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ABSTRACT
Background  T-cell receptor (TCR) immunotherapy 
is becoming a viable modality in cancer treatment 
with efficacy in clinical trials. The safety of patients is 
paramount, so innovative cell engineering methods 
are being employed to exploit adaptive immunity while 
controlling the factors governing antigen receptor (ie, TCR) 
specificity and cross-reactivity. We recently reported a 
TCR engineering campaign and selectivity profiling assay 
(X-scan) targeting a melanoma antigen gene (MAGE)-A10 
peptide. This helped to distinguish between two well-
performing TCRs based on cross-reactivity potential during 
preclinical drug evaluation, allowing one to be advanced to 
T-cell immunotherapeutic clinical trials. Here, we present 
three-dimensional structural information on those TCRs, 
highlighting engineering improvements and molecular 
mechanisms likely underpinning differential selectivity.
Methods  Parental and engineered TCRs were purified and 
crystallized either alone or complexed to human leucocyte 
antigen (HLA)-A*02:01 presenting the MAGE-A10 9-
mer peptide, GLYDGMEHL (pHLA/MAGE-A10-9). Using 
X-ray diffraction, we solved four high-resolution crystal 
structures and evaluated them relative to previously 
reported functional results.
Results  The unligated parental TCR displayed similar 
complementarity-determining region (CDR) loop 
conformations when bound to pHLA/MAGE-A10-9; a 
rigid-body movement of TCR beta chain variable domain 
(TRBV) relative to TCR alpha chain variable domain helped 
optimal pHLA engagement. This first view of an HLA-bound 
MAGE-A10 peptide revealed an intrachain non-covalent 
‘staple’ between peptide Tyr3 and Glu7. A subtle Glu31-
Asp mutation in βCDR1 of the parental TCR generated 
a high-affinity derivative. Its pHLA-complexed structure 
shows that the shorter Asp leans toward the pHLA with 
resulting rigid-body TRBV shift, creating localized changes 
around the peptide’s C-terminus. Structural comparison 
with a less selective TCR indicated that differential cross-
reactivity to MAGE-A10 peptide variants is most readily 
explained by alterations in surface electrostatics, and the 
size and geometry of TCR-peptide interfacial cavities.
Conclusions  Modest changes in engineered TCRs 
targeting MAGE-A10 produced significantly different 
properties. Conformational invariance of TCR and antigen 
peptide plus more space-filling CDR loop sequences may 
be desirable properties for clinically relevant TCR–pHLA 
systems to reduce the likelihood of structurally similar 

peptide mimics being tolerated by a TCR. Such properties 
may partially explain why the affinity-enhanced, in vitro-
selected TCR has been generally well tolerated in patients.

BACKGROUND
Cancer testis antigens are long established as 
advantageous targets for adoptive cell therapy, 
due to their restricted expression profiles in 
normal, healthy human tissue contrasted with 
high overexpressed levels in specific cancers 
with evident immunogenicity.1 We and others 
have exploited this class of protein target to 
generate experimental cell-based immuno-
therapies that are currently under evaluation 
in a clinical setting, with cancer testis anti-
gens (the most common target class in solid 
tumors) accounting for ~50% of all targets.2

Various members of the melanoma antigen 
gene (MAGE) family are among these 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ T-cell receptor (TCR) T-cell immunotherapy is be-
coming a viable modality in cancer treatment with 
efficacy in clinical trials. Structural information on 
TCR-target complexes can reveal molecular insights 
underpinning differential selectivity and affinity, but 
there is a paucity of information on clinically rele-
vant TCRs and their target specificity.

WHAT THIS STUDY ADDS
	⇒ New crystal structures help to explain how affinity 
enhancement and specificity profiling have been of 
benefit in developing an engineered TCR targeting 
a MAGE-A10 peptide presented by HLA-A*02:01 
that displayed an acceptable safety profile in clinical 
trials.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ This study provides further rationale that, with care-
ful selection of engineered TCR candidates and se-
lectivity screening, the likelihood of cross-reactivity 
can be minimized to generate clinically safe affinity-
enhanced TCR T-cell therapies.
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productive targets; specifically, the type 1 subset (subfam-
ilies A, B, and C) is undergoing clinical evaluation, with 
two studies having MAGE-A10 as the sole anticancer 
target.3 MAGE proteins are increasingly being under-
stood as not merely byproducts of tumor growth, but also 
as key drivers in oncogenesis.4 However, due care must 
be taken to assess the potential for cross-reactive homol-
ogies between the closely related type 1 family members. 
For instance, an MAGE-A3/MAGE-A12 peptide target 
similarity resulted in fatal brain toxicity.5 Additionally, 
general off-target cross-reactivity is a major concern for 
any T-cell immunotherapeutic target as occurred when a 
T-cell receptor (TCR) against another MAGE-A3 peptide 
cross-reacted to a structurally similar Titin peptide in 
heart muscle cardiomyocytes, resulting in fatal cardiac 
toxicity.6

From such studies, it has been surmised that a higher 
risk of cross-reactivity is associated with affinity enhance-
ment of TCRs,7 be they endogenous and thymically 
selected in origin, or (perhaps to a greater extent) non-
thymically selected TCRs as might be generated in the 
laboratory (eg, from display library technologies such 
as phage,8 yeast,9 or mammalian cell systems). However, 
counterexamples of safer engineered T-cell products 
are emerging from advancing clinical trials, in partic-
ular against cancer testis antigen targets such as New 
York esophageal squamous cell carcinoma 1 (NY-ESO-
1), MAGE-A4, and MAGE-A10.10–12 Increasingly, more 
refined preclinical safety methods are being employed to 
screen the cross-reactome in order to minimize the like-
lihood of taking to the clinic a TCR T-cell product with 
associated off-target reactivities.13–17 This is in addition 
to the generic problem in target validation of avoiding 
on-target, off-tumor reactivity and toxicity, whereby a safe 
therapeutic window of target expression ensures selective 
targeting of tumor over normal cells.

The appeal of phage and other display technologies for 
TCR discovery over alternative methods (eg, isolation of 
natural blood products, such as patient tumor-infiltrating 
lymphocytes and donor peripheral blood mononuclear 
cells) lies in their ease and speed of implementation, low 
cost, and effectiveness. The ability to use their outputs 
and engineer in enhanced TCR functionality (tumor 
cell lytic activity) allows relatively rapid access to more 
potent TCRs that surpass the restrictions and limitations 
of the thymus. This process does, however, require careful 
monitoring of developed TCR products, as mentioned, 
for specificity and safety.

In our recent report,13 we outlined a process from TCR 
discovery by phage display to selection of two leading 
engineered (affinity-enhanced) TCRs (named c756 and 
c796) from different parental TCRs with functional 
activity against MAGE-A10 GLYDGMEHL254-262 anti-
genic peptide. These TCRs were otherwise quite similar 
in affinity as measured in vitro by surface plasmon reso-
nance, and in cellular potency by interferon-γ release 
enzyme-linked immunospot assay, with c796 a little more 
potent (for c796 and c756, respectively: dissociation 

constant 370 nM vs 610 nM; effective concentration 50% 
0.32 nM vs 0.50 nM).13

Importantly, to evaluate their propensity to tolerate 
non-canonical peptide sequence variants, and thus to 
distinguish better between these two TCRs based on 
target selectivity, we reported an X-scan screen. At each 
residue position of the nonameric human leucocyte 
antigen (HLA)-bound peptide, the wild-type residue was 
systematically substituted for 19 other amino acids, and 
the functional responses measured to these peptide vari-
ants using T-cells transduced with c756 or c796 TCRs. 
This type of specificity profiling is useful for character-
izing the binding promiscuity of a TCR and can provide 
valuable information on binding hotspots on a peptide.

Higher selectivity was demonstrated with the c796 TCR 
due to its reduced tolerance to mutant peptides varying 
in the central, more surface-exposed peptide region 
compared with c756 TCR. The c796 TCR ultimately 
formed the basis of Adaptimmune’s ADP-A2M10 specific 
peptide enhanced affinity receptor (SPEAR) T-cell 
therapy that entered phase I/II clinical trials in a triple 
tumor study (melanoma, urothelial, or head and neck 
cancers),18 and a non-small cell lung cancer study.19 This 
TCR T-cell therapy has proven to be generally well toler-
ated in those clinical tests, with a manageable toxicity 
profile.12

We reveal that the c796 TCR was engineered by incor-
porating a single conservative mutation into the parental 
TCR, c728, which resulted in a ~sixfold increase in binding 
affinity to peptide–HLA complex (pHLA) compared 
with the parental as measured by surface plasmon reso-
nance.13 Thus, we wished to understand at the molecular 
level how this subtle change could affect pHLA binding. 
Moreover, we questioned what protein structural differ-
ences at the peptide-binding interfaces of the engineered 
c796 TCR, compared with c756 TCR, might account for 
different X-scan cross-reactivity/selectivity profiles. Here, 
we present detailed three-dimensional (3D) information 
on our reported engineering campaign13 from the struc-
tural perspective of four high-resolution crystal struc-
tures: the parental TCR, c728; its derivative engineered 
TCR, c796; and the potentially more cross-reactive engi-
neered TCR, c756 (from a different parent), each in 
complex with pHLA (HLA-A*02:01/MAGE-A10-9). We 
also include a comparison with the c728 parental TCR 
structure alone as an example of the unligated TCR state. 
The new structural data enhance our understanding of 
TCR engagement and suggest TCR and pHLA character-
istics that may be beneficial in terms of safety across TCR 
T-cell therapies more generally.

METHODS
Molecular biology
Bacterial expression plasmids harboring the genes for 
β-2-microglobulin (residues 1–99) as well as HLA-A*02:01 
alpha chain (residues 1-276), TCR alpha chains, and TCR 
beta chains lacking transmembrane regions or signal 
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peptides were generated similarly to those previously 
described,13 except with no additional purification tags 
present.

Protein production
TCR chains were expressed individually in E. coli Rosetta 
cells (Novagen/Merck, Germany) as insoluble inclu-
sion bodies and purified largely as described.13 Briefly, 
TCRs were produced by refolding in 8M urea and slow 
dialysis. A molar ratio of 1.2:1 alpha to beta chain was 
mixed under denaturing conditions and dialyzed for 
up to 48 hours in 10 mM Tris pH 8.0 before performing 
ion exchange chromatography (HiTrap MonoQ; Cytiva, 
USA), followed by size-exclusion chromatography (HR 
16/600 or HR 10/300 columns; GE Healthcare, UK). 
pHLA was produced similarly but with a 1:2 molar ratio 
of HLA alpha chain to β-2-microglobulin and an excess 
added of the MAGE-A10-GLY 9-mer peptide (>98% 
purity; Peptide Protein Research, UK) with up to 60 
hours of refolding with dialysis, followed by ion exchange 
chromatography and size-exclusion chromatography. 
TCR–pHLA complexes were formed by mixing equim-
olar quantities of pHLA and TCR, and final purification 
by size-exclusion chromatography in phosphate-buffered 
saline.

Protein crystallization and X-ray diffraction
Proteins (TCR or TCR–pHLA complexes) were centri-
fuged before setting up crystallization trials. The final 
concentrations ranged between 10 and 20 mg/mL. All 
proteins were mixed in 96-well Greiner plates either as 2:1, 
1:1, or 1:2 ratios, with the screen solution (mother liquor) 
from commercial primary sparse-matrix screens using a 
Mosquito liquid handler (SPT Labtech, UK). Final drop 
volumes were 200 nL; plates were incubated at 20°C in a 
Rock Imager (Formulatrix, USA). c728 TCR at 19 mg/mL 
crystallized when mixed 1:2 with 0.2 M lithium sulfate, 
0.1 M MES pH 6.0, 20 % w/v PEG 4000 (ProPlex screen, 
Molecular Dimensions, UK). The following relate to trials 
using the PACT Premier screen (Molecular Dimensions, 
UK): c728 TCR–pHLA (at 10.7 mg/mL) crystals grew 
from 0.02 M sodium/potassium phosphate, 0.1 M bis-Tris 
propane pH 6.5, 20% w/v PEG 3350; c756 TCR–pHLA (at 
10.3 mg/mL) crystals grew from 0.2 M sodium chloride, 
0.1 M MES pH 6.0, 20% w/v PEG 6000; c796 TCR–pHLA 
(at 10.2 mg/mL) crystals grew in 0.2 M ammonium chlo-
ride, 0.1 M HEPES pH 7.0, 20% w/v PEG 6000. All crys-
tals were harvested by exchanging first into mother liquor 
supplemented with 20% glycerol before cryopreservation 
in liquid nitrogen.

Synchrotron X-ray data were collected with an X-ray 
wavelength of 0.9763 Å at beamline I03 by Diamond Light 
Source Industrial Liaison Unit and beamline staff.

Data processing and model refinement
X-ray data were processed within the CCP4i suite20 by 
first integrating diffraction image spots with iMOSFLM21 
or DIALS22 in the XIA2 pipeline,23 data reduced with 

AIMLESS24 and then phasing by molecular replacement 
using PHASER.25 The TCR structure with Protein Data 
Bank (PDB) code 3QEU26 was used as a search model for 
phasing the TCR component of the c796 TCR–pHLA/
MAGE-A10-9 complex, but with the complementarity-
determining region (CDR) 3 loops removed from the 
model. The pHLA component was identified using a high-
resolution HLA-A*02:01 structure presenting MAGE-A4 
peptide (PDB code: 1I4F27) as the molecular replacement 
search model, but with the peptide removed.

Models were refined iteratively with several rounds 
of automated refinement in REFMAC528 and manual 
model building in Coot.29 The refined c796 TCR–pHLA 
complex model was subsequently used to solve the other 
structures. The structure of the c728 TCR alone and in 
complex, and that of c796 TCR in complex with pHLA/
MAGE-A10-9, had peptide Phi/Psi angles for 100% 
of residues in the allowed or favorable regions of the 
Ramachandran plot according to Molprobity analysis.30 
The highest resolution c756 TCR–pHLA complex struc-
ture had all but one residue within the most favorable or 
allowed regions (table 1). The higher-energy residue was 
Ala97 in the βCDR3 loop and was precisely defined by the 
electron density in the middle of the TCR–pHLA-binding 
interface. To note, the equivalent residue is a Thr in the 
c728/c796 structural complexes and was borderline in 
the ‘allowed’ region.

RESULTS
Comparison of HLA-A*02:01 presentation of MAGE-A10 and 
MAGE-A4 peptides
To understand better the mechanism of action of our 
parental and engineered TCRs, we aimed to obtain 3D 
structural data. We set up crystallization trials with c728, 
c756, and c796 TCRs in complex with HLA-A*02:01 
presenting the cancer target MAGE-A10 9-mer peptide 
(full sequence: GLYDGMEHL), here termed pHLA/
MAGE-A10-9. We also crystallized the parental TCR (c728) 
alone. This produced thin crystalline plates diffracting to 
2.3 Å resolution. We then obtained larger single crystals 
of c728 TCR in complex with pHLA/MAGE-A10-9, solved 
to high resolution for a TCR–pHLA complex (1.8 Å). 
This represents the first reported view of a MAGE-A10 
peptide bound to an HLA molecule. We did not obtain 
diffraction-quality crystals of the pHLA alone in the time 
available.

There is similarity in the local structural arrange-
ment adopted by the MAGE-A10 9-mer peptide and the 
MAGE-A4 10-mer counterpart (GVYDGREHTV) when 
crystallized (PDB codes: 1I4F & 6TRO), but due to the 
shorter length of MAGE-A10-9, there is no pronounced 
central bulge as for the equivalent MAGE-A4 peptide 
(figure 1). A common feature of these MAGE peptides 
is the bulky Tyr in the p3 position (p-Tyr3). This residue 
embeds itself below the surface of the peptide toward 
the base and side of the HLA peptide groove. It electro-
statically bonds across to the negatively charged p-Glu7 
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residue on its own peptide chain. The MAGE-A10 peptide 
is clearly visible (figures 2 and 3) looking down on the 
TCR as the peptide sits between TCR alpha chain variable 
domain (TRAV) and TCR beta chain variable domain 
(TRBV), with the HLA removed from view in figure  3, 
and the HLA-binding part of the peptide exposed at the 
surface. Although we were unable to obtain sufficiently 
high-resolution crystals of pHLA/MAGE-A10-9 alone, the 
peptide—with self-interactions and embedded docking 
position—appears to be particularly stable. The intra-
chain hydrogen bonding results in a unique local struc-
ture, involving the bulky hydrophobic tyrosyl group and 
aliphatic portion of p-Glu7 in close contact with the HLA-
binding groove.

Parental TCR retains its overall CDR loop geometries upon 
binding to pHLA
The unbound or ‘free’ parental TCR (c728) crystallized 
with two molecules in the crystallographic asymmetric 
unit. After protein model building, one of the two TCR 
copies had better-defined CDR3 loop density, and thus we 
used this copy to compare the TCR with its pHLA-bound 

state. In the complex, as would be expected on docking 
into a more restricted conformation, all TCR CDR loop 
residues were visible with clear electron density. Of note, 
the c728 TCR–pHLA complex also crystallized with two 
molecules in the asymmetric unit, although there were 
no remarkable differences between the two at the pHLA-
binding interface. On superposition, it was clear that the 
TCR conformation in the pHLA-bound form was nearly 
identical to its unbound state.

The TRAV domain backbone in particular was largely 
conformationally invariant between states, with minimal 
deviation of all CDR loop positions and also the entire vari-
able domain. The TRBV domain also maintained the same 
general trajectories of its CDR loops, but a rigid-body-like 
concerted movement of all βCDR loops relative to the TRAV 
domain occurred. The TRBV has pivoted a little around a 
central axis between TCR chains, displaying a maximal shift 
of 2.7 Å at the outer edge (figure 2). This has allowed more 
favorable positioning with respect to the pHLA α1 and α2 
helices and peptide; local side-chain movements of various 
residues in the vicinity of these segments are discernible.

Table 1  X-ray data processing and model refinement information

Parameter Protein crystallographic details

Data processing

Protein content c728 TCR c728 TCR and 
HLA-A*02:01/
MAGEA10-GVY-9

c796 TCR and 
HLA-A*02:01/
MAGEA10-GVY-9

c756 TCR and 
HLA-A*02:01/
MAGEA10-GVY-9

Space group P1 P1 P21 P21

Unit cell parameters:

 � Lengths a, b, c (Å) 54.9, 59.2, 86.0 54.1, 95.8, 106.3 54.3, 77.5, 115.1 54.2, 77.4, 116.7

 � Angles α, β, λ (°) 101.9, 105.9, 104.7 109.2, 96.5, 99.7 90.00, 102.9, 90.0 90.0, 102.7, 90.0

Resolution range (Å) 79.0–2.27 81.9–1.82 77.5–2.04 77.5–1.54

No. of unique reflections 38 348 158 062 59 081 134 415

I/σ(I) 4.3 (2.3) 4.7 (0.7) 5.7 (1.6) 6.4 (1.0)

Rmeas 16.6 (29.7) 13.9 (95.0) 14.5 (90.4) 10.5 (138.1)

Multiplicity 1.5 (1.5) 1.5 (1.4) 2.9 (2.8) 3.2 (3.1)

CC1/2 0.957 (0.898) 0.986 (0.464) 0.988 (0.728) 0.995 (0.331)

Completeness (%) 86.2 (84.5) 90.2 (87.5) 99.3 (98.7) 96.9 (95.8)

Model details and refinement statistics

Rwork (%) 19.2 (25.5) 20.2 (33.6) 18.6 (29.3) 20.2 (33.9)

Rfree (%) 25.2 (31.9) 22.9 (33.4) 23.6 (30.9) 23.6 (32.1)

No. of atoms 7061 13 735 6829 7098

No. of waters 299 637 349 528

No. of copies in 
asymmetric unit

2 2 1 1

Ramachandran plot (%)

Favored regions 96.9 97.4 96.3 97.5

Allowed regions 3.1 2.6 3.7 2.4

Outliers 0 0 0 0.1

HLA, human leucocyte antigen; TCR, T-cell receptor.
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Mode of TCR engagement to the MAGE-A10 peptide
The parental TCR engaged onto the MAGE-A101 GLYDG-
MEHL9 peptide using two main features: p-Asp4 and 
p-Met6 (figure  2B). These central side-chains protrude 
out toward the TCR. p-Met6 pokes into a cavity between 
the TCR chains, flanked on four sides by hydrophobic 
interactions from two αCDR3 Arg residues (amino acids 
93 and 98), which can also H-bond to the peptide back-
bone; βCDR1 Tyr32; and the central part of the βCDR3 
backbone near to Thr97 (figure 2C).

αCDR3 Arg98 is heavily implicated in peptide engage-
ment, as it also uses its positive charge to couple electro-
statically to p-Asp4, which provides an additional anchor 
point for the p-Gly5 backbone nitrogen. This mode 
of docking—like a two-pin MAGE-A10 peptide plug 
into a TCR socket—was seen consistently for all TCRs 
mentioned in this report (see below).

An engineered conservative mutation greatly impacted TCR 
affinity and potency
As previously reported,13 the parental c728 TCR was engi-
neered to a high-affinity form (c796), which passed our 
preclinical safety program and entered phase I/II clinical 
trials18 19; it is currently undergoing post-study evaluation. 
For successful engineering, it sufficed to switch residue 31 
in βCDR1 from Glu (E) to Asp (D), retaining the negative 
charge to gain a ~sixfold increase in affinity, which also 
maintained high specificity to the pHLA/MAGE-A10-9 
target. Crystallography allowed investigation of why such 
a minimal change—that is, the removal of a single back-
bone -CH2 unit and consequential shortening of a βCDR1 
residue side-chain—might cause this affinity increase.

Large, single crystals of the higher-affinity engi-
neered c796 TCR in complex with pHLA/MAGE-A10-9 
grew readily as thick plates up to 0.5 mm in length and 
diffracted to 2.1 Å resolution. Superimposition of the two 

complexes through structural alignment of the peptide-
binding domain of the HLA alpha chain (residues 1–180 
only) allowed clearer visualization of changes at the 
binding interface. In this overlay, the peptides structur-
ally aligned with barely noticeable differences in their 
positions (note, HLA chains are removed from view in 
figure 3A). The following observations are evident:
1.	 The c796 TRAV domain CDR loops adopt the same 

positions as seen in the c728 TCR complex, which is 
unsurprising, given that no modification was engi-
neered into the αCDR1-3 loops. However, the short-
ening of the βCDR1 Glu side-chain to Asp allows a 
direction change for the side-chain to fit into the space 
adjacent to the peptide’s C-terminal end. Glu in the 
parental TCR is slightly too long, whereas Asp in the 
engineered c796 derivative TCR permits this shifted 
peptide-leaning conformation (figure 3A).

2.	 In swinging toward the pHLA, the modified Asp brings 
with it the entire βCDR1 loop, with a maximal shift 
of ~1.2 Å, and each βCDR loop also moves in concert 
with βCDR1 (ie, as an apparent rigid body indicating 
loop interconnectivity). Thus, the upper part of the 
TRBV region is pulled in through inter-βCDR loop 
bonding networks by the engineered Asp.

3.	 The gap created by the inability of the c728 TCR Glu 
residue to bend toward the pHLA without a clash is 
obligatorily filled with solvent (several water molecules 
occupy the void, figure  3B, left and middle panels). 
The side-chain of the Asp mutant now lying in this 
space has necessarily caused restructuring of the in-
terfacial solvent network at this site, with water remov-
al allowing closer contact with pHLA at the mutated 
position. In the new arrangement, because the TRBV 
can move in marginally closer toward the pHLA, new 
contacts to the TCR become possible. While still not 

Figure 1  Structures of melanoma-associated antigen (MAGE)-A10 GLYDGMEHL peptide and the published MAGE-A4 
GVYDGREHTV homolog. The MAGE peptides as crystallized within the T-cell receptor (TCR)–peptide–human leucocyte antigen 
(pHLA) complexes are depicted in isolation, with MAGE-A10 9-mer from this study compared with the MAGE-A4 10-mer 
peptide from a recently reported structure (Protein Data Bank code: 6TRO).42 In this orientation, though removed from view, the 
TCR would be on top and HLA below. MAGE-A10 presents two key side-chains to the TCR: p-Asp4 and p-Met6, like a 2-pin 
plug. Curiously, the bulky p-Tyr3 (Y3) prefers to bend into the HLA’s peptide-binding groove in both MAGE peptides and H-bond 
to a position further along the peptide chain: in MAGE-A10 to the side-chain of p-Glu7, which also avoids TCR exposure; in 
MAGE-A4 to the backbone nitrogen of p-Arg6. This internal non-covalent stapling and side-chain positioning with increased 
HLA contact might be expected to bring added conformational stability within the peptides themselves and to the pHLA 
complex. Although highly similar at the 1D sequence level, the two peptides are otherwise structurally dissimilar in the context 
of an HLA, due to the MAGE-A4 10-mer adopting a central bulge to accommodate the extra amino acid, which influenced the 
docking location over the peptide’s N-terminus of the reported GVY01 TCR.42 Image generated with PyMOL (Schrödinger, New 
York, New York, USA).
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directly bound to pHLA, the Asp residue can H-bond 
to an invariant water as seen in all three complexes dis-
cussed in this report. Differential H-bonding opportu-
nities are depicted for c728 and c796 (figure 3B, left 
and middle panels). The effect of moving TRBV closer 
to the pHLA and other differential contacts are more 
easily appreciated in the zoomed view of each com-
plexed TCR when overlaid. For example, TRAV Lys72 
in the interloop framework region, which resides too 
far from the pHLA in the parental TCR, becomes 
shifted by 0.9 Å to enable H-bonding to a well-defined 
solvent molecule that can act as a TCR–pHLA bridge 
(figure  3B, right panel). Although we have not at-
tempted to quantify this theoretically, the potential en-
tropic benefit of solvent exclusion at the TCR–pHLA 

interface could also be relevant to the increased bind-
ing affinity reported.13

Higher specificity of the clinical TCR is encoded in its CDR 
loop sequences and local structure
During our discovery/engineering programs, we routinely 
generate multiple TCR candidates. It is critical to select 
optimal TCR(s) not only for improved affinity and func-
tional potency, but also for the highest specificity. As 
described previously,13 Adaptimmune’s two leading ther-
apeutic candidates targeting MAGE-A10 were ultimately 
distinguished by X-scan peptide selectivity profiling. This 
revealed that the second leading engineered TCR from a 
different parent, termed c756, was potentially the more 

Figure 2  Views of parental c728 T-cell receptors (TCRs) before and after peptide–human leucocyte antigen (pHLA)/melanoma-
associated antigen (MAGE)-A10-9 engagement. TCRs were superimposed on their TCR alpha chain variable domains (TRAV) 
(c728, pale yellow—unbound; c796, yellow—bound), which permits the interchain movement to be visualized with respect to 
the TCR beta chain variable domain (TRBV; note, the TRAVs had a lower self root-mean-squared deviation than TBRV, indicating 
higher internal rigidity/conformational invariance). The TRAVs had barely any shift, even α complementarity-determining 
region (CDR)3. With the TRAV fixed, there is a relative shift of the parental c728 TCR TRBV domain (unbound, cyan) on pHLA 
engagement to its new position (bound, orange; red arrow). This movement is not large, less than 3 Å at its widest point distant 
from an apparent hinging axis down through the central TRAV–TRBV interface. In (A), the pHLA is on top and the TCR below; 
the α1 and α2 helices (white) are made partially transparent to see the TCR beneath. The rotation of TRBV is necessary to 
avoid clashes with the HLA helices in order to dock. The MAGE-A10 peptide (GLYDGMEHL; pink sticks) buries its bulky Tyr3 
side-chain into the HLA peptide-binding groove away from TCR but reaches under/across with an H-bond (red dashed line) to 
the buried p-Glu7 achieving a non-covalent cyclization arrangement resembling a self-staple. The TCR docks in a very central 
position with little tilt. (B) View of the interface from the side with c728 TCR on top bound to pHLA underneath, illustrating the 2-
pin plug engagement. p-Met6 protrudes directly up between the TCR chains, and p-Asp4 points off to the side into a shallower 
pocket in the TRAV domain (see also figure 4B). (C and D) Detail at the c728 TCR–MAGE-A10 peptide interface. p-Met6 slots 
into a tunnel flanked by two of three αCDR3 Arg residues (R93 and R98), βCDR1_Y32, and the backbone of βCDR3_T97. The 
αCDR3 Arg residues engage at multiple contact points, including p-Asp4 side-chain and backbone. Additional TCR–peptide or 
TCR–HLA contacts are annotated in (D). Images generated with PyMOL (Schrödinger, New York, New York, USA).  on A
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cross-reactive despite being slightly less potent, driving 
our choice for progressing with c796 TCR.

The two rival TCRs (c796 and c756) share a common 
TRAV12-2 α-chain with only two CDR1 or 2 loop differ-
ences, namely additional engineered Q32S and S53A 
substitutions in c756, but they included an identical 
αCDR3 region. However, the βCDR loops, although 
TRBV6-5 in origin, had non-identical βCDR3 loop 
sequences, and c756 lacked the engineered βCDR1 E31D 
mutation described above for c796. We postulated, there-
fore, that any sequence differences at the binding inter-
face—the different β-chain in particular—might have 
contributed to the lower selectivity of c756.

To better visualize this, we crystallized c756 TCR in 
complex with pHLA/MAGE-A10-9 and compared the 
molecular details at the TCR–peptide binding interface 
with those observed in the c796–pHLA/MAGE-A10-9 
complex. Again, single crystals grew from the c756–
pHLA/MAGE-A10-9 complex, one of which diffracted to 
beyond 1.54 Å. This resolution is uncommonly high for a 
TCR–pHLA complex, offering a more precise view of the 
molecular interactions at the binding interface. At the 
time of writing, it was the second-highest resolution TCR–
pHLA complex structure to be deposited in the PDB.31

Superimposition of this complex on the c796 TCR–
pHLA/MAGE-A10-9 complex allowed a close compar-
ison of their binding modes. First, the way in which 

Figure 3  Comparison of peptide–human leucocyte antigen (pHLA) docking between parental (c728) and engineered (c796) 
T-cell receptors (TCRs). Complexes were superimposed based on an HLA α-chain peptide-binding domain superposition 
(residues 1–180). (A) View depicting how the peptide sits on the TCR binding interface. It is striking how aligned the peptides 
are, as well as the TCR alpha chain variable domains; the shorter E31D side-chain in the engineered c796 TCR mutation flips 
toward the pHLA and brings with it all β complementarity-determining region (CDR) loops in a rigid-body movement (the dashed 
blue oval shows the mutation site). The HLA is removed for clarity. CDR loop and peptide labels adopt the color scheme of 
the c796 TCR complex (see below). (B) Detail around the C-terminus of the peptide for pHLA complexed to c728 (left panel) or 
c796 (middle panel); HLA is above and TCR below. The two TCR–pHLA complexes are shown superimposed (right panel). An 
invariant water molecule bridging p-His8 and HLA is shown (middle panel; red dashed circle), which the c796 TCR E31D mutant 
can twist toward and latch on to, pulling with it the TCR beta chain variable domain (TRBV) Lys72 (Vβ_K72). This Lys72 indirectly 
links to HLA through another bridging water, which was too far in the parental TCR complex. Color scheme: HLA α-chain (gray); 
c728 complex: TRBV (orange), solvent/water molecules (white spheres), peptide (white sticks); c796 complex: TRBV (green), 
water molecules (cyan spheres), peptide (pink sticks); H-bonding opportunities shown for the individual complexes (raspberry-
colored dashes, left and middle panels). Red crosses (X; right panel) emphasize the loss of interfacial solvent molecules in the 
engineered c796 TCR–pHLA complex, and the small red arrow shows a displacement of 1 water molecule in the c796 complex 
relative to its position in the c728 complex. Images generated with PyMOL (Schrödinger, New York, New York, USA).
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αCDR3 engages with the central peptide portion is very 
similar to c728 and c796, and not unexpected given their 
100% shared sequence identities. However, the different 
βCDR3 in c756 has a key effect: it twists away from the 
TRAV αCDR3, opening a central cavity at and around 
the base of where peptide p-Met6 plugs in (ie, sculpting a 
wider and deeper cavity; figures 4B and 5). Our previously 
reported X-scan demonstrated that the central peptide 
residues Asp4-Gly5-Met6 could be swapped one at a time 
to a greater number of other amino acids and still elicit 
functional responses with c756 TCR (ie, c756 tolerated 
more variants of the cognate peptide; figure 4A).13

By modeling substitutions in the structure, it was 
apparent that the larger cavity allows the branched amino 
acid Leu to be accommodated without impacting the 
βCDR3 position (not shown). In the c796 TCR complex 
the βCDR3 backbone and side-chains close up this cavity 
to some extent around the wild-type MAGE-A10 peptide, 
whereas additional water molecules in the c756 complex 
are observed in the central cavity. The p-Gly5 position 
benefits from a new cavity just underneath in which 
smaller side-chains might be accommodated consistent 
with previous X-scan data.13 We note that the extra c756 
TCR internal spaces may simply allow expansion of the 
peptide volume, yet prevented from happening by the 
space-filling rigidity of c796 TCR (figure 5). The binding 
interface is also affected by the Q32S substitution unique 
to c756 αCDR1, which again manifests a similar effect: 
the reduction in serine side-chain volume leaves a less 
occluded surface close to peptide residue p-Asp4. The 
αCDR2 S53A mutation on c756, however, is distant from 
the peptide–TCR interaction site and appears to be of no 
consequence to specificity differences (figures 4B and 5).

The c756 TCR TRBV has an altered surface charge, 
from negative to neutral in the contact region with the 
MAGE-A10 C-terminus, near to p-His8 (figure 4B). The 
reported X-scan showed c756 TCR was permissive to an 
increased number of mainly smaller non-charged resi-
dues at that peptide position (figure 4A),13 complemen-
tary to this surface. An electrostatic potential surface for 
the whole pHLA reveals close charge complementarity 
between key peptide residues interacting with c796 TCR 
(figure 4D). Where complementarity is less well matched, 
it seems the solvent structure may compensate to further 
stabilize the interaction, as discussed above (figures  3B 
and 4C).

DISCUSSION
The clinical efficacy in solid tumor settings of adoptive 
T-cell therapies (eg, targeting NY-ESO-1, MAGE-A4, and 
others) has highlighted the potential benefits to patients 
of TCR T-cell therapies. However, the deaths of a small 
number of patients in certain TCR-based immunotherapy 
trials have highlighted the danger of unrecognized cross-
reactivity. Understanding better the specificity of TCRs 
for their cognate peptide–HLA targets and what may 
govern potential off-target peptides is therefore critical 

for their safe therapeutic application. It is clear we should 
continually improve and refine our safety testing methods 
as we build our understanding of TCR cross-reactivity/
specificity, which is nourished by continual interrogation 
of the ever-expanding TCR–pHLA structure database.

The literature describes various approaches to explore 
TCR cross-reactivity and specificity, from experimental 
library screening methods to computational approaches 
and predictions (reviewed by Lee et al17). The funda-
mental forces governing cross-reactivity/specificity are 
strongly related to the nature of the interacting surface of 
the TCR, and to that of the peptide presented by the HLA 
(major histocompatibility complex) molecule. Although 
screening methods can profile the potential interactomes 
(or cross-reactomes) of a given TCR or TCR pair, the fine 
details of why one TCR has higher specificity than another 
can only be properly understood by a careful compara-
tive analysis of their individual molecular structures in the 
context of supporting experimental data. Thus, our study 
presented the crystal structures of MAGE-A10 TCRs inter-
preted with respect to previously published biochemical 
and cell biological data,13 offering unforeseen explana-
tions for their functional properties.

The MAGE-A10 peptide plugs two protruding residues 
(p-Asp4, p-Met6) into the TCR ‘socket’. One key finding 
was that sequence differences in the less selective c756 
TCR created additional cavities between the TCR and 
the peptide, compared with the c796 TCR—the basis 
for Adaptimmune’s ADP-A2M10 clinical SPEAR T-cell 
product. As a result, in specific neighboring positions, 
substitution of the peptide’s amino acids should be more 
likely with sufficient space to allow a broader set of side-
chains. These changes may be accommodated by the TCR 
without steric repulsion in some cases, or by the central 
cavity allowing minimal local TCR rearrangements to 
accommodate the different peptide geometries, while 
maintaining the overall docking mode.

Altered surface electrostatics (neutralization of a 
negative charge) in a p-His8-proximal TRBV residue 
allowed twice the number of side-chains to be reactive 
toward c756 TCR, essentially those with non-charged, 
small-length/medium-length side-chains (figure  4A).13 
Therefore, the ability of the MAGE-A10-targeting TCRs 
to cross-react with non-cognate peptides is most simply 
explained by the level of complementarity at the TCR–
pHLA interface. c796 TCR, with its higher complemen-
tarity, offers less room for maneuvering and chemical 
change in the context of different HLA-bound peptide 
sequences compared with c756. By extension, structural 
insights support the notion that amino acid substitutions 
with space-filling side-chains at CDR positions that do not 
apparently contribute to functional potency improve-
ments may be more generally useful if they reduce the 
degrees of freedom around the peptide. In this manner, 
the repertoire of antigenic peptides with similar sequences 
tolerated would be more heavily restricted, reducing the 
likelihood of cross-reactivity, which might depend on the 
TCR and pHLA in question.
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Figure 4  Sequence differences between MAGE-A10 T-cell receptors (TCRs) create different binding surface geometries and 
electrostatics that can influence potential cross-reactivity. (A) Summarized X-scan motifs for c756 and c796 TCRs (reassembled 
from Border et al13). Color code: white background—same residue restriction at a given position; red intensity is proportional 
to the increased number of amino acids tolerated by one TCR relative to the other. (B) Comparison of three MAGE-A10 TCR–
peptide (GVYDGMEHL) interactions; the underlined, bold peptide positions are TCR-facing. Electrostatic surface potential (ESP) 
representations of TCR bound to MAGE-A10 peptide (green ball-and-stick view) show the central cavity in TCR where p-Met6 
docks (ESP coloring: red, negative charge; blue, positive; white, netural). Note, HLA would sit above but is removed from view. 
The yellow asterisk (left and middle panels) denotes the engineered position of the engineered TRBV E31D mutation. Additional 
cavities and flanking spaces are available around the peptide’s central residues, and electrostatic changes proximal to the 
penultimate His in c756 TCR (right panel, gold arrows), consistent with its ability to accommodate a wider variety of peptide 
side-chains. In the middle panel, the two residue positions that differ between the TRAV domains in c796 and c756 TCRs are 
indicated for c796 TCR (black dashed circles); Q32S and S53A are the substitutions in c756 TCR (right panel), and S32 provides 
more space by the target peptide. Differences associated with the sequence of c756 TCR TRBV, including neutralization of the 
TRBV negative charge in c796 (bottom left of image) near to p-His8, permit all the small non-charged or hydrophobic residues 
to sit at that site in the context of a c756 TCR interaction. (C) ESP views for the TCRs in the same order as in part (B), shown 
with TCR/MAGE-A10 peptide-proximal solvent structure. The water molecules (cyan spheres) are observed crystallized in that 
position; note, more distant water molecules above the plane of the peptide are removed from view. There are many water 
positions in common. Changes occur near to the E/D31 position in c728 and c796 TCRs, and a marked increase in water 
molecules is seen at the Q32S site in the c756 TCR complex, where the increased space is solvent-filled (right panel). (D) ESP 
surface of MAGE-A10 peptide–HLA as 100% and 50% opaque views (left and middle panels, respectively) to allow visualization 
of the enclosed peptide. The pHLA is one half of an ‘open book’ representation of the full TCR–pHLA complex, with c796 TCR 
(on the far right) peeled off the pHLA. Note, the MAGE-A10 peptide is shown bound to both HLA and TCR to orient the mapping 
of key TCR-interacting residues in the -peptide: p-Asp4, p-Met6, and p-His8 (gray dashed lines). ESP surface representations in 
(B) to (D) were generated using default settings with CCP4mg.50
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This phenomenon might be related to the observation 
that the number of residues involved in a TCR–pHLA 
interaction correlates with cross-reactivity. Evidence 
suggests that the lower the number of direct binding sites, 
the more cross-reactive the TCR is likely to be.32 Given 
that TCRs are by their nature cross-reactive,33 it is possible 
that higher affinity and indeed additional binding spec-
ificity to other peptides may arise with a TCR that does 
not maximize the interfacial space-filling around its 
cognate antigen. However, the number of hotspot resi-
dues contributing binding energy may need balancing, so 
as not to reach too high an affinity for optimal function-
ality in the context of a cell–cell interaction.

Since cross-reactivity to a single off-target off-tumour 
peptide–HLA is sufficient to render a potential T-cell 
therapy unsafe,5 6 extensive preclinical cell-panel testing 
and carefully controlled dose-escalation studies are vital. 
One useful approach has been the X-scan method, which 
interrogates single amino acid changes along the peptide. 
Though informative, this method only covers a small frac-
tion of the potential cross-reactome. For example, the 
X-scan cannot identify orthogonal binding modes, and 
hence a broader approach is important, including exten-
sive screening of TCR T-cells on cell lines and primary 
cells, with other methods available.34–36 In theory, any 

TCR could adopt orthogonal binding modes, but it seems 
logical that the likelihood would be reduced for more 
rigid TCRs, with specificity tailored to a distinctive target 
surface. This should be especially true when a target 
peptide contains more pronounced, irregular features, 
as opposed to flatter, less varied peptide structures37 (eg, 
composed of small, non-polar residues). Optimizing the 
TCR interaction and surface complementarity does not 
preclude off-target binding, yet this should reduce the 
probability that there is another suitable surface to bind 
to differentially. Prioritizing TCR–pHLA systems with 
such properties and building in specificity to the most 
variable portion (ie, the peptide) would seem productive.

The structure-guided design approach may permit 
refined specificity/cross-reactivity control,38 especially 
if off-target cross-reactivities are known. This has been 
demonstrated for DMF5 TCR engineering39 40 and 
attempted for re-engineering a MAGE-A3 TCR to reduce 
off-target Titin peptide cross-reactivity6; other examples 
are known (eg, those described by Spear et al41).

With respect to intrinsic structural protein properties 
the first structural view of HLA-A*02:01/MAGE-A10, 
reported herein, revealed how p-Tyr3 H-bonds to p-Glu7 
within the peptide chain embedded in the HLA peptide-
binding groove. The resultant conformation created a 

Figure 5  Comparison of internal cavities within engineered T-cell receptors (TCRs) and around melanoma-associated antigen 
(MAGE)-A10 peptide. Cavities are represented as burgundy blobs and were calculated and represented using YASARA 
Structure (YASARA Biosciences, Vienna, Austria). The c796 TCR (left panel, green shades) has a more space-filling central 
region in the TCR variable domain interface, largely caused by β complementarity-determining region (CDR)3_D98 (not 
highlighted) which extends between the TCR variable domains bonding to human leucocyte antigen (HLA) alpha chain Q156 
and adjacent to αCDR3_R93 (note, the HLA molecule is not depicted in the view, but would be positioned above). Thus, the 
central cavity of the complexed c796 TCR is relatively small compared with that of c756 TCR (right panel, purple shades)—its 
βCDR3 loop taking on a different trajectory, with a Thr residue at the 98 position, incapable of bonding to HLA or TCR alpha 
chain variable domain (TRAV) in the same manner. The additional total cavity volume in c756 TCR suggests that differences 
within the HLA-bound peptide should be more easily accommodated either directly, or by the greater freedom of movement 
of the TCR CDR3 loops presumably allowed, consistent with the reported X-scan data (figure 4A). The chain-colored spheres 
depict the two TRAV12-2 residues that are non-identical between the two TCRs: Q32S and S53A in c756 relative to c796 TCR. 
The former substitution reduces some space-filling volume close to the MAGE-A10 peptide, which becomes filled with solvent 
in the crystal structure (figure 4C, right panel). The more distant S53A substitution appears to have no direct influence on TCR–
peptide interactions.
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non-covalent side-chain ‘self-staple’. This is reminiscent of 
the related MAGE-A4 peptide local structure (PDB code: 
1I4F26), which displays a p-Tyr3 to p-Arg6 intra-chain 
electrostatic interaction, also tucked into the groove, but 
the tyrosyl ring H-bond reaches to the backbone N or 
O of p-Arg6. The MAGE-A4 peptide in the pHLA alone 
(PDB code: 1I4F26) or when bound to TCR (PDB code: 
6TRO42) maintains its docked position on TCR ligation 
except for expected local side-chain rearrangements on 
the TCR-facing edge.

These peptide structures with apparent self-stabilization 
and larger direct contact area within the HLA-binding 
groove might be expected to impart greater stability to 
the pHLA complex, and this has been confirmed by in 
vitro experimental work (our unpublished data; EC 
Border and S Bruton, personal communication). There 
are limited other parallels with the MAGE-A4 pHLA 
structure due to the MAGE-A4 10-mer peptide adopting 
a central bulge to accommodate the additional amino 
acid. This influenced the off-center docking location over 
the peptide’s N-terminus of the reported GVY01 TCR,42 
unlike the central position of the MAGE-A10 TCR set 
presented here.

Another finding was that the parental TCR (c728) 
maintained a near-identical TRAV conformation before 
and after pHLA engagement, with all but local side-chain 
rearrangements. There was a little more movement in the 
TRBV loops, but it was a minor rigid-body rotation that 
appeared to enable optimal pHLA docking. The main-
tenance of CDR loop positions between free and pHLA-
ligated structures suggests in-built loop rigidity. In other 
words, a preferred or dominant conformation would exist 
in the TCR (or TCR population)—that is, predetermined 
even before pHLA engagement. It has become apparent 
from the growing TCR–pHLA structure database that 
CDR loop flexibility, which can contribute to cross-
reactivity,43 is sequence-specific rather than a universal 
TCR feature (eg, as described by Holland et al44). It stands 
to reason that lower inherent conformational flexibility 
should restrict promiscuity of binding and may be a 
useful metric when triaging discovery TCRs, if structural 
information is available.

Outside the scope of this analysis, but an interesting 
follow-up, would be to analyze the energetic landscape 
of the parental and engineered TCRs by molecular 
dynamics simulations as described,45 46 and to compare 
TCR loop conformations using solution methods (eg, 
nuclear magnetic resonance spectroscopy), as reported.47 
It would also be intriguing to understand whether deep-
learning approaches, such as implemented in AlphaFold 
2 (DeepMind)48 with great success at structure predic-
tion in the CASP14 contest,31 could reproduce more 
authentic CDR loop sequence topologies by learning 
rules governing which sequence combinations encode 
intrinsically more rigid structures. By understanding 
more fully the TCR rigidity/flexibility issue for structure-
based design, we might better predict positional coordi-
nates and functional characteristics.

CONCLUSION
These new protein structures have illuminated our under-
standing of functional engineering and specificity data as 
well as differences in TCR cross-reactivity profiles. Adapti-
mmune’s MAGE-A10-targeting TCR product, originating 
from in vitro phage display libraries and affinity-enhanced 
by engineering, has displayed a manageable safety profile 
in clinical studies. This is the ultimate test of specificity, 
which validates the development approach taken of TCR 
affinity enhancement. We associate the beneficial phys-
icochemical features within the engineered c796 TCR–
pHLA complex structure with fundamental contributions 
to its safer in vivo profile.

Correction notice  This article has been corrected since it was first published 
online. BCDR2 residue E53 has been corrected to bCDR1 E31 throughout the article.
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