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A B S T R A C T   

CD8+ T cells are crucial for viral elimination and recovery from viral infection. Nonetheless, the current un-
derstanding of the T cell response to SARS-CoV-2 at the antigen level remains limited. The Spike protein is an 
external structural protein that is prone to mutations, threatening the efficacy of current vaccines. Therefore, we 
have characterised the immune response towards the immunogenic Spike-derived peptide (S976-984, VLNDILSRL), 
restricted to the HLA-A*02:01 molecule, which is mutated in both Alpha (S982A) and Omicron BA.1 (L981F) 
variants of concern. We determined that the mutation in the Alpha variant (S982A) impacted both the stability 
and conformation of the peptide, bound to HLA-A*02:01, in comparison to the original S976-984. We identified a 
longer and overlapping immunogenic peptide (S975-984, SVLNDILSRL) that could be presented by HLA-A*02:01, 
HLA-A*11:01 and HLA-B*13:01 allomorphs. We showed that S975-specific CD8+ T cells were weakly cross- 
reactive to the mutant peptides despite their similar conformations when presented by HLA-A*11:01. Alto-
gether, our results show that the impact of SARS-CoV-2 mutations on peptide presentation is HLA allomorph- 
specific, and that post vaccination there are T cells able to react and cross-react towards the variant of 
concern peptides.   

1. Introduction 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is 
the causative agent of COVID-19 that quickly spiralled into a global 
pandemic in early 2020. Since the outbreak, over 700 million in-
dividuals have been infected globally, which led to over 6.9 million 
deaths worldwide (Nov 2023, source WHO). This sparked the interest of 
researchers worldwide to combat the disease and led to the adminis-
tration of multiple vaccines against SARS-CoV-2. Many of the current 
COVID-19 vaccines primarily incorporate the SARS-CoV-2 Spike protein 
to elicit neutralising antibodies that are vital to prevent infection and are 
considered as a key immune product for protection or treatment against 
viral infections (Khoury et al., 2021). However, it remains unknown 

whether these vaccines could induce long-term protection against 
SARS-CoV-2 infection (Kared et al., 2021), especially due to mutations 
occurring in Spike protein (Rajah et al., 2021). 

As research on SARS-CoV-2 accumulated, it was evident that T cells 
play an important role in protection as memory T cell responses were 
present in the majority of COVID-19 recovered individuals (Kared et al., 
2021; Moss, 2022; Guo et al., 2022; Sette et al., 2023) and even prior to 
infection (Augusto et al., 2023; Lineburg et al., 2021; Grifoni et al., 
2020; Swadling et al., 2022). Given the constant mutations of 
SARS-CoV-2, activation of CD8+ T cells is crucial for viral elimination 
and recovery from SARS-CoV-2 infection (Garcia, 2020) as they can 
recognise both external and internal (more typically conserved) proteins 
of the virus. CD8+ T cells are activated upon the recognition of a specific 
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pathogenic antigen (peptide) presented by a highly polymorphic Human 
Leukocyte Antigen (HLA) class I molecule (Szeto et al., 2020). CD8+ T 
cells recognise peptides via their Complementarity Determining Regions 
loops (CDR1, CDR2 and CDR3) that make up the antigen-binding site 
interacting with the peptide-HLA (pHLA) (Szeto et al., 2020). The 
repertoire of T cells circulating throughout the body after T cell matu-
ration is diverse with 107− 8 different clonotypes (Szeto et al., 2020). In 
addition, T cells can oftentimes recognise variations in peptide antigens, 
and this is referred to as T cell cross-reactivity, further increasing the 
number of peptides under T cell surveillance from each individual 
(Sewell, 2012). This is particularly important in the case of viral mu-
tation, where T cells can cross-recognise multiple variants of a virus 
(Augusto et al., 2023; Kundu et al., 2022; Lineburg et al., 2021; Gras 
et al., 2010; Grant et al., 2018; Tarke et al., 2023; Loyal et al., 2021; 
Richards et al., 2015). However, currently there is a limited knowledge 
on antigen-specific T cell responses towards SARS-CoV-2 virus, and our 
work could provide foundational information to develop new thera-
peutics, especially against emerging variants. 

The Spike protein is divided into two functional units, regarded as 
the S1 (residues 14–685) and S2 subunit (residues 686–1273). The S1 
subunit consists of the Nterminal domain and the receptor binding domain 
(RBD, residues 319–541), and is mainly responsible for mediating entry 
to the host cell (Kumavath et al., 2021). The S2 subunit includes the 
trimeric core of the protein and mediates membrane fusion and viral 
entry (Kumavath et al., 2021; Xia et al., 2020). As the two subunits play 
different roles in SARS-CoV-2 direct entry to host cells, the location of 
the mutation is just as crucial in dictating whether the mutation de-
creases the neutralising antibody recognition. While the S1 domain, and 
more specifically RBD, is largely exposed and targeted by neutralising 
antibodies, the S2 domain is less accessible, and thus, less prone to 
mutation due to immune pressure. Within the S2 subunit, the two 
heptapeptide repeat sequences, HR1 (residues 912–984) and HR2 (res-
idues 1163–1213), form a six-helix core essential for fusion and entry 
function. The critical function and hydrophobicity of the HR domains 
are reflected in their sequence conservation within coronaviruses (Liu 
et al., 2004), and are an attractive target for anti-viral drug development 
(Xia et al., 2019; Xia et al., 2020; Xia et al., 2020). It was previously 
reported that the Spike-derived peptide S976 (S976-984, VLNDILSRL) is 
immunogenic and restricted by the HLA-A*02:01 molecule (Jin et al., 
2023; Saini et al., 2021; Tarke et al., 2022). Despite being located within 
the HR1 domain, the S976 epitope was mutated in two SARS-CoV-2 
variants of concern (VoCs) isolates, S982A in Alpha and L981F in Om-
icron BA.1 variants. 

We assessed the impact of the VoC mutations on HR1-derived pep-
tides presentation by HLA and the potential for T cell cross-reactivity 
against the mutants after vaccination. We discovered that the HR1 
domain containing an overlapping peptide that differs from the 9mer 
S976 by one residue at the Nterminal, the 10mer S975 (S975-984, 
SVLNDILSRL) that can be presented by multiple allomorphs (HLA- 
A*02:01, HLA-A*11:01 and HLA-B*13:01). The impact of the VoC mu-
tations on peptide presentation and T cell recognition was different for 
each HLA molecule. 

Altogether, our results show that T cells can be cross-reactive to-
wards VoC and that this is dependent on the HLA allomorph presenting 
the peptides. Therefore, T cells can provide broader protection against 
SARS-CoV-2 mutants. 

2. Materials and methods 

2.1. Sequence alignment 

The spike-derived peptide sequences of SVLNDILSRL (S975-984) and 
VLNDILSRL (S976-984, epitope ID 69657, www.iedb.org) from the orig-
inal strain were aligned with different VoCs using multiple sequence 
alignment Clustal Omega [https://www.ebi.ac.uk/Tools/msa/clustalo/; 
accessed on November 21, 2023]. The full spike protein length 

sequences and accession number for Wuhan-Hu-1: NC_045512.2, Alpha 
B.1.1.7: QWE88920.1, Beta B.1.351: QRN78347.1, Delta B.1.617.2: 
QUD52764.1, Epsilon B.1.427, B.1.429: QQM19141.1, Gamma P.1: 
QRX39425.1, Omicron BA.1: UFO69279.1, Omicron BA.2: UJP23605.1, 
Omicron BA.2.12.1: UMZ92892.1, Omicron BA.2.75: UTM82166.1, 
Omicron BA.4: UPP14409.1, Omicron BA.5: UOZ45804.1, Omicron 
BQ.1.1: UWM28596.1, Omicron EG.5.1: WGM84363.1 and Omicron 
XBB.1.5: UZG29433.1 were obtained from the NCBI Protein Database 
[https://www.ncbi.nlm.nih.gov/protein; accessed on November 21, 
2023]. Sequence alignment is reported in Table 1. 

2.2. Protein expression, refold, and purification 

The experiments were performed following our published method-
ology (Chatzileontiadou et al., 2021). DNA plasmids in pET30 vector 
encoding the HLA-A*02:01, HLA-A*11:01, HLA-B*13:01 heavy chain 
and β2-microglobulin were individually transformed into BL21 Escher-
ichia coli (E. coli) competent cells (RIL strain). Each of the protein was 
expressed as inclusion bodies and purified from the transformed E. coli 
cells. Soluble peptide-HLA complexes were produced by refolding in-
clusion bodies in the following amounts: 30 mg of α-chain, 10 or 20 mg 
of β2-microglobulin and 4 or 10 mg of peptide (Genscript, Piscataway, 
NJ, USA). The refold mixture was dialysed into 10 mM Tris-HCl pH 8.0, 
and pHLA was purified using anion exchange chromatography (Cytiva, 
Marlborough, Massachusetts, USA). 

2.3. Thermal stability assay 

Thermal stability was measured using the ViiA 7 Real-Time PCR 
machine (Thermofisher, Scoresby, Australia), where pHLA samples were 
heated from 25 to 95 ◦C at a rate of 0.5 ◦C/min with excitation and 
emission channels set to yellow (excitation 549.5 ± 10 nm and detection 
at 586.5 ± 10 nm). The experiment was performed at two concentra-
tions of pHLA (5 μM and 10 μM) in duplicate and compared to a positive 
control (HLA-A*02:01-M158-66). Each sample was diluted in 10 mM Tris- 

Table 1 
Sequence alignment of S976 and S975 peptide sequences from SARS-CoV-2 
VoC isolates. 

The red and bold residues represent the non-synonymous mutations. 
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HCl pH 8.0, 150 mM NaCl and contained a final concentration of 10X 
SYPRO Orange dye (Thermofisher, Scoresby, Australia). Fluorescence 
intensity data was normalised and plotted using GraphPad Prism 10 
(version 10.0.3). The Tm value for each pHLA is determined to be the 
temperature when 50% of maximum fluorescence intensity is reached 
and reported in Table 2. 

2.4. Crystallisation and structure determination 

Crystals of all pHLA complexes were grown via the sitting-drop, 
vapour diffusion method at 20 ◦C with a protein: reservoir drop ratio 
of 1:1, at a concentration of 3 mg/mL in 10 mM Tris-HCl pH 8.0, 150 mM 
NaCl. Crystals of HLA-A*02:01 in complex with S976 (original SARS- 
CoV-2 strain) were grown in 20% polyethylene glycol (PEG) 3350, 
0.2 M Ammonium Formate and 1 mM CdCl2; with S976-Alpha in 13% 
PEG3350, 0.1 M NaF, 2% ethylene glycol (EG) and 1 mM CdCl2. Crystals 
of HLA-A*11:01 in complex with S975 and S975-Alpha were grown in 
25% PEG3350, 0.2 M NaCl and 0.1 M Tris HCl pH 8.5; with S975- 
Omicron in 20% PEG3350, 0.2 M Sodium acetate trihydrate pH 7.0. 
Crystals of HLA-B*13:01 in complex with S975-Alpha were grown in 
20% PEG3350 and 2% EG; with S975-Omicron in 14% PEG3350 and 
0.1 M Sodium Formate. pHLA crystals were cryoprotected in either 30% 
PEG3350 or 20% EG added to the mother liquor, and flash frozen in 
liquid nitrogen. The data were collected on the MX2 beamline at the 
Australian Synchrotron (Aragao et al., 2018). The data were processed 
using XDS (Kabsch, 2010) and scaled using the CCP4 suite (Collabora-
tive Computational Project, 1994). pHLA-A*11:01 structures were 
determined by molecular replacement using the PHASER program 
(McCoy et al., 2007) from the CCP4 suite with a model of HLA-A*11:01 
without the peptide (derived from PDB ID: 7S8Q (Habel et al., 2022)). 
pHLA-A*02:01 structures were determined by molecular replacement 
with a model of HLA-A*02:01 without the peptide (PDB code: 1OGA 
(Stewart-Jones et al., 2003)). pHLA-B*13:01 structures were determined 
by molecular replacement with an HLA-B*07:02 without the peptide as 

a model (PDB code: 7LGD (Lineburg et al., 2021)). COOT (Emsley et al., 
2010) was used to build in the peptide based on the electron density, and 
the structures were refined using PHENIX (Liebschner et al., 2019). The 
final models have been validated and deposited using the wwPDB 
OneDep system and the final refinement statistics, PDB codes are sum-
marised in Table 3. All molecular graphics representations were created 
using PyMOL (version 1.20; copyright, Schrodinger, LLC.). 

2.5. Ethics, donors and HLA typing 

All work using human samples was approved by the La Trobe Uni-
versity Human Ethics Committee (Approval No: HEC21097). Whole 
blood donations were received from healthy volunteers. All donors 
provided written and informed consent on the day of their donation. 
HLA typing of our donors was carried out by using AlloSeq Tx17 (CareDx 
Pty Ltd, Fremantle, Australia). All donors in this study were healthy at 
the time of donation and were not known to have been infected with or 
exposed to SARS-CoV-2. They were fully vaccinated with 3rd dose of 
either Comirnaty from Pfizer or Vaxzevria from AstraZeneca (Table 4) 
and are therefore referred to as “unexposed” throughout this 
manuscript. 

2.6. PBMC isolation 

Peripheral blood mononuclear cells (PBMCs) were isolated using 
density gradient centrifugation. In brief, samples were diluted with 
RPMI-1640 medium (Thermofisher, Scoresby, Australia, 10 mL/50 mL 
whole blood donation), 30 mL overlayed gently onto 10 mL Ficoll 
Paque-Plus (Cytiva, Marlborough, Massachusetts, USA), and centrifuged 
2000 rpm for 25 min at room temperature. PBMCs were harvested from 
the Ficoll-media interface, washed 3 times using RPMI and were cry-
opreserved in Fetal Calf Serum (FCS; Thermofisher, Scoresby, Australia) 
supplemented with 10% dimethyl sulfoxide (DMSO; Sigma Aldrich, St 
Louis, MO, USA) until use. 

2.7. Generation of polyclonal epitope-specific T cell lines 

The experiments were performed following our published method-
ology (Grant and Gras, 2022). PBMCs (peripheral blood mononuclear 
cell) of donors expressing HLA-A*02:01 or HLA-A*11:01 (Table 4) 
stored in cryoprotectant medium (10% DMSO [Sigma Aldrich, St Louis, 
MO, USA] and FCS [Thermofisher, Scoresby, Australia]) were used to 
expand epitope-specific memory T cell lines in vitro. CD8+ T cell lines 
were generated at a 1:2 stimulators to responders’ ratio from 2.0 x 107 

PBMCs. PBMCs were thawed in warm RF10 (RPMI-1640, Thermofisher, 
Scoresby, Australia) supplemented with 1x Non-essential amino acids 
(NEAA; Sigma Aldrich, St Louis, MO, USA), 5 mM HEPES (Sigma 
Aldrich, St Louis, MO, USA), 2 mM L-glutamine (Sigma Aldrich, St Louis, 
MO, USA), 1x penicillin-streptomycin-glutamine (Thermofisher, Score-
sby, Australia), 50 mM 2-Mercaptoethanol (Sigma Aldrich, St Louis, MO, 
USA) and 10% FCS (Thermofisher, Scoresby, Australia), and washed by 
centrifugation. PBMCs were subsequently washed and resuspended in 
FCS-free media (R0; RPMI supplemented with 1x NEAA (Sigma Aldrich, 
St Louis, MO, USA), 5 mM HEPES (Sigma), 2 mM L-glutamine (Sigma 
Aldrich, St Louis, MO, USA), 1x penicillin-streptomycin-glutamine 
(Thermofisher, Scoresby, Australia), 50 mM 2-ME (Sigma Aldrich, St 
Louis, MO, USA)). Responder PBMCs (2/3 of cells) were placed in a 24 
well plate, topped with RF10 and left to rest at 37 ◦C with 5% CO2. 
Stimulator PBMCs (1/3 of cells) were peptide pulsed at a final concen-
tration of 10 μM for 90 min at 37 ◦C with 5% CO2. Stimulators were 
washed twice in R0, resuspended in RF10 and added to the responders. T 
cell lines were left to grow at 37 ◦C with 5% CO2 for 10 days. CD8+ T cell 
lines were supplemented with fresh media and 10 IU/mL rIL-2 twice 
weekly from day 3 or 4. 

Table 2 
Thermal stability and predicted affinity of pHLA complexes.  

Spike 
Peptide 

HLA Tm (◦C) Predicted affinity 
(nM) 

Predicted 
binding 

S976 A*02:01 50.50 ±
0.40 

22.77 strong 

S976-Alpha A*02:01 57.40 ±
1.20 

12.95 strong 

S976- 
Omicron 

A*02:01 50.20 ±
0.20 

24.47 strong  

Spike 
Peptide 

HLA Tm (◦C) Predicted affinity 
(nM) 

Predicted 
binding 

S975 A*02:01 44.65 ±
4.75 

281.31 weak 

S975-Alpha A*02:01 39.43 ±
0.38 

107.14 strong 

S975- 
Omicron 

A*02:01 37.28 ±
1.48 

181.05 weak 

S975 A*11:01 52.78 ±
0.20 

3529.42  

S975-Alpha A*11:01 51.83 ±
0.24 

4374.76  

S975- 
Omicron 

A*11:01 49.25 ±
0.21 

2913.87  

S975 B*13:01 42.75 ±
0.32 

3203.88  

S975-Alpha B*13:01 43.58 ±
0.41 

2813.22 weak 

S975- 
Omicron 

B*13:01 44.28 ±
0.52 

1954.74 weak 

Tm represents the thermal melt temperature with the mean ± S.E.M. reported 
from the average of 2 independent experiments performed in duplicate at two 
concentrations. The predicted affinity and binding were calculated using the 
NetMHCpan4.1 website. 
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2.8. Intracellular cytokine staining 

CD8+ T cell lines were counted using the trypan blue exclusion 
method, harvested, washed, and resuspended in RF10 supplemented 
with 10 IU/mL rIL-2. A total of 2.0 x 105 cells were stimulated directly 
with 1 μM of each peptide individually, no peptide as a negative control 
and a positive control using cell stimulation cocktail ×500 (phorbol 12- 
myristate 13-acetate (PMA) and ionomycin) (Thermofisher, Boston, MA, 
USA), in a 96 well U bottom plate and were left to activate for 5 h in the 
presence of Golgi-Plug (BD Biosciences, Franklin Lakes, NJ, USA), Golgi- 
Stop (BD Biosciences, Franklin Lakes, NJ, USA) and anti-human 

CD107a-AF488 (BD Biosciences, Franklin Lakes, NJ, USA). Following 
activation, cells were surface stained for 30 min at 4 ◦C with Live/Dead- 
NIR (1:1000; Thermofisher, Boston, MA, USA), anti-human CD3-BV480 
(1:100), anti-human CD4-BV650 (1:100), anti-human CD8-PerCPCy5.5 
(1:50), anti-human CD14-APCH7 (1:100) and anti-human CD19-APCH7 
(1:100; all BD Biosciences, Franklin Lakes, NJ, USA) in phosphate 
buffered saline (PBS; Sigma Aldrich, St Louis, MO, USA). Cells were 
washed with PBS and then fixed for 30 min at 4 ◦C using Fix/Perm buffer 
(BD Biosciences, Franklin Lakes, NJ, USA). Cells were washed with Perm 
Wash buffer (BD Biosciences, Franklin Lakes, NJ, USA) and intracellu-
larly stained for 20 min at 4 ◦C with anti-human IFNγ-BV421 (1:100), 
anti-human TNF-PeCy7 (1:100), anti-human MIP1β-APC (1:100), and 
anti-human IL-2-PE (1:50; all BD Biosciences, Franklin Lakes, NJ, USA). 
Samples were washed, resuspended in PBS and acquired on a CytoFlex 
machine (Beckman Coulter, Brea, CA, USA). Data were analysed using 
Flowjo software (BD Biosciences, Franklin Lakes, NJ, USA) and graph-
ically represented using GraphPad Prism V10 (version 10.0.3). 

3. Results and discussion 

3.1. Mutation within the alpha SARS-CoV-2 variant of concern altered 
HLA-A*02:01 peptide presentation of the immunogenic S976 

Multiple studies showed that T cells can cross-react to multiple 
variants of the SARS-CoV-2 virus (Liu et al., 2022; Tarke et al., 2022; 
Reynolds et al., 2022; Keeton et al., 2022), and in turn the overall T cell 
response remained strong despite viral mutations (Tarke et al., 2022). 
Despite this, little is known about the impact of viral mutations on HLA 
presentation and epitope-specific T cell recognition. Here, we investi-
gated the impact of viral mutations within a well described 
HLA-A*02:01-restricted epitope derived from the spike protein, S976-984 
(VLNDILSRL) (Jin et al., 2023; Saini et al., 2021; Tarke et al., 2022). The 
S976 epitope is a 9mer peptide derived from the S2 subunit of the Spike 

Table 3 
Crystallographic data collection and refinement statistics of pHLA-A*02:01, pHLA-A11*01 and pHLA-B*13:01 structures.  

Data collection statistics HLA-A*02:01 
-S976 

HLA-A*02:01 
-S976-Alpha 

HLA-A*11:01 
-S975 

HLA-A*11:01 
-S975-Alpha 

HLA-A*11:01 
-S975-Omicron 

HLA-B*13:01 
-S975-Alpha 

HLA-B*13:01 
-S975-Omicron 

Space group P 21 21 21 P 21 21 21 P 31 2 1 P 3 2 1 P 32 2 1 P 21 21 21 P 21 21 21 

Cell Dimensions (a, b, 
c) (Å) 

60.34 80.75 
110.71 

59.82 78.18 
110.91 

84.85 84.85 
311.30 

86.99 86.99 
107.18 

85.49 85.49 
312.03 

50.14 81.97 
107.81 

50.06 82.73 
109.52 

Resolution (Å) 48.33–1.90 
(1.95–1.90) 

47.51–1.80 
(1.84–1.80) 

47.50–3.32 
(3.59–3.32) 

43.67–2.70 
(2.83–2.70) 

47.72–2.00 
(2.03–2.00) 

45.47–1.90 
(1.94–1.90) 

45.66–1.65 
(1.68–1.65) 

Total number of 
observations 

365840 (21514) 359908 (21501) 82655 (15502) 146957 (18740) 1793582 (84068) 265015 (17094) 405654 (20117) 

Nb of unique 
observations 

42888 (2590) 49032 (2881) 20087 (4051) 13337 (1734) 90742 (4424) 35846 (2251) 55444 (2692) 

Multiplicity 8.5 (8.3) 7.3 (7.5) 4.1 (3.8) 11.0 (10.8) 19.8 (19.0) 7.4 (7.6) 7.3 (7.5) 
Completeness (%) 99.3 (90.5) 100.0 (100.0) 99.6 (99.5) 100.0 (100.0) 100.0 (100.0) 100.0 (100.0) 99.8 (99.6) 
I/σ1 11.7 (1.8) 12.0 (1.7) 5.9 (1.6) 13.0 (3.0) 15.1 (5.6) 12.2 (2.8) 11.9 (2.5) 
Rpim

a (%) 3.9 (45.7) 3.6 (48.4) 0.119 (0.495) 0.055 (0.317) 0.034 (0.140) 0.044 (0.313) 0.037 (0.296) 
CC1/2 (%) 0.997 (0.595) 0.998 (0.632) 0.989 (0.553) 0.996 (0.773) 0.997 (0.947) 0.998 (0.818) 0.998 (0.793) 
Refinement Statistics 
Rfactor

b (%) 17.1 18.2 22.1 20.4 19.8 18.6 17.9 
Rfree

b (%) 20.6 20.6 25.1 25.2 24.4 22.1 20.1 
R.m.s.d. from ideality 
Bond lengths (Å) 0.01 0.01 0.001 0.001 0.004 0.007 0.009 
Bond angles (◦) 1.0 1.02 0.41 0.40 0.65 0.90 1.04 
Ramachandran plot (%) 
Allowed 100 99.7 99.91 100 100 100 100 
Disallowed 0 0.3 0.09 0 0 0 0 
PDB Code 7SIS 8RBV 8RH6 8RBU 8RHQ 8REF 8RCV 

Values in parentheses are for the highest resolution shell. CC1/2, correlation coefficient. 

a Rpim =

∑
hkl

̅̅̅̅̅̅̅̅̅̅̅̅
1

n − 1

√
∑n

j− 1
⃒
⃒Ihkl,j − 〈Ihkl〉

⃒
⃒

∑
hkl
∑

jIhkl,j
. 

b Rfactor =

∑
hkl|Fo − Fc|
∑

hkl|Fo|
for all data except » 5%, which were used for Rfree calculation.  

Table 4 
Donor list and details.  

Donor HLA-A* HLA-B* Vaccination Time of sample collection 
after 3rd vaccine dose 

SG18 11:01; 
30:01 

07:06; 
44:03 

3 doses of 
Comirnaty 

14 days 

SG26 11:01; 
24:01 

35:01; 
55:01 

3 doses of 
Comirnaty 

14 days 

SG38 11:01; 
11:01 

40:01; 
46:01 

3 doses of 
Comirnaty 

20 days 

SG75 11:01; 
24:02 

35:01; 
52:01 

3 doses of 
Comirnaty 

10 days 

SG07 02:01; 
01:01 

08:01; 
44:03 

2 doses of 
Vaxzevria 
1 dose 
Comirnaty 

36 days 

SG36 02:01; 
11:01 

35:01; 
44:02 

3 doses of 
Comirnaty 

15 days 

SG62 02:01; 
24:02 

15:01; 
48:01 

3 doses of 
Comirnaty 

30 days 

All donors were healthy and uninfected at the time of sample collection. Com-
irnaty is the approved vaccine from Pfizer in Australia and Vaxzevria from 
AstraZeneca. All vaccines were with the ancestral viral strain. 
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protein, restricted to HLA-A*02:01 and able to stimulate T cells derived 
from individuals following SARS-CoV-2 infection (Wagner et al., 2022; 
Mallajosyula et al., 2021). The Alpha variant of SARS-CoV-2 has a mu-
tation at position 7 of the epitope (S982A), VLNDILARL (S976-Alpha), 
while the Omicron BA.1 variant has a mutation at position 6 (L981F), 
VLNDIFSRL (S976-Omicron) (Table 1). The mutation at position 6 
(L981F) observed in Omicron BA.1 variant has reverted to the original 
sequence (S976) in the subsequent SARS-CoV-2 variants (Table 1). 

To determine whether the mutations in the S976 epitope affected the 
peptide-HLA stability or peptide presentation, we first refolded the HLA- 
A*02:01 with each of the three peptides separately (S976, S976-Alpha 
and S976-Omicron). Thermal stability assays showed similar stability 
for the S976 and S976-Omicron (Tm ~ 50 ◦C) while it was higher for 
S976-Alpha (Tm ~57 ◦C) (Table 2, Supplementary Fig. 1A). Therefore, it 
is possible that the mutation present in the S976-Alpha variant of SARS- 
CoV-2 changes the presentation of the S976 peptide bound by HLA- 
A*02:01. To test this, we crystallised both the HLA-A*02:01-S976 and 
HLA-A*02:01-S976-Alpha complexes and solved their crystal structures 
at high resolution (Table 3). The electron density was clear for both 
peptides in the antigen-binding cleft (Supplementary Fig. 2), which 
allowed an in-depth analysis of the peptide presentation and the effect of 
the mutation. 

The S976 peptide adopted a canonical conformation within the cleft 
of the HLA-A*02:01 molecule (Fig. 1A), with anchor residues P2-Leu in 
the B pocket and P9-Leu in the F pockets (Nguyen et al., 2021). The S976 
peptide exposes the P1-Val, P4-Asp, P6-Leu and P8-Arg to the solvent. 
The P5-Ile side-chain was partially buried between the α2-helix and the 
peptide backbone, whilst P7-Ser was buried in the cleft acting as a 
secondary anchor (Fig. 1A). S976 P7-Ser interacts with the hydrophilic 
environment formed by Arg97, His114 and Tyr116, well suited to 
accommodate and stabilise the P7-Ser (Fig. 1B). In 

HLA-A*02:01-S976-Alpha, P7-Ser is mutated to P7-Ala, and this changes 
the conformation of the peptide (Fig. 1C). The overlay of the two 
structures show that the structure of the antigen binding cleft remains 
similar with a root mean square deviation (r.m.s.d.) of 0.15 Å (Cα atoms 
for residues 1–180) while the peptide conformations were different with 
a r.m.s.d. of 0.77 Å. The small and hydrophobic P7-Ala, not suited to 
interact with the hydrophilic environment of HLA-A*02:01 C-D pockets 
(Nguyen et al., 2021), is exposed and available for direct interaction 
with the TCR. As a result, the P6-Leu in S976-Alpha is buried within the 
binding cleft (Fig. 1C) acting as a secondary anchor residue, which 
resulted in a ~7 ◦C increased stability in comparison to S976. The 
presence of the P6-Leu in the cleft was also associated with a “domino” 
effect of side-chain movement observed for Arg97 and Tyr116 from the 
HLA and P9-Leu from the peptide (Fig. 1D). 

As we could not obtain crystals for the HLA-A*02:01-S976-Omicron 
complex, we used predictive tools to determine a model. We used the 
newly available Tfold software developed to accurately model peptide- 
HLA structure with AlphaFold (Mikhaylov et al., 2024). Firstly, we 
modelled the S976 peptide structure in complex with HLA-A*02:01 and 
compared it with the crystal structure obtained experimentally (Sup-
plementary Fig. 3A). The r.m.s.d. for HLA-A*02:01-S976 crystal 
structure and Tfold model was of 0.29 Å for the antigen cleft and 0.33 Å 
for the peptide, respectively. This shows a good accuracy of the pre-
dictive model of the HLA-A*02:01-S976 structure with Tfold, with a 
difference in the conformation of the P6-Leu that is fully exposed in the 
crystal structure and partially buried in the Tfold model (Supplemen-
tary Fig. 3A). We then predicted the model for 
HLA-A*02:01-S976-Omicron structure that overlay well with the crystal 
structure of the S976 peptide conformation (Supplementary 
Fig. 3B–C). The main difference in the S976 structure and the 
S976-Omicron model was the conformation of the P6 residue. From the 

Fig. 1. Crystal structures of HLA-A*02:01 presenting the S976 and S976-Alpha peptides 
Crystal structures of HLA-A*02:01 binding to S976 (A–B) and S976-Alpha (C) Spike-derived peptides. The HLA-A*02:01 is represented in white cartoon, the S976 
peptide in cyan (cartoon and sticks) and the S976-Alpha peptide in orange. The red and yellow dashed lines represent hydrogen and van der Waals bonds, 
respectively. (D) Overlay of the S976 (cyan) and S976-Alpha (orange) peptides presented by HLA-A*02:01, with arrows representing the cascade of HLA side- 
chains movement. 
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predicted model of HLA-A*02:01-S976-Omicron the peptide seems to 
adopt a similar conformation to the S976 (Supplementary Fig. 3B–C). 

Therefore, different molecular interactions were observed with the 
HLA, and a different surface is presented by HLA-A*02:01 to the T cell 
when it binds the S976 and S976-Alpha peptides. The model of S976- 
Omicron generated using Tfold suggests that the peptide conformation 
is similar to the one of the S976 peptide. 

3.2. The 10mer overlapping S975 peptide is immunogenic when presented 
by the HLA-A*02:01 molecule 

A potential overlapping 10mer peptide, S975 SVLNDILSRL, with an 
extra residue at the Nterminal, has been reported to be able to bind HLA- 
A*02:01 (Snyder et al., 2020). Due to the presence of two small 
consecutive hydrophobic residues (Val976 and Leu977) at the Nterminal 
of the peptide, a potential shift of register could maintain a small hy-
drophobic residue at position 2 (V or L) within the 9mer (S976) and 
10mer (S975) peptides (Table 2), which are favoured by the 
HLA-A*02:01 molecule (Nguyen et al., 2021). To assess this possibility, 
we refolded the HLA-A*02:01 with the three S975 peptides to determine 
the stability of the pHLA complexes compared to the one described 
above for the 9mer S976 peptides. The three HLA-A*02:01-S975 com-
plexes were refolded, and their Tm values ranged from 37 to 44 ◦C 
(Table 2), a ~10 ◦C decrease in comparison to the pHLA complexes with 
the shortened S976 peptides (Table 2, Supplementary Fig. 1BB). This 
was in line with the lower predicted affinity of the 10mer peptide (S975) 
compared to the 9mer (S976) using NetMHCpan4.1 (Table 2). 

Surprisingly, the predicted affinity of the S975-Alpha with HLA-A*02:01 
was higher than the two other ones and this peptide was predicted to be 
a strong binder, however the stability of the HLA-A*02:01-S975-Alpha 
was lower than the S975 (Table 2). We tried to crystallise the 
HLA-A*02:01 in complex with the 10mer peptides, however no crystals 
were obtained, possibly due to the low stability observed for the com-
plexes with the 10mer peptides. Therefore, we use Tfold to predict the 
three HLA-A*02:01-S975 complexes (Supplementary Fig. 3D-F). The 
S975 peptides bound in a similar conformation in the HLA-A*02:01 
cleft, with an r.m.s.d. of 0.18 Å for the antigen binding groove (res-
idue 1–180 Cα atoms) and ~0.35 Å for the peptides (Supplementary 
Fig. 3G). The models show a potential register shift of the peptides at the 
Nterminal part (Supplementary Fig. 3D-F), with the P3-Leu docked in 
the B pocket, similarly to the structure of the 9mer peptide S976 (Sup-
plementary Fig. 3A). This would place the P1-Ser residue outside the 
binding cleft, which is rare but observed before, for example for the 
HIV-derived TW10 peptide structure (Li et al., 2017). 

The overlapping S975 peptide was predicted to bind HLA-A*02:01 
but it was not known if it was immunogenic similarly to the S976 pep-
tide. To assess this, we isolated PBMCs derived from three HLA- 
A*02:01+ donors vaccinated with 3 doses of the COVID vaccine 
(Table 4). We firstly set up T cell lines specific for each individual 
peptide (S975, S975-Alpha, and S975-Omicron) and tested whether the 
10mer peptides were immunogenic. Upon re-stimulation with each 
peptide individually, we measured the activation of CD8+ T cells by the 
release of IFNγ, TNF, or IL-2 (Fig. 2A–B, Supplementary Figs. 4–7). 
While we observed CD8+ T cells producing at least one effector function 

Fig. 2. CD8+ T cell reactivity and cross-reactivity towards S975 and its VoC variants in HLA-A*02:01+ samples 
(A-B) PBMCs from vaccinated HLA-A*02:01+ individuals (n = 3) were first stimulated with a single peptide (S975, S975-Alpha and S975-Omicron) (10 μM per 
peptide) for 10 days, to generate specific CD8+ T cell lines. CD8+ T cell responses were then assessed using an intracellular staining (ICS) assay, where each CD8+ T 
cell lines were re-stimulated with 1 μM of their cognate peptide, or negative control with no peptide, or a positive control (X500). (C-D) PBMCs from vaccinated HLA- 
A*02:01+ individuals (n = 3) were first stimulated with the S975 peptide (10 μM per peptide) for 10 days, to generate S975-specific CD8+ T cell lines and re- 
stimulated with 1 μM of S975-Alpha, or S975-Omicron, or no peptide (negative control), or X500 (positive control). (A-C) Percentages of total cytokine produc-
tion of IFNγ+, IL-2+ or TNF+, minus no peptide controls by CD8+ T cell lines in response to their cognate peptide were reported and presented as stacked bars. (B-D) 
Representative FACs plots of IFNγ+, IL-2+ or TNF+ production by CD8+ T cell lines from SG62 samples. 
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in all donors, the level was different across each samples. While sample 
SG62 showed weak T cell activation across the three peptides, the S975- 
Alpha peptide stimulated strongly CD8+ T cells in both samples SG07 
and SG36 (Fig. 2A). 

Next, we wanted to establish if vaccination with the original Spike 
sequence was providing S975-specific CD8+ T cells the ability to cross- 
react towards the mutant peptides. The S975-specific T cell lines were 
stimulated with the S975-Alpha or S975-Omicron individually, and T 
cell cross-reactivity was determined by intracellular cytokine staining 
assay (Fig. 2C–D). We observed a lower level of T cell activation to the 
one observed for the cell lines restimulated with the cognate peptide, but 
we observed some cross-reactivity in all three samples. We observed a 
proportion of S975-specific T cells can cross-react with S975-Omicron 
peptide in all three samples and with S975-Alpha peptide in two out 
of three samples, following vaccines in HLA-A*02:01+ samples. 

The pHLA-A*02:01 stability observed for the 10mer overlapping 
S975 epitopes was low, and T cell activation and cross-reactivity 
observed were present but was overall weak after vaccination in the 
samples tested. 

3.3. The overlapping 10mer S975 peptide can be presented by multiple 
HLA molecules 

HLA allomorphs can prefer similar residues as peptide primary an-
chors and be grouped into superfamilies (Nguyen et al., 2021). Inter-
estingly, despite not belonging to the same superfamily, HLA-A*02:01 
and HLA-A*11:01 prefer peptides with a P2-L/M/I, while HLA-A*02:01 
and HLA-B*13:01 prefer peptides with a PΩ-V/L/I/A (Supplementary 
Fig. 8). All three allomorphs would cover >28% of the global frequency 
with expression level of HLA-A*02:01 at 15.2%, HLA-A*11:01 at 11.6% 
(Leong et al., 2024), and HLA-B*13:01 at 2% (Cano et al., 2007). As the 
three allomorphs do not belong to the same HLA superfamily (Nguyen 
et al., 2021), we wanted to test whether the conservation of one or two 
anchor residues would be enough for the S975 peptides to successfully 

bind to HLA-A*11:01 and HLA-B*13:01. Each of the three S975 peptides 
successfully refolded with both HLA-B*13:01 and HLA-A*11:01 mole-
cules, despite the weak predicted peptide affinity (Table 2). We carried 
out stability assays for all six pHLA complexes to compare with the Tm 
values obtained for the pHLA-A*02:01 complexes. The Tm values for the 
three pHLA-A*11:01 were around 49–52 ◦C, while they were around 
43–44 ◦C for the pHLA-B*13:01 complexes (Table 2, Supplementary 
Figs. 1C–D). 

The results suggest that both HLA-A*11:01 and HLA-B*13:01 can 
present the S975 and its two SARS-CoV-2 variants. 

3.4. Mutation within the S975 peptide impacts on the HLA-B*13:01 
presentation 

To determine if viral mutation present in SARS-CoV-2 VoC could 
alter peptide presentation by HLA-B*13:01, similarly to HLA-A*02:01, 
we crystallised each of the three peptides in complex with HLA- 
B*13:01. We managed to crystallise both VoC-derived peptides (S975- 
Alpha and S975-Omicron) bound to HLA-B*13:01. Therefore, the crystal 
structures of HLA-B*13:01-S975-Alpha and HLA-B*13:01-S975- 
Omicron were solved at high resolution (Table 3). The electron den-
sity was clear in the antigen-binding cleft (Supplementary Fig. 9), which 
allowed an in-depth analysis of the impact of viral mutation on peptide 
presentation. As the S975 did not crystallise with HLA-B*13:01 we used 
Tfold to predict this structure (Supplementary Figs. 3H–I). 

The two S975-Alpha and S975-Omicron peptides’ main anchor res-
idues P2-Val and P10-Leu bind to the HLA-B*13:01 B and F pockets, 
respectively (Fig. 3A–B). While the Nterminal and Cterminal of the peptide 
conformations are conserved, the central part was different (P5–P8), 
resulting in an r.m.s.d. for the peptide of 1.356 Å (Fig. 3C). The HLA 
itself was not impacted by the peptide’s mutation (r.m.s.d. of 0.17 Å for 
residues 1–180 Cα atoms). In HLA-B*13:01-S975-Alpha, P8-Ala is buried 
within the binding cleft, interacting with the Trp147 and Val152 of the 
HLA α2-helix, forming hydrophobic interactions (Fig. 3D); and in HLA- 

Fig. 3. Crystal structures of HLA-B*13:01 presenting the S975-Alpha and S975-Omicon peptides 
Structure of HLA-B*13:01 (yellow cartoon) presenting the (A-D) S975-Alpha (green cartoon and sticks) or (B-E-F) S975-Omicron (pink cartoon and sticks). (C) 
Superimposition of HLA-B*13:01 presenting S975-Alpha (green) and S975-Omicron (pink) peptides. The yellow dashed lines represent van der Waals interactions. 
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B*13:01-S975-Omicron the P8-Ser is also buried interacting with Arg97, 
Thr73 and Tyr74 of the HLA α1-helix (Fig. 3E). In HLA-B*13:01-S975- 
Omicron, P7-Phe is partially buried and forms hydrophobic in-
teractions with Lys146, Trp147 and Ala150 of the α2-helix (Fig. 3F). In 
contrast, P7-Leu in HLA-B*13:01-S975-Alpha is solvent exposed and 
does not interact with the HLA (Fig. 3D). The Tfold model of the HLA- 
B*13:01-S975 show that the HLA conformation was conserved be-
tween the model and the crystal structures (r.m.s.d. of 0.32 Å for resi-
dues 1–180 Cα atoms). However, the peptides conformations were 
different, with an r.m.s.d. of 1.36 and 1.41 Å between S975 and S975- 
Alpha and S975-Omicron, respectively (Supplementary Fig. 3I). The 
P5-Asp was acting as a secondary anchor in the Tfold model (S975) and 
crystal structures (S975 variants) even if there was a 3.1 Å shift in the Cα 
placement that was not observed between S975-Alpha and S975- 
Omicron despite their different conformations (Supplementary 
Fig. 3I). Despite the different conformations observed for the peptides, 
the P5-Asp and P8-Ser/Ala were buried in the cleft, while the hydro-
phobic P6-Ile/Leu and P7-Leu/Phe are solvent exposed as well as the 
conserved P5-Asn and P9-Arg. 

The HLA-B*13:01 presents the S975-Alpha and S975-Omicron pep-
tides, and likely S975 peptide, in different conformations but with the 
same overall stability. 

3.5. HLA-A*11:01 presents S975 and its variants in a similar 
conformation 

To investigate the impact of the Alpha and Omicron mutations on 
peptide presentation when bound by HLA-A*11:01, the crystal struc-
tures for HLA-A*11:01-S975, HLA-A*11:01-S975-Alpha and HLA- 
A*11:01-S975-Omicron were solved (Table 3). The electron density 
was clear in the antigen-binding cleft (Supplementary Fig. 10). Unlike 
what we observed in both HLA-A*02:01 and HLA-B*13:01 allomorphs, 
the overlay of the three pHLA-A*11:01 structures show that all three 
peptides were presented in a very similar fashion (r.m.s.d. HLA cleft: 
~0.30 Å and peptide: ~0.48 Å, Fig. 4A). In addition, the conformation of 

the S975 VoC peptides were different in HLA-B*13:01 and HLA-A*11:01 
molecules. The three S975 peptides were bound by the main anchor 
residues P2-Val and P9-Arg binding to the B and F pockets, respectively 
(Fig. 4B–D). As a result, P10-Val was outside the canonical HLA peptide 
binding site, at the extreme Cterminal of the cleft. This conformation is 
unusual but has been observed previously for other epitopes (Remesh 
et al., 2017; Guillaume et al., 2018; Hensen et al., 2021; Meeuwsen et al., 
2022). The conformation of the S975 peptides’ central part (P4–P8) 
formed like a “lid” on the top of the HLA groove, with the peptide 
backbone central to the cleft and the side-chains lying flat on the surface 
contacting the HLA helices on both sides (Fig. 4E). The similar overall 
structures of the S975 peptides aligned well with the similar stability 
exhibited by the three peptides presented by HLA-A*11:01. 

The overall conformation of the peptides was similar (Fig. 4A), but 
there were some differences localised around the mutated residues 
(Fig. 5A). In HLA-A*11:01-S975 complexes, P8 is solvent exposed whilst 
P7 is partially buried into the cleft (Fig. 5B–D). The P8 residues, either 
Ser or Ala in S975 peptides, form van der Waals interactions with Thr73 
and Asp77 in all three complexes (Fig. 5B–D). While the P7 residue’s 
hydrophobic interactions with Trp147, Ala152, and Gln156 were 
conserved in all three structures (Fig. 5B–D), the larger P7-Phe residue of 
S975-Omicron made some additional interactions with Arg114, Gln155 
(Fig. 5D). 

Overall, the HLA-A*11:01 molecule peptide presentation was unaf-
fected by the mutation occurring in SARS-CoV-2 VoC, in contrast with 
HLA-A*02:01 and HLA-B*13:01 molecules. 

3.6. The S975 peptide is weakly immunogenic in HLA-A*11:01+ samples 

We next wanted to determine if the S975 and variant peptides were 
immunogenic when presented by HLA allomorphs other than HLA- 
A*02:01. Unfortunately, in our cohorts of donors we did not have any 
PBMCs derived from HLA-B*13:01+ individuals. Therefore, we focused 
on samples from four HLA-A*11:01+/HLA-A*02:01- donors (Table 4). 
Three CD8+ T cell lines were generated against each individual S975 

Fig. 4. Crystal structures of HLA-A*11:01 presenting the S975, S975-Alpha and S975-Omicon peptides 
(A) Top view of the antigen-binding clefts (residues 1–180) of HLA-A*11:01 (blue cartoon) presenting S975 (firebrick), S975-Alpha (green) and S975-Omicron (pink) 
overlaid. Structure of HLA-A*11:01 presenting (B) S975 (firebrick cartoon and sticks), (C) S975-Alpha (green cartoon and sticks) and (D) S975-Omicron (pink 
cartoon and sticks). (E) Surface representation of S975 peptide (firebrick) forming a ‘lid’ on top of the binding cleft of HLA-A*11:01 (blue). 
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peptides and re-stimulated with the corresponding peptides to measure 
the level of TFN+, IFNγ+ or IL-2+ CD8+ T cells (Fig. 6A–B, Supplemen-
tary Figs. 11–13). We observed a positive T cell response from all 4 
donors, with at least one effector function expressed by T cells in 
response to one of the S975 peptides. The level of T cell activation was 
lower compared to the one observed in the HLA-A*02:01+ samples 
(Fig. 2A–B). Therefore, the S975 and variant peptides are immunogenic 
in HLA-A*11:01+ PBMCs. Despite the overall similar structures of S975 
peptide and variants bound by HLA-A*11:01 molecule (Fig. 4A), the 
response was different between samples, with a stronger response 
observed towards S975 in SG18 and SG38 samples, compared to the 
other peptides and samples tested (Fig. 6A). The large P7-Phe in the 
S975-Omicron peptide is associated a 0.6 and 0.9 Å displacement of the 
Cα atom of the Ala152 and Ala150, respectively, on the α2-helix 
(Fig. 5A). This results in a slightly more open HLA-A*11:01 cleft when 
bound to the S975 than the S975-Omicron, and with the P7 mutation, 
this might explain the differences of T cell response observed in the 
samples tested (Fig. 6A–B). Similarly, the extra hydroxyl group at po-
sition P8 of the S975 and S975-Alpha peptides (Fig. 5), the peptide 
residues frequently contacted by TCR, might change the T cell repertoire 
able to engage with these peptides compared to S975-Omicron. 

As most vaccines were firstly based on the original SARS-CoV-2 
strain sequence of the Spike protein, and more recently updated to 
include the Omicron variant, we wanted to know if the T cells specific to 
S975 isolated from HLA-A*11:01+ donors could be cross-reactive to-
wards the S975-Alpha and/or S975-Omicron peptides. We use the S975- 
specific T cell lines set up with the S975 and restimulated them with the 
S975 variant peptides (Fig. 6C–D). Interestingly, while in HLA-A*02:01+

samples we observed a lower level of T cell cross-reactivity towards the 
S975 peptides, in HLA-A*11:01+ samples the level of T cell cross- 
reactivity to the VoC peptides was similar, and overall weak. 

Therefore, the data suggest that while we observed T cell response 
towards the S975 variant peptides in HLA-A*11:01+ samples, the 
response was weak with limited cross-reactivity despite an overall 
similar peptide’s conformations. 

4. Conclusions 

The constant mutation of SARS-CoV-2, like any other viruses, could 
threaten the efficacy of the currently approved vaccines by decreasing or 
abrogating the neutralising antibody recognition (Andrews et al., 2022; 
Kumavath et al., 2021). However, the immune system is made up of 
multiple cells working together to avoid viral escape, such as T cells, 
especially cytotoxic CD8+ T cells. Our current understanding of the T 
cell response at the antigen level towards SARS-CoV-2 remains limited, 
and consequently the impact of mutations on the T cell response as well. 

CD8+ T cells have the tremendous advantage to be able to cross-react 
with similar or distinct peptides, and in the context of viral mutation, 
this aids in limiting viral escape (Augusto et al., 2023; Kundu et al., 
2022; Lineburg et al., 2021; Gras et al., 2010; Grant et al., 2018; Tarke 
et al., 2023; Loyal et al., 2021; Richards et al., 2015). To take advantage 
of the T cell’s ability to engage and recognise multiple variants, we need 
to better understand the landscape of antigen presentation and the 
impact of peptide mutation on HLA presentation. Interestingly, previous 
studies showed that even though impaired CD8+ T cell response was 
caused by epitope mutation in SARS-CoV-2 Alpha variant, low levels of T 
cells were able to recognise both the ancestral and the mutated epitopes 
after SARS-CoV-2 infection or vaccination (Tarke et al., 2022; Gao et al., 
2022; Keeton et al., 2022). This suggests that there is a potential for T 
cells to cross-react against different variants, allowing for broader im-
mune protection against arising variants. This could help determine 
which T cell epitopes should be included in future vaccines and could 
help us anticipate if emerging viral strains are at risk of viral escape from 
T cell immune surveillance. 

Our study describes the presence of overlapping 9mer and a 10mer T 
cell epitopes within the heptapeptide repeat sequence 1 (HR1) region of 
the Spike protein able to bind to one of the most common HLA mole-
cules, HLA-A*02:01. In addition, we have shown that the 10mer peptide 
could also be presented by two additional HLA molecules, HLA-B*13:01 
and HLA-A*11:01 and be immunogenic in both HLA-A*02:01+ and HLA- 
A*11:01+ samples. The mutations present in the VoC Alpha and 

Fig. 5. Crystal structures of HLA-A*11:01 presenting the S975, S975-Alpha and S975-Omicron peptides 
(A) Overlay of HLA-A*11:01 structures presenting the S975 (firebrick), S975-Alpha (green) and S975-Omicron (pink) peptides. (B-D) Structures of the HLA-A*11:01 
(blue cartoon) presenting the S975 (firebrick), S975-Alpha (green) and S975-Omicron (pink) peptides, with the yellow dashed lines represent van der Waals 
interactions. 
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Omicron BA.1 impacted the peptide conformation when presented by 
HLA-A*02:01 and HLA-B*13:01, but not when bound to HLA-A*11:01. 
Despite the structural differences due to viral mutation, HLA-A*02:01- 
restricted CD8+ T cells were able to cross-recognise the SARS-CoV-2 
variant derived epitopes. This suggests that the vaccine including the 
original sequence of the Spike protein would be likely to provide a level 
of T cell cross-reactivity against some VoCs. In addition, both S976 and 
S975 CD8+ T cell epitopes in this spike HR1 region, are also nested 
within CD4+ T cell epitopes (GAISSVLNDILSRLD (Mateus et al., 2020) 
and ISSVLNDILSRLDKV (Emmelot et al., 2022; Loyal et al., 2021)). It is 
unknown if the shorter 9 and 10mer peptides could also bind some HLA 
class II molecules. However, activating both CD8+ and CD4+ T cells with 
the conserved part of the Spike proteins could be an advantage for the 
overall immune system as data clearly show the importance of the CD4+

T cell response in SARS-CoV-2 infection (Mateus et al., 2020; Emmelot 
et al., 2022; Loyal et al., 2021). 

Interestingly, despite the similar conformation of the S975 and S975- 
Omicron epitopes presented by HLA-A*11:01, the S975-specific T cells 
were weakly cross-reactive in the tested samples. The local differences 
due to the point mutation between the two peptides are likely impacting 
on T cell recognition, and it is possible that distinct clonotypes are 
recognising each epitope. Even if the T cell cross-reactivity was weak, 
we observed VoC specific T cell response in HLA-A*11:01+ samples, 
suggesting that the consideration of specific epitopes and their variants 
into vaccination would provide broader coverage and limit viral escape. 
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Fig. 6. CD8+ T cell reactivity and cross-reactivity towards S975 and its SARS-CoV-2 variants in HLA-A*11:01+ samples 
(A-B) PBMCs from vaccinated HLA-A*11:01+ individuals (n = 4) were first stimulated with a single peptide (S975, S975-Alpha and S975-Omicron) (10 μM per 
peptide) for 10 days, to generate specific CD8+ T cell lines. CD8+ T cell responses were then assessed using an intracellular staining (ICS) assay, where each CD8+ T 
cell lines were re-stimulated with 1 μM of their cognate peptide, or negative control with no peptide, or a positive control (X500). (C-D) PBMCs from vaccinated HLA- 
A*11:01+ individuals (n = 4) were first stimulated with the S975 peptide (10 μM per peptide) for 10 days, to generate S975-specific CD8+ T cell lines and re- 
stimulated with 1 μM of S975-Alpha, or S975-Omicron, or no peptide (negative control), or X500 (positive control). (A-C) Percentages of total cytokine produc-
tion of IFNγ+, IL-2+ or TNF+, minus no peptide controls by CD8+ T cell lines in response to their cognate peptide were reported and presented as stacked bars. (B-D) 
Representative FACs plots of IFNγ+, IL-2+ or TNF+ production by CD8+ T cell lines from SG75 samples. 
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