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CD8+ T cells play an important role in vaccination and im-
munity against severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) infection. Although numerous SARS-CoV-2
CD8+ T cell epitopes have been identified, the molecular ba-
sis underpinning T cell receptor (TCR) recognition of SARS-
CoV-2-specific T cells remains unknown. The T cell response
directed toward SARS-CoV-2 spike protein–derived S269–277

peptide presented by the human leukocyte antigen (HLA)-
A*02:01 allomorph (hereafter the HLA-A2S269–277 epitope) is,
to date, the most immunodominant SARS-CoV-2 epitope
found in individuals bearing this allele. As HLA-A2S269–277-
specific CD8+ T cells utilize biased TRAV12 gene usage within
the TCR α-chain, we sought to understand the molecular basis
underpinning this TRAV12 dominance. We expressed four
TRAV12+ TCRs which bound the HLA-A2S269–277 complex
with low micromolar affinity and determined the crystal
structure of the HLA-A2S269–277 binary complex, and subse-
quently a ternary structure of the TRAV12+ TCR complexed to
HLA-A2S269–277. We found that the TCR made extensive con-
tacts along the entire length of the S269–277 peptide, suggesting
that the TRAV12+ TCRs would be sensitive to sequence vari-
ation within this epitope. To examine this, we investigated
cross-reactivity toward analogous peptides from existing SARS-
CoV-2 variants and closely related coronaviruses. We show via
surface plasmon resonance and tetramer studies that the
TRAV12+ T cell repertoire cross-reacts poorly with these
analogous epitopes. Overall, we defined the structural basis
underpinning biased TCR recognition of CD8+ T cells directed
at an immunodominant epitope and provide a framework for
understanding TCR cross-reactivity toward viral variants
within the S269–277 peptide.
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The emergence of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) and the clinical syndrome asso-
ciated with the infection (COVID-19) have had unprecedented
global impacts on health, lifestyle, and economies. The rapid
development of safe and effective COVID-19 vaccines has
provided the means to stop the spread of COVID-19 in prin-
ciple; however, production and administration of vaccines to
sufficiently cover the global population poses challenges that
will take years to overcome. Meanwhile, global infection rates
remain high, which enables SARS-CoV-2 to further adapt to
the selection pressures of human immune responses elicited by
infection and vaccination. There is a strong correlation be-
tween circulating T cell numbers and COVID-19 pathogenesis
(1–6), and evidence demonstrates that asymptomatic in-
dividuals mount a highly functional virus-specific cellular
immune response (3), whereas acute COVID-19 patients
typically exhibit lymphopenia. Notably, the depletion of pe-
ripheral T cells has been linked to high viral titers, increased
disease severity, and death, whereas recovery of T cell numbers
precedes clinical and virological recovery (4). COVID-19
severity has been also linked to CD8+ T cell activation and
exhaustion, as well as characteristic changes in CD4+ T cell
subsets (5–7).

As CD8+ T cells specific for SARS-CoV-2-derived epitopes
are an important component of the antiviral immune response
in COVID-19 infection and vaccination (8–17), an under-
standing of the T cell–mediated protective immune responses
to SARS-CoV-2 and the potential viral variants is needed to
provide insights into the ongoing adaptation of SARS-CoV-2
to human immune responses and our ability to control this
evolving pathogen in the long term. A number of SARS-CoV-2
CD8+ T cell epitopes have been defined for high frequency
human leukocyte antigen (HLA) class I alleles, including HLA-
A*01:01, A*02:01, A*03:01, A*11:01, A*24:02, HLA-B*07:02,
B*27:05, B*40:01, and B*44:03 (7, 9, 14–18). This allowed us to
understand the magnitude, phenotype, response kinetics, and
immunodominance hierarchy of epitope-specific CD8+ T cells
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TCR recognition of a SARS-CoV-2 CD8+ T cell epitope
and their origins in COVID-19 (9). However, current knowl-
edge on the underlying SARS-CoV-2-specific T cell receptor
(TCR) repertoires and the role of the HLA in providing pro-
tective immunity is limited.

We and others investigated the HLA-A2-restricted CD8+ T
cell responses to SARS-CoV-2 spike (S) protein and identified
an immunodominant CD8+ T cell epitope S269–277

(YLQPRTFLL) (15, 17, 19). Although the relative role of HLA-
A2S269–277 CD8+ TCR repertoire in SARS-CoV-2 infection
remains unknown, CD8+ T cells directed toward the S269–277

epitope are consistently detected in acute and convalescent
HLA-A2+ COVID-19 patients, although their phenotypic
profiles seem suboptimal when compared with CD8+ T cell
responses directed at the HLA-B7-restricted SARS-CoV-2
nucleoprotein derived epitope N105–113 (HLA-B7N105–113),
the most dominant SARS-CoV-2 epitope identified to date (9,
15). The HLA-A2S269–277-restricted CD8+ T cell response in
convalescent COVID-19 patients is characterized by a public
and diverse TCR repertoire with significant biased TCR gene
usage and conserved CDR3 motifs (9, 19). Specifically, un-
paired TCR repertoire analysis in 34 convalescent COVID-19
patients showed that 72% of HLA-A2S269–277-specific CD8+

T cells used the TRAV12-1 gene segment and 16% the
TRBV7-9 gene segment (19). We recently analyzed the HLA-
A2S269–277 tetramer+ T cell repertoire in five convalescent
patients using α–β paired single-cell sequencing, which
broadly mirrored these observations and additionally provided
α–β paired TCR sequences (9). Notably, this revealed two
highly prevalent TCR motifs: (i) CDR3α motif
CVVNXXXDMRF (where X denotes any amino acid) associ-
ated with TRAV12-1 usage and the joining gene segment
TRAJ43 (16% of the total TCR repertoire across five patients)
and (ii) CDR3α motif CAVNXDDKIIF linked to TRAV12-2
and TRAJ30 (3.4% of the TCR repertoire in 4 of 5 patients).
Our previous data revealed that the TRAV12-1 motif was in-
dependent of TRBV gene usage, but tightly linked to TRBJ2-2,
whereas the TRAV12-2 motif was tightly associated with
TRBV7-9, although allowed different joining gene segments.
Collectively, the HLA-A2S269–277 TCR repertoire data suggest
that TRAV12 germline–encoded elements are directly
involved in the T cell selection process and linked to corre-
sponding TCR β gene segments. To investigate the basis of the
HLA-A2S269–277-restricted CD8+ T cell repertoire and probe
its potential to recognize and cross-react with S269–277 peptide
variants, we selected three TRAV12-1 TCRs and one TRAV12-
2/TRBV7-9 TCR for further study and determined the ternary
crystal structure of the HLA-A2 presented S269–277 epitope
and a TRAV12+ TCR bound to HLA-A2S269–277.
Results

The TRAV12+-restricted CD8+ T cell response toward
HLA-A2S269–277 is composed of TCRs with binding affinities
typical for antiviral CD8+ T cell responses

To probe the basis of TRAV12 bias within the immuno-
dominant HLA-A2S269–277-specific CD8+ T cells, we selected
three TCRαβ pairs with the prevalent TRAV12-1 motif and
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one with the TRAV12-2/TRBV7-9 combination. While the
three TRAV12-1 TCRs (NR1A, NR1C, and NR1D) used the
same joining gene segments TRAJ43 and TRBJ2-2, only two
(NR1A and NR1D) used the most prevalent TRBV2 gene and
one (NR1C) used the comparatively rare TRBV19 (Fig. 1A). Of
note, a previous analysis of the HLA-A2S269–277-restricted
CD8+ T cell repertoire encountered TRBV19 in less than 1% of
HLA-A2S269–277 reactive T cells (19).

TCRs were expressed, refolded, and purified via established
procedures (20), and purity (>90%) was assessed by gel
filtration chromatography and SDS-PAGE. Biotinylated HLA-
A2S269–277 (15) was immobilized, and the equilibrium disso-
ciation constant (KD) for each TCR was determined via surface
plasmon resonance (SPR) measurements. The KD values fell
within a narrow range of 2.36 to 3.72 μM for all four TCRs
(Fig. 1, A and B). These TCR-peptide-HLA (TCR-pHLA) af-
finities fall into the typical range observed for antiviral CD8+ T
cell responses, which shows that the phenotypical profile and
suboptimal response of HLA-A2S269–277-restricted CD8+ T
cells is not linked to a lack in TCR binding to HLA-A2S269–277.
To uncover the basis of the T cell selection bias in the HLA-
A2S269–277-restricted T cell repertoire, we next determined the
crystal structures of the HLA-A2-presented S269–277 epitope
and of the TRAV12-1 TCR NR1C bound to HLA-A2S269–277.
Binary structure of HLA-A2S269–277 reveals a feature-rich
epitope

To understand the basis of S269–277 presentation by HLA-A2,
we crystallized and solved the structure of HLA-A2S269–277 at a
resolution of 2.3 Å (Fig. 2; see Table S1 for data collection and
refinement statistics). As expected, the S269–277 peptide
(YLQPRTFLL) was bound to HLA-A2 in a canonical confor-
mation, with the side chains of p2-Leu and p9-Leu anchored in
the B and F pockets, respectively, and adopting an overall
conformation similar to that of the influenza epitope HLA-A2
M158–66 (21). The peptide backbone was bound to HLA-A2 via
ten H-bonds and an additional salt bridge between Lys146 and
the peptide C terminus (Fig. 2). The side chain of p3-Gln reached
into the C-pocket, where it formed H-bonds with R97 and
His114, thus acting as ancillary anchor residue. Moreover, the
surface-exposed side chain p6-Thr contributed an H-bond with
Thr73, and the side chain of p1-Tyr was tightly stacked between
Trp167 and Lys66, which partially covered the aromatic ring of
p1-Tyr, but exposed its OH group. The side chain of p5-Arg
interacted with Gln155, adopting two distinct conformations
due to crystal contacts. The p4-Pro and p5-Argmidsection of the
peptidewasmost prominently exposedduedo a bulged backbone
conformation between p3 and p5 of the peptide, and this
arrangement left a narrow opening to the mostly buried side
chain of p3-Gln. The side chains of p7-Phe and p8-Leu were
nested against the walls of the peptide binding cleft and were also
accessible. Thus, while the peptidewas tightly boundbyHLA-A2,
all peptide side chains, with the exception of the canonical anchor
residues p2-Leu and p9-Leu, were accessible for potential in-
teractions with the TCR. Therefore, HLA-A2S269–277 provided a
relatively feature-rich epitope for potential TCR interaction.
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Figure 1. TRAV12+ TCRs bind HLA-A2S269–277 with similar affinities. A, TCR αβ gene usage, CDR3 sequences, and equilibrium dissociation constants KD of
selected TRAV12+ HLA-A2S269–277-restricted TCRs. B, SPR affinity measurements of TCRs binding to immobilized HLA-A2S269–277. Representative SPR mea-
surements (top) and determination of HLA-A2S269–277 binding affinity (bottom). HLA, human leukocyte antigen; SPR, surface plasmon resonance; TCR, T cell
receptor.

TCR recognition of a SARS-CoV-2 CD8+ T cell epitope
Structural overview of the ternary complex between the NR1C
TCR and HLA-A2S269–277

To gain insight into the basis of TRAV12-biased gene usage
toward HLA-A2S269–277, we chose the NR1C TCR for struc-
tural investigation. This TCR contains the TRAV12-1/TRAJ43
TCR motif paired with the canonical TRBJ2-2 segment and the
Figure 2. Structure of HLA-A2S269–277. H-bonding interactions between
the S269–277 peptide (purple sticks) and HLA-A2 (cartoon). HLA-A2 contact
residues and H-bonds within 3.5 Å of the peptide are shown (light blue sticks
and black dashes). HLA, human leukocyte antigen.
TRBV19 gene. We crystallized and determined the structure of
the ternary complex between the NR1C and HLA-A2S269–277

at a resolution of 3.2 Å (Figs. 3 and 4; see Table S1 for data
collection and refinement statistics). The model contained two
protomers in the asymmetric unit, with an overall Cα RMSD of
0.98 Å, and the electron density at the TCR–pHLA interface
region was clear and unambiguous (Fig. S1). Based on the
clarity of the electron density maps, we chose protomer 2
(chains D, E, G, H, and F) for our analysis.

The structure of the NR1C TCR–HLA-A2S269–277 ternary
complex revealed that NR1C TCR engaged HLA-A2S269–277 in
a canonical docking orientation at an angle of 85� with respect
to the peptide, and an overall buried surface area (BSA) of
2013 Å2. The partial contributions of the TCR α and β chains
to the BSA on HLA-A2S269–277 were 57.3% and 42.7%,
respectively, whereas the partial contributions of the peptide
and the HLA to the BSA of the TCR were 34.9% and 65.1%,
respectively (Fig. 3, A and B). Compared with the binary HLA-
A2S269–277 complex, the HLA-A2S269–277 structure within the
NR1C ternary complex was largely unchanged (RMSD for
HLA α chain residues 1 to 180 was between 1.0 and −1.3 Å for
all protomers). The near-orthogonal docking angle of the
NR1C TCR allowed both the CDR1α and CDR3α loops to
adopt backbone orientations alongside the peptide, such that
the CDR1α loop occupied the space between p1 to p5 of the
peptide and the HLA-A2 α2 helix, while the CDR3α loop
occupied the opposing gap between the HLA-A2 α1 helix and
p4 to p5 of the peptide. As with CDR1α, the CDR3β loop was
wedged between the p5 to p6 of the peptide and the HLA-A2
J. Biol. Chem. (2021) 297(3) 101065 3



Figure 3. Structure of the NR1C TCR–HLA-A2S269–277 ternary complex. A, overview of the ternary complex, with NR1C (top) and HLA-A2S269–277(bottom)
shown in cartoon representation. B, TCR footprint of NR1C on HLA-A2S269–277. NR1C CDR loops, HLA-A2, and peptide are shown as tubes, light surface, and
dark surface, respectively, with surface contacts (top) and partial BSA contributions (bottom) colored according to each CDR loop. TCR Vα and Vβ center of
mass positions and docking angle are shown as black spheres and a line, respectively. C and D, interactions between the NR1C TCR and HLA-A2 with
interface residues shown as sticks. H-bonds are shown as black dashed lines and VDW interactions as brown dotted lines, and a distance cut-off of 3.5 Å and
4.0 Å was applied for H-bonds and VDW interactions, respectively. C, interactions between the NR1C TCR and HLA-A2 α2-domain. D, interactions between
the NR1C TCR and HLA-A2 α1-domain. Colors: light green for HLA-A2 α-chain, olive for TCR α-chain, red, pink, and cyan for CDR1α, CDR2α, and CDR3α, orange,
purple, and blue for CDR1β, CDR2β, and CDR3β, and green for α/β-framework contact residues, respectively. BSA, buried surface area; HLA, human leukocyte
antigen; TCR, T cell receptor; VDW, multiple van der Waals.

TCR recognition of a SARS-CoV-2 CD8+ T cell epitope
α2 helix while CDR2α sat atop the HLA-A2 α2 helix. CDR1β
and CDR2β interacted with p8 of the peptide and the HLA-A2
α1 helix, respectively (Fig. 3B).
4 J. Biol. Chem. (2021) 297(3) 101065
Structural basis of TRAV12-1 bias and CDR3α motif selection

While the overall binding parameters of the NR1C TCR–
HLA-A2S269–277 complex were well within the boundaries of



Figure 4. Interactions between NR1C and the peptide NR1C TCR–HLA-
A2S269–277 ternary complex. The S269–277 peptide and TCR residues
interacting with the peptide are shown sticks. The peptide is colored gray
and TCR contact residues are colored red, cyan, orange, and blue for CDR1α
CDR3α, CDR1β, and CDR3β, respectively. H-bonds are shown as black
dashed lines and VDW interactions as brown dotted lines, and a distance cut-
off of 3.5 Å and 4.0 Å was applied for H-bonds and VDW interactions,
respectively. CDR3 sequences and germline-encoded elements are listed
below the graphic. HLA, human leukocyte antigen; TCR, T cell receptor.

TCR recognition of a SARS-CoV-2 CD8+ T cell epitope
typical TCR–pHLA interactions, the structure stood out in
that the interface between the TRAV12–1-encoded residues
and HLA-A2S269–277 was much more involved than the
interface formed by TCR β germline–encoded residues. As it is
likely that the structural conservation of extensive interactions
between TRAV12-1 germline–encoded residues and HLA-
A2S269–277 across different TCRs with the same TRAV is
directly linked to the T cell selection bias, we calculated and
compared the partial contributions of the different CDR loops
to the overall BSA of HLA-A2S269–277. Within the overall
dominant interface of the TCR α-chain, CDR1α, CDR2α,
CDR3α, and α-framework residues contributed 44.4%, 17.2%,
30.4%, and 8% to the TCR α footprint, respectively (Fig. 3B).
Thus, CDR1α residues were likely involved in TRAV12-1 se-
lection. On the other hand, the BSA contributions of CDR1β,
CDR2β, CDR3β, and β-framework residues of 4%, 33.7%,
48.6%, and 13.8%, respectively, were clearly dominated by
CDR3β, which implied that TRBV germline–encoded in-
teractions were less likely to be involved in selection of NR1C
(Fig. 3B). To gain an understanding of the molecular basis for
the TRAV12-1 selection bias, we next analyzed the in-
teractions of the CDR loops with HLA-A2S269–277.

Interactions of NR1C with the HLA

In accordance with the large TCR-α footprint, NR1C formed
an extended interface with HLA-A2 α2 domain which involved
residues from the CDR1α, CDR2α, α-framework, and CDR3β
regions. While CDR2α Tyr57 and α-framework residue Arg82
interacted with the ridge of HLA-A2 α2 domain helix (Fig. 3C),
the CDR1α and CDR3β loops both interacted with the inner
wall of the peptide-binding cleft via four H-bonds as well as
multiple van der Waals (VDW) interactions. Specifically,
CDR1α Gln37 and Ser38 both formed two H-bonds with the
backbone and side chain of Gln155, and CDR3β formed an H-
bond with Trp147 as well as a VDW interface involving Ala150,
Val152, and Gln155 (Fig. 3C). By comparison, the interactions
of NR1C with the HLA-A2 α1 domain appeared more inci-
dental, with the residues CDR2β Asp65 and CDR3α Asn109
and the β-framework Tyr55 forming two H-bonds with HLA
residue Arg65, and one with Gln72 (Fig. 3D).
Interactions of NR1C with the peptide

The interface between the NR1C TCR and the peptide was
formed by CDR1α, CDR3α, CDR1β, and CDR3β and overall
comprised nineH-bonds (four with the side chain of p5-Arg, one
with the side chain of p6-Thr, and four with the backbone of p5,
p6, and p8), as well as a substantial number of VDW interactions
(Fig. 4). The TCR effectively engaged the side chains of peptide
residues p3-p8, with the prominent p5-Arg forming a central
interaction hub surrounded by CDR1α, CDR3α, and CDR3β
(Fig. 4). The backbone of CDR3β was looped around the p5-Arg
side chain which also interacted with CDR1α and CDR3α and
formed an extensive H-bond network that interconnected the
peptide with the HLA-A2 α2 helix. Notably, the CDR1α residues
Gln37 and Ser38, together with CDR3β residue Asn110, formed
three bridging H-bond interactions that interlinked p5-Arg and
p8-Leu of the peptide (Fig. 4) with the HLA-A2 α2 residues
Gln155 and Trp147 (Fig. 3C), and these bridging H-bonds were
further supported by two H-bonds between the backbone of
CDR3β Thr109 and Asn110 p5-Arg (Fig. 4). This intricate
network of H-bonds was further bolstered by VDW contacts
betweenCDR1αGln37,CDR3αAsn107, andAsn109 andCDR3β
Thr109, Asn110, and Thr113, with the side chains of p3-Gln, p4-
Pro, p5-Arg, p7-Phe, and p9-Leu (Fig. 4). The side of the peptide
near the HLA-A2 α1 helix, was solely engaged by CDR3α, which
formed overall four H-bonds with the peptide, namely between
CDR3α Asn114, p5-Arg and p6-Thr, and one between the
backbones of CDR3α Asn109 and p4-Pro (Fig. 4).

Our analysis revealed that the H-bonding network formed
by CDR1α and CDR3β effectively anchored each loop in the
narrow gap between the peptide and the HLA-A2 α2 helix,
which suggests that the main contributors to this network,
namely CDR1α residues Gln37 and Ser38 and CDR3β residue
Asn110, were important for the selection of NR1C. Crucially, a
comparison of TRAV gene segments revealed that CDR1α
residues Gln37 and Ser38 are exclusive to both TRAV12-1 and
TRAV12-2, which were predominantly selected by HLA-
A2S269–277, whereas the closely related TRAV12-3 gene
segment, encoding Tyr38, was absent from the HLA-
A2S269–277-restricted T cell repertoire. Regarding CDR3 motif
selection, the CDR3α residue Asn114 encoded by TRAJ43 also
appeared to play key role, as it was both part of the H-bonding
network and precisely positioned to form H-bonds with
p5-Arg and p7-Thr (Fig. 4). Closer inspection of the CDR3α
motifs associated with TRAV12-1 CVVNXXXDMRF revealed
that CDR3α residue 114 was interchangeably selected as Asn
or Asp (i.e., CVVNXX(N/D)DMRF), while the conserved
TRAV12–1-encoded CDR3α motif (Val106, Asn107, and
Arg117) directly interacted with CDR1α and thereby
J. Biol. Chem. (2021) 297(3) 101065 5



TCR recognition of a SARS-CoV-2 CD8+ T cell epitope
contributed to the stable juxtaposition of CDR1α and CDR3α.
Of note, the CDR3β residue Asn110 encoded by frequently
selected junctional element TRBJ2-2 is also part of a conserved
motif CDR3β associated with TRAV12-1 selection (15).

Accordingly, our data provide a basis for the T cell recog-
nition of HLA-A2S269–277 by linking the observed T cell
repertoire bias and CDR motifs to structurally conserved in-
teractions between HLA-A2S269–277 and unique TRAV12-1
and TRAV12-2 germline–encoded residues together with
compatible junctional sequences.
SARS-CoV-2 HLA-A2S269–277-specific TRAV12 TCRs do not
cross-react with viral variants

As CD8+ T cells can provide immune protection against
viruses containing structurally similar immunogenic peptides,
we first investigated the cross-reactive potential of SARS-CoV-
2 HLA-A2S269–277-specific TCRs containing the dominant
TRAV12-1 and TRAV12-2 gene segments. To define the po-
tential cross-reactive capacity of the HLA-A2S269–277 CD8+ T
cells, we searched available SARS-CoV-2 sequencing data in
the GISAID database (22) for variants with mutations within
the S269–277 epitope. The three most frequently changed amino
acids were Pro272, Arg273, and Thr274, which were detected
in 8000, 100, and 80 samples, respectively. Based on relative
frequencies, we selected the S269–277 peptide variants P272L,
R273S, and T274I for testing. To further investigate the pos-
sibility of heterologous CD8+ T cell immunity associated with
the HLA-A2S269–277 epitope, we selected highly homologous
peptides from related coronavirus species (SARS, MERS,
PNRL, and BTRL; accession numbers YP_009825051.1,
ABD72984.1, QIQ54048.1, QSQ01650.1, respectively), as well
as the homologous self-derived peptide PAR1 (Table 1). We
produced HLA-A2 complexes presenting each of the homol-
ogous peptides and measured binding of the TRAV12-1 TCR
NR1C and the TRAV12-2 TCR NR2F via SPR (Table 1 and
Fig. S2). In addition, we measured binding of the two remaining
TRAV12-1 TCRs NR1A and NR1D to the S269–277 variants
P272L, and R273S, that is, variants that, based on the structural
data, were expected to directly impact on CDR1α binding. Our
Table 1
Summary of SPR affinity measurements

Epitope Sequence

NR1C

S269–277 YLQPRTFLL 2.71
2.30–3.18

S269–277P272L YLQLRTFLL 272.4
235.5–320.5

S269–277R273S YLQPSTFLL N.B.
S269–277T274I YLQPRIFLL 109.3

104.2–114.7
PNRL YLQQRTFLL 77.6

74.9–80.6
BTRL YLKPRTFML >100
SARS YLKPTTFML N.B.
MERS KQLPLTFLL N.B.
PAR1 TLDPRSFLL N.B.

TCR binding to immobilized HLA-A2S269–277 and homologous epitopes (sequence differe
independent experiments with two replicates. Dissociation constant (KD) (in bold) and co
binding model with KD as a shared variable.
Abbreviations: N.B., no binding; ND, not determined.
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SPR measurements demonstrated that the TRAV12+ TCRs
were all extremely sensitive to substitutions in the HLA-
A2S269–277 epitope, and changes in HLA-A2S269–277 either
completely abrogated TCR binding (S269–277R273S, MERS,
SARS) or had a strongly negative impact (S269–277P272L,
S269–277T274I, BTRL), with a >10-fold reduction in affinity. A
notable exception was a peptide derived from a pangolin
coronavirus (PNRL), which showed a >10-fold reduction in
binding of the TRAV12-1 TCR NR1C, but only had minor (>2
fold) impact on binding of the TRAV12-2 TCR NR2F.

Lack of variant-reactive HLA-A2S269–277+CD8+ T cells in COVID-
19 convalescent individuals

Although the TRAV12-1 and TRAV12-2 TCRs we tested via
SPR represent the prominent TCR α sequences within the
dominant TRAV12 gene segment, HLA-A2S269–277+CD8+ TCR
repertoire also comprises non-TRAV12 TCRs. Thus, we further
investigated a potential of HLA-A2S269–277+CD8+ T cell cross-
reactivity toward the viral variants in peripheral blood monoc-
ular cells (PBMCs) obtained from COVID-19 convalescent in-
dividuals directly ex vivo. We generated tetramer reagents with
HLA-A2S269–277 and each the single substituted S269–277 vari-
ants (P272L, pangolin (P272Q), R273S, and T274I) and per-
formed ex vivo T cell tetramer staining of PBMCs from
convalescent COVID-19 patients not to skew the data by
in vitro manipulations (Fig. 5). In line with our SPR measure-
ments and the broad structural conservation in the TCRαβ
repertoire indicated by our structural data, we found no HLA-
A2S269–277+CD8+ T cell cross-reactivity between the WT
S269–277 and the variant peptides by ex vivo dual tetramer
staining. In contrast, we detected only CD8+ T cell responses
directed at the WT HLA-A2S269–277 epitope. Overall, our data
demonstrate a lack of cross-reactive HLA-A2S269–277+CD8+ T
cell responses between the epitopes encompassing the WT and
closely related S269–277 immunogenic peptides.

Discussion

The robustness of the CD8+ T cell responses to SARS-CoV-
2 infection has been inversely linked to COVID-19 severity,
NR2F NR1A NR1D

KD (μM) 95% CI

2.75 2.36 3.72
2.21–3.40 1.92–2.89 3.33–4.15
170.2 157.5 163.1

160.1–181.5 140.9–178.0 155.4–171.3
N.B. N.B. N.B.
360.3 ND ND

270.6–520.8
5.87 ND ND

5.17–6.67
>100 ND ND
N.B. ND ND
N.B. ND ND
N.B. ND ND

nces to the SARS-CoV-2 epitope are highlighted in bold) were measured in two
nfidence interval (95% CI) (in italics) were calculated from all data using a single-site-



Figure 5. Screening of cross-reactivity between HLA-A2S269–277 WT and variant epitopes. A, gating strategy of dual-tetramer enrichment with
representative fluorescence-activated cell sorting plots of the unenriched, enriched, and flowthrough fractions of tetramer+ populations (donor 2), gated on
live/CD14−/CD19−CD3+/CD8+ T cells. B, dual-TAME-enriched WT HLA-A2S269–277–WT-tetramer+ populations against the different variant–tetramer+ pop-
ulations from three donors as concatenated fluorescence-activated cell sorting plots. HLA, human leukocyte antigen.

TCR recognition of a SARS-CoV-2 CD8+ T cell epitope
with asymptomatic individuals eliciting highly functional and
prominent SARS-CoV-2-specific CD8+ T cells (3). We and
others have shown that HLA-A2S269–277 is the most immu-
nodominant CD8+ T cell epitope restricted by the common
HLA-A2 allele expressed in �40% of the global population.
Moreover, our data suggested that, despite being immunodo-
minant, the HLA-A2S269–277-restricted CD8+ T cell response
appeared to be suboptimally activated as indicated by their
phenotypic and activation profiles (15). Furthermore, TCR
repertoire diversity of HLA-A2S269–277+CD8+ T cells was
limited, with a strong bias in the TRAV12 gene segment. Here,
we investigated the structural basis for the presentation of
S269–277 by HLA-A2 and for the recognition of the HLA-
A2S269–277 complex by CD8+ T cells. Presentation of the
S269–277 peptide by HLA-A2S269–277 was overall similar to that
of the immunodominant influenza epitope M158–66, suggesting
that HLA presentation of this epitope is not linked to subop-
timal activation of HLA-A2S269–277+CD8+ T cells. We further
determined the structure of the NR1C–HLA-A2S269–277

complex, representing the first ternary structure of a TCR–
peptide–HLA complex with SARS-CoV2-reactive T cells and
provided a basis for understanding biased T cell recognition of
the HLA-A2S269–277 epitope.

Our structural data revealed a significant involvement of the
TCR with the peptide and the HLA-A2 α2 domain, whereas
the interface with the HLA-A2 α1 helix was comparatively
sparse. The TCR–pHLA interface was characterized by an
extensive, peptide-centric H-bonding network involving
CDR1α, CDR3α, and CDR3β. Specifically, CDR1α engaged
HLA-A2S269–277 by inserting the key residues Gln37 and Ser38
into the narrow space between the p3-p5 of the peptide and
HLA-A2 α2 helix, which is highly significant in the context of
the available TRAV-encoded sequence space for CDR1α.
Namely, the two most frequently selected gene segments
(TRAV12-1 and TRAV12-2) in the HLA-A2S269–277-restricted
CD8+ T cell repertoire are unique in that they both carry
CDR1α Gln37 and Ser38, whereas the closely related TRAV12-
3 featuring Gln37 and Tyr38 was absent from the HLA-
A2S269–277-restricted repertoire. Moreover, the bridging in-
teractions of CDR1α were mirrored by CDR3β Asn110, which
H-bonded to both p5, p7, and p8 of the peptide and to the
HLA-A2 α2 domain. Thus, CDR3β Asn110 can also be
considered to play a central role for HLA-A2S269–277 recog-
nition by NR1C, which provides a basis for the consistent
coselection of the TRBJ2-2 gene segment in TRAV12-1+

TCRs. The general lack of TRBV selectivity in TRAV12-1+

TCRs can be explained by the observation that TRBV germline
encoded residues only contributed isolated bonds to the
interface because such sparse bonding can likely be realized by
a number of TRBV gene segments. Interestingly, the
J. Biol. Chem. (2021) 297(3) 101065 7
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coselection of TRBV7-9 in TRAV12-2+ TCRs was associated
with more diverse TRBJ gene usage (9), which indicates that
important interactions of the TCR β-domain are mediated by
residues encoded by TRBV7-9 rather than selected TRBJ
elements.

Based on the involvement of the CDR1α motif, it can be
further hypothesized that HLA-A2S269–277-restricted
TRAV12-2 TCRs engage HLA-A2S269–277 in similar fashion,
that is, with analogous CDR1α and CDR2α interactions.
However, the observation that the selection of TRAV12-2
TCRs is strongly linked to the TRBV7-9 gene segment but
rather indiscriminate in TRBJ selection is unclear. It is possible
that this bimodal coselection of TCR α and TCR β germline
elements by HLA-A2S269–277 is linked to differences in
CDR3α–CDR3β interactions that determine the precise ge-
ometry requirements for CDR3β motif selection and thereby
shift the TRAV12-1 and TRAV12-2 associated coselection of
TCR β germline elements from a TRBJ encoded to a TRBV-
encoded element.

In general, T cells can crossreact with a substantial number
of epitopes, including closely related epitope variants that
differ from the canonical epitope at amino acids, which are not
critical for TCR recognition. Thus, it is possible that homol-
ogous epitopes stemming from other coronaviruses can prime
T cell responses to SARS-CoV-2 infection, which raises the
possibility that different circulating coronavirus strains may
provide some level of pre-existing cross-protective T cell im-
munity. However, the role of such heterologous T cell immune
responses in COVID-19 remains to be established. This can be
exemplified by SARS-CoV-2-specific CD8+ T cells directed at
the immunodominant epitope HLA-B7N105–113 with a limited
capacity to cross-recognize epitopes from related coronavi-
ruses (23). Notably, the SARS-CoV-2 HLA-B7N105–113-
restricted CD8+ T cell response is highly diverse and CD8+

T cells that specifically recognize the HLA-B7N105–113 epitope
have been shown to be present in prepandemic controls (9).
However, the naïve phenotype of these pre-existing CD8+ T
cells suggests that they are not derived from prior exposure to
related viruses (9).

Here, our data revealed that the HLA-A2S269–277-restricted
CD8+ TCR repertoire can be characterized by a high level of
structural conservation that governs antigen recognition
despite significant sequence diversity in the selected TCR (9).
We further demonstrated that the HLA-A2S269–277-restricted
TCR repertoire is highly sensitive to peptide variations and
therefore unlikely to cross-recognize homologous epitopes
from other coronaviruses circulating in the human population.
Using SPR measurements, we provided evidence that
frequently selected HLA-A2S269–277-restricted TCRs bind to
the HLA-A2S269–277 epitope with affinities in the typical range
for viral epitopes, but alterations of the HLA-A2S269–277

epitope either had a strong negative impact on TCR binding or
completely abrogated interactions. Together with our ex vivo
tetramer staining data, our study thus showed that the HLA-
A2S269–277-restricted TCR repertoire is unable to effectively
cross-react with the SARS-CoV-2 S269–277 epitope variants or
8 J. Biol. Chem. (2021) 297(3) 101065
closely related homologous epitopes from other beta-
coronaviruses, providing important insights into potential
viral escape from immunodominant SARS-CoV-2-specific
CD8+ T cell responses.

Experimental procedures

Study participants and ethics statement

Convalescent COVID-19 individuals were recruited via the
Alfred Hospital or University of Melbourne. Peripheral blood
was collected in heparinized tubes, and PBMCs were isolated
via Ficoll-Paque separation. Experiments conformed to the
Declaration of Helsinki principles and the Australian National
Health and Medical Research Council Code of Practice.
Written informed consents were obtained from all blood do-
nors before the study. The study was approved by the Alfred
Hospital (#280/14) and the University of Melbourne
(#2057366.1, #2056901.1, #2056689, #2056761, #1442952,
#1955465, and #1443389).

Ex vivo dual tetramer–associated magnetic enrichment

PBMCs (2.4–10 × 106) were stained with WT HLA-
A2S269–277-PE and variant HLA-A2S269–277-APC tetramers at
room temperature for 1 h in MACS buffer (PBS with 0.5% BSA
and 2 mM EDTA). Cells were then incubated with anti-PE and
anti-APCmicrobeads (Miltenyi Biotec), and tetramer+ cells were
enriched using magnetic separation (9). Lymphocytes were
stained with anti-CD71-BV421 (#562995), anti-CD4-BV650
(#563875), anti-CD27-BV711 (#563167), anti-CD38-BV786
(#563964), anti-CCR7-AF700 (#561143), anti-CD14-APC-H7
(#560180), anti-CD19-APC-H7 (#560177), anti-CD45RA-FITC
(#555488), anti-CD8-PerCP-Cy5.5 (#565310), anti-CD95-PE-
CF594 (#562395), anti-PD1-PE-Cy7 (#561272) (BD Biosciences),
anti-CD3-BV510 (#317332), anti-HLA-DR-BV605 (#307640)
(BioLegend), and LIVE/DEAD near-infrared stain (#L10119,
Invitrogen) for 30 min, fixed with 1% PFA before acquiring data
on an LSRII Fortessa (BD Bioscience). FCS files were analyzed
using FlowJo v10 software.

Protein production and purification

Peptides used in this study were >85% pure and purchased
from Mimotopes Mulgrave and GL Biochem. Human β2m
micro-globulin and HLA-A2 heavy chain with and without C-
terminal BirA tag were expressed as inclusion bodies in E. coli
BL21(DE3) and refolded and purified as previously described
(9). Briefly, 60 mg HLA-A2 or HLA-A2BirA heavy chain, 20 mg
β2m, and 6 mg peptide were incubated overnight at 4 �C in
500 ml refolding buffer containing 3 M Urea, 100 mM Tris
(pH 8.0), 400 mM arginine, 2 mM EDTA, 0.1 mM PMSF, one
complete protease inhibitor tablet (Roche), and 0.5 mM
oxidized and 5 mM reduced glutathione (for HLA-A2BirA
refolding, 1 mM oxidized and 10 mM reduced glutathione
were used). Refolded HLA-A2–peptide complex was purified
with diethylaminoethyl anion-exchange chromatography and
S200 size-exclusion chromatography. HLA-A2BirA refolded
with WT, mutant, and variant peptides were biotinylated using
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BirA ligase before tetramer staining and SPR experiments.
TCR variable domain sequences were obtained as E. coli
codon-optimized synthetic DNA and cloned into pET30
expression vectors containing TCR α and β constant domains
with an engineered interchain disulfide linkage. TCR α and β
chains were expressed as inclusion bodies in E. coli and
refolded and purified as previously described (24). Briefly,
TCRs were refolded by incubating 60 mg each of TCR α- and
β-chain in 1 l refolding buffer containing 5 M urea at 4 �C for
2 days. Refolded TCRs were purified via diethylaminoethyl
anion-exchange, S200 size-exclusion, hydrophobic-interaction
(HiTrap-Phenyl), and strong anion-exchange (HiTrap-Q)
chromatography.
Crystallization, data collection, and structure determination

Crystals of the HLA-A2S269–277 binary and NR1C–HLA-
A2S269–277 ternary complex were grown using the hanging-
drop vapor diffusion method at 20 �C using a 1:1 ratio pro-
tein and reservoir solution. Binary complex crystals were ob-
tained using a protein concentration of 5.0 mg/ml and a
reservoir solution containing 0.2 M sodium thiocyanate and
20% PEG 3350. Ternary complex crystals were obtained using
a protein concentration of 12 mg/ml and a reservoir solution
containing 0.1 M Tris (pH 8.0), 0.2 M sodium thiocyanate, and
20% PEG 3350. Before data collection, crystals of the binary
and ternary complexes were gradually transferred into the
mother liquor supplemented with 20% (w/v) cryoprotectant
ethylene glycol or PEG-400, respectively, and flash-frozen in
liquid nitrogen. X-ray diffraction data were collected at MX-2
beamline of Australian Synchrotron on a Dectris Eiger de-
tector. Data were processed using XDS (25) and Aimless from
the CCP4 program suite (26). The structures were solved via
molecular replacement in Phaser (27), and structure models
were built via iterative rounds of model building in Coot (28)
and restrained refinement in Phenix (29). TCR variable do-
mains were numbered according to the IMGT system (30),
and graphical representations were produced in PyMOL
(version 2.2, Schrodinger, LCC).
SPR

SPR measurements were performed on a Biacore T200 in-
strument (GE Healthcare) at 25 �C in 10 mM Hepes (pH 7.5),
150 mM NaCl, 1 mM EDTA, and 0.005% surfactant P20.
Biotinylated HLA-A2BirA complexes of HLA-A2S269–277 and
variants and HLA-A2PB1 (31) as negative control were
immobilized at a flow rate of 5 μl/min on a streptavidin sensor
chip (GE Healthcare) to a surface loading of 1500 to 2000
response units, followed by injection of 200 μM biotin. TCR
binding to HLA-A2S269–277 and variants was determined by
passing serial dilutions of purified TCRs over the chip at a flow
rate of 10 μl/min for 60 s followed by 120-s dissociation time.
Two independent experiments with two replicates were per-
formed for each TCR, and equilibrium dissociation constants
KD were determined by fitting a single-site-binding model to
the data.
Data availability

The structures were deposited in the PDB database (PDB
codes 7N6D for the HLA-A2S269–277 binary and 7N6E for the
NR1C-HLA-A2S269–277 ternary complexes).
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