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ABSTRACT
Circulating T-cells that have passed thymic selection generally bear T-cell receptors (TCRs) with sub-
optimal affinity for cancer-associated antigens, resulting in a limited ability to detect and eliminate
tumor cells. Engineering TCRs to increase their affinity for cancer targets is a promising strategy for
generating T-cells with enhanced potency for adoptive immunotherapy in cancer patients. However, this
manipulation also risks generating cross-reactivity to antigens expressed by normal tissue, with poten-
tially serious consequences. Testing in animal models might not detect such cross-reactivity due to
species differences in the antigenic repertoire. To mitigate the risk of off-target toxicities in future clinical
trials, we therefore developed an extensive in vitro testing strategy. This approach involved systematic
substitution at each position of the antigenic peptide sequence using all natural amino acids to
generate a profile of peptide specificity (“X-scan”). The likelihood of off-target reactivity was investigated
by searching the human proteome for sequences matching this profile, and testing against a panel of
primary cell lines. Starting from a diverse panel of parental TCRs, we engineered several affinity-
enhanced TCRs specific for the cancer-testis antigen MAGE-A10. Two of these TCRs had affinities and
specificities which appeared to be equally optimal when tested in conventional biochemical and cellular
assays. The X-scan method, however, permitted us to select the most specific and potent candidate for
further pre-clinical and clinical testing.
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Introduction

Adoptive transfer of effector T-cells recognizing tumor anti-
gens is a promising strategy for cancer immunotherapy in
multiple indications.1,2 Cells expanded in vitro from naturally
occurring tumor-reactive T-cells have shown promise in the
clinic,3 but their broader application has been relatively lim-
ited. These cells have undergone thymic selection, removing
those with T-cell receptors (TCRs) that bind strongly to self-
antigens. Because the majority of tumor antigens are self-like,
they may be recognized by the circulating repertoire of T-cells
significantly less strongly than their pathogen-specific
counterparts.4–6 The therapeutic efficacy of T-cells bearing
such TCRs can be further reduced by low levels of peptide-
major histocompatibility antigen complexes (pHLA) on the
surface of some tumor cells.7

Engineering tumor-specific TCRs to enhance affinity to the
higher end of the physiological affinity range8-10 can lead to
improved tumor cell recognition and killing in vitro and in
vivo.10–12 Moreover, patients receiving T-cells bearing an affi-
nity-optimized tumor-specific TCR show evidence of improved
clinical efficacy compared to those treated with T-cells expres-
sing a native TCR.13 Clinical success with adoptive transfer of
naturally occurring tumor-infiltrating lymphocytes has been
largely limited to malignant melanoma,3 whereas affinity-

enhanced TCRs have demonstrated objective clinical responses
in a wider range of indications.14

The specificity by which T-cells recognize their targets has the
potential to avoid the general toxicities observed with conven-
tional chemotherapies. However, prevention and management
of immune-mediated toxicities represents a significant challenge
to the clinical success of adoptive T-cell therapies.12,13,15–19 A
number of mechanisms have been implicated.9,17 One is “on-
target” toxicity, where T-cells respond specifically to their
intended pHLA target but the target is expressed by not only
tumor but also normal healthy tissues.10 The risk of this form of
toxicity can be reduced by extensive validation of expression
patterns and selection of targets that are cancer-associated but
absent or minimally expressed in normal adult tissues. Many
cancer-testis antigens fit these criteria and therefore have
attracted interest as cancer biomarkers and targets for adoptive
T-cell therapies,18,19 in particular members of the well-charac-
terized melanoma antigen gene (MAGE) family.20

In one pair of clinical studies, two patients were treated using
adoptive transfer of T-cells expressing a TCR with enhanced
affinity for an HLA-A*01-restricted peptide originating from
MAGE-A3. Pre-clinical in vitro characterization of the specificity
and efficacy of this TCR did not highlight any safety concerns.
Unexpectedly, both patients suffered fatal acute cardiac toxicity.21
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Apart from male germline cells, the MAGE-A3/HLA-A*01 epi-
tope is restricted to tumor cells and absent from cardiac tissue.
Moreover, in silico BLAST searches for peptides with high
sequence similarity to the target peptide did not identify any
candidate mimotope peptides. An alternative strategy was, there-
fore, employed. First, the main peptide positions recognized by
the affinity-enhanced TCR were identified using a glycine/alanine
amino acid scan.12 From the results, a degenerate motif was
constructed and used for a directed in silico search using the
ScanProsite tool. A peptide from the muscle protein Titin was
identified as the off-target candidate. Its responsibility for the
observed cardiac toxicity was confirmed by cytolytic activity of
the MAGE-A3 TCR-transduced T-cells towards beating Titin-
positive iPS-derived cardiac myocytes.12,22 By contrast, none of
38 cardiac-derived normal primary cell lines grown in 2D culture
were recognized by T-cells expressing the affinity-enhanced
MAGE-A3 TCR. No response was observed to mouse Titin pep-
tide, demonstrating that improved tools were required for pre-
clinical toxicity testing in addition to cell lines and transgenic
mouse models. Herein, we describe the generation and systematic
testing of affinity-enhanced TCRs recognizing an HLA-A*02
restricted epitope from the MAGE-A10 cancer testis antigen.
We also demonstrate the ability of the peptide X-scan assay to
distinguish between two affinity-optimized TCRs, which other-
wise appear similarly potent and specific.

Results

Generation of multiple parental TCRs recognizing the HLA-
A*0201-restricted MAGE-A10 peptide GLYDGMEHL254–262
epitope with a variety of sequence characteristics, binding
affinities and functional performances

Twenty-one TCRs were characterized for recognition of the HLA-
A*0201-restricted MAGE-A10 peptide GLYDGMEHL254–262
(hereafterMAGE-A10254–262) epitope. Surface plasmon resonance
(SPR) showed that their affinities ranged from 1 to 50 µM, in line
with values typically reported for effective engagement of
pHLA.6,23 Ten TCRs, encompassing a range of affinities and
TCR chain pairings, were selected for cloning into a lentiviral
vector. Incubation of TCR-transduced primary human T-cells
with T2 target cells pulsed with varying concentrations of
MAGE-A10254–262 peptide indicated that this subset of parental
TCRs recognize the MAGE-A10254–262 epitope with a range of
sensitivities as determined by the numbers of IFN-γ releasing
cells. Eight of the 10 parental TCRs were also screened for recog-
nition of natively processed antigen. To this end, well-character-
ized MAGE-A10-positive and -negative cell lines and primary
cells were used as targets (Figure 1). All parental TCRs demon-
strated recognition of at least one MAGE-A10+ line, although
several also exhibited evidence of cross-reactivity by recognizing
MAGE-A10− lines.

Enhancing affinity for MAGE-A10254–262 through engineering
parental TCRs improves sensitivity of TCR-transduced T-cells
for target pHLA but can also reduce specificity

To maximize the chances of successful affinity enhancement,
we selected three parental TCRs, c672, c728 and c740, which

appeared to best represent the TCR α- and β-chain diversity
and affinity range of the parent panel (Figure 1 and S1). TCR
c672 contains a single amino acid change from the germline
TRAV sequence. This mutation was reverted to the germline
sequence to create c753, which then acted as the template for
affinity enhancement. The CDR regions of the parental α- and
β-chains were mutated, and the resulting TCRs were tested in
SPR and IFN-γ enzyme-linked immunospot (ELISpot) assays
for affinity, as expressed by the dissociation constant, KD, and
specificity. SPR binding curves and affinity ratios of parental
and mutated daughter TCRs showed that mutations conferred
varying degrees of affinity enhancement for MAGE-A10254-
262/HLA-A*02 (Figure 2). We achieved up to > 15-fold
increases in target binding (c799, KD = 0.14 µM compared
to parent c728, KD = 2.2 µM). Enhanced affinity led to greater
functional potency. T-cells transduced with affinity-enhanced
daughter TCRs responded to target cells pulsed at lower
concentrations of peptide than their parent TCR.
Transduced T-cells were further screened against a panel of
MAGE-A10+ and MAGE-A10− target cell lines and primary
cells (Figure 3).

T-cells transduced with enhanced affinity daughter TCRs
demonstrated elevated responses to MAGE-A10+ cells and/or
responded to a greater number of MAGE-A10+ cell lines than
T-cells transduced with their parental TCR. For example,
c756-transduced cells recognized three more MAGE-A10+

cell lines than c672-transduced cells. TCRs c799 and all
TCRs of the c740 panel which conferred increased cross-
reactivity towards MAGE-A10-negative target cells were
excluded from further testing (members of the c740 panel
were also not tested against cell lines HA2 and HPF4 owing
to significant responses being observed to SMC3 and REN2
primary cells).

Further analysis of daughter TCRs permits selection of
two final candidates, which are functionally
indistinguishable

Five TCRs were selected on the basis of strong efficacy and
specificity profiles (Figure 2, 3) for more rigorous in vitro
characterization. Each TCR was tested for cross-reactivity in
IFN-γ release assays against an extensive panel of MAGE-
A10− tumor cell lines and primary cells (Figure 4A). None
demonstrated significant activation of T-cells. This observa-
tion from primary cells suggested that on-target/off-tumor
activation of TCR-transduced T-cells against normal tissues
was unlikely, in agreement with the well-characterized
restricted expression of MAGE-A10 to male germline cells,
placenta and certain cancers.24,25

MAGE-A10+ cells stimulated high numbers of IFN-γ releas-
ing T-cells, with the strongest responses from T-cells transduced
with the highest affinity daughters from each of the c672 and
c728 panels. These clones, c756 and c796, were further assessed
to confirm their cytotoxic functionality by measuring killing of
MAGE-A10+ target cells in real-time (Figure 4B). In these
assays, both affinity-enhanced TCRs demonstrated similarly
potency for target cell recognition and killing and highly similar
affinities and recognition of peptide-pulsed targets: KDs of 0.37
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and 0.61 µM (Figure 2), and EC50s of 10
−9.5 and 10−9.3 M for

c796 and c756, respectively.

A single amino acid substitution X-scan of the MAGE-
A10254-262 peptide differentiates between engineered
TCRs based on the potential for cross-reactivity with the
normal human proteome

To determine which of the two TCRs, c756 or c796, would be
the best candidate for clinical testing, we characterized their
specificity and potential repertoire of recognized peptides in
detail. We synthesized a set of 172 peptides in which each

residue of the MAGE-A10254-262 target peptide was sequen-
tially mutated to all 19 other naturally occurring amino acids.
T2 cells were incubated with each of the substituted peptides
at a concentration corresponding to the EC90 of response to
the index peptide, i.e. 10−7.5 M for both c756 and c796. These
cells were then used as targets in an ELISpot assay for T-cells
transduced with either TCR. We considered a substitution as
tolerated if the number of responding T-cells exceeded a
threshold of 10% relative to the index peptide. Figure 5 sum-
marizes the results (details are shown in Figure S2): Pie areas
(Figure 5A) are proportional to the average number of toler-
ated substitutions at a given position, and segment areas are
proportional to the residues with shared physicochemical side

Figure 1. Characterization of eight parental TCRs recognizing HLA-A*0201 presenting the MAGE-A10254-262 peptide, using cellular and biochemical assays.
The response of eight of the ten parental TCRs to MAGE-A10+ and MAGE-A10− target cell lines is shown in the two left-hand panels, ordered from lowest (c740) to
highest (c727) affinity. Blue points represent numbers of IFN-γ spot forming units (SFU) counted in triplicate wells for two T-cell donors, with TCR-transduced T-cells;
gray points represent the responses of non-transduced T-cells (consistently < 20 SFU). The two right-hand panels illustrate the strength of interaction between the
parental TCRs and the HLA-A*0201-restricted MAGE-A10 peptide GLYDGMEHL254-262, in both cell surface expression and soluble formats. EC50 values, indicating the
sensitivity of TCR-engineered T-cells to antigen, were assessed by counting the numbers of T-cells releasing IFN-γ in response to T2 cells pulsed with a titration of
GLYDGMEHL254-262 peptide (ELISpot assay). Points represent mean values of -log(EC50) ± SEM (error bars); control measurements were carried out in the absence of
peptide. Affinities (KD values) were calculated using equilibrium analysis of SPR measurements made using a Biacore-3000TM system. Points represent mean values
of KD

−1 ± SEM (shown by error bars where replicate assays were performed).

ONCOIMMUNOLOGY e1532759-3



chain properties. For the latter, we grouped amino acids based
on a substitution matrix for HLA class I binding that might
have general relevance for peptide ligands.26 We differed from
the scheme by clustering cysteine (monomeric Cys-SH)
together with asparagine, glutamine, serine and threonine,
rather than with aspartate and glutamate, according to pre-
liminary analysis of X-scan data. The color scheme is based on
Lesk,27 with modifications according to Kim et al.26

At most peptide positions, c756 showed higher average
responses and tolerated a wider range of side chain properties,
embodied by more groups of similar amino acids, than c796.
TCR c796 was tolerant of a greater number and diversity of
amino acids at anchor positions 2 and 9. Some amino acids
enhanced T-cell responses when substituted for the index posi-
tion 2 residue leucine: glutamine and threonine by > 50% for
c756, valine by ~ 30% for both TCRs (Figure S2). However, there
was no correlation between the predicted affinity of peptides for
HLA-A2 and pHLA recognition by either TCR, for any of the
positions including anchors (data not shown). Tolerated resi-
dues were combined into a degenerate peptide recognition con-
sensus motif (Figure 5B). This motif was used in a directed in
silico search of the human proteome for peptides with the
potential to be recognized by each of the candidate TCRs.

There is no proven way at present to extrapolate from
response thresholds in vitro to clinically relevant tissue damage.
Therefore, we generated recognition motifs for a range of
response thresholds, and performed database searches for each
of these (Figure 6A). The numbers of potentially recognized
targets were fewer for TCR c796 than c756 at any response

threshold, even considering experimental error in replicates of
the ELISpot assay. This was largely due to the less degenerate
recognition motif of c796. In addition, the c796 motif matched
fewer peptides than c756, even taking into account the prob-
ability of the motifs matching a random nonameric sequence, p
(Match) (Figure 6B). This observation indicates that the c796
motif space represents less common amino acid sequences in the
human proteome, and further supports the finding that c796
appears to exhibit a lower chance of displaying off-target reac-
tivity. Additionally, it demonstrates that performing proteome
searches rather than just comparing the motif space sizes can
reveal subtle differences in the risk for cross-reactivity.

T-cells transduced with the c756 affinity-enhanced TCR have
the potential to cross-react to significantly higher numbers of
off-target human peptides than c796. To confirm whether c796
is therefore the most suitable candidate for progression to pre-
clinical testing, we synthesized the eight unique human peptides
whose sequences matched the predicted consensus motif for
c796 at a 10% threshold. HLA-A*0201-transduced T2 cells
pulsed with these peptides elicited no detectable IFN-γ release
by c796 transduced T-cells (manuscript in preparation).

Discussion

Engineering TCRs for enhanced affinity can generate
unpredicted cross-reactivity

Although T-cells bearing affinity-enhanced TCRs have
demonstrated potent anti-tumor activity both in vitro and in

Figure 2. Biochemical characterization of affinity-enhanced TCR panels arising from the parental TCRs c672, c728 and c740.
Comparison of SPR data for affinity-enhanced TCR panels arising from three parental TCRs for which raw SPR data is shown in Figure S1. Note that TCR c753 is a
version of c672 with the α-chain reverted fully to germline sequence, and that c753 therefore acted as the template for the daughter mutants c754-c756. Binding
affinity analysis of the MAGE-A10254-262-specific mutant TCR panels is illustrated in the upper panel, which shows the binding curve fits. KD values shown in the
bottom panel were obtained by equilibrium binding or kinetic analysis. From the c728 panel, c796-c799 were tested in a separate SPR experiment to c728 and c793-
c795, leading to the difference in maximum binding levels.
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vivo, this strategy is not without risk.12,16,28 On-target cross-
reactivity is one potential hazard common to all adoptive
T-cell therapies.29 It can be mitigated by thorough investiga-
tion of normal tissues for expression of the intended target.
Cancer-testis antigens often have highly restricted expression,
such as that of MAGE-A10, in the immune-privileged sites of
the placenta and sperm cells/testes.18,20,24 Where the same

target peptide epitope is found in several closely related pro-
teins, the expression profile of each of these needs to be
considered to avoid on-target cross-reactivity. This was
shown by a report of fatal on-target toxicity arising from
recognition of a peptide found not only in MAGE-A3, but
also MAGE-A9 and MAGE-A12.28 Such toxicity was not
apparent in the HLA-transgenic mouse strain used to isolate

Figure 3. Characterization of three affinity-enhanced TCR panels arising from the c672, c740 and c728 parental TCRs, using cellular assays.
The response of each affinity-enhanced TCR panel to MAGE-A10+ and MAGE-A10− target cell lines is shown, with daughter TCRs sorted in order of increasing affinity
(top to bottom) for each parent. MAGE-A10+ cell lines are shown in order of increasing MAGE-A10 expression (left to right), as assessed by RT-qPCR. Red points
represent average numbers of IFN-γ spot forming units (SFU) for T-cells obtained from two donors and transduced with each parental TCR, each measured in
triplicate. Blue points represent the responses of T-cells transduced with the daughter TCR, while grey points represent the responses of non-transduced cells
(consistently < 50 SFU).
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the TCR. Of note, the MAGE-A10254-262 peptide is from a
distinct and relatively divergent section of the protein. In
particular, the corresponding sequence of MAGE-A12 is
highly dissimilar to MAGE-A10254-262. These differences
mean that peptides from other MAGE-family members

should be not be recognized by our TCR, or even be presented
efficiently by HLA-A2 (Table S2). Nevertheless, we subse-
quently assessed the reactivity of c796 TCR-transduced
T-cells to peptides from homologous MAGE family members
and found nothing of concern for patient safety (manuscript
in preparation).

Another toxicity risk is posed by off-target TCR cross-reac-
tivity. The underlying molecular mimicry mechanisms are
incompletely understood, making it challenging to predict and
test pre-clinically. One possibility is TCR recognition of non-
cancer-restricted peptide epitopes sharing a degree of similarity
with the intended target.30 This molecular mimicry was found to
underlie unexpected, fatal toxicities following adoptive transfer
of T-cells bearing an affinity-enhanced TCR towards an HLA-
A*01-restricted peptide from MAGE-A3.21 This TCR was later
found to recognize an HLA-A*01-restricted peptide with unre-
lated sequence, from Titin, which is expressed in cardiac and
skeletal muscle.12 A level of degeneracy in TCR antigen recogni-
tion is established via positive thymic selection for non-peptide
contacts31,32 and is essential to ensure that an individual’s circu-
lating T-cell repertoire is capable of responding to the highly
diverse range of pathogenic peptide epitopes they might
encounter.33–35 In an adoptive T-cell therapy setting, this plasti-
city also means that an apparently cancer-specific TCR might
also unexpectedly bind “off-target” to non-cancer-restricted epi-
topes, leading to clinical toxicity. This risk increases when TCRs
are affinity-enhanced in vitro, without the safety mechanism of
negative thymic selection.8,9,16 The experience with the MAGE-
A3/Titin cross-reactive TCR12 has highlighted the usefulness of
amino acid scanning for identifying potential cross-reactivity
and clinical toxicity in an adoptive therapy setting.

Here, we have applied an extension of this approach and
integrated it into our workflow for generating enhanced affi-
nity TCRs for adoptive T-cell therapy (Figure 7). First, we
generated a significant number of mutated daughter TCRs
from diverse parents recognizing the MAGE-A10254-262 pep-
tide presented by HLA-A*0201. We reasoned that, since effi-
cacy of parental TCRs can be very variable, a larger number
would increase our chances of finding a potent and highly
specific candidate. Parental TCRs demonstrated a range of
responses in biochemical and cellular assays, with little to no
correlation between KD and EC50 values (determined by SPR
and IFN-γ release, respectively), or between EC50 values and
reactivity to antigen-positive cell lines (Figure 1). This result is
likely due to differing modes of engagement between the
diverse parental TCRs and their pHLA target in the different
assays: the SPR assay measures binding of a soluble reagent,
whereas in cellular assays, TCR and pHLA bind and signal in
a physiologically relevant manner, membrane bound with
other co-factors present. Although the relationship between
biochemical affinity (SPR) and functional avidity (EC50) is
complex, we and others have found an affinity of range of
KD ~ 1–10 μM to be optimal for signaling of engineered
TCRs while avoiding non-specific reactivity8–10,12 (Figures 2
and 3). Importantly, the reproducible and precise nature of
SPR makes it more capable than cellular assays in differentiat-
ing between mutant TCRs, provided they originate from the
same parent (Figures 2 and 3). Because these mutants share

Figure 4. Extended specificity and functional cytotoxicity testing of final TCR
candidates arising from the c672 and c728 parental TCRs.
(A) Extended tumor cell line and primary cell screen of five candidate TCRs
selected on the basis of initial characterization (see Figure 3). Blue points
represent numbers of IFN-γ spot forming units (SFU) counted in triplicate
wells in two donors, for TCR-transduced T-cells; grey points represent the
responses of non-transduced T-cells (consistently < 50 SFU). MAGE-A10− cell
lines did not induce T-cell responses above the background level. (B) Potency
testing of two final candidate TCRs c756 and c796 using a real-time cytotoxicity
assay. Functional cytotoxicity was confirmed, and the magnitude and kinetics of
the killing of MAGE-A10+ HLA-A*0201-transduced SK-Mel-28 cells were similar.
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most of the sequence of the parental CDR loops, it is likely
that they also preserve the binding geometry of the parent.

A small subset of enhanced affinity TCR candidates demon-
strated an optimal balance between functional potency and

specificity when tested against a sizable panel of cell lines and
primary cells (Figures 3, 4). From these TCRs, two that per-
formed equally well in potency assays were selected. We rea-
soned that subtle differences might exist in their peptide

Figure 5. Peptide X-scan analysis to assess specificity of the c756 and c796 MAGE-A10-specific TCRs.
Number and diversity of amino acids tolerated at various peptide positions by the final candidate TCRs. This example shows search motifs for the 10% threshold (side
chains in whose presence IFN-γ spot counts were at least 10% of that triggered by the index peptide).(A) Pie areas are proportional to the number of tolerated amino
acids, including the index. Pie segments represent a breakdown of tolerated amino acids into groups with similar physico-chemical properties. Individual amino acids
in group colors are listed in panel B, classification and color scheme are explained in the main text. The area within the outer circle corresponds to all 20 amino acids
being tolerated at a 10% threshold; the color of the circle indicates the group of the index peptide. (B) Comparison of the X-scan search motifs for c756 and c796 at a
response threshold of 10%. (C) Total number of tolerated residues at each peptide position, including the index. The number of residues that would be identified as
potentially tolerated by an alanine scan is shown for comparison. The product of the numbers of recognized residues at each position is the motif size, or number of
peptide sequences generated by all possible permutations of amino acids tolerated by a TCR.

Figure 6. Further analysis of peptide X-scan data confirming the superior specificity of the c796 MAGE-A10-specific TCR over c756.
(A) An illustration of the superior specificity of TCR c796 over c756, at any response cut-off value (defined as the fraction of the response to the index peptide at its
EC90 concentration (10−7.5 M) at which a substitution is considered to be tolerated by the TCR). Numbers of unique human peptide matches, which conform to the
consensus motif based on peptide X-scan data, are plotted against the response cut-off value, with solid lines representing the median number of matches derived
from data from triplicate wells, and shaded areas representing the range between the lowest and highest numbers of matches from these wells. TCR c796 is shown in
red, c756 in blue. (B) Motifs derived for TCR c796 identify fewer human nonamers than those for c756, at any value of p(Match) (defined as the naïve probability of
identifying matching sequences within the proteome). Points represent numbers of unique human peptide matches to which the two final TCR candidates may show
cross-reactivity, plotted against p(Match) values; c796 is shown as red triangles, and c756 as blue circles.
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recognition motifs. To define and compare these we employed
the X-scan, whereby each residue of the target peptide is
mutated to all possible amino acids in turn. Compared to the
glycine/alanine scan,12, 16 we found that this approach resulted
in significantly enhanced sensitivity and specificity for detec-
tion of tolerated substitutions. Alanine substitutions were a
poor predictor of the biochemical properties and number of
other tolerated amino acids, in some cases substantially over-
estimating the latter. On the other hand, the consensus motif
for the 10 % threshold included several residues, but not
alanine, at 5 out of 9 positions for both TCRs (positions 3, 4,
6, and 7 for both, and one each at positions 8 and 9). In these
cases, an alanine scan would have failed to detect the corre-
sponding peptides had they existed in the human proteome. A
similar observation was recently reported, where an alanine
failed to identify a cross-reactive target that was confirmed by
a complete mutational scan.36

Although the specificity of the X-scan means that, overall,
a smaller number of residues are identified as tolerated than
with an alanine scan (Figure 5C), their distribution over a
larger number of peptide positions can result in greater com-
binatorial diversity. For our candidate TCR c796, the size of
the X-scan motif was therefore 7 times greater than that
which would have resulted from alanine substitutions alone.
This resulted in a moderately larger number of proteomic
hits, although these did not represent truly cross-reactive
peptides when tested in cellular assays (manuscript in pre-
paration). However, we consider the additional effort reason-
able in return for increased patient safety through the ability

to detect non-specific recognition in cases where it does not
involve alanine.

Recognition of peptide HLA complexes by TCRs c756 and
c796

A closer look at the nature of tolerated changes reveals how
peptides may be recognized by the two TCRs. Charged amino
acids at positions 2 and 9 completely abrogated responses,
independent of the TCR (Figure 5), which is compatible with
the predicted role of these positions as the primary peptide
anchors, buried in hydrophobic pockets of HLA-A2. Other
substitutions resulted in variable and in some cases super-
agonistic responses (Figure S2), supporting the inclusion of
“conserved” HLA anchors in the peptide scans. Both TCRs
were most sensitive to changes at positions 3, 4 and 7. Their
main differences existed at positions 5 and 8, for which c796
displayed a higher stringency of recognition (Figure 5). The
number and diversity of tolerated side chains suggest that the
overall specificity of TCR c756 is reliant on fewer peptide
positions than that of c796. It has been reported that cross-
reactivity increases when binding focuses on fewer side
chains, although lower specificity can also result from other
mechanisms such as conformational flexibility.37,38

There are limitations to the X-scan approach. We acknowl-
edge that nuances of the assay setup may affect the absolute
outcome for a given TCR, in terms of the consensus motif and
number of unique human peptide matches obtained.

Figure 7. Schematic overview of the workflow for selecting an HLA-A*0201 MAGE-A10254-262-specific TCR candidate to progress to comprehensive pre-clinical testing.
The number of TCRs under investigation at each stage and the types of experimental procedures involved in progressing candidates from one stage to the next are
shown. This resulted in two mutant TCRs with desirable functional properties that were indistinguishable by previously described assays. The X-scan approach
identified c796 as the TCR with the highest potency and specificity.
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However, in the present study, this was not a concern, because
our explicit aim was to distinguish between two TCRs of very
similar affinities and EC50s for the index peptide. The out-
come of this relative comparison, the conclusion that c796 has
less potential for off-target reactivity than c756, appears to be
robust even when alternative conditions are considered
(Figure 6).

We developed an affinity-enhanced TCR with high speci-
ficity and potency against cells expressing HLA-A*0201 and
the cancer antigen MAGE-A10. Starting from 21 parental
receptors, three were selected, from which we generated
panels of mutants with diverse germline and CDR loop
sequences. As the first step of an extensive pre-clinical testing
package we employed a novel in vitro specificity screen. This
allowed us to select and focus resources on an optimal candi-
date for further pre-clinical safety and potency assessment.
Details of these tests, involving hundreds of tumor, primary
and allo-MHC lines to confirm potency and specificity, will be
published in a second manuscript (currently in preparation).
Together they describe an experimental strategy which we
believe is both economic and efficient for mitigating the risk
of unexpected off-target clinical toxicities, and applicable to
the selection of engineered TCRs for any target.

Materials and methods

Isolation of parental MAGE-A10254-262 TCRs and
preparation of affinity-enhanced TCR mutant genes

Parental TCRs recognizing the HLA-A*0201-restricted
MAGE-A10254-262 peptide GLYDGMEHL were isolated either
from antigen specific T-cell clones or from proprietary naïve
phage display libraries. CD8+ T-cell clones specific for
MAGE-A10254-262 were generated and maintained in-house
from peripheral blood mononuclear cells isolated from an
HLA-A*0201-positive healthy donor. Informed consent was
obtained, according to Research Ethics Committee approval
numbers 13SC0227, 13SC0226, 13SW0240 and 14LO1777. To
activate T-cells, the cells were stimulated several times with
autologous antigen-presenting cells pulsed with the MAGE-
A10254-262 peptide, initially at 1 µM and thereafter at 100 nM.
These T-cells were then screened for specific activation by
IFN-γ ELISpot, and specific clones were sorted for further
culture. TCR α- and β-chain variable domains were isolated
from T-cell cDNA by rapid amplification of cDNA ends
(RACE), as previously described.39 TCR α and β chain
sequences from c753, c728 and c740 were used as templates
for PCR mutagenesis, to construct TCRs bearing mutations in
their CDR loop regions. This resulted in three panels of
affinity-enhanced TCRs (one panel from each parent), with
mutations in their α- and/or β-chains as confirmed by DNA
sequencing (Source Bioscience).

Protein expression and purification

Parental and mutant TCR α- and β-chains (modified to pro-
mote formation of soluble disulfide-stabilized heterodimers
during refolding), β2 microglobulin (residues 1–99) and the
HLA-A*0201 heavy chain (residues 1–276) were inserted into

the pGMT7 expression vector using PCR cloning. These con-
structs were expressed separately as inclusion bodies from the
BL21 (DE3) Rosetta pLysS E. coli strain, and refolded and
purified as described,40–41 with minor modifications. The
HLA-A*0201 heavy chain was expressed with a C-terminal
BirA biotinylation tag, and biotinylated pHLA monomers
prepared as described.41,42 Synthetic peptides were obtained
from Peptide Protein Research Limited (> 90 % pure). Refolds
were dialyzed extensively against 10 mM Tris pH8 at 4°C and
purified using Poros 50HQTM 10/100 (Life Technologies) and
Superdex S200 HRTM 10/300 (GE Healthcare) columns.
Protein concentration was determined by measurement of
OD280 using an extinction coefficient calculated from the
sequence, and quality assessed by SDS-PAGE and staining
with Coomassie Blue.

Surface plasmon resonance

The dissociation constants (KD) of purified TCRs for their
cognate pHLA ligand were determined by SPR analysis, using
a Biacore3000TM instrument and flow cells (GE Healthcare) as
described.43 Biotinylated pHLA monomers were immobilized
onto streptavidin-coupled CM5 sensor chips (approximately
300 response units per flow cell) and the chips blocked with
biotin. All experiments included a control pHLA monomer
immobilized onto flow cell 2. Binding measurements for serial
dilutions of each TCR were performed at 25°C in phosphate-
buffered saline (PBS) (Sigma) at a flow rate of 20 μl/min,
starting from the lowest analyte concentration.

SPR binding data for all parental and most daughter
mutant TCRs were processed using equilibrium binding ana-
lysis; exceptions were c796 and c799, which were processed
using kinetic analysis owing to longer dissociation half-lives.
pHLA-specific equilibrium binding responses were deter-
mined for each concentration using BIAevaluation software.
Specific equilibrium response levels were then plotted against
TCR concentration using GraphPad Prism software, and KD

values were calculated by fitting to the 1:1 Langmuir binding
model. For kinetic analysis, chip and reagent preparation was
conducted identically to equilibrium analysis, and the experi-
ments were performed in the same way. The kon and koff
values were determined separately by fitting of the association
and dissociation curves, respectively, assuming 1:1 Langmuir
binding. The KD could then be calculated using BIAevaluation
software as the ratio koff/kon.

Cell lines, primary cells, and effector cells

Tumor cell lines A375, HCT-116, IM9, SK-Mel-28, PC3, T2,
LNCaP, and colo205 were obtained from the American Type
Culture Collection (ATCC), Mel526 and Mel624 were from
Thymed, and NALM6 and EJM were provided by Deutsche
Sammlung von Mikroorganismen und Zellkulturen (DSMZ).
Normal primary cell lines HEP2, HDMEC2, HDMEC5, HA2,
HA13, SMC3, and REN2 were obtained from ScienCell.
HPF4, HA5 and N9 were obtained from Lonza, and
HCAEC2 and N1 from PromoCell. All cell lines were main-
tained in appropriate medium, under conditions recom-
mended by the supplier. MAGE-A10 expression was
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determined by RT-qPCR analysis, and HLA class I status was
assessed by PCR-SSOP typing (ProImmune). Where neces-
sary, cell lines were lentivirally transduced with HLA-A*0201.
HLA-A*0201 levels were confirmed by flow cytometry or
T-cell activation after peptide pulsing.

Quantitative real-time PCR

Total RNA was extracted using the RNeasy Mini kit (Qiagen,
Manchester, UK) and cDNA prepared using the qScript
cDNA SuperMix (Quanta Biosciences, Beverly, MA, USA)
according to the manufacturer’s protocol. Subsequent quanti-
tative PCR (qPCR) was carried out on the QuantStudio7 Real-
time PCR system (ThermoScientific, Loughborough, UK)
using the QuantiTect Probe and QuantiTect Multiplex Probe
PCR kits (Qiagen, Manchester, UK).

Gene expression was quantified by comparing the CT value
of the test samples to a standard curve with known number of
copies (plasmid). Data are represented following normaliza-
tion to the average of a high (RPL32) and low (HPRT1)
expression housekeeping gene. The combination was chosen
from 38 housekeeping genes because it generated the most
stable results in a panel of 95 different samples, including
immune cells. Primer and TaqMan sequences can be found
in Table S1.

Cellular assays for potency and safety

The activity of TCRs in a cellular context was assessed by the
production of IFN-γ from TCR-modified effector T-cells in
the presence of target antigen, as measured by ELISpot assay
according to the manufacturer’s instructions (BD
BioSciences). Human peripheral blood mononuclear cells
were isolated from fresh venous blood from healthy donors
to prepare effector cells, and TCR modified T-cells were
prepared by lentiviral mediated transduction as previously
described.12,44 T-cell transduction efficiency was assessed by
flow cytometry using antibodies specific for the Vβ domain of
the introduced TCR and was > 20% for all transductants.

The MAGE-A10254-262 peptide was either naturally pro-
cessed and presented by human cells or loaded on cells. For
peptide-loading assays, synthetic peptides were obtained from
Peptide Protein Research Limited (> 90% pure) and mixed
with T2 cells at the indicated final concentrations. ELISpot
assays were set up as described12,22 and evaluated on an
automated ELISpot reader (ImmunoSpot Series 5 analyzer,
Cellular Technology Ltd.). Non-transduced T-cells were used
as controls to assess background activation. All assays were
carried out in triplicate and results analyzed (including calcu-
lation of EC50 values) using GraphPad Prism.

Cytotoxicity assay

The cytolytic activity of TCR-transduced T-cells to the SK-
Mel-28 tumor cell line was assessed using the IncuCyteTM

FLR platform (Essen BioScience), as previously described.45

MAGE-A10+ HLA-A*0201-transduced SK-Mel-28 cells were
plated out at 20,000 cells per well and incubated with TCR-
transduced or non-transduced T-cells in the presence of

CellPlayer™ 96-Well Kinetic Caspase-3/7 reagent. SK-Mel-28
targets incubated alone were included as a control. Images
were taken every 4 hours over a duration of 72 hours, and the
number of apoptotic cells (“objects”) per mm2 was quantified
for each image and plotted against time. An exclusion gate of
> 100 µm2 was set to remove dead T-cells from the analysis.

X-scan assay

X-scan assays were performed using protocols as for standard
IFN-γ ELISpot assays (described above), with TCR-trans-
duced T-cells assessed for reactivity towards T2 cells pulsed
with a panel of 172 synthetic peptides (Peptide Protein
Research Limited) (> 90% pure). This panel represents a
complete positional scan of the index peptide MAGE-
A10254-262 (GLYDGMEHL) comprised of the index itself as
well as all possible peptides with single natural amino acid
substitutions. Peptides were added directly to ELISpot plate
wells at a concentration of 10−7.5 M, approximately equal to
the EC90 of the index peptide for both c756 and c796.
Responses to variant peptides were assessed relative to the
index peptide, after subtraction of responses using non-trans-
duced T-cells.

Substitutions were defined as tolerated by the TCR where the
response was > 10% of the response to the index peptide at its
EC90 concentration, and Prosite motifs were generated to express
which residues were tolerated at each position. Nonameric
sequences contained within the human proteome which comply
with the derived motifs were identified using an in-house R script
to query a local copy of the UniProtKB/Swiss-Prot database with
splice variants. The naïve probability of identifying matching
sequences within the proteome was defined as:

pðMatchÞ ¼
Yn
i¼1

ri
20

� �

where n = sequence length and ri = number of tolerated
residues at position i within the sequence.
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