight into the TCR 
interaction with the pMHC complex, we modeled the YNLAPFFTF-HLA- 
A*24:02 complex with the C1–28 TCR (RCSB PDB: 3VXM) structure 
specific to HLA-A24 (Fig. 4C). 

Discussion 

Although several COVID-19 vaccines are currently available, the 
excessive mutations observed in the spike protein of Omicron can escape 

immune response, raising concerns over the efficacy of these vaccines 
[44,46]. Despite the overall success of mRNA vaccines which have 
provided breakthrough technology in protecting the community against 
the severity of infection, it remains urgent to expand the landscape of 
vaccines to combat the novel Omicron variant as well as any future 
SARS-CoV-2 strains [47,48]. Here, we present an epitope-based vaccine 
design which has many advantages over the current mRNA vaccines. 
Epitope-based vaccines are highly specific and able to target multiple 
SARS-CoV-2 antigens simultaneously. They also confer a long-lasting 
immune response, superior to the relatively short-lived mRNA vac
cines, which have shown to decline after six months of vaccination [49]. 
Another important advantage of epitope-based vaccines is their absence 
of adverse side effects, which avoid allergenic consequences. 

We carefully selected the prediction tools based on their accuracy to 
design an efficient and safe vaccine that would provide broad protection 
across many ethnicities. The IEDB prediction servers are free and widely 
accepted in literature [50]. However, to choose the most reliable T cell 
prediction tool, we used our previous study that analyzed the specificity 
and sensitivity of several MHCI and MHCII peptide prediction tools [43]. 
We used NetMHCpan EL 4.1 for CD8 epitope predictions, and the IEDB 
Analysis Resource v2.22 for CD4 epitope predictions. Due to the lack of 
reliable immunogenicity prediction tools for CD4 peptides on IEDB.org, 
the IFNEpitope server was used to predict IFNγ-inducing epitopes. 
IFNEpitope is predominantly designed to predict MHCII peptides with 
the capacity to induce IFNγ release and has an accuracy of 82.10%. The 
VaxiJen and AllerTOP servers have been regarded as highly reliable 
antigenicity and allergenicity prediction servers with an accuracy of 
87% and 89%, respectively. For toxicity evaluation, ToxinPred was 
selected due to its accuracy of 94.50%. 

We revealed CD8+ and CD4+ T cell epitopes from SARS-CoV-2 S 
protein targeting the Omicron (BA.1/B.1.1.529) variant while 

Table 2 
Top Omicron (BA.1/B.1.1.529) specific S protein CD4 peptides and their population coverage. All epitopes are IFNγ inducing, antigenic, non-allergenic, 
nontoxic and stable. Variant specific mutations are written in red color. The world population coverage of the selected epitopes is also presented. We identified 
seven common CD4+ T cell epitopes across Omicron BA.1 and BA.2 sub-lineages.  

World Population 
Coverage 

Omicron Specific CD4 
Peptide 

Targeted S 
mutations 

HLA Restriction Omicron sub- 
lineage 

97.46% FLPFFSNVTWFHVIS A67V, del69–70 HLA-DPA1*01:03, HLA-DPB1*04:01, HLA-DRB3*02:02, HLA-DPA1*01:03, 
HLA-DPB1*02:01 

BA.1  

LPFFSNVTWFHVISG A67V, del69–70 HLA-DPA1*01:03, HLA-DPB1*04:01, HLA-DPA1*01:03, HLA-DPB1*02:01, 
HLA-DRB3*02:02 

BA.1  

TQLKRALTGIAVEQD N764K HLA-DPA1*02:01, HLA-DPB1*14:01, HLA-DQA1*03:01, HLA-DQB1*03:02, 
HLA-DQA1*04:01, HLA-DQB1*04:02 

BA.1, BA.2  

FCTQLKRALTGIAVE N764K HLA-DPA1*02:01, HLA-DPB1*14:01 BA.1, BA.2  
SNLLLQYGSFCTQLK N764K HLA-DRB1*15:01 BA.1, BA.2  
LKRALTGIAVEQDKN N764K HLA-DPA1*02:01, HLA-DPB1*14:01, HLA-DQA1*04:01, HLA-DQB1*04:02, 

HLA-DQA1*03:01, HLA-DQB1*03:02 
BA.1, BA.2  

GSFCTQLKRALTGIA N764K HLA-DRB1*11:01 BA.1, BA.2  
YGSFCTQLKRALTGI N764K HLA-DRB1*11:01 BA.1, BA.2  
KRALTGIAVEQDKNT N764K HLA-DQA1*03:01, HLA-DQB1*03:02 BA.1, BA.2  
SVLYNLAPFFTFKCY S371L, S373P, 

S375F 
HLA-DPA1*01:03, HLA-DPB1*04:01, HLA-DPA1*01:03, HLA-DPB1*02:01 BA.1  

VLYNLAPFFTFKCYG S371L, S373P, 
S375F 

HLA-DPA1*01:03, HLA-DPB1*04:01, HLA-DPA1*01:03, HLA-DPB1*02:01 BA.1  

Table 3 
Omicron (BA.1/B.1.1.529) specific IFNγ inducing, antigenic, non-allergenic and nontoxic CD4 peptides which consist of immunogenic non-allergenic 
antigenic nontoxic CD8 peptides. The world population coverage of the selected epitopes is also presented. Variant specific mutations are written in red color. 
We identified one overlapping CD4 and CD8 peptide (KSHRRARSVASQSII) across Omicron BA.1 and BA.2 sub-lineages.  

World Population 
Coverage 

Omicron Specific CD4 
Peptide 

Omicron Specific CD8 Peptide Targeted S 
mutation 

MHCII Restriction Instability 

92.66% SVLYNLAPFFTFKCY NLAPFFTFK YNLAPFFTF 
APFFTFKCY VLYNLAPFF 

S371L, S373P, 
S375F 

HLA-DPA1*01:03, HLA-DPB1*04:01, HLA- 
DPA1*01:03, HLA-DPB1*02:01 

Stable  

VLYNLAPFFTFKCYG NLAPFFTFK YNLAPFFTF 
APFFTFKCY VLYNLAPFF 

S371L, S373P, 
S375F 

HLA-DPA1*01:03, HLA-DPB1*04:01, HLA- 
DPA1*01:03, HLA-DPB1*02:01 

Stable  

KSHRRARSVASQSII KSHRRARSV N679K, P681H HLA-DPA1*02:01, HLA-DPB1*14:01 Unstable  

Table 4 
Optimized list of epitopes returned by PCOptim. Input data included all raw 
epitopes with a rank less than 0.30 and immunogenicity greater than 0. HLA 
alleles that are bolded are also present in the HLA restrictions of epitopes that 
passed all clinical checkpoint parameters. RSYSFRPTY and YNLAPFFTF are 
present in Omicron variant specific S CD8 epitopes and VVFLHVTYV is present 
in Top common epitopes across Omicron and other SARS-CoV-2 variants.  

Peptide HLA Restriction 

SVYAWNRKR HLA-A*31:01, HLA-A*33:01, HLA-A*68:01, HLA-A*03:01, HLA- 
A*11:01 

VVFLHVTYV HLA-A*02:03, HLA-A*02:06, HLA-A*68:02, HLA-A*02:01 
AEIRASANL HLA-B*40:01, HLA-B*44:03, HLA-B*44:02 
RSYSFRPTY HLA-A*30:02, HLA-A*32:01, HLA-A*30:01, HLA-B*57:01, HLA- 

B*15:01, HLA-B*58:01, HLA-A*03:01, HLA-A*11:01 
YNLAPFFTF HLA-A*23:01, HLA-A*24:02 
QPTESIVRF HLA-B*35:01, HLA-B*53:01, HLA-B*51:01, HLA-B*07:02 
YLQPRTFLL HLA-A*02:01, HLA-B*08:01, HLA-A*02:03, HLA-A*02:06, HLA- 

A*32:01 
LTDEMIAQY HLA-A*01:01, HLA-A*30:02, HLA-A*26:01, HLA-B*35:01  
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considering many of its significant mutations such as A67V, del69–70, 
T95I, ins214EPE, S371L, S373P, S375F, Q493K, G496S, Q498R, N501Y, 
N679K and P681H. We identified eight immunogenic antigenic non- 
allergenic nontoxic CD8+ T cell epitopes and 11 IFNγ inducing anti
genic non-allergenic nontoxic stable CD4+ T cell epitopes that can 
provide a robust immune response and cover 76.16% and 97.46% of the 
world population, respectively (Tables 1 and 2). Among the identified 
epitopes, 5 CD8 peptides (RSYSFRPTY, NLAPFFTFK, YNLAPFFTF, 
APFFTFKCY and VLYNLAPFF) are located in the RBD region, suggesting 
their potential to target the impaired interaction between S protein and 
the neutralizing antibodies. To better understand how our epitopes 
target Omicron S protein RBD mutations, we obtained the structure of 
Fab fragment in complex with SARS-CoV-2 S protein (RCSB PDB 6XCM) 
(Fig. 5). Moreover, our predicted CD8 epitope RSYSFRPTY targets the 
two important mutations, Q498R and N501Y, correlated with an 
enhanced binding affinity to the ACE2 and decreased binding affinity to 
neutralizing antibodies [51]. We predicted RSYSFRPTY to be immu
nogenic, highly antigenic, non-allergenic and nontoxic with a world 
population coverage of 49.04% alone, suggesting its importance in 
epitope-based vaccine design. To further enhance the immune response, 
we identified two 15-mer peptides (SVLYNLAPFFTFKCY, VLYN
LAPFFTFKCYG) that overlap with the identified CD8+ T cell epitopes in 
the RBD region. Together these epitopes can provide a strong and 
long-lasting immune response against the Omicron variant. 

We used our software tool PCOptim to validate the accuracy of the 
CD8 top epitope selection. Additionally, the PCOptim tool allowed us to 
determine the caveats in population coverage and thus identify the 
populations that may receive less coverage. The PCOptim tool provided 
us with an optimal set of epitopes that reaches the maximum possible 
population coverage given our raw dataset. Comparing this optimal 
dataset to our set of top epitopes revealed some overlap, confirming the 
success of our selection procedure. A total of three epitopes were found 
in both the optimal dataset and our top epitope datasets. Out of the 27 
most common HLA alleles in the human population, we identified five 

alleles that are unaccounted for in the immunogenic, antigenic, non- 
allergenic, nontoxic and stable epitope dataset (HLA-B*07:02, HLA- 
B*08:01, HLA-A*31:01, HLA-A*33:01, and HLA-B*51:01). The differ
ence in population coverage between that optimal dataset and our set of 
8 CD8 Omicron-related epitopes can be attributed to the five afore
mentioned HLA alleles. The only way to increase population coverage 
further is to include new epitopes that are predicted to be strong binders 
to the desired HLA alleles and pass the clinical checkpoint filters. While 
PCOptim does not account for the clinical checkpoint parameters we 
address in this study, it is a useful tool in determining several epitopes 
that are useful in obtaining high population coverage. The population 
coverage that we obtained from our top epitope dataset is substantially 
high, so adding new epitopes will make a very small impact in total 
population coverage. 

Previous studies have shown that SARS-CoV-2 may use mutations on 
the NTD region of S protein to escape potent polyclonal neutralizing 
responses [52]. We identified an immunogenic antigenic non-allergenic 
and nontoxic CD8+ T cell epitope REPEDLPQGF which consists of a 
novel insertion mutation ins214EPE, not observed in any other 
SARS-CoV-2 strains [53]. Although, the mutation is believed to be arisen 
from co-infection of SARS-CoV-2 with HCoV-229E as the two share 
similar nucleotide sequences, we were unable to detect any common 
epitopes between the two human-coronavirus strains after running a 
multiple sequence alignment analysis. To create a robust immune 
response that targets the NTD region of SARS-CoV-2 Omicron, we 
identified an additional CD8+ T cell epitope (GVYFASIEK) and two high 
quality CD4+ T cell epitopes (FLPFFSNVTWFHVIS and 
LPFFSNVTWFHVISG) which consist of mutation A67V and a pair of 
deletions at residues 69 and 70. 

We predicted another important immunogenic antigenic non- 
allergenic nontoxic CD8 peptide (KSHRRARSV) which is located at the 
furin cleavage site of SARS-CoV-2. The cleavage of the S protein into S1 
and S2 is an essential step in viral entry into a host cell [54] and it is 
believed that the mediation of membrane fusion could be linked to the 

Fig. 3. Population coverage for optimal epitope dataset retrieved from PCOptim. The epitope data accounts for 27 unique HLA alleles which contributes to the 
high population coverage. Epitope datasets that pass through the clinical checkpoint filters will have fewer unique HLA alleles, and therefore have lower popula
tion coverage. 
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high virulence of SARS-CoV-2, mainly due to a cluster of mutations at 
the H655Y, N679K and P681H amino acid sites [18]. KSHRRARSV 
targets both N679K and P681H and is presented by an antigenic IFNγ 
inducing non-allergenic nontoxic 15-mer amino acid sequence 
(KSHRRARSVASQSII) which together can provide a strong protection 
against B.1.1.529 or any future variants. These epitopes also target the 
novel circulating sister-lineage BA.2 of Omicron which confers identical 
mutations observed in B.1.1.529. 

The large number of mutations on the RBD of S protein is speculated 
to help the virus escape neutralizing antibodies from natural and 
vaccine-induced immunity. Despite the loss of binding affinity to human 
ACE2 due to mutations such as K417N, Omicron has restored its strong 
binding to the ACE2 with mutations at residues 493, 496, 498 and 501. 
Previously we showed how epitopes can target the S protein interaction 
with neutralizing antibodies (Fig. 5). While completing the manuscript, 
Omicron specific S protein structure in complex with human ACE2 (PDB 
7T9K) became available which we used to visualize our predicted epi
topes and their interaction with human ACE2 and Omicron S protein 
complex. We show that CD8+ T cell epitopes (RSYSFRPTY, 
NLAPFFTFK, YNLAPFFTF, APFFTFKCY and VLYNLAPFF) on the RBD 
target the ACE2 binding site (Fig. 6). Together with the predicted CD4+
T cell epitopes, a robust immune response can be created which facili
tates the production of antibodies, therefore blocking cell entry. More
over, NTD and furin cleavage sites are critical to virus attachment to 
membrane protein and other sites, and we have identified epitopes that 
can target these sites (Fig. 6). With the emergence of new SARS-CoV-2 
variants and their high likelihood to adapt to mutations on the RBD, 
NTD and furin cleavage sites, we speculate that our identified epitopes in 
the RBD region can effectively and directly interact with the host ACE2, 
thereby interfering with the binding affinity. We have already observed 

that the BA.2 lineage confers many common mutations in the BA.1/ 
B.1.1.529 variant. We show that CD8 peptide (KSHRRARSV) and CD4 
epitope (KSHRRARSVASQSII) are recognized by both Omicron sub- 
lineages (BA.1 and BA.2) (Table 3). Moreover, these epitopes are 
located on the S1/S2 cleavage site, associated with increased ACE2 
binding affinity and impaired antibody recognition. Therefore, we pro
pose that these epitopes can be used to target the critical site of SARS- 
CoV-2 S protein in both BA.1 and BA.2 lineages. 

Other computational work for prediction of SARS-CoV-2 epitopes 
have been reported growingly in the literature, including immu
noinformatic analysis of sequence homology and prediction of T and B 
cell epitopes using IEDB tools [55–59]. While multiple studies have 
previously described immunoreactive CD8 and CD4 peptides in different 
antigenic regions of SARS-CoV-2 [60,61], exact Omicron-specific T cell 
epitopes remain yet to be comprehensively determined. In our study, we 
attempted to identify and validate novel Omicron specific peptides with 
high population-scale presentation while conferring many clinically 
relevant properties. A key aspect of our prediction method was to 
identify epitopes that are common among several SARS-CoV-2 variants 
and specific to the novel Omicron variant. Furthermore, we presented 
epitopes with significant mutations in the S protein, which are discussed 
in several studies to reduce spike-specific T cell reactivity in natural 
and/or vaccine induced host system with Omicron variant [62,63]. Only 
three unique Omicron specific CD8 epitopes identified in our work 
(NSASFSTFK - IEDB epitope ID 1,313,244; GVYFASTEK- IEDB epitope ID 
1,312,627; YNSASFSTF - IEDB epitope ID 1,397,512) are represented in 
their unmutated form in the literature. The rest which are not experi
mentally validated in their unmutated form, are likely creating new T 
cell epitopes. Another advantage of our study is the prioritization of 
overlapping CD4+ and CD8+ T cell epitopes that have the potential of 

Fig. 4. 3D modeling of two SARS-CoV-2 S peptides in complex with corresponding MHC Class I molecule (A) Cartoon form of CD8+ T cell epitope 
KSHRRARSV (red) and HLA-A*30:01 allele (yellow). (B) Cartoon form of CD8+ T cell epitope YNLAPFFTF (red) and HLA-A*24:02 allele (yellow). (C) Binding 
interaction of sphere form of epitope YNLAPFFTF (red) with C1–28 TCR (green) (PDB: 3VXM) and HLA-A*24:02 (yellow). 
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Fig. 5. 3D structure of SARS-CoV-2 S 
protein in complex with the C105 
neutralizing antibody Fab fragment 
(PDB: 6XCM) with five highlighted 
CD8+ T cell epitopes specific for Omi
cron (BA.1/B.1.1.529) variant. (A) 
SARS-CoV-2 S protein in complex with 
the C105 neutralizing antibody Fab 
fragment. Our predicted immunogenic 
CD8+ T cell epitopes (RSYSFRPTY, 
NLAPFFTFK, YNLAPFFTF, APFFTFKCY 
and VLYNLAPFF) are colored in red. (B) 
Zoomed in version of the complex that 
focuses on S protein RBD interaction 
with the neutralizing antibody, high
lighting the predicted epitopes.   

Fig. 6. 3D structure of SARS-CoV-2 Omicron S protein-ACE2 complex (PDB: 7T9K) with eight highlighted CD8þ T cell epitopes. Original Omicron (BA.1/ 
B.1.1.529) specific epitopes are colored in red. Common epitopes among BA.1 and BA.2 variants are colored in yellow. (A) Omicron S protein in complex with human 
ACE2. Five of our predicted immunogenic CD8+ T cell epitopes (RSYSFRPTY, NLAPFFTFK, YNLAPFFTF, APFFTFKCY and VLYNLAPFF) are within the receptor- 
binding domain (RBD), targeting the binding site of ACE2. Two immunogenic CD8+ T cell epitopes (GVYFASIEK and REPEDLPQGF) target novel Omicron 
(BA.1) specific mutations on the NTD. One immunogenic CD8+ T cell epitope (KSHRRARSV) was identified at the furin cleavage site, common for both BA.1 and 
BA.2 lineages. (B) Zoomed in version of the complex that focuses on Omicron RBD interaction with human ACE2, highlighting the predicted CD8 epitopes on the 
RBD site. 
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creating stronger immune responses. Furthermore, our identified epi
topes allow for murine vaccine studies using human-relevant peptides in 
murine MHC haplotypes. Murine models have low-cost maintenance 
and reflect the clinical signs, viral replication and pathology of 
SARS-CoV-2 in humans [64], making them useful animal models to 
assess the safety and efficacy of proposed multi-epitope vaccine candi
dates in preclinical studies. Predicting our top CD8 epitopes’ binding 
affinity to murine MHC Class I alleles allows for murine vaccine studies 
using human-relevant peptides. In our analysis, we utilized two mouse 
strains: C57BL/6 and BALB/CJ, that have been extensively used in 
SARS-CoV research [65]. 

The findings through computational analysis indicate that the 
designed epitopes could be vastly useful in multi-epitope vaccine 
construct as they have a high probability of being safe and effective in 
protecting humans from the SARS-CoV-2 virus. To further induce the 
immunogenicity of the antigens and provide a more robust and long- 
lasting immune response, we suggest that emulsion adjuvant, like 
MF59, could be added to the final vaccine construct. Superior to other 
types of adjuvants, they elicit cell-mediated immune response with 
improved antigen uptake and ability to promote the migration of acti
vated antigen-presenting cells. Furthermore, MF59 has been used in 
preclinical trials of coronavirus targeted vaccines [66]. Linkers are also 
important for vaccines while providing enhanced flexibility, extended 
protein folding and separation of functional domains. Available studies 
propose that CD8 and CD4 epitopes could be linked together using AYY 
linker and GPGPG linker, respectively [67]. 

Limitations of study 

The in-silico prediction analysis of the SARS-CoV-2 S protein reported 
in our study requires further laboratory validation to select the most 
efficient vaccine candidate. 

Conclusion 

Recent emergence of the highly mutated Omicron variant of SARS- 
CoV-2 has disrupted confidence around whether the current vaccines 
and antibody therapies will provide long-term protection against the 
novel coronavirus. Subsequently, the possibility of escape from natural 
and vaccine-induced immunity has prompted an urgent need for new 
vaccine constructs which target the most concerning mutations on the 
variant. Using immunoinformatic methods and bioinformatics tools, we 
identified immunogenic antigenic non-allergenic nontoxic CD8+ T cell 
epitopes and IFNγ inducing antigenic non-allergenic nontoxic CD4+ T 
cell epitopes on the RBD, NTD and furin cleavage sites of S protein which 
target Omicron specific mutations by interfering with S protein inter
action to host ACE2. Moreover, our analysis yielded common high- 
quality CD8+ and CD4+ T cell epitopes across Omicron (BA.1, BA.2) 
and other circulating SARS-CoV-2 variants including Delta, Alpha, Beta, 
Gamma, US variants (S protein mutations), and Cluster 5 mink variants 
with a world population coverage of 84.0% and 96.65%, respectively. 
We validated the findings using our software PCOptim which enabled us 
to identify an optimal set of epitopes reaching the maximum possible 
population coverage. Our in-silico epitope prediction together with 
murine MHC affinity prediction allows scientists to validate the efficacy 
of the proposed multi-peptide vaccine model through further preclinical 
studies. The structural validation of the vaccine candidates and the 
binding affinity to MHC and TCR molecules provide useful insight into 
immune response mechanism. Because of the rapid development of 
SARS-CoV-2, we anticipate that the sets of T cell epitopes reported here 
may be considered as valuable, safe, and efficient approach to control 
the Omicron variant as well as any future SARS-CoV-2 variants. 
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