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ABSTRACT

With emerging SARS-CoV-2 variants, vaccines approved so far are under scrutiny for long term effectiveness
against the circulating strains. There is a prevalent obsession with humoral immunity as in vitro studies have
indicated diminished effects of vaccine-induced neutralizing antibodies. However, this need not clinically
translate to vaccine resistance as immune response against all forms of present vaccine preparations is T
dependent unlike that against native viral particles which can induce T independent immune responses. Thus, we
focused on this major correlate of protection against infections, T cell response. Using bioinformatics tools, we
analyzed SARS-CoV-2 Spike protein T cell epitopes and their diversity across Delta plus/B.1.617.2.1, Gamma/P.1
(variant of concern), B.1.1.429, Zeta/P.2 and Mink cluster 5/B.1.1.298 variants as well as Omicron/B.1.1.529
(variant of concern). We also compared HLA restriction profiles of the mutant epitopes with that of the native
epitopes (from Wuhan_hu_1 strain, used in vaccine formulations). Our observations show ~90% conservation of
CD4+ and CD8+ epitopes across Delta plus/B.1.617.2.1, Gamma/P.1 (variant of concern), B.1.1.429, Zeta/P.2
and Mink cluster 5/B.1.1.298. For the Omicron/B.1.1.529 variant, ~75% of CD4+ and ~ 87% CD8+ epitopes
were conserved. Majority of the mutated CD4+ and CD8+ epitopes of this variant were predicted to retain the
HLA restriction pattern as their native epitopes. The results of our bioinformatics analysis suggest largely
conserved T cell responses across the studied variants, ability of T cells to tackle new SARS-CoV-2 variants and
aid in protection from COVID-19 post vaccination. In conclusion, the results suggest that current vaccines may
not be rendered completely ineffective against new variants.

1. Introduction

B.1.1.529 (current) [4]. The delta plus variant was also dominant across
the world with the status of “variant of concern” until recent times [4]. It

Currently administered COVID-19 vaccines were originally designed
to protect from the ancestral strain of SARS-CoV-2 (Wuhan_hu_1 strain —
GenBank accession number MN908947) and except a few whole virus
attenuated vaccines, majority are targeted to induce anti-spike protein
antibody based immune response [1,2]. Since the onset of COVID-19
pandemic, many new strains have evolved that harbor mutations in
spike as well as other proteins of the virus [3]. Some of these new,
circulating variants have higher transmissibility, pathogenicity with
immune escape and have emerged as “variants of concerns” locally as
well as globally [3]. According to the World Health Organization, var-
iants of concern include Alpha/B.1.1.7 (former), Beta/B.1.351 (former),
Gamma/P.1 (former), Delta/B.1.617.2 (current) and Omicron/

was reported to have a distinct mutational profile compared to its parent
(delta/B.1.617.2) variant, and the mutation K417N in its spike protein
was thought to enable antibody evasion [5,6]. Therefore, it is a matter of
urgency to investigate the efficacy of existing vaccines against the new
variants, in order to control and eventually eradicate the pandemic of
COVID-19.

Recent studies have demonstrated that many of the new variants
possess mutations that affect the binding and functioning of neutralizing
antibodies against SARS-COV-2, hence facilitating its escape from
infection/vaccination derived immunity [3,7]. However, evading only
humoral responses may not be sufficient to develop vaccine resistance
and the same has been discussed recently by Cevik et al [8]. The authors
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point out that significant reduction in neutralizing activity of antibodies
translates to only a modest decrease in vaccine efficacy (in clinical set-
tings) against symptomatic and severe COVID-19. A multitude of factors
other than neutralizing antibodies are involved in determining “vaccine
efficacy” [9]. T cell response is one of them and yet to be delineated for
its exact role in the phenomenon [9].

It is well established that T cells play a crucial role in eliciting a
strong early immune response against viral pathogens and reducing
disease severity. In the specific case of vaccines too, it is well established
that T cells are crucial in assisting antibody production and generating
long-term immune memory [9-11]. It is important to note that several
studies have established, T cell independent antibody responses in vivo
are elicited by native/live viral infection but not by immunization with
viral proteins or virus-like particles [12,13]. This emphasizes the
importance of evaluating T cell responses in addition to neutralizing
antibody responses in post-vaccination viral exposure/infection while
assessing vaccine efficacy.

Initiation of T cell response is dependent on the recognition and
Human Leukocyte Antigen (HLA) restriction of T cell epitopes se-
quences. Any amino acid mutations in the epitopes can lead to systemic
immune effects of varying intensity. One of the potential consequences
of mutations in T cell epitopes is immune evasion by one/more epitopes
as demonstrated my multiple experimental studies so far [14]. Observed
in both the arms of T cell immunity — CD4+ and CD8+, it is debatable
whether such an escape can significantly affect the overall protection
from COVID-19 (even in presence of retained humoral response) [15].
Thus, assessing the landscape of mutations in T cell epitopes is a primary
step towards understanding the potential changes in T cell response and
designing effective strategies for protection against COVID-19.

CD4+ T cells recognize Major Histocompatibility Complex (MHC)
Class-II or Human Leukocyte Antigen (HLA) Class II bound viral peptides
and function in activating the B cells as well as other immune cells and
orchestrate further immune response to the recognized viral pathogen.
Thus, CD4+ T cells help in establishing antigen specific immunity in
both cellular and humoral arms [16]. In addition, cytotoxic T lympho-
cytes (CTLs) recognize viral epitopes presented by MHC-I molecules and
aid in clearing virus infected cells playing a crucial role in viral load
management. Along with neutralizing antibodies, SARS-CoV-2 specific
CTL response has been recognized as a potential major correlate of
protection from COVID-19 [17,18].

Though humoral immunity is crucially involved in “prevention” of
the disease, cellular immunity influences “severity, hospitalization and
fatality” - important metrics of vaccine efficacy in addition to preventing
infection [8]. Even vaccines that primarily rely on eliciting neutralizing
antibodies for viral clearance need to elicit robust T cell responses that
are necessary for achieving sufficient efficacy [19].

Moreover, the humoral immune response is more vulnerable to being
bypassed by viral variants as neutralizing antibodies target a focused
region of the spike protein. On the other hand, cellular immunity has a
larger epitope recognition range/diversity. It has been reported that
successful mounting of protective immune response requires recognition
of multiple SARS-CoV-2 epitopes [20]. This may also mean that a few
mutations may cause more disturbances/imbalances to humoral im-
munity than cellular immunity, suggesting that only diminished hu-
moral response need not always mean immune escape.

Hence, investigating T cell epitopes across ancestral and variant
strains is required to draw sound conclusions about efficacy of existing
vaccines against new variants and to understand how we can improve
the existing vaccine landscape.

This study analyzes spike protein T cell epitope repertoire and their
HLA restriction patterns in native and mutant strains of SARS-COV-2
(Delta plus/B.1.617.2.1, Gamma/P.1, Zeta/P.2, B.1.1.429, Mink Clus-
ter 5/B.1.1.298 and Omicron/B.1.1.529) to gain insights into potential
variation in T cell responses against new variants. Since majority vac-
cines are targeted to induce anti-spike protein antibody based immune
response, we selectively focus only on spike protein T cell epitopes and
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the effects of mutations therein while computationally assessing the
vaccine efficacy against new strains.

2. Methodology

2.1. Selection of representative genome sequences of SARS-CoV-2
variants and processing

SARS-COV-2 variant genome sequences were sourced from Global
Initiative on Sharing All Influenza Data (GISAID [21]) (https://www.gi
said.org/) in July 2021. We selected a representative sequence for each
variant. A quality control exercise (Supplementary File1l, Supplementary
Table 3) was performed to ensure fair selection and prove that such a
selection will substantiate our purpose of analyzing T cell epitopes.
Based on the results, it was inferred that the set of sequences for a
particular variant deposited in GISAID does not have significant di-
versity in their T cell epitope pool assuring that our selection mode can
faithfully represent the set of each variant. Hence, representative se-
quences for each variant were picked from the list of sequences obtained
after applying the GISAID filters as mentioned in Supplementary File 1.

2.2. Collating a library of native and mutant T cell epitopes

A master library of T cell epitopes of SARS-COV-2 native strain
(Wuhan_hu_1 strain) was collated by sourcing the epitopes from litera-
ture [22-24]. Only the Spike protein native epitopes were used for
further analysis in this study. The chosen sources report experimentally
verified epitopes only. Collected epitopes were organized further into
categories as CD4+ epitopes, CD8+ epitopes.

To locate and identify the T cell epitopes that are mutated in a given
variant of SARS-COV-2, we compared the native T cell epitope se-
quences with the spike protein sequence of each variant. The spike
protein sequence of each variant was obtained using Virus Pathogen
Resource's VIGOR 4.0 genome annotator tool (https://www.viprbrc.
org/) [25] that translated viral genome sequences into peptide se-
quences and resulting spike protein sequences were compared to native
spike protein T cell epitope sequences to identify mutated epitopes using
an in-house code (Supplementary File 2). The algorithm/code reads
native T cell epitopes from a given excel sheet and spike protein
sequence of a variant from a given fasta file. Then it compares the
sequence strings of epitopes with the S protein sequence string, dis-
playing only the epitope sequences that couldn't find a match in the S
protein.

2.3. HLA-peptide binding analysis

As the T cell mediated response is always HLA restricted, we further
analyzed and compared HLA binding profiles of the native and mutated
epitopes. To assess the HLA allele binding and their affinities between
native and mutated epitopes, CD4+ epitopes were analyzed using IEDB
NetMHCIIPan 4.0 BA (http://tools.iedb.org/mhcii/) and CD8+ epitopes
were analyzed using IEDB recommended 2020.09 NetMHCpan EL 4.1
(http://tools.iedb.org/mhci/) [26]. The reference sets of alleles used
(recommended by IEDB) are provided in the Supplementary File 3. They
provide population coverage of >97% for class I and >99% for class II
and are representative of commonly shared binding specificities (Sup-
plementary File 3). A cut off of 2 percentile was used to select MHC class-
I alleles as binders (includes both strong and weak binders) [26]. For
MHC class-II alleles, the binding affinity (BA) values were scored by the
server in IC50 (nM) and in percentile rank. Binding affinity in IC-50 was
used for predicting the binding of CD4+ epitopes with the alleles. For
MHC-Class II, peptides binding to alleles with an IC50 below 1000 nM
are reported to be binders and have immunogenicity [27] [28]. There-
fore, a threshold of IC50 = 1000 nM was fixed. The alleles with binding
affinity values less than 1000 nM were included and those above this
threshold were eliminated.


https://www.gisaid.org/
https://www.gisaid.org/
https://www.viprbrc.org/
https://www.viprbrc.org/
http://tools.iedb.org/mhcii/
http://tools.iedb.org/mhci/
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3. Results Table 2
Mutated T cell epitopes in spike protein from variants of SARS-COV-2.
3.1. Minimal CD4+ and CD8+ T cell epitopes on the spike protein of CD8 native epitope CD8 Mutant epitope Variants
SARS-CoV-2 are mutated in variants
AEHVNNSY AEYVNNSY P.1, B.1.1.529
DGVYFASTEK DGVYFASIEK B.1.617.2.1, B.1.1.529
Genome sequences were picked from GISAID for each variant DSKVGGNYNY DSKVSGNYNY B.1.1.529
(Table 1) as described in the methods section. A quality control exercise GEVFNATRF DEVFNATRF B.1.1.529
was performed to ensure that the sequence chosen is an appropriate FQFCNDPFL FQFCNYPFL P.1
. . . GVYFASTEK GVYFASIEK B.1.617.2.1, B.1.1.529
representative to serve the purpose of this study (results in Supple- DVYYHKNNK 5161721
mentary File 1 and raw data in Supplementary File 5). GVYYHKNNK DHKNNK B.1.1.529
To identify the mutated CD4+ and CD8+ epitopes of the spike pro- HVSGTNGTK SGTNGTK B.1.1.298
tein in the variants, the CD4+ or CD8+ epitopes of the native spike HVISGTNGTK B.1.1.529
protein mapped through multiple experimental studies (Supplementary IYKTPPIKDF ;\;{IIZTD?I\I:;E 3'1'2'5723 1
Tables 1 and 2) were searched for in the variants' spike protein se- KIADYNYKL TIADYNYKL pi
quences. This exercise was carried out using a locally developed script KVGGNYNYRY B.1.617.2.1
(Supplementary File 2) that returns the epitopes that are not found due KVGGNYNYLY KVGGNYNYLF B.1.1.298
to character mismatches, thus indicating mutation (Table 2, mutated LGAENSVAY fg\slgggg:y gi'i‘g;g
resldues hlghhghted in red). Arflong 97 CD4+ ep?ltopes of the naFlve LPPAYTNSF LPSAYTNSF Pl
spike protein (Wuhan_Hu_1 strain), only three epitopes of the variant NASVVNIQK NASFVNIQK P.1,P2
B.1.1.298, one epitope of B.1.1.429, eight epitopes of delta plus/ NESLIDLQEL NESLIDLQQL B.1.1.429
B.1.617.2.1, nine epitopes of gamma/P.1, two epitopes of zeta/P.2 and NSASFSTFK NLAPFFTFK B.1.1.529
24 epitopes of omicron/B.1.1.529 were found to be mutated. The NYNYLYRLF Eiﬁ?&iﬁi 3.1.2‘127921
mutated epitopes are listed in Table 2. Likewise, among 187 native QELGKYEQY QOLGKYEOY B11.429
CD8-+ epitopes, 17 epitopes were mutated in delta plus/B.1.617.2.1, 10 IAPGOTGK QIAPGQTGN B.1.617.2.1
were mutated in gamma/P.1, 10 in B.1.1.298, 5 in zeta/P.2, 4 in Q Q QIAPGQTGT P.1
B.1.1.429 and 24 in omicron/B.1.1.529 respectively. Further, out of the QTNSPRRAR QTNSRRRAR B.1.617.2.1
97 native CD4+ T cell epitopes, 35 distinct epitopes were found to be QTKSH B.1.1.529
) ~ . . RASANLAATK RASANLAAIK P.1
mutated across the studied variants. And in case of CD8+ T cell epitopes SFKEELDKY LEKEELDKY B.1.1.298
too, 40 distinct epitopes out of 187 native epitopes were found to be SITAYTMSL SIAYTMLL p.2
mutated across the studied variants. It was interesting to note that some SPRRARSV SRRRARSV B.1.617.2.1
epitopes were consistently mutated in multiple variants, while some SHRRARSV B.1.1.529
i . . SRRRARSVA B.1.617.2.1
were specific to each variant. As can be seen from Table 2, the native SPRRARSVA SHRRARSVA B1.1.529
CD8+ T cell epitope YQDVNCTEV mutates to YQGVNCTEV and the SVLNDILSR SVLNDIFSR B.1.1.529
epitope YFQPRTFLL mutates to YLQPRTFLL in all the studied variants. SWMESEFRVY SWMESGVY B.1.617.2.1
Furthermore, the native CD4+ T cell epitope EIYQAGSTPCNGVEG TEKSNIIRGW IEKSNIRGW B-1~6172-§-1’ B.1.1.529
TPINLVRDL TPIIVREPEDL B.1.1.5
mutates to EIYQAGSTPCNGVKG, EIYQAGNTPCNGVKG, EIY- TVYDPLOPELDSEK TVYDPLQPELDLEK B1.1.208
QAGSKPCNGVEG and EIYQAGNKPCNGVAG in P.1, P.2, B.1.617.2.1 VGGNYNYLE B11298
and B.1.1.529 respectively. Also, the native CD4+ T cell epitope VGGNYNYLY VGGNYNYRY B.1.617.2.1
CEFQFCNDPFLGVYY mutates to CEFQFCNYPFLGVYY, VSGNYNYLY B.1.1.529
CEFQFCNDPFLDVYY and CEFQFCNDPFLD in P.1, B.1.617.2.1 and zg‘;%sl‘jéwﬁ \‘%‘;&SSELDLF 311333
B.1.1.529 respectively. Othzr than these, w(;e f(;bserved a few CD4 and WTAGAAAYY LTAGAAAYY BA617.2.1
CD8 native epitopes to undergo same or different mutations amon,

'P P ) g Liere g YFQPRTFLL YLQPRTFLL B.1.617.2.1, B.1.1.298, P.1,
utmost two different variants (Table 2). Also, it is important to note that B.1.1.429, P.2, B.1.1.529
at least 90% of CD4+ epitopes (~90% in P.1, ~97% in P.2, ~91% in YGFQPTNGV YGFQPTYGV P.1
B.1.617.2.1, ~98% in B.1.1.429, ~96% in B.1.1.298) as well as at least euted o
90% of CD8+ epitopes (~90% in B.1.617.2.1, ~94% in P.1, ~97% in YNYLYRLER YNYRYRLER B1617.2.1

—_~ 0% 1
P.2 and B.l.‘l.429, 94% in ]?».1.1.298) were conse‘:rved across all tl‘1e YODVNCTEV YOGVNCTEV B.1.617.2.1, B.1.1.298, P.1,
selected variants except omicron/B.1.1.529. Omicron/B.1.1.29 dis- B.1.1.429, P.2, B.1.1.529
: : o i : YTMLLGAENSVAY P.2
played comparatively lower conservation (~75% in CD4+ epitopes and YTMSLGAENSVAY
—87% in CD8 epit ) due to th Kkably high ber of YTMSLGVENSVAY B.1.1.529
7% in ( epitopes) due to the remarkably higher number of mu- YYHKNNKSW DHKNNKSW B.11.529
tations in its spike protein. AENSVAYSNNSIAIP VENSVAYSNNSIAIP B.1.1.529
ARDLICAQKFNGLTV ARDLICAQKFKGLTV B.1.1.529
CAQKFNGLTVLPPLL CAQKFKGLTVLPPLL B.1.1.529
CEFQFCNYPFLGVYY P.1
CEFQFCNDPFLGVYY CEFQFCNDPFLDVYY B.1.617.2.1
CEFQFCNDPFLD B.1.1.529
CPFGEVFNATRFASV CPFDEVFNATRFASV B.1.1.529
CVADYSVLYNSASFS CVADYSVLYNLAPFF B.1.1.529
EIYQAGSTPCNGVKG P.1
Table 1 . lected f usi EIYQAGNTPCNGVKG P.2
SARS-COV-2 variants genome sequences selected for analysis. EIYOAGSKPCNGVEG B.1.617.2.1
Variant Sequence ID EIYQAGSTPCNGVEG EIYQAGNKPCNGVAG B.1.1.529
- FKIYSKHTPINLVRD FKIYSKHTPIIVREPED B.1.1.529
B.1.1.429 hCoV-19/Latvia/1122/2020 FNCYFPLQSYGFQPT FNCYFPLRSYSFRPT B.1.1.529
B.1.1.298 hCoV-19/Denmark/DCGC-53391/2020 FNGLTVLPPLLTDEM FKGLTVLPPLLTDEM B.1.1.529
B.1.617.2.1 hCoV-19/England/ALDP-153B839,/2021 GINASVVNIQKEIDR GINASFVNIQKEIDR P1.P.2
Pl hCoV-19/Japan/PG-58436/2021 GKQGNFKNLREFVFK GKQGNFKNLSEFVFK p.1
P.2 hCoV-19/Brazil /MG-LBI185,/2021 )
B.1.1.529 hCoV-19/South Africa/LAZ-AMC-211204828-DS/2021 (continued on next page)
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Table 2 (continued)

CDS8 native epitope CD8 Mutant epitope Variants
HKNNKSWMESEFRVY HKNNKSWMESGVY B.1.617.2.1
IVRFPNITNLCPFGE IVRFPNITNLCPFDE B.1.1.529
KHTPINLVRDLPQGF KHTPIIVREPEDLPQGF B.1.1.529
LDVYYHKNNKSWMES B.1.617.2.1
LGVYYHKNNKSWMES LDHKNNKSWMES B.1.1.529
LMDLEGKQGNFKNLR LMDLEGKQGNFKNLS P.1
LPFFSNVTWFHAI B.1.1.298
LPFFSNVTWFHAIHV LPFFSNVTWFHVI B.1.1.529
LQPELDSFKEELDKY LQPELDLFKEELDKY B.1.1.298
LTGTGVLTESNKKFL LKGTGVLTESNKKFL B.1.1.529
NLLLQYGSFCTQLNR NLLLQYGSFCTQLKR B.1.1.529
NLVRDLPQGFSALEP IVREPEDLPQGFSALEP B.1.1.529
NPVLPFNDGVYFAST NPVLPFNDGVYFASI B.1.617.2.1, B.1.1.529
PINLVRDLPQGFSAL PIIVREPEDLPQGFSAL B.1.1.529
QELGKYEQYIKWPWY QQLGKYEQYIKWPWY B.1.1.429
QLIRAAEIRASANLAATK  QLIRAAEIRASANLAAIK  P.1
SASFSTFKCYGVSPT LAPFFTFKCYGVSPT B.1.1.529
SVLYNSASFSTFKCY SVLYNLAPFFTFKCY B.1.1.529
TPPIKDFGGFNFSQI TPPIKYFGGFNFSQI B.1.1.529
TQLNRALTGIAVEQD TQLKRALTGIAVEQD B.1.1.529
WNSNNLDSKVGGNYN WNSNKLDSKVSGNYN B.1.1.529
VNFTNRTQLPSAYTN P.1
VNLTTRTQLPPAYTN VNLRTRTQLPPAYTN B.1.617.2.1
VSSQCVNFTNRTQLP P.1
VSSQCVNLTTRTQLP VSSQCVNLRTRTQLP B.1.617.2.1
VVIKVCEFQFCNDPF VVIKVCEFQFCNYPF P.1
YNYRYRLFRKSNLKP B.1.617.2.1
YNYLYRLFRKSNLKP YNYLFRLFRKSNLKP B.1.1.298

Footnote: Positions with mutations are highlighted in red. Red highlighted
residues in native epitopes indicate the deletions. Yellow highlighted mutated
epitopes were not used for further HLA analysis due to their length (less than 8 or
more than 15 residues).

3.2. Most mutated and native CD4+ T-cell epitopes of spike protein show
similar HLA-II restrictions

Although most of the CD4-+ T-cell epitopes of the spike protein are
conserved, it is necessary to check whether the mutated epitopes escape
CD4+ T-cell recognition by not binding to HLA-II of antigen presenting
cells, which is a crucial step in the initiation of T-cell response and also
necessary for T -dependent B-cell activation. To investigate this, we
subjected the mutated epitopes of the variants as well as their native
counterparts to HLA-II binding prediction to a set of 27 alleles (reference
set) using NetMHCIIPan 4.0 _ BA. Since an IC50 value <1000 nM in-
dicates binding of the epitopes to the alleles, a threshold of IC50 = 1000
nM was fixed. Binding of the mutated epitopes to alleles similar to their
native counterparts (i.e. similar HLA restriction) would indicate that
these epitopes can be recognized by the CD4+ T-cells despite their
mutations resulting in activation. The HLA-II allele restriction patterns
of native and mutated CD4+ epitopes are shown in Fig. 1. The number of
HLA-II alleles that native and mutated epitopes bind is given in Table 4.
The raw data for binding affinity scores for native and mutated epitopes
of the variant are given in Supplementary File 4.

It can be seen from Table 4 that more than half of the mutated epi-
topes of all the variants show >80% similarity in HLA restriction to their
corresponding native epitopes except B.1.1.298. However, the mutated
epitopes VNFTNRTQLPSAYTN of gamma/P.1 variant,
VSSQCVNLRTRTQLP and VNLRTRTQLPPAYTN of delta plus/
B.1.617.2.1 variant showed a varied HLA-II binding pattern. These three
epitopes bind to alleles that their native counterparts do not bind
(Fig.  1). Notably, some mutated epitopes, including
VSSQCVNLRTRTQLP of delta plus/ B.1.617.2.1 variant and
VNFTNRTQLPSAYTN of gamma/P.1 variant are predicted to be binding
to additional alleles than their corresponding native epitopes (Table 4).
It is striking to observe that the mutated epitope HKNNKSWMESGVY,
from the delta plus variant, did not bind to any of the HLA-II alleles
under study.

Mutation analysis of the B.1.1.529 (Omicron) variant's CD4+ T-cell

BBA - Molecular Basis of Disease 1868 (2022) 166432

epitopes reveals the presence of 24 mutated epitopes among the 97
native epitopes analyzed, which is higher than the other variants stud-
ied. The HLA-II binding prediction shows that 15 out of the 24 mutated
epitopes of this variant have >80% similar HLA-II binding pattern as
their native counterparts (Table 4). Notably, like HKNNKSWMESGVY of
the delta plus variant (B.1.617.2), the mutated epitopes
CEFQFCNDPFLD, IVREPEDLPQGFSALEP, KHTPIIVREPEDLPQGEF,
LDHKNNKSWMES, EIYQAGNKPCNGVAG and PIIVREPEDLPQGFSAL of
the omicron variant do not bind to any of the native epitope binding
alleles. (Figure-1). Also, the mutated epitope LPFFSNVTWFHVI shows a
50% reduction in HLA-II binding. Overall, since we observe majority of
the mutated epitopes from studied SARS-CoV-2 variants including the
omicron show similar HLA-II restriction (>80%) to their corresponding
native epitopes in our HLA-II binding prediction, we indicate that these
variants may not escape the CD4+ T-cell response elicited by the current
mRNA spike protein vaccines.

3.3. Similar HLA restrictions of native and mutant CD8+ T cell epitopes
of spike protein

As CD8+ T cell responses are driven by HLA-I restriction, mutant
(and their corresponding native) CD8+ T cell epitopes on variants' spike
proteins were analyzed for their differences in HLA allele binding, using
IEDB recommended 2020.09 NetMHCpan EL 4.1. A threshold of 2% is
known to include both strong and weak binders [26]. Hence, a cut-off of
2 percentile (or % rank) was used to differentiate ‘binders’ from ‘non-
binders’. The resultant HLA allele sets exhibiting binding for each native
and mutant epitope were compared and the results are presented in the
Table 3. The data in a variant-specific manner has been presented in
Table 5. It can be seen that for the gamma/P.1 variant, ~80% (7 out of
8) mutated spike protein CD8+ T cell epitopes were observed to have
>60% similarity in the set of binding HLA alleles. Similarly, all (100%)
epitopes from zeta/P.2 and B.1.1.429, ~70% (12 out of 17) from delta
plus/B.1.617.2.1, ~77% (7 out of 9) from B.1.1.298 and ~ 86% (20 out
of 23) from omicron/B.1.1.529 displayed >60% similar HLA allele
restriction.

Specifically in the case of Omicron/B.1.1.529 variant analysis, we
observed that from the 187 native CD8- epitopes on the spike protein of
SARS-COV-2, 24 were found to be mutated in Omicron/B.1.1.529
(Table 2). One of them (GVYYHKNNK mutating to DHKNNK) was not
included in the HLA binding analysis as the mutated epitope is shorter (5
and 7 residues long) than the length (8 to 15 residues long) that can be
analyzed by the NetMHCpan 4.1 EL tool. Similarly, SGTNGTK and
TVYDPLQPELDLFK were not considered for HLA analysis for the same
reason.

From the 52 distinct native-mutated epitope pairs analyzed for HLA
restriction (Table 5), 19 (~36%) mutated epitopes retained the HLA
restriction of their native counterparts (100% retained HLA restriction)
with total 39 (~75%) mutated epitopes retaining more than or equal to
60% HLA restriction. Seven epitopes (~13%) display drastic variation in
HLA restriction i.e., no common HLA allele in the restriction sets of
native and mutated epitopes, indicated by 0% similarity in Table 5.
Overall, results of the analysis reveal that majority (~75%) of the
analyzed CD8+ mutated epitopes on the spike protein retain more than
60% HLA restriction compared to their native counterparts.

Taken together, the computational results suggest that along with
other variants, the omicron/B.1.1.529 variant too may be capable of
eliciting adequate CD8 T cell responses. Calling for further experimental
verification of the same, we also suggest possibility of retained efficacy
of the currently administered vaccines (originally designed to target the
spike protein of Wuhan_Hu_1 strain) against omicron variant.

4. Discussion

SARS-COV-2 will continue to evolve, giving rise to new variants.
With emerging variants, it is necessary to design a therapeutic
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Fig. 1. Binding of Native and Mutated CD4 epitopes from spike protein of SARS-CoV-2 to HLA class -II alleles.
The native CD4 epitopes of the Wuhan strain and their mutated counterparts for each variant were subjected to NetMHCIIPan 4.0 BA to predict their binding to 27
HLA Class-II alleles (reference set) with a threshold of IC50 < 1000 nM. The epitopes in the left are native epitopes while the peptides in the right are Mutated
epitopes. The Mutated amino acids in the mutated epitopes are colored red. The alleles to which only the native epitopes bind are marked as’N’ (light yellow), while
the alleles to which only the mutated epitopes bind are marked as ‘M’ (light magenta). The alleles to which both the native and their mutated counterparts bind are
marked as ‘Y’ (light green). The native epitopes that are mutated among the variants are highlighted in different colors for each epitope.
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Table 3 Table 3 (continued)
HLA Cl icti i . . . . .
ass I restriction as predicted by NetMHCpan 4.1 EL Native epitope HLA restriction* Mutated epitope HLA restriction*
Native epitope HLA restriction* Mutated epitope HLA restriction* HLA-B*51:01 HLA-B*07:02
HLA-B*44:03 HLA-B*44:03 HLA-B*07:02 HLA-B*51:01
HLA-B*44:02 HLA-B*44:02 HLA-B*08:01 HLA-B*08:01
AEHVNNSY HLA-B*15:01 AEYVNNSY HLA-B*15:01 HLA-A*26:01 HLA-A*26:01
HLA-B*40:01 HLA-B*40:01 HLA-A*24:02
HLA-A*01:01 HLA-A*01:01 HLA-A*23:01
HLA-A*68:01 HLA-A*68:01 HLA-A*68:01 HLA-A*68:01
DGVYFASTEK HLA-A*03:01 DGVYFASIEK HLA-A*03:01 NASVVNIQK HLA-A*11:01 NASFVNIQK HLA-Ail 1:01
HLA-A*11:01 HLA-A*11:01 HLA-A*03:01 HLA-A*03:01
HLA-A*26:01 HILA-A*01:01 : HLA-A*33:01
DSKVGGNYNY HLA-A*01:01 DSKVSGNYNY HLA-A*30:02 HLA-B*40:01 HLA-B*40:01
HLA-A*30:02 HLA—B*35'.01 NESLIDLQEL HLA-B*44:03 NESLIDLQQL HLA-B*44:03
HLA-B*35:01 B : HLA-B*44:02 HLA-B*44:02
HLA-B*44: . HLA-A*68:01
HLA-B*:‘I:‘I‘SZ HLA-B"44:03 HLA-A"68:01 HLA-A*03:01
GEVFNATRF HLA. B*40:01 DEVFNATRF HLA-B*44:02 HLA-A*11:01 HLA-A*11:01
- - HLA-B*40:01 NSASFSTFK HLA-A*03:01 NLAPFFTFK o
HLA-B*15:01 HLAA*30:01 HLA-A*33:01
-A*02: : HLA-A*31:
freer oo et et
" _A* . -
FQFCNDPFL HLA-A*02:03 FQFCNYPFL gt: :gig; HLA-A*24:02
HLA-B*40:01 ) . NYNYLFRLF HLA-A*23:01
HLA-A*11:01 HLA-A*11:01 HLA-A*24:02 HLA-A*30:02
HLA-A*03:01 HLA-A*03:01 NYNYLYRLF X HLA-A*32:01
HLA-A*23:01
GVYFASTEK HLA-A*68:01 GVYFASIEK HLA-A*68:01 HLA-A*24:02
HLA-A*30:01 HLA-A*30:01 NYNYRYRLF HLA-A*23:01
HLA-A*03:01 HLA-A*68:01 HLA-B*08:01
HLA-A*11:01 HLA-A*33:01 HLA-B*15:01
GVYYHKNNK HLA-A*30:01 DVYYHKNNK HLA-A*11:01 HLA-B*44:03 HLA-A*30:02
HLA-A*68:01 HLA-A*03:01 HLA-B*44:02 HLA-B*44:03
HLA-A*31:01 HLA-A*26:01 HLA-B*40:01 HLA-B*44:02
HLA-A*68:01 HLA-A*68:01 HLA-A*30:02 HLA-A*32:01
ELGKYEQY
HVSGTNGTK HLA-A03:01 HVISGTNGTK HLA-A"11:01 ¢ ¢ HLA-B*15:01 QoreiEeY HLA-A"26:01
HLA-A*11:01 HLA-A*03:01 HLA-A*01:01 HLA-A*01:01
HLA-A*30:01 HLA-A*30:01 HLA-A*26:01 HLA-B*35:01
_A%04- HLA-B*35:01 -A*23:
HLA-A*24:02 HLA-A*24:02 HLA. A*23 01
IYKTPPIKDF HLA-A*23:01 IYKTPPIKYF HLA-A"23:01 HLA-A24:02
HLA. A*30:02 HLA-A*30:02 HLA-A*11:01 QIAPGQTGN -
B HLA-B*57:01 OIAPGOTGK HLA-A*03:01
HLA-A*68:02 HLA-A*68:01 QIAPGQTGT -
HLA-A*02:06 HLA-A*30:01
HLA-A*02:06 HLA-A*02:01 HLA-A*31:01
HLA-A*02:01 NIADYNYKL HLA-A*02:03 HLA-A*31:01 HLA-A*33:01
TN
HLA-A*32:01 HLA-A*26:01 HLA-A%68:01 QTNSRRRAR HLA-A*68:01
HLA-A*02:03 HLA-B*08:01 HLA-A*33:01 HLA-A*30:01
TNSPRRA]
KIADYNYKL HLA-A*68:02 HLA-A*32:01 QNS R HLA-A*30:01 HLA-A*31:01
HLA-A*30:02 HLA-A*02:06 HLA-A*11:01 HLA-A*33:01
TKSHRRAR
HLA-B*58:01 HLA-A*68:02 HLA-A%03:01 Q HLA-A*30:01
HLA-A*24:02 HLA-A*02:01 HLA-A*68:01
HLA-A*23:01 TIADYNYKL HLA-A*02:03 HLA-A*03:01 HLA-A*03:01
HLA-A*26:01 RASANLAATK HLA-A*11:01 RASANLAAIK HLA-A*11:01
HLA-A*32:01 HLA-A*30:01 HLA-A*30:01
HLA-A*30:02 HLA-A*30:02
HLA-B*15:01 HLA-B*15:01 HLA-A*30:02
KVGGNYNYRY HLA-A*01:01 HLA-A*26:01 HLA-B*15:01
HLA-A*32:01 SFKEELDKY HLA-A*01:01 LFKEELDKY HLA-A*01:01
HLA-A*32:01 HLA-B*35:01 HLA-A*26:01
HLA-A*30:02 HLA-B*57:01 HLA-A*24:02 HLA-B*35:01
HLA-B*57:01 KVGGNYNYLF HLA-B*58:01 HLA-A*23:01
HLA-A*01:01 HLA-A*23:01 HLA-A*02:06
KVGGNYNYLY HLA-A*32:01 HLA-A*24:02 HLA-A*02:01
HLA-B*15:01 HLA-A*30:02 HLA-A*02:03 HLA-A*02:06
HLA-B*58:01 HLA-A*11:01 HLA-A*68:02 HLA-A*02:01
HLA-A*01:01 HLA-A*32:01 HLA-A*68:02
SIIAYTMSL SIIAYTMLL
KVSGNYNYLY HLA-B*57:01 HLA-B*08:01 HLA-A*02:03
HLA-A*03:01 HLA-A*26:01 HLA-A*32:01
HLA-B*58:01 HLA-B*07:02 HLA-A*26:01
HLA-A*32:01 HLA-B*15:01
HLA-B*35:01 HLA-B*35:01 HLA-B*35:01
HLA-B*15:01 HLA-B*15:01 HLA-B*07:02 SRRRARSV -
HLA-A*30:02 HLA-A*30:02 SPRRARSV HLA-B*08:01
LGAENS SHRRARSV —
VAY HLA-A*01:01 LGVENSVAY HLA-A*01:01 HLA-B*51:01
HLA-B*53:01 HLA-B*53:01 SPRRARSVA HLA-BLO7:02 SRRRARSVA - )
HLA-A*26:01 HLA-A*26:01 HLA-B*08:01 SHRRARSVA HLA-A*30:01
HLA-B*35:01 HLA-B*35:01 HLA-A*11:01 HLA-A*68:01
LPPAYTNSF HLA-B*53:01 LPSAYINSF HLA-B*53:01 SVLNDILSR HLA-A*68:01 SVLNDIFSR HLA-A*31:01
HLA-A*31:01 HLA-A*11:01

(continued on next page)
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Table 3 (continued)

Native epitope HLA restriction* Mutated epitope HLA restriction* Native epitope HLA restriction* Mutated epitope HLA restriction*
HLA-A*03:01 HLA-A*33:01 HLA-A*32:01
HLA-A*33:01 HLA-A*03:01 HLA-B*58:01
HLA-A*30:01 HLA-A*30:01 HLA-A*33:01
HLA-A*26:01 HLA-A*32:01 YNYLFRLFR HLA-A*31:01
HLA-A*33:01
HLA-A*30:02 e HLA-A*68:01
HLA-B*15:01 YNYLYRLFR Eﬁiﬁ-zégi HLA-A*31:01
SWMESEFRVY HLA-A*01:01 SWMESGVY HLA-A*30:02 ’ YNYRYRLFR HLA-A*33:01
HLA-A*24:02 HLA-A*68:01
HLA-A*23:01 HLA-A*02:06
HLA-B*44:02 HLA-B*44:02 HLA-A%02:01 HLA-A*02:06
o HLA-B*44:03 YQDVNCTEV HLA-A*02:03 YQGVNCTEV HLA-A*02:03
TEKSNIRGW gﬁ:;ggjgi’ [EKSNIRGW HLA-B*57:01 HLA-A*01:01 HLA-A*02:01
) HLA-B*58:01 HLA-B*40:01
HLA-B*07:02 HLA-A*01:01
HLA-B*51:01 . HLA-A*26:01
TPINLVRDL HLA-B*35:01 TPIIVREPEDL HLA-B*07:02 HLA-A"01:01 YIMLLGAENSVAY  py a B*35:01
HLA-B*53:01 HLA-B"15:01 HLA-A*30:02
HLA-B*08:01 YTMSLGAENSVAY gai*iig; HLA-A*01:01
HLA-A*24:02 ey HLA-A*26:01
VGGNYNYLF HLA-B*58:01 HLA-A"26:01 YIMSLGVENSVAY 11 o B*35:01
HLA-A*23:01 HLA-A*30:02
HLA-A*30:02 HLA-A*24:02
HLA-A*30:02 VGGNYNYRY HLA-A*01:01 HLA-A*23:01
VGGNYNYLY HLA-A*01:01 HLA-A*01:01 HLA-B*57:01
_B*58: _A*30: _B*58:
HLA-B*58:01 HLA-A*30:02 VYHKNNKSW HLA-B*58:01 DHKNNKSW ~
VSGNYNYLY HLA-B*58:01 HLA-B*53:01
HLA-B*57:01 HLA-A*32:01
HLA-A*32:01 HLA-B*44:02
HLA-B*35:01 HLA-B*44:03
HLA-A*02:03 gt:’i;gifgf
HLA-A*02:01 ey
HLAA%02.06 HLA-A*02:06
. HLA-A*32:01
HLA-A*32:01 HLA-B*15:01
VLNDILSRL HLA-B*15:01 VLNDIFSRL HLAB08:01
HLA-A*68:02 HLA-A*68:02 intervention with broad efficacy. Given the complexity of the vaccine
gx'i'ggg; HLA-A*30:02 design and approval process, a multivalent vaccine is desirable instead
HLA: A*26:01 HLA-A*23:01 of variant-specific vaccines [9]. As local variants of concern (VoC)
AA*24:02 HL:'Q*EZ:gi continue to spread and possess the ability of global dominance, this
HLA-A*24: HLA-A*24: . . . . .
VYDPLQPELDSF HLAA*23:01 VYDPLQPELDLF HLAA*23:01 matter is of 1nternat.10nal concern and urgency. Conslldermg. thfe exact
HLA-A*01:01 correlates of protection are still unclear and cellular immunity is most
HLA-A*26:01 likely one of them, investigating the T cell response variation/conser-
HLA-A*26:01 HLA-A*30:02 vation across strains can provide insights about the possibility of cellular
* M *, M . . . . . .
Eﬁ';gé:g; Ei‘:‘;f:_'g; immune escape, its molecular basis and its effects on vaccine efficacy.
HLA-A*68:01 HLA-B*35:01 Geers et al [29] reported that the variants B.1.1.7 and B.1.351 partially
WTAGAAAYY HLA-B*35:01 LTAGAAAYY HLA-B*57:01 evade humoral immunity induced by SARS-CoV-2 infection or
HLA-B*15:01 HLA-B*58:01 BNT162b2 vaccination but the CD4+ T cell activation against these
gx'g?&oi :i:‘ﬁjllioi variants is unchanged compared to the native virus. Tarke et al [30]
-B753:0 HLA: A*gz:gl analyzed the T cell epitope responses against B.1.1.7, B.1.351, P.1, and
HLA-B*53:01 CAL.20C variants in COVID-19 convalescents and Moderna (mRNA-
HLA-A*02:01 1273) or Pfizer/BioNTech (BNT162b2) vaccines. Observing a modest
HLA-A*24:02 HLA-B*08:01 decrease (10-22%) in T cell reactivity, they reported that the variants
. HLA-A*02:06 e . L
HLA-A*23:01 HLAA02.03 analyzed do not significantly disrupt T cell responses hence it is expected
HLA-B*08:01 HLA-A*32:01 that vaccines won't be rendered completely inefficacious against them.
HLA-A*02:01 HLA-A*24:02 Similarly, there have been few other reports analyzing CD4+ and/or
YFQPRTFLL HLA-A*02:06 YLQPRTFLL A o . .
HLA-A*30:02 HLA-A*23:01 CD8+ T cell responses in clinical settings against some of the SARS-CoV-
HLA-A*33:01 HLA-B715:01 2 variants including omicron [31-36].
HLA-A*01:01 . .
HLA-A*32:01 HLAA*68:02 In the present study we asked, if and how does the T cell epitope pool
HLA-B*07:02 HLA-A*30:02 vary across the variants delta plus/B.1.617.2.1, gamma/P.1, zeta/P.2,
HLA-B*07:02 B.1.1.429, Mink cluster 5/B.1.1.298 and Omicron/B.1.1.529 of SARS-
HLA-A*68:02 COV-2? Can these variants (known to escape humoral immunity) also
YGFQPTYGV gt:_;glz-:gf escape cellular immunity due to mutations in T cell epitopes? If not,
HLA-A*68:02 HLA-A*02:01 wh.at do the.uncomproml.sed T cell responses imply in terms of vaccine
VGFOPTNGY HLA-B*51:01 HLA-A*68:02 efficacy against these variants?
Q HLA-A*02:06 HLA-A*02:06 As mentioned above, the notion of “retained vaccine efficacy against
HLA-A702:03 YSFRPTYGV :]]::;21281 new SARS-CoV-2 variants due to largely uncompromised T cell re-
HLAB57-01 sponses” has been previously expressed through multiple studies.
HLA-A*02:03 Arguably, there are a few studies that show mutated epitopes in the

variants of SARS CoV-2 lead to a diminished CD4+ and CD8+ T cell
responses against them [37-40]. A previous study by Agerer et al. [37]
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Table 4
Comparison of HLA allele restrictions of native and mutant CD4+ T-cell epitopes from spike protein of SARS CoV-2.
Alleles Total Total Percentage
Alleles | Alleles | thatboth Native Mutated | Similarity of
that only | that only |native and| epitope epitope mutated
Native | mutated | mutated binding binding epitope
epitope | epitope | epitopes alleles alleles (Y/T(N))
Variant Native epitope Mutated epitope bind (N) | bind (M) | bind (Y) | T(N)=N+Y [T(M)=M+Y *100
LMDLEGKQGNFKNLR | LMDLEGKQGNFKNLS 0 0 1 1 1 100
] CEFQFCNDPFLGVYY ‘ CEFQFCNYPFLGVYY | 2 ‘ 1 ‘ 11 | 13 | 12 ‘84.61538462
| VVIKVCEFQFCNDPF ‘ VVIKVCEFQFCNYPF | 0 ‘ 3 ‘ 2 | 2 | 5 | 100
| GKQGNFKNLREFVFK \ GKQGNFKNLSEFVFK | 2 \ 2 \ 11 | 13 | 13 |84.61538462
P.1 ] VSSQCVNLTTRTQLP ‘ VSSQCVNFTNRTQLP ] 0 ‘ 1 ‘ 2 ] 2 ‘ 3 ‘ 100
] VNLTTRTQLPPAYTN ‘ VNFTNRTQLPSAYTN | 1 ‘ 4 ‘ 1 ] 2 | 5 ‘ 50
| EIYQAGSTPCNGVEG ‘ EIYQAGSTPCNGVKG | 0 ‘ 2 ‘ 2 | 2 | 4 | 100
| GINASVVNIQKEIDR \ GINASFVNIQKEIDR | 0 \ 7 \ 7 | 7 | 14 | 100
QLIRAAEIRASANLAATK | QLIRAAEIRASANLAAIK 0 3 13 13 16 100
P.2 EIYQAGSTPCNGVEG | EIYQAGNTPCNGVKG 0 1 2 2 3 100
GINASVVNIQKEIDR GINASFVNIQKEIDR 0 7 7 7 14 100
CEFQFCNDPFLGVYY | CEFQFCNDPFLDVYY 2 1 11 13 12 84.61538462
NPVLPFNDGVYFAST | NPVLPFNDGVYFASI 0 4 5 5 9 100
LGVYYHKNNKSWMES | LDVYYHKNNKSWMES 1 0 11 12 11 91.66666667
B.1.617.2.1’ VSSQCVNLTTRTQLP ‘ VSSQCVNLRTRTQLP ’ 1 ‘ 3 ‘ 1 ’ 2 ‘ 4 ‘ 50
| VNLTTRTQLPPAYTN ‘ VNLRTRTQLPPAYTN | 1 ‘ 1 | 1 | 2 | 2 | 50
| EIYQAGSTPCNGVEG \ EIYQAGSKPCNGVEG | 0 \ 0 | 2 | 2 | 2 | 100
| HKNNKSWMESEFRVY | HKNNKSWMESGVY | 5 | o | o | 5 | o _
YNYLYRLFRKSNLKP | YNYRYRLFRKSNLKP 0 0 17 17 17 100
B.1.1.429 | QELGKYEQYIKWPWY | QQLGKYEQYIKWPWY 0 0 1 1 1 100
LPFFSNVTWFHAIHV LPFFSNVTWFHAI 10 0 12 22 12 5454545455
B.1.1.298 | LQPELDSFKEELDKY \ LQPELDLFKEELDKY | 0 \ 1 | 0 | 0 | 1 -
YNYLYRLFRKSNLKP | YNYLFRLFRKSNLKP 0 1 17 17 18 100
NLLLQYGSFCTQLNR | NLLLQYGSFCTQLKR 0 1 11 11 12 100
| CEFQFCNDPFLGVYY ‘ CEFQFCNDPFLD | 13 ‘ 0 | 0 | 13 | 0
] NLVRDLPQGFSALEP ‘ IVREPEDLPQGFSALEP ] 6 ‘ 0 ‘ ] 6 ‘
] FKIYSKHTPINLVRD ‘ FKIYSKHTPIIVREPED | 3 ‘ 0 ‘ 12 ] 15 | 12 ‘ 80
] KHTPINLVRDLPQGF ‘ KHTPIIVREPEDLPQGF | 11 ‘ 0 ‘ 0 | 11 | 0
| AENSVAYSNNSIAIP ‘ VENSVAYSNNSIAIP | 0 ‘ 0 | 10 | 10 | 10 | 100
| LPFFSNVTWFHAIHV \ LPFFSNVTWFHVI | 11 \ 0 | 11 | 22 | 11 | 50
] NPVLPFNDGVYFAST ‘ NPVLPFNDGVYFASI | 0 ‘ 4 ‘ 5 | 5 | 9 ‘ 100
B.11.529 | LGVYVHKNNKSWMES | LDHKNNKSWMES | 12 | o | o | 12 | o _
] IVRFPNITNLCPFGE ‘ IVRFPNITNLCPFDE | 1 ‘ 0 ‘ 5 | 6 | 5 ‘83.33333333
| CPFGEVFNATRFASV ‘ CPFDEVFNATRFASV | 1 ‘ 0 | 20 | 21 | 20 |95.23809524
| WNSNNLDSKVGGNYN | WNSNKLDSKVSGNYN | 0 | 0 | 0 | 0 | o | -
] CAQKFNGLTVLPPLL ‘ CAQKFKGLTVLPPLL | 0 ‘ 3 ‘ 19 | 19 | 22 ‘ 100
] CVADYSVLYNSASFS ‘ CVADYSVLYNLAPFF | 1 ‘ 8 ‘ 13 | 14 | 21 ‘92.85714286
| SVLYNSASFSTFKCY ‘ SVLYNLAPFFTFKCY | 2 ‘ 7 | 14 | 16 | 21 | 87.5
| SASFSTFKCYGVSPT \ LAPFFTFKCYGVSPT | 1 \ 5 | 7 | 8 | 12 | 87.5
| EIYQAGSTPCNGVEG | EIYQAGNKPCNGVAG | 2 | o | o | 2 | o _
| FNCYFPLQSYGFQPT ‘ FNCYFPLRSYSFRPT | 1 ‘ 4 | 13 | 14 | 17 |92.85714-286
| TQLNRALTGIAVEQD ‘ TQLKRALTGIAVEQD | 0 ‘ 1 | 17 | 17 | 18 | 100
] TPPIKDFGGFNFSQI ‘ TPPIKYFGGFNFSQI ] 0 ‘ 8 ‘ 8 ] 8 ‘ 16 ‘ 100
] ARDLICAQKFNGLTV ‘ ARDLICAQKFKGLTV ] 2 ‘ 0 ‘ 12 ] 14 ‘ 12 ‘85.71428571
] LTGTGVLTESNKKFL ‘ LKGTGVLTESNKKFL | 1 ‘ 1 ‘ 3 ] 4 | 4 ‘ 75
| FNGLTVLPPLLTDEM ‘ FKGLTVLPPLLTDEM | 1 ‘ 2 | 15 | 16 | 17 | 93.75
| PINLVRDLPQGFSAL | PIVREPEDLPQGFSAL | 15 | o | o | 15 | o ;

Footnote: Positions with mutations are highlighted in red. Red highlighted residues in native epitopes indicate the deletions.
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Table 5
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Comparison of HLA allele restrictions of native and mutant CD8+ T cell epitopes from spike protein of SARS CoV-2.

Variant Native Mutant No. of alleles that bind No. of alleles that bind No. of common % of HLA restriction retained for
native epitope mutant epitope alleles mutant epitope
P.1 AEHVNNSY AEYVNNSY 5 5 5 100.00
QIAPGQTGK QIAPGQTGT 4 0 0 0.0
NASVVNIQK NASFVNIQK 3 4 3 100.00
RASANLAATK RASANLAAIK 3 3 3 100.00
YQDVNCTEV YQGVNCTEV 5 3 3 60.00
LPPAYTNSF LPSAYTNSF 8 6 6 75.00
YGFQPTNGV YGFQPTYGV 4 4 3 75.00
KIADYNYKL TIADYNYKL 9 6 5 55.55
FQFCNDPFL FQFCNYPFL 4 3 3 75.00
YFQPRTFLL YLQPRTFLL 9 12 8 88.89
P.2 SIIAYTMSL SITAYTMLL 10 6 6 60.00
NASVVNIQK NASFVNIQK 3 4 3 100.00
YQDVNCTEV YQGVNCTEV 5 3 3 60.00
YFQPRTFLL YLQPRTFLL 9 12 8 88.89
YTMSLGAENSVAY YTMLLGAENSVAY 5 4 4 80.00
B.1.617.2.1 GVYYHKNNK DVYYHKNNK 5 5 3 60.00
KIADYNYKL NIADYNYKL 9 7 5 55.55
QIAPGQTGK QIAPGQTGN 4 0 0 0.0
VGGNYNYLY VGGNYNYRY 3 2 2 66.67
NYNYLYRLF NYNYRYRLF 2 3 2 100.00
TEKSNIIRGW IEKSNIIRGW 3 4 3 100.00
GVYFASTEK GVYFASIEK 4 4 4 100.00
KVGGNYNYLY KVGGNYNYRY 6 4 4 66.67
YQDVNCTEV YQGVNCTEV 5 3 3 60.00
DGVYFASTEK DGVYFASIEK 3 3 3 100.00
QTNSPRRAR QTNSRRRAR 6 4 4 66.67
YNYLYRLFR YNYRYRLFR 3 3 3 100.00
SPRRARSV SRRRARSV 3 0 0 0.00
SWMESEFRVY SWMESGVY 5 1 1 20.00
WTAGAAAYY LTAGAAAYY 8 12 8 100.00
SPRRARSVA SRRRARSVA 2 0 0 0.00
YFQPRTFLL YLQPRTFLL 9 12 8 88.89
B.1.1.429 QELGKYEQY QQLGKYEQY 8 10 7 87.50
YQDVNCTEV YQGVNCTEV 5 3 3 60.00
NESLIDLQEL NESLIDLQQL 3 3 3 100.00
YFQPRTFLL YLQPRTFLL 9 12 8 88.89
B.1.1.298 VGGNYNYLY VGGNYNYLF 3 3 1 33.33
NYNYLYRLF NYNYLFRLF 2 4 2 100.00
KVGGNYNYLY KVGGNYNYRY 6 4 4 66.67
YQDVNCTEV YQGVNCTEV 5 3 3 60.00
YNYLYRLFR YNYLFRLFR 3 3 3 100.00
YFQPRTFLL YLQPRTFLL 9 12 8 88.89
VYDPLQPELDSF VYDPLQPELDLF 2 2 2 100.00
SFKEELDKY LFKEELDKY 7 5 5 71.43
KVGGNYNYLY KVGGNYNYLF 6 5 3 50.00
B.1.1.529 DSKVGGNYNY DSKVSGNYNY 4 3 3 75.00
GEVFNATRF DEVENATRF 4 3 3 75.00
IYKTPPIKDF IYKTPPIKYF 3 4 3 100.00
HVSGTNGTK HVISGTNGTK 4 4 4 100.00
LGAENSVAY LGVENSVAY 6 6 6 100.00
KVGGNYNYLY KVSGNYNYLY 6 7 5 83.33
NSASFSTFK NLAPFFTFK 5 6 5 100.00
QTNSPRRAR QTKSHRRAR 6 4 4 66.67
SPRRARSV SHRRARSV 3 0 0 0.00
SPRRARSVA SHRRARSVA 2 1 0 0.00
SVLNDILSR SVLNDIFSR 7 7 6 85.71
TPINLVRDL TPIIVREPEDL 5 1 1 20.00
VLNDILSRL VLNDIFSRL 9 10 8 88.89
VGGNYNYLY VSGNYNYLY 3 6 3 100.00
YGFQPTNGV YSFRPTYGV 4 8 4 100.00
YYHKNNKSW DHKNNKSW 8 0 0 0.00
YTMSLGAENSVAY YTMSLGVENSVAY 5 4 4 80.00
YQDVNCTEV YQGVNCTEV 5 3 3 60.00
YFQPRTFLL YLQPRTFLL 9 12 8 88.89
TEKSNIIRGW IEKSNIIRGW 3 4 3 100.00
GVYFASTEK GVYFASIEK 4 4 4 100.00
DGVYFASTEK DGVYFASIEK 3 3 3 100.00
AEHVNNSY AEYVNNSY 5 5 5 100.00

seems to suggest a diminished CD8+ T cell response due to failure of
HLA-I binding of the mutated epitopes of the variants they tested but
their study was restricted to only 27 CD8+ T cell epitopes and, only two
HLA-alleles of Austrian population were included in the study. Also, a

study by Motozono et al. [38] showed that mutants of an immunodo-
minant native epitope of the spike protein “NYNYLYRLF” restricted to
HLA-A*24:02, such as NYNYRYRLF having L452R mutation, and
NYNYLFRLF having Y453F mutation, harbored by the variants B.1.427/
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429 and B.1.1.298 respectively, showed a decreased IFN-Y expression
by CD8+ T-cells in the convalescent individuals with HLA-A*24:02.
Likewise, De Silva et al. [39] demonstrated T-cell evasion by showing
partial loss of T-cell response with mutants of two immunodominant
CD4+ spike protein epitopes. They also observed complete loss of T-cell
response to a mutant of one immunodominant native ORF-3a CD8+
epitope and a few mutants of two immunodominant native nucleocapsid
CD8-+ epitopes [39]. Zhang et al. [40] observed a decreased CD8+ T-cell
response when stimulated with mutants of three native spike protein
epitopes (from B.1.1.7, B.1.351, P.1 and B.1.617.2) in the PBMCs of 4
different and highly prevalent HLA-I allelic donors of the Chinese pop-
ulation, specific to the epitopes, post 2-3 weeks of vaccination (first
immunization) with CoronaVac [40]. However, their study was limited
to only three of the spike protein's CD8+ T cell epitopes and one from
ORF-1a. Moreover, although their study covers frequent HLA-A alleles of
Chinese population, it does not ensure a complete coverage of the
diverse HLA population. In an actual infection scenario, many CD8+ T-
cell epitopes will be involved from the spike protein alone which may
include other immunodominant epitopes that are not found yet, and
they could be recognized by CD8+ and CD4+ T cells resulting in im-
mune response. To identify such epitopes, extensive studies are needed
that should cover a large pool of epitopes and a diverse HLA-I/II allelic
population globally. Also, humans can co-express six different HLA-I
alleles and so, the mutants in the studies of Motozono et al. [38], De
Silva et al. [39] and Zhang et al. [40] might bind to other HLA-I hap-
lotypes in the same individuals that their parental/native counterparts
don't bind, and elicit T-cell responses i.e. the mutants may show a varied
HLA-I binding pattern compared to the native epitopes as observed with
some epitopes in our predictions (Table 3). Considering such a
complexity, the observations of Agerer et al [37], Motozono et al. [38],
De Silva et al. [39] and Zhang et al. [40] need not be the case if either the
number of epitopes or if the number of HLA allele haplotypes is
increased. Our results indicate such a scenario due to the inclusion of a
larger pool of CD8+ T cell epitopes as well as HLA-I allele haplotypes
(reference set) in our investigation. However, our work is only compu-
tational and further investigation in this line is required for better un-
derstanding of the immunodominance in spike protein's T-cell epitopes
of SARS CoV-2 with respect to HLA restriction and immune escape. It is
known that multiple T cell epitopes are recognized by the immune
system for initiating T cell response against the virus infections [20].
While a decrease in binding affinity leading to a diminished CD8+ T-cell
response for the mutated epitopes of the variants in a HLA specific
manner is possible, the conserved native epitopes could still elicit T-cell
response. Further research is required to find out the actual number of
immunodominant epitopes among the conserved native epitopes of the
spike protein across the variants, in a large population with a diverse
HLA distribution. Such epitopes need to be carefully monitored for
mutations among the circulating and the new emerging variants.

We believe that our study is a non-redundant contribution to the
ongoing research because we have performed a comprehensive in silico
analysis — analyzing only experimentally verified 97 CD4+ and 187
CD8+ T cell epitopes of spike protein, including delta plus and the
omicron variant (considered at present as a variant of concern globally)
along with two other variants that are proven to evade humoral im-
munity (P.1 and P.2). Additionally, we believe that our specific
approach (comprehensive analysis/comparison of HLA restriction of all
native and mutated T cell epitopes on spike proteins across the unique
set of variants to gain insights on vaccine efficacy) is hitherto
unexplored.

Our results indicate that native CD4+ T cell epitopes on spike protein
are >90% conserved across the variants - B.1.617.2.1/delta plus, P.1/
gamma, P.2/zeta, B.1.1.429, B.1.1.298/Mink cluster 5, out of which P.1
and P.2 are known to evade humoral response [3]. Also, the native
CD4+ T cell epitopes are ~75% conserved in the B.1.1.529/omicron
variant. In case of CD8+ T cell epitopes too, > 90% native epitopes on
spike protein seem to be conserved. Though the corresponding % of
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conservation of epitopes are comparatively lower in omicron/B.1.1.529
variant (75% in CD4+ epitopes and 87% in CD8 epitopes) the similar
HLA restriction still suggests adequate T cell response as discussed
below. These high levels of conservation of T cell epitopes suggest that
the cellular responses against the aforementioned variants may remain
largely uncompromised. On the other hand, the epitopes that do not
undergo any mutations across multiple variants are also of special in-
terest (non-highlighted epitopes in Supplementary Tables 1 and 2) as
they can be identified as the virus's “vulnerable low-mutating immu-
nogenic regions” to design a broad efficacy intervention.

Apart from the overall mutational changes in T cell epitope land-
scape, we observed that the majority of variants' spike protein CD8+ T
cell epitopes (>70% for each variant, 100% for P.2 and B.1.1.429)
display >60% similar HLA allele restriction pattern. This suggests
optimism towards largely retained CD8+ T cell responses against the
selected variants.

It is clear from our analysis that there are only a lesser number of
CD4+ epitopes that have undergone mutations across the tested variants
except omicron indicating conserved CD4+ T-cell response against these
variants post vaccination. Also, from figure-1, the majority of these
mutated epitopes including those of omicron variant were predicted to
have similar restriction patterns as their native counterparts indicating
their ability to initiate a CD4+ T-cell response. Our analysis is in line
with the reports of Geers et al [29] and Tarke et al. [30].

Certain epitopes from our analysis deserve specific attention. The
CD4+ T cell epitope HKNNKSWMESEFRVY that mutates to
HKNNKSWMESGVY of the delta plus/ B.1.617.2.1 and the mutated
epitopes CEFQFCNDPFLD, IVREPEDLPQGFSALEP, KHTPIIVRE-
PEDLPQGF, LDHKNNKSWMES, EIYQAGNKPCNGVAG and PIIVRE-
PEDLPQGFSAL of the omicron variant were predicted not to bind to any
of the alleles that their native counterparts bound (figure-1). Similarly, 7
mutated CD8+ epitopes have no common alleles with the native epi-
topes' HLA restriction sets (Table 3). Six of these mutated epitopes
(QIAPGQTGN, QIAPGQTGT, SRRRARSV, SHRRARSV, SRRRARSVA,
DHKNNKSW) are predicted to lose the ability to be recognized by MHC
class I molecules i.e., all their predicted HLA restriction alleles are non-
binders (indicated by their % rank predicted to be higher than the 2%
cutoff value). One mutated epitope (SHRRARSVA) is predicted to be
restricted to only HLA-A*30:01 — an allele not present in the predicted
HLA restriction set of the epitope's native counterpart.

Evidently, these epitopes are not suitable targets while designing a
broad efficacy vaccine against SARS-CoV-2. We wonder whether the
frequently retained mutations are of special significance in the virus's
increased transmission, replication, infectivity and hence evolution,
calling for further research in this direction. The present results are only
a preliminary and warrant experimental verifications. Further, the
conserved epitopes/peptides identified here between native and variant
strains could also aid in vitro and in vivo experimental studies.

5. Conclusion

Obsession with humoral immunity and studies arising from the same
do not reflect the true spectrum of vaccine induced immune response
and aberrations thereof caused by novel variants. Considering that T
dependent responses are a major correlate of protection in all forms of
vaccine formulations, our analysis suggests that largely conserved CD4+
and CD8+ T cell responses may lead to significantly retained potential of
vaccines to fight severity and fatality. Hence, even in case of reduced
neutralization by antibodies, variants may not become vaccine resistant.
Moving forward in the development/evolution of the vaccine landscape,
a balanced approach that leverages all possible correlates of protection
(humoral as well as cellular) is required to minimize the burden on our
healthcare and socioeconomic systems.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bbadis.2022.166432.
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