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TCRs with Distinct Specificity Profiles Use Different Binding
Modes to Engage an Identical Peptide–HLA Complex
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The molecular rules driving TCR cross-reactivity are poorly understood and, consequently, it is unclear the extent to which TCRs

targeting the same Ag recognize the same off-target peptides. We determined TCR–peptide–HLA crystal structures and, using a

single-chain peptide–HLA phage library, we generated peptide specificity profiles for three newly identified human TCRs specific

for the cancer testis Ag NY-ESO-1157–165–HLA-A2. Two TCRs engaged the same central peptide feature, although were more

permissive at peripheral peptide positions and, accordingly, possessed partially overlapping peptide specificity profiles. The third

TCR engaged a flipped peptide conformation, leading to the recognition of off-target peptides sharing little similarity with the

cognate peptide. These data show that TCRs specific for a cognate peptide recognize discrete peptide repertoires and reconciles

how an individual’s limited TCR repertoire following negative selection in the thymus is able to recognize a vastly larger antigenic

pool. The Journal of Immunology, 2020, 204: 1943–1953.

T
he presentation of intracellularly processed peptides by
class I HLA molecules on the surface of cancer or vir-
ally infected cells enables their direct recognition and

elimination by CD8+ ab T cells (1–3). The specificity of TCRs

toward a given peptide–HLA (pHLA) complex ensures appro-
priately targeted natural T cell responses. However, for the ∼1 3
10728 unique TCRs present in the body to recognize the entire
peptide repertoire, any given TCR must be capable of recog-
nizing up to a million distinct theoretical peptides (4, 5). Thus,
TCR cross-reactivity or polyspecificity is thought to be essential
for adequate recognition of the potential pathogenic repertoire.
TCRs must also simultaneously display remarkable specificity for
distinguishing foreign Ag from the more limited HLA-specific
self-peptide repertoire. To achieve this, TCRs typically engage a
small number of exposed antigenic features or “hotspots,” whereas
other peptide positions at the periphery of the TCR–pHLA inter-
face show greater amino acid permissivity (6).
TCR specificity is driven by six CDR loops within the a- and

b-chains of the receptor (2). The CDR1 and CDR2 sequences are
germline encoded, whereas the CDR3 loops (ImMunoGeneTics
database [IMGT] positions 105–117) have a much higher degree
of sequence diversity because of somatic rearrangement, including
the deletion and/or insertion of nucleotides as a consequence of
V(D)J recombination (1–3). Although contacts between the
germline-encoded CDRs and peptide are often observed, peptide
specificity is most commonly associated with the central CDR3
residues (IMGT positions 108–113), which lie at the more flexible
tip of the CDR loop, with flanking regions encoded by the
germline V- and J-genes (7, 8).
TCRs that bind the same peptide have been reported to have

restricted V-gene usage (9) and/or shared CDR3 sequences (7, 8).
However, structural studies of multiple TCRs recognizing a
common pHLA show that recognition motifs divergent in se-
quence but with common structural features can be used to target
the same peptide hotspot. Examples include TCRs that recognize
Tax–HLA-A2, HIV nef–HLA-A24 or human CMV–HLA-A2, and
the MART-1–HLA-A2–specific TCRs DMF5 and Mel5 (10–15).
Alternatively, TCRs can recognize different antigenic features on
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a given peptide, for example, on EBV–HLA-B*08:01 (16, 17).
This appears to be particularly common for TCRs recognizing
longmer class I peptides that are typically 11–14 aa, such as
HIV–HLA-B*35:08 and NY-ESO-1–HLA-B*07:02, due to significant
peptide flexibility (18, 19).
Sequence analysis of the Va repertoires of both natural and

vaccine-induced TCRs recognizing the well-studied 9-mer
NY-ESO-1157–165–HLA-A2 demonstrates that, in general, they
are relatively diverse in both V- and J-gene usage and CDR3a
length (20, 21). Recognition of this peptide by the wild-type TCR
(1G4), as well as its affinity-enhanced variants, is dominated by a
single hotspot consisting of two highly hydrophobic residues, me-
thionine and tryptophan (MW), in positions 4 and 5, respectively,
which protrude from the pHLA surface (MW-peg) (22–24).
To maintain an effective functional adaptive response, multiple

TCRs should not engage the exact same pool of peptides, as this
would severely limit the total peptide landscape recognized by that
individual’s T cells. In this study, we sought to investigate whether
TCRs with a shared binding footprint, engaging the same posi-
tions of a peptide, also share overlapping cross-reactivity profiles.
TCR–pHLA crystal structures and peptide variant specificity
profiles were generated for three newly isolated TCRs against
NY-ESO-1157–165–HLA-A2 (NYE_S1, NYE_S2, and NYE_S3).
NYE_S1 and NYE_S2 TCRs have an a-chain–centric binding
pocket that accommodates the MW-peg, and accordingly, these
TCRs have partially overlapping peptide specificity profiles. In
contrast, the NYE_S3 TCR recognizes a different conformation of
the peptide leading to an unrelated peptide specificity profile.

Materials and Methods
Cell lines

PBMCs used in this study were obtained from healthy volunteers. The
Oxford A Research Ethics Committee approved protocol 13/SC/0226
(Immunocore study protocol number IMCres02) was used to obtain
written consent for all blood donations and was fully approved by the
National Research Ethics Committee South Central. T2 APCs (LCL721
3 CEM-C7) were obtained from American Type Culture Collection and
cultured in R10 media.

Identification of NY-ESO-1157–165–HLA-A2–specific
T cell clones

NYE_S2 and NYE_S3 TCRs were generated from T cells isolated from
HLA-A*02:01+ healthy donors stimulated with NY-ESO-1157–165(9V)
peptide–loaded APCs (either monocyte-derived dendritic cells or CD40-L–
activated B cells). Following multiple rounds of stimulation, polyclonal
T cell lines were screened for peptide specificity by IFN-g ELISpot (BD
Biosciences). T cell clones were established from polyclonal T cell lines
by sorting activated T cells following peptide stimulation or tetramer
binding using a BD FACSAria II. NYE_S1 TCR was identified by phage
display using libraries derived from T cells isolated from HLA-A*02:01+

healthy donors (25).

X-scan mutagenesis IFN-g ELISpot assays

X-scanning mutagenesis IFN-g ELISpot assays were conducted according
to the manufacturer’s instructions (BD Biosciences) and have been de-
scribed previously (26). Briefly, TCR-transduced T cells were incubated at
53 104 cells per well with HLA-A*02:01+ T2 cells pulsed at 53 104 cells
per well with 10 mM NY-ESO-1157–165–native peptide or with peptides
substituted at each position with any of the 19 alternative naturally occurring
amino acids (X-scanning). Plates were incubated overnight at 37˚C/5% CO2

and quantified after development using an automated ELISpot reader
(ImmunoSpot Series 5 Analyzer; Cellular Technology).

Protein production and biophysical measurements

Soluble disulphide-linked heterodimeric TCRs and biotinylated
NY-ESO-1157–165 (9V)–HLA-A2 were cloned into pGMT7 vector encod-
ing a C-terminal AviTag on the b-chain or H chain, respectively (27).
Protein was expressed in the BL21 (DE3) Rosetta pLysS strain, refolded
from inclusion bodies and purified as previously described (28, 29).

In vitro site-specific biotinylation of the biotin ligase (BirA) tag was car-
ried out prior to size exclusion chromatography using a ratio of 1 mg BirA
per 100 mg TCR/pHLA.

Surface plasmon resonance equilibrium-binding analysis was per-
formed at 25˚C using a Biacore T200 instrument equipped with a CM5
sensor chip as previously reported (30). Approximately 900 response
units of each pMHC were immobilized on a single CM5 sensor chip
surface before all chip surfaces, including the negative control, were
blocked with biotin. Increasing concentrations of each TCR were
sequentially injected over the immobilized pHLAs at 20 ml/min, and
each TCR concentration series was repeated three times. Binding plots
(equilibrium-binding response versus TCR concentration) were plotted in
GraphPad Prism 8, and curves were fitted assuming 1:1 Langmuir binding
[AB = B 3 ABMAX/(KD + B)] to obtain KD estimates for each interaction.

Generation of single-chain HLA libraries

Single-chain HLA (scHLA) libraries were displayed on the surface of phage
as disulphide trapped single-chain trimers peptide-GCGAS-(G4S)3-b2m-
(G4S)3–HLA-A2 Y84C (31). Briefly, to ensure the pHLA-recognition
surface was unchanged by the addition of a C-terminal linker, a Y84C
mutation was introduced into the HLA-A2 H chain. This mutation opens
up the F-pocket, creating a groove where the linker can sit. The insertion of
cysteine into the linker immediately following the peptide allows a
disulphide bond to form with the introduced Y84C mutation, anchoring the
linker to the HLA surface and additionally compensating for binding af-
finity lost by removal of HLA contacts to the peptide C terminus.

The scHLA construct was cloned into the phagemid pim672 (32), based on
the pEX922 vector (33), using Sfi1-restriction enzyme. This inserts scHLA
into an open reading frame additionally encoding an N-terminal pelB leader
sequence and C-terminal coat protein pIII. Diversity was encoded at the
peptide level by introducing a flat distribution of 19 aa (excluding cysteine to
avoid cyclic peptide formation). All 19 aa were represented at the MHC
primary anchors, Pos2 and Pos9; however, to maximize the functionality of
the library with peptide correctly bound in the Ag-binding groove, the amino
acid distribution was biased toward known preferences for this allele, making
the theoretical diversity of this library 3.22 3 1011. The library sizes were
determined postelectroporation by colony counting after limiting dilutions.

The phagemid library was introduced by electroporation into Escherichia
coli TG1 cells and grown in 23YT media containing 2% glucose, 100 mg/ml
ampicillin to OD600 = 0.4, and Hyperphage (PROGEN) added at an
infection ratio of ∼20:1 phage to E. coli. The cultures were then mixed
by inverting, incubated for 30 min at 37˚C, pelleted and resuspended in
2 3 YT media containing 100 mg/ml ampicillin and 50 mg/ml kana-
mycin and subsequently incubated at 26˚C for 16 h with shaking. Phage
particles were isolated by polyethylene glycol (PEG) precipitation and
0.45 mM filtration. The use of Hyperphage provided high-valence display
such that each phage displayed ∼5 copies of scHLA, enabling avidity-
driven recognition of WT TCRs (34).

Panning

Two hundred nanomolar biotinylated TCRs NYE_S1, S2, and S3 were
captured on streptavidin-coated paramagnetic beads (Thermo Fisher
Scientific) and incubated at room temperature with gentle rotation with
∼1 3 1011 phage particles per selection, preblocked in debiotinylated
3% milk–PBS. After 1 h, beads were pulled down with a magnet and
washed three times with 3% milk–PBS and twice with PBS containing
0.1% Tween. Phage particles were eluted with 10 mg/ml trypsin and
used to infect early log phase TG1 E. coli cells and plated onto 2 3 YT
(plus 2% glucose and 100 mg/ml ampicillin) plates at 30˚C for 16 h.
Colonies were resuspended in 2 3 YT containing 2% glucose, 100 mg/ml
ampicillin, and 20% glycerol; frozen on dry ice; and stored at 280˚C for
the next round of panning. Three rounds of selection were performed.

Deep sequencing and cluster analysis of pHLA libraries

DNAwas isolated from each glycerol stock byMiniprep (27104; QIAGEN).
Sequencing libraries were prepared with molecular indexing based on a
method described in Turchaninova et al. (35). Briefly, phagemid DNAwas
amplified with primers containing unique molecular indexes. Purified PCR
products (AMPure XP beads; Beckman Coulter) were used for sequenc-
ing library preparation using NEBNext Ultra II DNA Library Prep Kit
(E7645S; New England Biolabs) according to manufacturer’s instructions.
Libraries were sequenced using Illumina V3 SBS chemistry on the MiSeq
sequencer. FASTQ files were merged using BBMerge (36); molecular
index and peptide sequence were extracted from each read, and sequence
logos were generated using iceLogo (37). Sampling 0.25% of the library
indicated that 98.7% of the encoded peptides were unique.
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Unique peptide sequences from scHLA libraries were clustered
using t-distributed stochastic neighbor embedding (tSNE) (38) on the
basis of pairwise biochemical distance using the BLOSUM45 sub-
stitution matrix. The tSNE analysis was implemented using the Rtsne
package in R version 3.4.4. tSNE hyperparameters were set to ensure
cluster convergence, and consistency of peptide cluster identity between
runs of the tSNE was ensured.

Crystallization

For NYE_S1, TCR–pHLA complex was prepared by mixing purified TCR
and pHLA at equimolar ratios. Crystallization trials, using 100 nl protein
solution plus 100 nl reservoir solution in sitting-drop vapor diffusion
format, were set up in two-well MRC Crystallization plates using a
mosquito (TTP Labtech) robot. Plates were maintained at 20˚C in a Rock
Imager 1000 (Formulatrix) storage system. Initial crystals grew in the
PEGs II Crystallization Screen (QIAGEN), condition F6. Larger crystals
were grown by cross-seeding into a grid of 10–25% PEG 4000, 0.1 M
sodium citrate (pH 5–6), 0.2 M ammonium sulfate using a Seed Bead–
generated seed solution and by increasing the drop size to 1 ml protein plus
1 ml well solution. Crystals were cryoprotected by addition of 15%
glycerol directly to the drop and then flash-cooled at 100 K. X-ray dif-
fraction data were collected at Diamond Light Source on beamline I02.
Diffraction images were indexed, integrated, scaled, and merged using
DIALS (39) and Aimless (40) through the xia2 processing suite (41).

For NYE_S2 and NYE_S3 TCR–pHLA complexes, crystallization trials
using 150 nl protein solution plus 150 nl reservoir solution in sitting-drop
vapor diffusion format were set up in two-well MRC Crystallization plates
using a Crystal Gryphon (Art Robbins) robot. Plates were maintained at
20˚C in a Rock Imager 1000 (Formulatrix) storage system. Diffraction
quality crystals were grown in the following conditions: 0.02 M sodium/
potassium phosphate, 20% PEG 3350 (NYE_S2 TCR–pHLA) and 0.2 M
ammonium sulfate, 15% PEG 8000, and 0.1 M Tris (pH 7.5) (NYE_S3 TCR–
pHLA). Crystals were cryoprotected using a 30% solution of ethylene glycol
and then flash-cooled at 100 K. X-ray diffraction data were collected at
Diamond Light Source (Oxfordshire, U.K.) at the I04-1 beamline at
wavelength 0.91587 Å. Diffraction images were indexed, integrated,
scaled, and merged using XDS and XSCALE (42, 43) through the xia2
data-processing suite (41). CC1/2 (44), Rpim, and I/sI statistics in the
highest-resolution shell (criteria CC1/2 . 0.5, Rpim , 100%, and I/sI . 1)
were used to determine high-resolution cutoffs (Table I).

Structure determination and refinement

Molecular replacement was used to phase all crystal structures, using
Protein Data Bank (pdb) entry 5e00 chains A and B (for HLA-A2 and
b2m), pdb 3REV chain A (NYE_S2 TCRa), pdb 4DZB chain B (NYE_S2
TCRb), 3QDJ chain D (NYE_S3 TCRa), and 5D2N chain E (NYE_S3
TCRb) as search models in Phaser (45). For NYE_S1 TCR, a higher
resolution structure of a related complex was used as the search model
(data not shown), which had been solved using 4FTV as a starting model.
Scoring functions after placing the final nonpeptide containing molecule
were as follows: NYE_S1, TFZ 98.3, and LLG 15048; NYE_S2, TFZ 49.9,
and LLG 3039; and NYE_S3, TFZ 42.1, and LLG 2218. Subsequently, 100
cycles of jelly-body refinement (s 0.05, weighting term 0.001 and global
NCS restraints) in Refmac (46) yielded R-factors as follows: NYE_S1,
Rwork 31.2, and Rfree 32.1; NYE_S2, Rwork 32.7, and Rfree 33.7; and
NYE_S3, Rwork 38.0, and Rfree 37.6.

Manual model adjustment was performed in Coot (47), and Refmac
was used for further refinement. Translation–libration–screw-motion
restraints were applied in final refinement rounds for the NYE_S1
and NYE_S3 TCR–pHLA complex structures; however, translation–
libration–screw-restrained refinement was unstable for the NYE_S2
TCR–pHLA complex and was therefore not used. For refinement of the
NYE_S1 TCR–pHLA complex structure, initial global noncrystallo-
graphic symmetry restraints were relaxed to automatically gener-
ated local restraints in final refinement rounds. For refinement of the
NYE_S3 TCR–pHLA complex structure, initial global noncrystallo-
graphic symmetry restraints were relaxed to medium restraints in final
refinement rounds (excluding the following regions in NCS domain
definitions: chains D, I, and K residues 108–115 and chains E, J, and L
residues 65–71). Stereochemical properties of all models were assessed
using the PDB Validation Suite (48). Ramachandran statistics are the
following: NYE_S1 TCR–pHLA complex, 98% favored, 2% allowed,
and no rotamer outliers; NYE_S2 TCR–pHLA complex, 97% favored,
3% allowed, and no rotamer outliers; NYE_3 TCR–pHLA complex,
94% most favored, 6% additionally allowed, and a single rotamer
outlier. Full data collection and refinement statistics are given in
Table I.

Crystallographic figures were created using PyMOL (Schrödinger). All
structural alignments were performed using Superpose (49). Buried surface
area and TCR docking geometry statistics based on those described pre-
viously (2) were generated using Molecular Operating Environment
(Chemical Computing Group) (50). Briefly, TCR crossing angles are cal-
culated from the eigenvector relating the vector through the midpoints of
the Va and Vb domains’ disulphide bonds to the vector along the length of
the MHC helices that defines the Ag-binding groove (V1). The tilt angle
relates the pseudo–2-fold TCR symmetry axis (relating the a to the
b-chain) to pHLA V1 such that a negative value reflects a tilt toward the
peptide N terminus and a positive value toward the C terminus. The roll
angle relates the pseudo–2-fold TCR symmetry axis to the vector per-
pendicular to V1 lying in the plane of the pHLA Ag-binding groove, where
a negative value reflects a roll toward the HLA a1 helix, whereas a positive
value reflects a roll toward the HLA a2 helix.

Crystal structure composition

The NYE_S1 TCR–pHLA crystal structure contains four copies of the
TCR–pHLA complex per asymmetric unit: HLA, chain A aa 1–276
(lacking residues 221–225), chain F aa 1–276 (lacking residues 17–18),
chain K aa 1–274 (lacking residues 195–198, 221–227, and 250–253),
chain P aa 1–275 (lacking residues 225–227); b2m, chains B, G, L, and Q
aa 0–99; peptide, chains C, H, M, and R aa 1–9; TCRa, chain D aa 3–219
(lacking residues 141–146), chain I aa 3–219 (lacking residues 141–146),
chain N aa 3–217 (lacking residues 139–146 and 181–182), chain S aa
3–217 (lacking residues 140–146 and 181); and TCRb, chain E aa 3–256,
chain J aa 3–256, chain O aa 3–254, and chain T aa 2–256. TCR residue
numbering was assigned according to IMGT conventions (51); despite
sequence gaps between TCRa residues 29–36, 58–63, 68–74, and 110–113
and TCRb residues 29–37, 58–63, 72–74, 81–83, and 110–112, the TCRa-
and TCRb-chains are continuous in the variable domains.

The NYE_S2 TCR–pHLA crystal structure contains one copy of the
TCR–pHLA complex per asymmetric unit: HLA, chain A aa 1–276;
b2m, chain B aa 1–99, peptide, chain C aa 1–9; TCRa, chain D aa
1–192 (lacking residues 145–147, 160–166, 180–184, and 193–222,
which lie in disordered regions of the constant domain); and TCRb,
chain E aa 1–252 (lacking residues 236–240 and 253–257, which lie in
disordered regions of the constant domain). TCR residue numbering
was assigned according to IMGT conventions (51); despite sequence
gaps between chain D residues 29–36, 59–62, and 68–74 and chain
E residues 29–37, 59–63, 81–83, and 110–112 plus a 2 aa insertion
between chain D residues 111–112, the TCRa- and TCRb-chains are
continuous in the variable domains.

The NYE_S3 TCR–pHLA crystal structure contains two copies of
the TCR–pHLA complex and one apo TCR copy per asymmetric unit:
HLA, chain A aa 1–275 and chain F aa 1–275; b2m, chain B aa 0–99
and chain G aa 0–99; peptide, chain C aa 1–9 and chain H aa 1–9;
TCRa, chain D aa 4–217 (lacking residues 1–3 and 218–223), chain I
aa 4–218 (lacking residues 1–3 and 219–223), and chain K aa 8–218
(lacking residues 1–7, 142–148, and 219–223); and TCRb, chain E aa
1–256 (lacking residue 257), chain J aa 1–256 (lacking residue 257),
and chain L aa 2–256 (lacking residues 1 and 257). TCR residue
numbering was assigned according to IMGT conventions (51); despite
sequence gaps between chains D, I, and K residues 29–36, 58–63,
68–74, and 110–113 and chains E, J, and L residues 29–37, 58–63, and
81–83, the TCRa- and TCRb-chains are continuous in the variable
domains.

Results
Characterization of three novel NY-ESO-1157–165–HLA-A2–
specific TCRs

Three wild-type TCRs (NYE_S1, NYE_S2, and NYE_S3) rec-
ognizing NY-ESO-1157–165(9V)–HLA-A2, a heteroclytic peptide
variant of NY-ESO-1157–165–HLA-A2 (52), were identified and
then expressed, purified, and tested to determine their bio-
physical characteristics (Table I). TCR sequences are reported
alongside those of previously identified NY-ESO-1157–165-specific
TCRs from both natural and vaccine-induced immunodominant re-
sponses (Table II) (20, 21). NYE_S1, NYE_S2, and NYE_S3 bound
to NY-ESO-1157–165(9V)–HLA-A2 with dissociation constants
(KD) of ∼7.0, 7.1, and .82 mM (range of estimated KD 82–186
mM), respectively, as determined by surface plasmon resonance
equilibrium–binding measurements (Supplemental Fig. 1). These
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KD values are consistent with other immunologically productive
TCRs, which have affinities in the 0.1–500-mM range (3).

NYE_S1 and NYE_S2 TCRs adopt an overall canonical
binding geometry toward NY-ESO-1157–165(9V)–HLA-A2

We determined crystal structures of NYE_S1 and NYE_S2 TCR-NY-
ESO-1157–165(9V)–HLA-A2 complexes to resolutions of 2.50 and
2.56 Å, respectively (Fig. 1A, 1D, Table I). The NYE_S1 structure
contains four TCR–pHLA copies in the asymmetric unit, which are
all in close overall structural agreement (root-mean-square deviation
[RMSD] , 0.35 Å between any two copies, comparing Ca
positions for HLA residues 1–181, peptide 1–9, Va 3–128, and
Vb 3–128; copy 1 used for all further structural comparisons),

whereas the NYE_S2 structure contains a single TCR–pHLA
copy. For both structures, there is well-defined electron density
at the TCR–pHLA interface (Fig. 1B, 1E). Both NYE_S1 and
NYE_S2 TCRs display similar canonical pHLA-binding foot-
prints in which the Va and Vb domains and, in particular, the
germline-encoded CDR1a and CDR1b lay over HLA helices
a2 and a1, respectively (Fig. 1C, 1F, Supplemental Table I).
The V(D)J recombination–derived CDRs, CDR3a and CDR3b,
sit centrally above the HLA peptide-binding groove and dom-
inate TCR contacts with the peptide (Fig. 1C, 1F).
The peptide conformations in both structures are very similar

(RMSD, 0.306 Å across 9 Ca positions) and show relatively
minor deviations from the conformations described for previously

FIGURE 1. NYE_S1 and NYE_S2 TCR–

binding footprints on NY-ESO-1157–165(9V)–

HLA-A2 and NY-ESO-1157–165 peptide

conformations. Overall cartoon repre-

sentation of TCR–pHLA complexes for

NYE_S1 (A) and NYE_S2 (D) TCRs.

NY-ESO-1157–165(9V)–HLA-A2 peptide

conformation within NYE_S1 (B) and

NYE_S2 (E) TCR containing structures.

CDR positions above pHLA surface for

NYE_S1 (C) and NYE_S2 (F) TCRs.

HLA H chain, wheat; b2m, brown; TCR

CDR1a, orange; TCR CDR2a, yellow; TCR

CDR3a, maroon; TCR CDR1b, dark blue;

TCR CDR2b, cyan; TCR CDR3b, green;

NY-ESO-1 peptide, pink. 2Fo–Fc maps

contoured at 1s and carved within 2 Å of

the peptide are shown in light purple. Ar-

rows above or below the peptide sequence

indicate if each side chain is either exposed

or buried respectively, relative to the HLA-

peptide–binding groove.

Table I. NYE_S1, NYE_S2, and NYE_S3 TCR–pHLA data collection and refinement statistics

NYE_S1 Complex NYE_S2 Complex NYE_S3 Complex

pdb Accession code 6RPB 6RPA 6RP9
Data collection
Space group P1 C2 P21
Cell dimensions

a, b, c (Å) 75.3, 77.1, 184.6 173.1, 84.3, 111.5 106.6, 85.6, 171.9
a, b, g (˚) 93.0, 93.5, 118.2 90.0, 129.8, 90.0 90.0, 91.8, 90.0

Resolution (Å) 73.11-2.50 (2.56-2.50) 66.51-2.56 (2.60-2.56) 85.61-3.12 (3.17-3.12)
Rmerge (%) 9.4 (41) 6.4 (207) 11.7 (99.9)
Rpim (%) 9.4 (41) 2.5 (77.5) 4.7 (56.7)
CC1/2 0.971 (0.767) 0.999 (0.637) 0.999 (0.627)
I/sI 2.7 (1.1) 17.9 (0.96) 10.99 (1.25)
Completeness (%) 96.9 (96.0) 99.3 (99.7) 100.0 (100.0)
Multiplicity 1.7 (1.7) 7.66 (7.94) 6.76 (3.97)

Refinement
Resolution (Å) 73.09-2.50 (2.56-2.50)a 66.51-2.56 (2.63-2.56) 68.01-3.12 (3.20-3.12)
No. reflections 125234 (9382) 37579 (1945) 52792 (2717)
Rwork/Rfree 24.9 (34.9)/27.3 (35.6) 25.0/29.3 (42.9/43.5) 22.4/24.4 (36.7/41.1)
No. atoms

Protein 25965 6277 16633
Water 229 49 —

B factors
Protein 51.1 83.1 116.8
Water 32.5 48.1 —

RMSD
Bond lengths (Å) 0.007 0.008 0.006
Bond angles (˚) 1.098 1.155 0.996

Rpim (the precision-indicating merging R-value) = 1/(N21) 3 Rmerge, where N is the redundancy. CC1/2 is the mean intensity correlation coefficient of half-data sets. Dashes
(—) indicate that no waters were modelled for the NYE_S3 structure.

aValues in parentheses are for highest resolution shell.
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determined NY-ESO-1157–165–HLA-A2 structures (Fig. 1B, 1E,
Supplemental Fig. 2). The large, hydrophobic side chains at po-
sitions Met4 and Trp5 point upwards, away from the peptide-
binding groove. Peptide positions Leu2 and Val9 are the primary
anchor residues, whereas Ile6 adopts a secondary anchor position,
securing the peptide in the peptide-binding groove of the HLA.

Specificity toward the peptide MW-peg motif is primarily
driven by two germline CDR3a residues

For the 1G4 and NYE_S1 TCRs, the a- and b-chains both contribute
to the overall peptide-binding interface, whereas for NYE_S2, the
a-chain dominates the interface (Supplemental Table I). These three
TCRs predominantly use the CDR3a loop to engage the MW-peg
motif, with the backbone of the central residues stacking around the
hydrophobic Met4 and Trp5 side chains (Fig. 2A–C). NYE_S1
makes additional contacts to Trp5 via Gln37 in the CDR1a, whereas
the longer CDR3a for NYE_S2 versus NYE_S1 is able to wrap
more closely around Met4 (Fig. 2D, 2F). b-Chain–mediated peptide
contacts are dominated by the CDR3b loop that makes contacts to
the exposed Ile6 backbone and Thr7, whereas NYE_S1 also makes
additional contacts to side-chain Gln8, mediated by the CDR1b
(Fig. 2G–I).
Aligning the NYE_S1 and NYE_S2 TCR sequences with those of

previously identified NY-ESO-1157–165-specific TCRs demonstrated
significant diversity in CDR3a length, amino acid sequence, and
variable chain usage (Table II). However, of all residues contacting

the peptide, the CDR3a Arg107/Lys107 and Tyr114 residues were
the most highly conserved across multiple TRAV/TRBV chain
pairings. From the crystal structures, we observed that the
Arg107/Lys107 side-chain carbon backbone stacks against the
Trp5 side chain, whereas the Tyr114 side-chain hydrophobic
ring stacks against both Met4 and Trp5 side chains, with its
hydroxyl group making a putative hydrogen bond to the peptide
backbone (to the Met4 carbonyl group) (Fig. 2G–I, Table II. This
observation suggested that the a-centric specificity displayed by
the 1G4, NYE_S1, and NYE_S2 TCRs is driven by a selective
pressure for these two CDR3a amino acid positions, which, to-
gether, help to pin the loop around the MW-peg, highlighting the
importance of this feature in shaping the TCR repertoire.

NYE_S3 TCR binds to a flipped NY-ESO-1157–165(9V)–HLA-A2
peptide conformation lacking an exposed MW-peg motif

A crystal structure of the NYE_S3 TCR–pHLA complex was
determined to a resolution of 3.12 Å (Fig. 3, Table I). This
structure contains two TCR–pHLA copies, which are in close
overall structural agreement (RMSD, 0.75 Å between the two
copies, comparing Ca positions for HLA residues 1–181, pep-
tide 1–9, Va 3–128, and Vb 3–128; copy 1 used for all further
structural comparisons) and one apo TCR copy per asymmetric
unit. The most striking observation from our NYE_S3 TCR–
pHLA crystal structure was a novel peptide conformation with a
pronounced rearrangement of the central peptide residues, Met4,

FIGURE 2. Structural characterization of NYE_S1, 1G4, and NYE_S2 TCRs binding to NY-ESO-1157–165(9V)–HLA-A2. CDR3a–mediated interactions

with the MW-peg for NYE_S1 (A), 1G4 (B), and NYE_S2 (C) TCRs, respectively. CDR3a and CDR3b stacking against the MW-peg motif for NYE_S1

(D), 1G4 (E), and NYE_S2 (F) TCRs. The areas depicted by dashed boxes are expanded in panels (G–I) to highlight CDR3b-mediated interactions. TCR

CDR1a, orange; TCR CDR3a, maroon; TCR CDR3b, green; peptide, gray sticks; MW-peg, blue sticks; HLA helix-a1, wheat cartoon; potential H-bonds,

yellow dashed lines.
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Trp5, and Ile6, relative to the conformations observed for pHLA
alone (Fig. 3B, Supplemental Fig. 2G, 2H). In this structure, Ile6

no longer acts as a secondary anchor as the orientations of Trp5

and Ile6 side chains are flipped to a down (Trp5)–up (Ile6) ar-
rangement relative to the peptide-binding groove, rather than the
usual up (Trp5)–down (Ile6) configuration observed in all previous
structures. This disruption of the conserved MW-peg epitope results
in a very distinct TCR–pHLA-binding interface for NYE_S3 versus
the NYE_S1 and NYE_S2 TCRs (Fig. 3A, 3C, Supplemental
Table I).
The NYE_S3 TCR binds with a typical TCR binding footprint,

whereby TCRa and TCRb-mediated contacts are directed primarily

to HLA helix-a2 and HLA helix-a1, respectively (Supplemental
Table I). Despite shared Va-chain usage between NYE_S1
and NYE_S3, the TRAV12-2 germline–encoded CDRs do not
bind to the same features of the pHLA. CDR1a engages peptide
in NYE_S1, whereas it engages the a2 helix of the HLA in
NYE_S3. In contrast to the NYE_S1 and NYE_S2 TCRs, for
NYE_S3, b-chain contacts dominate the peptide-binding inter-
face (Fig. 3D–F, Supplemental Table I). Both the CDR3a and
CDR3b loops of NYE_S3 contain central Pro–Gly motifs, which
form rigid type II b–hairpin turns, potentially limiting the confor-
mational flexibility of these CDRs (Fig. 3E). For CDR3a, this tight
turn sits directly above the central core of the peptide, stacking

Table II. CDR sequence alignments based on IMGT numbering for known NY-ESO-1157–165–HLA-A2–specific TCRs

CDR3 sequence alignments based on IMGT numbering. TCRs for which structures have been obtained are in bold. Where several TCRs have been reported with common
V-gene usage, only a single example has been randomly chosen (20); residues in the CDR3 are colored according to whether they are encoded by the V-gene (blue), D-gene
(black), and J-gene (orange) or are at the junction of gene segments where the greatest amino acid diversity is obtained (pink). Residues involved in recognition of MW-peg in the
NYE_S1, NYE_S2, and 1G4 TCRs, IMGT positions R/K107 and Y114, are highlighted in green.

FIGURE 3. Structural characterization of NYE_S3 TCR binding to NY-ESO-1157–165(9V)–HLA-A2. (A) Overall cartoon representation of NYE_S3

TCR–pHLA complex. (B) NY-ESO-1157–165(9V)–HLA-A2 peptide conformation within the NYE_S3 TCR–containing structure. (C) CDR positions above

pHLA surface for NYE_S3. (D) CDR3a and CDR3b stacking against the peptide Ile6 side chain. The area depicted by the dashed box is expanded in (E) to

highlight specific interactions. (F) Contribution of additional NYE_S3 TCR CDRs to peptide binding. Transparent CDR3a and CDR3b lie in the fore-

ground of this panel.
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against exposed Met4 and Ile6 side chains. Further contacts to Ile6

come from the CDR3b Ser108 and Gly111, CDR1b Val37, and the
CDR2b Asn57 and Tyr58 residues (Fig. 3E, 3F). In addition, contacts
to the Thr7 side chain and Gln8 backbone NH group as well as the
Gln8 side chain are mediated by the CDR3b backbone and CDR2b
Tyr58, respectively (Fig. 3E, 3F).
Comparison of pHLA-bound and apo TCR copies within the

NYE_S3 TCR–pHLA structure reveals possible conformational
changes in the TCR upon engagement of pHLA (Supplemental
Fig. 3). Alignment of either the Va or Vb domains of NYE_S3
apo TCR (unbound) with the equivalent domain in NYE_S3 TCR–
pHLA (bound) reveals close structural agreement, apart from the
CDR3a loop (Supplemental Fig. 3A, 3B). In its unbound form, the
CDR3a loop of the NYE_S3 TCR adopts an elongated confor-
mation that is stabilized by an extension of the flanking b-strands.
However, when bound to pHLA, flexion at Arg108 and Gln115

enables CDR3a to bend, without which the tip of the loop would
clash with peptide Met4 (Supplemental Fig. 3C). This CDR3a
conformation stacks between exposed peptide Met4 and Ile6 side
chains. To accommodate the bent CDR3a conformation, a small
twist in the TCRb-chain relative to TCRa also occurred in the

NYE_S3 TCR–pHLA, compared with the NYE_S3 apo TCR
(Supplemental Fig. 3D).

All three TCRs display unique peptide specificity profiles,
enabling recognition of distinct off-target peptides

We performed peptide specificity profiling on the three identified
TCRs using two complementary approaches. In the first cellular
X-scan approach, each of the three NY-ESO-1157–165-specific
TCRs were transduced into T cells. HLA-A*02:01–positive target
cells were pulsed with NY-ESO-1157–165 peptide in which each
amino acid position was sequentially replaced with all 19 alter-
native naturally occurring amino acids (171 peptides in total), and
IFN-g release was measured relative to pulsing with cognate
peptide by ELISpot (Fig. 4). Using this assay, we found Trp5 to be
absolutely required for recognition by all three TCRs, as no IFN-g
release was observed when this residue was replaced (Fig. 4D–F).
However, Met4 could be substituted more readily for NYE_S1, as
compared with NYE_S2 or NYE_S3. Surprisingly, both NYE_S1
(Fig. 4D) and NYE_S2 (Fig. 4E) could also accommodate a Gln at
position 4, potentially because of the similar length of the side
chains and introduction of additional hydrogen bonding potential

FIGURE 4. Cellular potency and X-scan TCR specificity profiles. Cellular potency was assessed using T cells transduced with NYE_S1 (A), NYE_S2

(B), and NYE_S3 (C) TCRs, exposed to HLA-A2+ T2 cells pulsed with increasing concentrations of NY-ESO-1157–165 peptide. T cell activation was

measured using an IFN-g ELISpot assay at 24 h, and EC50 values were determined (solid triangles). No response was seen at the highest concentration

of peptide used for pulsing a nontransduced T cell control (open triangles) or irrelevant TAX peptide (open squares). (D–F) X-scanning mutagenesis of all

NY-ESO-1157–165 single amino acid variants. Data shown are from a representative donor (n = 2). An average of triplicate data points is presented for each

of the 171 separate experiments normalized to the NY-ESO-1157–165 peptide control highlighted in (A)–(C). Each amino acid is shown in one-letter code and

colored according to functional similarity: positive (blue), aromatic uncharged (green), aliphatic (black), small nonpolar (orange), polar (pink), and negative

(red). Outlined boxes highlight the cognate residues.
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to the exposed CDR3a backbone. Consistent with its role as a
secondary anchor, Ile6 displayed limited selectivity for NYE_S1
and NYE_S2, tolerating substitutions to other hydrophobic
amino acid side chains. However, the upward facing confor-
mation of this residue in the NYE_S3 structure resulted in this
TCR tolerating Arg in this position, a large charged residue that
is not able to act as a downward-facing secondary anchor
(Fig. 4F). In line with the structural observations, the NYE_S1
and NYE_S3 TCRs also showed restricted specificity for Gln at
position 8, whereas this position was more permissive in
NYE_S2 (Fig. 4D–F).

Because of the biased nature of X-scans toward the cognate peptide,
we generated a more extensive, high throughput, and unbiased ap-
proach by profiling TCR specificity using scHLA phage libraries in
which peptide diversity was encoded at all positions, including po-
sition 2 and position 9 (which were biased toward HLA-A2–specific
anchor residues), and presented in a disulphide-linked single-chain
trimer format (Fig. 5A). This method is a significant advancement
for TCR specificity profiling over previous methods, as it enables
the ability to simultaneously monitor the enrichment of millions of
individual sequences through the use of next-generation DNA se-
quencing (6, 53, 54). Phage libraries encoding 5 3 108 variants were

FIGURE 5. Molecular analysis of TCR specificity for NY-ESO-1157–165 peptide. (A) Schematic of multivalent disulphide trapped single-chain

trimers (dsSCT) displayed on HLA-A2 phage libraries. (B) Schematic of phage display panning protocol. (C) Heatmaps and sequence logos dis-

playing amino acid permissivity generated from next-generation DNA sequencing (NGS) workflow showing initial peptide diversity in which po-

sitions 2 and 9 are biased toward known HLA-A2 preferences, and Cys is excluded prior to TCR selection (left panel). The following three panels

show peptide diversity following three cycles of panning using each of the three NY-ESO-1157–165 specific TCRs. Outlined boxes highlight the

cognate residues.
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generated, and following three cycles of avidity-driven phage display
panning (Fig. 5B), a peptide specificity profile was generated for each
TCR (Fig. 5C).
Analysis of the sequence landscape revealed that, when given

free choice of peptide, the NYE_S1 and NYE_S2 TCRs both
recognized peptides shaped by the MW-peg: for both TCRs, more
than 99% of the peptides (n . 2 sequence counts) contained a
tryptophan at position 5 (Fig. 5C). Cluster analysis showed that
more than 99% of the high-confidence peptides enriched in re-
sponse to the NYE_S1 TCR were found in the same sequence
cluster as the NY-ESO-1157–165 peptide (Fig. 6). Approximately
40% of peptides enriched in response to the NYE_S2 TCR were
also found in this cluster. The NYE_S2 TCR displayed a prefer-
ence for peptides with Gln at position 4 and was relatively permissive
at position 8, whereas the NYE_S1 TCR displayed a preference for
Gln at position 8 and was relatively permissive at position 4
(Figs. 5C, 6). Within the cluster containing the NY-ESO-1157–165
peptide, it was possible to identify a subcluster with restricted spec-
ificity at Q4 and Q8. This overlapping region of the NYE_S1 and
NYE_S2 specificity profiles accounted for 35.6 and 8.2% of the total
TCR-specific peptides, respectively (Fig. 6C). Approximately 59% of
peptides enriched by the NYE_S2 TCR recognized peptides be-
longing to a sequence cluster related to the NY-ESO-1157–165 peptide
but displayed a preference for peptides with Pro at position 6 and an
aromatic residue at position 3 (Fig. 6). Recognition of this cluster was
restricted to the NYE_S2 TCR. Neither the NYE_S1 or NYE_S3
TCR bind to the consensus sequence YQWQWVPAV HLA-A2
(Supplemental Fig. 1). The specificity profiles for the NY-ESO-1157–165-
containing cluster were predicted by the cellular X-scan, but the
NYE_S2-specific subcluster could not be predicted with single
amino acid substitutions alone.
By contrast, the NYE_S3 TCR appeared to recognize a

nonoverlapping peptide repertoire that did not share sequence or

physiochemical properties with the NY-ESO-1157–165 peptide.
The peptides enriched in response to NYE_S3 formed a single
sequence cluster with the consensus sequence SLYMLFPEV
that contained 48 unique peptides and accounted for 93% of the
high-confidence peptides analyzed. Only 0.02% of peptides
enriched in response to the NYE_S3 TCR were found in the
same cluster as the NY-ESO-1157–165 peptide.
NYE_S3 bound to SLYMLFPEV–HLA-A2 with a dissocia-

tion constant (KD) of ∼110 mM, whereas neither NYE_S1 nor
NYE_S2 TCR bound (Supplemental Fig. 1). Further an accurate
KD could not be determined for the NYE_S3 TCR binding to
NY-ESO157–165-like peptides that are the consensus of peptides
enriched by the NYE_S1 (estimated KD . 350 mM) or NYE_S2
TCR. Assessment of pHLA-A2 stability at 25˚C was comparable
for NY-ESO-1157–165, the heteroclytic 9V variant and SLYMLFPEV
(data not shown).

Discussion
In this study, we show that TCRs binding the same peptide hotspot
have partially overlapping specificity profiles, whereas those
binding different hotspots have nonoverlapping specificity profiles.
We observed that two TCRs (NYE_S1 and NYE_S2) bound
peptide in which the MW-peg is a prominent feature (24). This
binding configuration has previously been reported for the 1G4
TCR (22–24) (55) and, taken together, this provides further evi-
dence that an antigenic feature within a peptide is able to shape the
TCR repertoire.
The MW-peg is likely a dominant epitope because MWare the

two least abundant amino acids in human proteins (only a single
codon exists for each) and are thus rarely found in the self-
peptidome. This premise is supported by the observation that
only 0.69% of all HLA-A2 9-mer peptides have a tryptophan at
position 5 (analysis of data from 24 publicly available large scale

FIGURE 6. Sequence cluster analysis of the most abundant peptides identified in response to the three NY-ESO-1157–165–specific TCRs. (A) The 500

most enriched peptides for each NY-ESO-1157–165-specific TCR were clustered by calculating BLOSUM 45 distance between all peptides, and unique

sequences plotted with a two-dimensional tSNE analysis. Peptides are colored according to the TCR, to which binding has been observed. TCR NYE_S1

(orange), NYE_S2 (blue), and NYE_S3 (pink) and peptides recognized by both TCR NYE_S1 and NYE_S2 (green). The NY-ESO-1157–165 peptide is

shown in black. (B) Sequence logos for each of the clusters, including a cluster that has no convergence and is presumed to be noise, are shown. (C) The

number of unique peptide sequences and the percentage of peptides recognized by each TCR from each cluster are reported.
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HLA-A2 peptidomic datasets) (56). Rarely occurring sequence
hotspots that distinguish the peptide from self are likely to enable the
avoidance of T cell negative selection in the thymus and generate a
TCR repertoire with a low potential for cross-reactivity.
Two different TCR binding modes to NY-ESO-1157–165 were

observed. NYE_S1 and NYE_S2 TCR recognition of the MW-peg
involves an extensive interface with the CDR3a even though the
NY-ESO-1157–165–HLA-A2–specific TCR repertoire is diverse in
Va and Ja sequences and CDR3a length (20, 21). Despite this
diversity, we have identified two germline-encoded CDR3a po-
sitions (IMGT107 and 114) that have conserved amino acid usage
that helps to form an a-chain–centric binding pocket to accom-
modate the MW-peg. In contrast, the NYE_S3 TCR does not bind
to the MW-peg but, instead, engages a different conformational
epitope, an upward-facing Ile6 residue. This epitope, as with the
MW-peg, is unlikely to be a commonly exposed epitope in the
self-peptidome for two additional reasons: first, a novel backbone
conformation is adopted, and second, an exposed hydrophobic
residue at position 6 is unusual, as this residue tends to serve as a
secondary anchor residue.
We have developed a TCR specificity screening tool able to

assess up to 5 3 108 peptides simultaneously. Using this tool, the
NYE_S1 and NYE_S2 TCRs enriched for peptides that share
many features with the NY-ESO-1157–165 peptide and were con-
sistent with the TCR-specific cellular X-scan. Using the scHLA
approach, we were unable to identify molecular mimics of the
NY-ESO-1157–165 peptide for the NYE_S3 TCR. Consistent with a
requirement to engage an unusual peptide conformation, the
NYE_S3 cellular X-scan has an extremely restricted permissivity
at positions 4–8. Despite interrogating up to 5 3 108 variants in
the scHLA libraries, it is possible that none shared the necessary
combination of residues at positions 4–8 for the peptide to adopt
the more unusual NY-ESO-1157–165 conformation and so allow
NYE_S3 TCR binding.
The dynamic nature of peptides, especially those that are longer

than 9 aa, in the HLA-binding groove is well established (57, 58),
as conformational plasticity plays an important role in enabling
shape complementarity between TCR, peptide, and HLA. It is
perhaps unsurprising that for highly dynamic peptides, multiple
TCRs can recognize and bind the peptide in distinct conforma-
tions (19). However, 9-mer peptides, such as the NY-ESO-1157–165
peptide, are usually more constrained, with different conformations
typically being observed only as small backbone and side-chain
rotamer movements (57–60).
Previous studies have demonstrated that off-target peptides do

not need to share sequence, physiochemical, or backbone geometry
with the cognate peptide (61, 62), and, in addition, multiple TCRs
can bind distinct peptide hotspots on the same pHLA (17). In one
instance, this was driven by conformational plasticity in the
peptide (19). In this study, we build on these observations to
demonstrate that TCRs that recognize distinct peptide hotspots in
the same peptide can display nonoverlapping specificity profiles,
thereby providing a mechanism by which TCRs could poten-
tially evade thymic deletion caused by a specific self-peptide.
This has implications for the clinic, as new strategies are cur-
rently being developed that exploit the T cell–based targeting of
tumor cells by engineering highly specific TCRs against pHLA
(63). Understanding a TCRs potential off-target repertoire forms
an important part of an immunotherapeutic TCR safety profile
(26, 64–66). With sufficient screening at the TCR discovery
stage, it may be possible to identify TCRs that recognize distinct
antigenic features of the peptide such that their peptide specificity
profiles are different, and in consequence, a specific off-target pep-
tide is no longer limiting.

The T cell repertoire must maintain the ability to avoid rec-
ognizing the self-peptide repertoire. TCR specificity profiles do not
typically involve all peptide positions, and restricted amino acid
preferences are limited to a subset of the peptide (6). Therefore,
targeting a limited number of peptide positions, particularly in
which these antigenic features allow discrimination from the self-
repertoire, enables T cells to survive negative selection in the
thymus. Equally, the permissive nature of several peptide positions
enables TCR recognition of a significant number of theoretical
peptides, thereby providing the coverage required by the TCR
repertoire to recognize a diverse and evolving pathogenic se-
quence landscape (13). However, Ag-driven expansion of TCR
clonotypes skews the TCR repertoire such that an individual
may have many TCRs that recognize a single Ag. In this study,
we show that even when multiple TCRs have the capacity to
engage a common Ag, they can, nevertheless, recognize distinct
and, in some instances, almost completely nonoverlapping peptide
repertoires.
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