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A B S T R A C T

Adoptive transfer of T-cell-receptor (TCR)-transduced T cells has shown promising results for cancer treatment,
but has also produced severe immunotoxicities caused by on-target as well as off-target TCR recognition. Off-
target toxicities are related to the ability of a single T cell to cross-recognize and respond to several different
peptide–major histocompatibility complex (pMHC) antigens; a property that is essential for providing broad
antigenic coverage despite a confined number of unique TCRs in the human body. However, this degeneracy
makes it incredibly difficult to account for the range of targets that any TCR might recognize, which represents a
major challenge for the clinical development of therapeutic TCRs. The prospect of using affinity-optimized TCRs
has been impeded due to observations that affinity enhancement might alter the specificity of a TCR, thereby
increasing the risk that it will cross-recognize endogenous tissue. Strategies for selecting safe TCRs for the clinic
have included functional assessment after individual incubations with tissue-derived primary cells or with pep-
tides substituted with single amino acids. However, these strategies have not been able to predict cross-
recognition sufficiently, leading to fatal cross-reactivity in clinical trials. Novel technologies have emerged that
enable extensive characterization of the exact interaction points of a TCR with pMHC, which provides a foun-
dation from which to make predictions of the cross-recognition potential of individual TCRs. This review de-
scribes current advances in strategies for dissecting the molecular interaction points of TCRs, focusing on their
potential as tools for predicting cross-recognition of TCRs in clinical development.
Adoptive T-cell transfer

The field of adoptive T-cell transfer was established with the thera-
peutic application of ex vivo expanded tumor infiltrating lymphocytes
that effectively mediate tumor regression when re-infused into patients
with cancer [1]. Despite the success of these treatments, which has been
widely demonstrated with impressive response rates of 20–50% [2–4],
their broad application has been impeded due to extensive production
time and limited commercial potential [5]. Importantly, the specificities
of such T-cell products are unknown, which makes it difficult to predict
the outcome of treatment in individual patients. This has driven interest
in the development of T-cell therapies that are amenable for a broader
group of patients, such as the transfer of T cells transduced with a
chimeric antigen receptor [6,7] or a TCR that recognizes known
cancer-associated targets [8,9]. The proposal that TCR-based gene
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therapy of cancer would be feasible came from studies showing the
effective redirection of T-cell specificity through transduction with
αβTCR genes that could provide antiviral and antitumor immunity
[8–15]. Early trials that used the DMF4 TCR [16] or the DMF5 TCR [17],
which both target a human leukocyte antigen (HLA)-A0201 MART-1
melanoma peptide, revealed that a TCR with greater functional avidity
and higher affinity towards its target seemed to have greater promise for
cancer treatment but also caused autotoxicities [17–19]. These studies
imply that successful TCR-based gene therapy is facilitated by transfer of
T cells expressing high-affinity TCRs, which is also corroborated by early
studies correlating TCR binding affinity with functional responses
[20–26]. This, in turn, has encouraged strategies for the design of
high-affinity TCRs intended for adoptive cell transfer schemes [24,
27–29], but may simultaneously increase the risk for TCR
cross-recognition of endogenous tissue [30,31].
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The affinity optimization strategy has primarily been applied to TCRs
selected for their ability to recognize shared cancer antigens; however,
for TCRs targeting foreign antigens, such as viral or neoantigens, which
are expected to be of higher affinity, the need for such engineering may
be obviated.

Cross-reactivity

Several trials have been initiated to evaluate the safety and efficacy of
adoptive transfer of TCR-transduced T cells [16,17,32–37]. Although the
strategy seems extremely attractive for treating various cancers effec-
tively with an ‘off-the-shelf’ T-cell product to be used across patients with
the same HLA haplotype, the occurrences of immunotoxicity have chal-
lenged the development of such treatment strategies. In particular, two
clinical trials highlight the need to approach the use of TCRs with
extreme care. The first trial applied a high-avidity TCR generated from
vaccinated HLA-A0201 transgenic mice that targeted a melanoma
antigen-encoding-A3 (MAGE-A3)-derived peptide. Of nine enrolled pa-
tients, five had objective clinical responses; however, three experienced
neurological toxicity and two eventually died [38]. The toxicities were
subsequently explained by the ability of the TCR to cross-recognize a
related peptide, derived from MAGE-A12, which is expressed in the
human brain. This peptide only varies at the position 2 anchor residue,
and might therefore indicate that although natural TCRs should not
target healthy tissue, the strategies applied in adoptive cell therapymight
override peripheral tolerance mechanisms [39]. The second trial applied
a TCR targeting a MAGE-A3-derived peptide that binds HLA-A0101 [30].
The TCR had been obtained from a vaccinated patient [40,41] and
engineered to obtain higher affinity [24]. Two patients were treated in
this trial, and both developed cardiac arrest and died shortly after T-cell
infusion. Extensive investigations revealed that despite a restricted
sequence similarity with the MAGE-A3 peptide (55% sequence overlap),
the TCR had cross-reacted with the protein, titin, which is expressed in
beating cardiomyocytes (Figure 1A) [30].
Figure 1. T-cell receptor (TCR) degeneracy. (A) Engineering of a TCR targeting a M
affinity resulted in cross-reactivity of a peptide (ESDPIVAQY) derived from the pro
broader antigenic coverage than if each TCR only recognized one epitope. Moreover,
TCRs, which reduces the risk that a virus or malignancy will produce escape varian
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TCR binding degeneracy

Extrapolations from experimental data estimate that a single TCR can
recognize at least 106 different MHC-bound peptides [42], which is
crucial for immunological protection of virtually all encountered patho-
gens and cellular malignancies [43–45]. Such TCR degeneracy is neces-
sary because if each TCR could recognize only one target, the number of
required single naïve T cells carrying a different TCR would far exceed
the number of cells of the human body [44,46] (Figure 1B). Reflecting on
the peptide targets of CD8 T cells (a sequence of eight to 14 amino acids
[47,48]), the total number of different peptides that could theoretically
be generated from the 20 naturally occurring amino acids would exceed
1018 [43]. Moreover, this does not account for post-translational modi-
fications, which are believed to alter peptides sufficiently to generate an
even greater number of T-cell targets [49–57]. Although this will be
reduced to only a few percent (1–3%) when accounting for peptide
processing and HLA presentation [44,58,59], it still amounts to an
astounding number of potential peptides that our TCR repertoire are able
to recognize to protect against pathogens of any type. The advantage of
having a confined repertoire of highly cross-reactive TCRs is that various
clonal T cells can respond to a given pathogenic pMHC [43]. This reduces
the risk that pathogens will produce escape variants, as a single mutation
in a peptide sequence is unlikely to bypass recognition by several
different TCRs that could recognize the original pMHC [60,61].

Individual TCRs are generated through somatic recombination of
V(D) and J gene segments in developing T cells, and are clonally selected
before they develop into mature T cells. This produces a repertoire of
TCRs that can interact specifically with targets that are formed as
randomly as the range of pathogenic peptides, while not responding
inappropriately to self. However, the dual nature of the TCR recognition
motif, comprised of both peptide and MHC, represents an inherent
challenge for specific recognition as only a small area of the peptide is
exposed for direct contact with a TCR. Thus, much of the T-cell specificity
is conferred by the more invariant interaction with MHC, which explains
AGE-A3-derived peptide (EVDPIGHLY) that binds HLA-A0101 to obtain higher
tein, titin, expressed in beating cardiomyocytes. (B) TCR degeneracy provides
each peptide–major histocompatibility complex (pMHC) is recognized by several
ts.
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how TCRs can be highly promiscuous to different targets presented by the
same MHC haplotype [62,63], while rarely being cross-reactive between
MHC haplotypes [64,65]. It has been reported that TCRs that require a
lower number of direct peptide interactions will have a greater binding
degeneracy in terms of the number of different pMHCs that they may
recognize [63,66,67]. Such promiscuity enables T cells to respond to a
large variety of target peptides, and allows recognition of peptides with
minimal sequence overlap [68,69].

Implications for immune therapy

The extent of TCR binding degeneracy is corroborated through
studies providing evidence of structural flexibility of TCR–pMHC in-
teractions [61,70–79], and the continuous emergence of new examples
of clonal T cells recognizing peptides of varying sequence homology [30,
42,63,67,80–85]. These studies emphasize that although TCR
Figure 2. Overview of the main experimental strategies to describe the cross-recog
strategy (CPL). The 5�1011 peptides of the CPL are distributed in 180 different poo
while the remaining eight positions comprise a random equimolar composition of a
comprises a new peptide pool for each of the 20 naturally occurring amino acids at
functional interrogation reveals the binding preferences of the given TCR. (B) The ye
complexes (pMHCs) are diversified through the use of mutagenic primers. This produc
leukocyte antigen. A tetramerized TCR of interest is incubated with the pooled lib
peptide sequences expressed by the yeast-displaying cells are recovered through deep
MHC multimers are produced from peptide variants of a known target. The variants
with the remaining 19 naturally occurring amino acids, which produce ~200 differen
labelled with a unique DNA barcode, and the total pool of multimers can be incuba
multimers in a hierarchy governed by the TCR–pMHC affinity, which is reflected in
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cross-reactivity is essential for providing effective immunological sur-
veillance [44], it is also implicated in the development of autoimmune
diseases [66,86–89], and represents a major challenge for the develop-
ment of new TCR-based therapeutics. Currently, much concern is asso-
ciated with the potential cross-reactivity of affinity-optimized TCRs as
these TCRs have not been through clonal selection. However, due to the
extensive binding degeneracy inherent in all TCRs, both endogenous and
modified TCRs may lead to cross-reactivity of healthy tissue when
applied in adoptive cell therapy, where peripheral tolerance mechanisms
are revoked. Consequently, critical adverse events may arise from the use
of natural TCRs [39]. Technologies are emerging which enable extensive
characterization of the patterns decisive for TCR engagement [67,
90–96], along with the prospects of describing and understanding some
of the elementary relationships between antigen specificity and the
cross-recognition potential of a TCR [97].
nition potential of T-cell receptors (TCRs). (A) The 9mer combinatorial peptide
ls. Each pool contains one specific amino acid at a fixed position (blue circles),
ll other naturally occurring amino acids except cysteine (grey circles). The CPL
each position. T cells are incubated with each peptide pool, and a subsequent
ast display strategy. Gene constructs encoding peptide–major histocompatibility
es a library of ~108 different peptides presented in the context of a given human
rary of pMHC-displaying yeast cells, and the interacting cells are isolated. The
sequencing of the isolated yeast cells. (C) DNA barcode-labelled MHC multimers.
comprise the peptides generated from sequentially substituting each amino acid
t peptides from an original 9–11mer peptide. Each MHC multimer is individually
ted with a T-cell clone or TCR-transduced T cells. The clonal TCR will bind the
the hierarchy of DNA barcode reads after sequencing.
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Dissecting the requirements for TCR recognition

The initial safety evaluation of the affinity-optimized MAGE-A3/titin
cross-reactive TCR (a3a), which proved incapable of identifying potential
toxicities despite thorough ‘specificity testing’ against primary cells from
a broad range of normal tissue, illustrates the need for technologies that
can effectively assess the cross-recognition potential of TCRs. Ideally,
their approach of assessing T-cell reactivity towards numerous cells and
tissue types would be the optimal way of determining biologically rele-
vant cross-reactivity, as this also accounts for antigen presentation and
post-translational modifications. However, this would require testing of
all tissue types within all stages of development, which is not feasible at
present. In the case of the a3a TCR, it was only after the observed fa-
talities that actively beating cardiomyocyte cell cultures were investi-
gated more extensively, and reactivity was discovered towards this
tissue. After careful examination of the TCR specificity, the authors
identified the cross-recognized titin-derived peptide–HLA-A0101-target
[30]. Several such approaches have since been developed, summarized in
Figure 2 and Table 1. Collectively, these aim to determine the exact
amino acids at given positions of the peptide sequence that are required
for TCR recognition, which, when correlated with knowledge of the
entire human proteome and potential HLA presentation, provides a
valuable strategy for predicting cross-recognition and hence potential
cross-reactivity.

Combinatorial peptide libraries

One such approach to identify the amino acid requirements for TCR
recognition, which have been adapted to several laboratories, utilizes
large combinatorial peptide libraries (CPLs) [42,92,98,99]. The peptides
are synthesized such that one position of a 9mer peptide is fixed, while
the rest is composed of stochastic equimolar distribution of all naturally
occurring amino acids, except cysteine. The fixed positions are
exchanged sequentially so that the complete pool of peptides contains all
20 naturally occurring amino acids at all fixed positions, and T-cell
recognition is assessed based on functional interrogation of T cells
expressing a clonal TCR after exposure to individual peptide pools. The
absence of T-cell reactivity will thus reflect the requirement for a
different amino acid at the fixed position, and collectively the data can
inform on those amino acids and positions that are essential for TCR
interaction. The assay also enables interrogation of how changing vari-
ables, such as presence or absence of the CD8 co-receptor, will affect
Table 1
Strategies for resolving the recognition motif of T-cell receptors (TCRs)

Method Readout Require a pre-
established
TCR epitope

HLA availability

Combinatorial
peptide library

Functional readout that
reflects the amino acid
requirement one
position at a time

No Independent

Yeast displaya Quantitative readout
based on mutual epitope
competition. All
positions analysed in
one reaction

No New yeast display
library required for
every new HLA.
Currently only
developed for a few
HLAs

DNA barcode-
labeled MHC
multimers

Quantitative readout
based on mutual epitope
competition. All
positions analysed in
one reaction

Yes Possible for all foldable
HLAs. Currently ~35

The methods listed have been applied to understand the molecular interaction points
HLA, human leukocyte antigen; pMHC, peptide–major histocompatibility complex.

a The strategies reported in References 93–96, which have been applied to disc
recognition motif. Such implementation will share many characteristics with the yea
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functionality [92]. The CPL strategy requires large amounts of
TCR-expressing cells to be included in each individual pool, which is
feasible when investigating TCR-transduced T cells. However, assays that
require fewer cells would be valuable for early assessment of potential
cross-recognition, providing an initial selection criterion to ensure that
those TCRs with the greatest risk of cross-recognizing endogenously
derived peptides are excluded at an early stage. Moreover, because the
interrogation is based on a functional readout derived from recognition
of individual peptide pools, it does not provide a relative hierarchy of the
interactions, but rather a binary (yes or no) answer to the importance of
the different amino acid positions.

Peptide–MHC display and target cell selection

Another approach that provides a more accurate description of the
TCR binding degeneracy, because it relates to direct pMHC–TCR in-
teractions, applies a yeast display system where the pMHCs are encoded
in gene constructs with a linker between the peptide and the MHC
molecule [90]. This enables the generation of a random peptide sequence
through the use of mutagenic primers that produce degenerate codons,
allowing all 20 naturally occurring amino acids. pMHCs displaying yeast
cells are probed with tetramerized TCRs of interest, and interacting cells
are isolated through rounds of magnetic bead enrichment and
fluorescence-activated cell sorting. Subsequent sequencing informs about
the peptide sequence expressed by the enriched yeast-displaying cells,
and thus reveals the TCRs' amino acid requirements for interaction with
pMHCs. The great advantage of this strategy, enabled by the random
formation of an incredible number of peptides, is associated with the
ability to perform largely unbiased screens, and is illustrated by the
identification of pMHC targets of TCRs with otherwise unknown speci-
ficities [100]. Moreover, a recent study has interrogated the a3a TCR
using the methodology on an HLA-0101 yeast display library. From the
TCR recognition pattern, it is evident that the amino acids at positions 3,
4 and 9 comprise the main interaction points with the receptor. This can
help explain the observed cross-recognition between the MAGE-A3- and
titin-derived peptides, as these positions are all shared between the
peptides [101]. Disadvantages of the technique are associated with the
inability to equally display all positions of the peptide sequence, and
cover all peptide variants. Furthermore, to date, the system has only been
developed for a few MHC molecules and is restricted to specialized lab-
oratories. A related strategy, based on a mammalian display system,
utilizes a minigene-based approach to encode peptide ligands of MHC-I
Reflects natural
peptide–HLA
binding

Disadvantages Advantages First
reported

Yes No direct measure of the
relative importance of
each peptide position

Can include
variables and
synthetic
molecules, e.g.
peptide mimetics

[92]

Moderately Peptide positions may not
be equally well
represented. Method
restricted to a few
specialized laboratories

Unbiased screening
based on direct
pMHC recognition

[90]

Marginally New peptide library
required for each analysed
pMHC specificity

Easy to implement
in laboratories
working with MHC
multimers

[67]

of TCRs, which can be used to estimate their cross-recognition potential.

over the antigen specificities of TCRs, also have the potential to resolve their
st display method.
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that are not subjected to peptide processing. Such a system enables
pooled screenings of TCR interactions with different pMHCs, and hence,
determination of potential cross-recognition [96].

A number of recently reported strategies for detecting T-cell antigens
[93–95] conceptually resemble the yeast display approach, but provide
an advantage because TCR interactions are determined from a cellular
system (either T-cell clones or TCR-transduced T cells), whereas the yeast
display strategy requires production of soluble TCRs for tetramerization.
Since these strategies enable the investigation of a large number of
different peptides, they have great potential for describing TCR binding
degeneracy, but have only been reported for detection of T-cell antigens
to date. One approach utilizes signaling and antigen-presenting bifunc-
tional receptors (SABRs), where a signaling domain has been introduced
to the MHC class I molecule, leading to green fluorescent protein (GFP)
expression following pMHC–TCR engagement. Hence, interacting target
cells expressing a cognate antigen can be isolated based on GFP expres-
sion. Antigens applied in this system include large libraries of defined
peptide sequences transduced into the NFAT-GFP-Jurkat cells together
with SABRs [94]. A similar strategy has been developed for MHC II an-
tigen presentation [95]. The flexibility of these approaches allows for
customizations required for antigen discovery for public or private TCRs,
and can also be used to evaluate the breadth of recognition for a given
TCR. An alternative to the SABR approach, published by the same group,
takes advantage of a phenomenon known as ‘trogocytosis’, a process
whereby lymphocytes and target cells exchange surface molecules upon
TCR–pMHC engagement. When pMHC is expressed at supraphysiological
levels, this process occurs bi-directionally, hence transferring surface
molecules from T cells to the cells presenting a cognate epitope. This
marks the target cells, thereby enabling their isolation and, ultimately,
the discovery of the cognate TCR epitope. The process has been used for
discovery of the antigen specificity of orphan TCRs transduced into
Jurkat cells [93]. Like the SABR technique, this approach enables the
identification of antigens expressed from large predefined peptide li-
braries transduced into the target cells, and might become valuable for
assessing potential cross-recognition of TCRs.

TCR fingerprinting using DNA barcode-labeled MHC multimers

We have recently developed a ‘one-pot’ tool for determining the
amino acid requirements at specific peptide positions for TCR recogni-
tion of pMHCs [67]. This method leverages DNA barcode-labeled MHC
multimers [102,103], which allows determination of the relative affinity
of a clonal TCR to libraries of MHCs that carry peptides with substantial
sequence overlap. Peptide libraries are constructed from the originally
identified targets, and include all variants generated from sequentially
substituting each position with the 20 naturally occurring amino acids.
This generates libraries of approximately 200 peptide variants from an
original 9–11mer peptide. Individual DNA barcode-labeled MHC multi-
mers are generated from each peptide, and the multimers are pooled and
incubated with T cells expressing a clonal TCR. Sorting of all MHC
multimer-binding T cells and subsequent sequencing reveals a distribu-
tion of DNA barcode reads that reflects the pMHC–TCR binding hierar-
chy. The experimental design, which includes all amino acids at all
peptide positions, enables the translation of the binding hierarchy into a
positional scoring matrix for each TCR (Figure 3). This, in turn, is used to
determine the relative amino acid preferences of the TCR at individual
positions of the peptide sequence.

A disadvantage of the TCR fingerprinting strategy relates to the
number of peptides included in a parallel screen. The strategy of
substituting a single amino acid position at a time underscores the pos-
sibility that several simultaneous amino acid substitutions might pro-
mote TCR interaction, or that a TCR might even be able to recognize a
largely different peptide [104,105]. Thus, an optimal assay would
include many more peptide variants to reflect the great variety of pMHC
targets that a TCR may potentially meet in vivo. However, this is not
feasible because peptide synthesis represents a considerable financial
5

cost of the total MHC multimer analysis, and the strategy requires a new
peptide library for every new TCR that is interrogated. To investigate the
extent of this drawback, we interrogated one TCR using a larger peptide
library (~800 peptides) that included peptides with two simultaneous
amino acid substitutions, and obtained results that were comparable with
those obtained from substituting one position at a time. Having only
investigated the effect of multiple substitutions on one TCR, we cannot
conclude that simultaneous substitutions will never generate new pos-
sibilities for a TCR to interact, but the result implies that, for peptides
with some sequence overlap, single substitutions can potentially describe
most of the amino acids required for TCR interaction. Another drawback
relates to the need to have a pre-established peptide target of the inter-
rogated TCR fromwhich to construct the substitution library. Thus, in the
current embodiment of the strategy, it would not be possible to identify
new pMHC targets of TCRs with unknown specificities. Advantages
include flexibility (in terms of the possibility of interrogating TCR
recognition restricted to all foldable MHC molecules) and a relatively
straightforward methodology, which should make it possible to imple-
ment the technology in most laboratories familiar with molecular biology
and MHC multimers. Moreover, the pooled format of the screening
provides a sensitive readout for specific TCR interactions that describe
the relative importance of the individual amino acids at each position in
the peptide.

An alternative use of DNA barcode-labeled MHC multimers, which
also addresses the issue of TCR cross-recognition, has enabled the
straightforward identification of those TCRs responsive to a mutation-
derived neoepitope with the least risk of also cross-recognizing the
wild-type counterpart [106]. In this approach, one fluorochrome is used
to label all DNA-encoded MHC multimers holding a neopeptide, and
another fluorochrome is used for all the corresponding wild-type pep-
tides. T cells that cross-recognize both types of peptide will thus stain in
two colors. By single-cell sorting and capturing the TCR transcripts
associated with the single-color neoepitope-responsive T cells, the TCRs
with a lower risk of cross-recognizing wild-type peptides can be isolated,
while the simultaneously captured DNA barcode will inform on the exact
antigen specificities. The TCRs identified with such a methodology will
still require comprehensive analysis of the complete cross-recognition
potential before seeing therapeutic uses, but the strategy provides an
intelligent first-selection criterion of neoepitope-responsive TCRs inten-
ded for the clinic.

Although all these strategies [combinatorial peptide libraries, pMHC
display strategies and DNA barcode-labeled MHC multimers (Figure 2)]
are advantageous compared with previous strategies that applied single-
position alanine or glycine substitutions [30], they are still experimen-
tally limited compared with the number of possible ligands that might be
encountered. Therefore, interpretations of the results should reflect that
it is merely a window of estimated cross-reactivity. Structural informa-
tion and in silico modeling [107,108] may, in turn, enhance the utility of
the experimental approaches for assessing TCR binding degeneracy.

Translating molecular interaction points of TCRs into cross-
recognition potential

Knowing the molecular interaction points of a TCR might assist the
identification of cross-recognized peptides derived from endogenous
proteins, and hence provide a tool to assess the cross-recognition po-
tential of a given TCR before taking it to the clinic (Figure 3), ultimately
avoiding severe side-effects caused by TCR therapy. To assess this risk,
the knowledge acquired from dissecting the TCR interactions with pMHC
can be further analysed in silico, where a number of tools, including find
individual motif occurrences [109] or ScanProsite [110], can be utilized
to identify peptide sequences in the human proteome that match the
molecular interaction points of a TCR, and hence are at risk of being
cross-recognized (Figure 3).

However, from the point of understanding TCR recognition and
predicting the potentially cross-recognized peptides using any of the
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methods described in this review, further assessments are required to
determine whether such cross-recognition will pose an actual clinical
risk, as multiple mechanisms are in play controlling the ability of our
immune system's T cells to initiate cellular cytotoxicity. Important factors
to take into consideration include: (i) peptide processing and presenta-
tion; (ii) pMHC affinity; (iii) protein expression level; and (iv) peripheral
tolerance mechanisms maintained by regulatory T cells, and surface
expressed and secreted molecules [111–115]. Peptide processing and
presentation in the context of patients' HLA molecules will substantially
Figure 3. Schematic overview of the proposed strategy for e
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limit the number of potential peptides presented [58,59]. However,
prediction of antigen presentation is not trivial due to the many variables
involved in the processing machinery, and is, therefore, currently not
capable of sufficiently identifying the peptides that are truly presented.
The methods described in this review reflect differently on natural pre-
sentation of peptides; while the ability of peptide binding to MHC is an
integrated part of the CPL strategy, this method and the DNA
barcode-based methods do not reflect intracellular processing of longer
peptides. The methods utilizing antigen display to a larger degree reflect
valuation of T-cell receptor cross-recognition potential.
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the processing of peptides, as the presented pMHCs are derived from
cellular systems.

A requirement for reaching a certain threshold of pMHC–TCR in-
teractions to activate a T cell means that T-cell recognition is only
translated into a functional response if the peptide is derived from a
protein expressed above a certain level [26], and is moreover influenced
by affinity between the peptide and MHC [116]. Thus, TCR interaction
with a given pMHC does not necessarily correspond to T-cell reactivity,
which makes it important to distinguish between biochemical and
immunological recognition when considering potential toxicity of a TCR.
Consequently, the profiling of the TCR recognition motif to the human
genome should be used to guide researchers to identify tissues at risk,
which can be subjected to in-depth interrogation of functional T-cell
recognition to reveal whether T-cell recognition of an endogenously
derived peptide will lead to cellular destruction in vivo.

As several strategies of immune therapy of cancer, including adoptive
cell transfer strategies, work to deliberately break some level of tolerance
[117,118], it is not safe to assume that natural (non-modified) TCRs,
which have passed through clonal selection, will never target endoge-
nous tissue. Based on the 12 MCC clones investigated in the finger-
printing strategy [67], which target a Merkel cell polyomavirus-derived
peptide, these TCRs are non-modified and target an antigen that is
foreign to the immune system, but the data imply that most TCRs
cross-recognize peptides derived from healthy tissue. Currently, knowl-
edge of the extent and consequences of TCR cross-recognition are
insufficient to predict when such cross-recognition will have an effect at a
functional level, and the potential of both natural and modified TCRs for
recognizing endogenously derived peptides should be examined carefully
prior to clinical translation.

Improving TCR design and optimization

Knowing the landscape of the cross-recognized pMHCs of individual
receptors has proven particularly important for the in vitro affinity-
optimized TCRs developed for clinical applications. Due to the severe
adverse effects observedwith such genetically modified TCRs, and because
of the evidence that T-cell function is not enhanced above a certain
TCR–pMHC affinity threshold [119–121], novel structure-guided ap-
proaches are concerned with the effect of modifying TCRs in a way that
finds an optimal (rather than maximum) TCR affinity range [20,26,122,
123], and propose to incorporate changes that simultaneously enhance and
decrease the affinity of the pMHC–TCR interaction [62]. It is suggested that
a TCRwithoptimal on-target (only) affinitymaybegeneratedbymodifying
the TCR in a way that promotes stronger binding to the peptide part of the
TCR recognition motif while decreasing the overall binding toMHC [124].
Therefore, while all modifications of natural TCRs may pose a risk,
increasedmotivation for describing themolecular recognition patterns of a
TCR to assist the process of ‘rational design’ of genetically modified TCRs
intended for the clinic is emerging. Moreover, knowledge of the molecular
interaction points of TCRs can feed into developing in silico platforms,
increasing our overall capacity to understand TCR interactions and predict
T-cell cross-recognition. Taken together, such measures can be applied to
facilitate the generationof efficient and safe TCRgene therapy strategies for
future treatment of advanced cancer.

Funding

This research was funded, in part, through the European Research
Council (StG 677268 NextDART), the Lundbeck Foundation Fellowship
(R190-2014-4178) and the Danish Research Council (DFF–4004-00422).

Disclosure

AKB and SRH are co-inventors on a patent covering the use of DNA
barcode-labeled MHC multimers (WO2015185067 and
WO2015188839).
7

Acknowledgements

We thank all members of the the T cell& Cancer group at DTU Health
technology for their input and fruitful discussions.

References

[1] Rosenberg SA, Packard BS, Aebersold PM, Solomon D, Topalian SL, Toy ST, et al.
Use of tumor-infiltrating lymphocytes and interleukin-2 in the immunotherapy of
patients with metastatic melanoma. A preliminary report. N Engl J Med 1988;319:
1676–80. https://doi.org/10.1056/NEJM198812223192527.

[2] Ellebaek E, Iversen TZ, Junker N, Donia M, Engell-Noerregaard L, €O Met, et al.
Adoptive cell therapy with autologous tumor infiltrating lymphocytes and low-
dose interleukin-2 in metastatic melanoma patients. J Transl Med 2012;10:169.
https://doi.org/10.1186/1479-5876-10-169.

[3] Besser MJ, Shapira-Frommer R, Treves AJ, Zippel D, Itzhaki O, Hershkovitz L,
et al. Clinical responses in a phase II study using adoptive transfer of short-term
cultured tumor infiltration lymphocytes in metastatic melanoma patients. Clin
Cancer Res 2010;16:2646–55. https://doi.org/10.1158/1078-0432.CCR-10-0041.

[4] Rosenberg SA. Cell transfer immunotherapy for metastatic solid cancer – what
clinicians need to know. Nat Rev Clin Oncol 2011;8:577–85. https://doi.org/
10.1038/nrclinonc.2011.116.

[5] Svane IM, Verdegaal EM. Achievements and challenges of adoptive T cell therapy
with tumor-infiltrating or blood-derived lymphocytes for metastatic melanoma:
what is needed to achieve standard of care? Cancer Immunol Immunother 2014;
63:1081–91. https://doi.org/10.1007/s00262-014-1580-5.

[6] Gross G, Waks T, Eshhar Z. Expression of immunoglobulin-T-cell receptor
chimeric molecules as functional receptors with antibody-type specificity. Proc
Natl Acad Sci USA 1989;86:10024–8. https://doi.org/10.1073/
pnas.86.24.10024.

[7] June CH, O’Connor RS, Kawalekar OU, Ghassemi S, Milone MC. CAR T cell
immunotherapy for human cancer. Science 2018;359:1361–5. https://doi.org/
10.1126/science.aar6711.

[8] Rosenberg SA, Aebersold P, Cornetta K, Kasid A, Morgan RA, Moen R, et al. Gene
transfer into humans – immunotherapy of patients with advanced melanoma,
using tumor-infiltrating lymphocytes modified by retroviral gene transduction.
N Engl J Med 1990;323:570–8. https://doi.org/10.1056/
NEJM199008303230904.

[9] Kessels HW, Wolkers MC, van den Boom MD, van der Valk MA, Schumacher TN.
Immunotherapy through TCR gene transfer. Nat Immunol 2001;2:957–61.
https://doi.org/10.1038/ni1001-957.

[10] Dembi�c Z, Haas W, Weiss S, McCubrey J, Kiefer H, von Boehmer H, et al. Transfer
of specificity by murine alpha and beta T-cell receptor genes. Nature 1986;320:
232–8. https://doi.org/10.1038/320232a0.

[11] Clay TM, Custer MC, Sachs J, Hwu P, Rosenberg SA, Nishimura MI. Efficient
transfer of a tumor antigen-reactive TCR to human peripheral blood lymphocytes
confers anti-tumor reactivity. J Immunol 1999;163:507–13.

[12] Cooper LJ, Kalos M, Lewinsohn DA, Riddell SR, Greenberg PD. Transfer of
specificity for human immunodeficiency virus type 1 into primary human T
lymphocytes by introduction of T-cell receptor genes. J Virol 2000;74:8207–12.

[13] Tahara H, Fujio K, Araki Y, Setoguchi K, Misaki Y, Kitamura T, et al.
Reconstitution of CD8þ T cells by retroviral transfer of the TCR alpha beta-chain
genes isolated from a clonally expanded P815-infiltrating lymphocyte. J Immunol
2003;171:2154–60.

[14] Chamoto K, Tsuji T, Funamoto H, Kosaka A, Matsuzaki J, Sato T, et al.
Potentiation of tumor eradication by adoptive immunotherapy with T-cell
receptor gene-transduced T-helper type 1 cells. Cancer Res 2004;64:386–90.

[15] Hughes MS, Yu YYL, Dudley ME, Zheng Z, Robbins PF, Li Y, et al. Transfer of a
TCR gene derived from a patient with a marked antitumor response conveys
highly active T-cell effector functions. Hum Gene Ther 2005;16:457–72. https://
doi.org/10.1089/hum.2005.16.457.

[16] Morgan RA, Dudley ME, Wunderlich JR, Hughes MS, Yang JC, Sherry RM, et al.
Cancer regression in patients after transfer of genetically engineered lymphocytes.
Science 2006;314:126–9. https://doi.org/10.1126/science.1129003.

[17] Johnson LA, Morgan RA, Dudley ME, Cassard L, Yang JC, Hughes MS, et al. Gene
therapy with human and mouse T-cell receptors mediates cancer regression and
targets normal tissues expressing cognate antigen. Blood 2009;114:535–46.
https://doi.org/10.1182/blood-2009-03-211714.

[18] Johnson LA, Heemskerk B, Powell DJ, Cohen CJ, Morgan RA, Dudley ME, et al.
Gene transfer of tumor-reactive TCR confers both high avidity and tumor
reactivity to nonreactive peripheral blood mononuclear cells and tumor-
infiltrating lymphocytes. J Immunol 2006;177:6548–59.

[19] Borbulevych OY, Santhanagopolan SM, Hossain M, Baker BM. TCRs used in cancer
gene therapy cross-react with MART-1/Melan-A tumor antigens via distinct
mechanisms. J Immunol 2011;187:2453–63. https://doi.org/10.4049/
jimmunol.1101268.

[20] Stone JD, Kranz DM. Role of T cell receptor affinity in the efficacy and specificity
of adoptive T cell therapies. Front Immunol 2013;4:244. https://doi.org/10.3389/
fimmu.2013.00244.

[21] Bowerman NA, Crofts TS, Chlewicki L, Do P, Baker BM, Christopher Garcia K,
et al. Engineering the binding properties of the T cell receptor:peptide:MHC
ternary complex that governs T cell activity. Mol Immunol 2009;46:3000–8.
https://doi.org/10.1016/j.molimm.2009.06.012.

https://doi.org/10.1056/NEJM198812223192527
https://doi.org/10.1186/1479-5876-10-169
https://doi.org/10.1158/1078-0432.CCR-10-0041
https://doi.org/10.1038/nrclinonc.2011.116
https://doi.org/10.1038/nrclinonc.2011.116
https://doi.org/10.1007/s00262-014-1580-5
https://doi.org/10.1073/pnas.86.24.10024
https://doi.org/10.1073/pnas.86.24.10024
https://doi.org/10.1126/science.aar6711
https://doi.org/10.1126/science.aar6711
https://doi.org/10.1056/NEJM199008303230904
https://doi.org/10.1056/NEJM199008303230904
https://doi.org/10.1038/ni1001-957
https://doi.org/10.1038/320232a0
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref11
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref11
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref11
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref11
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref12
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref12
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref12
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref12
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref13
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref13
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref13
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref13
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref13
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref13
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref14
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref14
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref14
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref14
https://doi.org/10.1089/hum.2005.16.457
https://doi.org/10.1089/hum.2005.16.457
https://doi.org/10.1126/science.1129003
https://doi.org/10.1182/blood-2009-03-211714
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref18
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref18
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref18
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref18
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref18
https://doi.org/10.4049/jimmunol.1101268
https://doi.org/10.4049/jimmunol.1101268
https://doi.org/10.3389/fimmu.2013.00244
https://doi.org/10.3389/fimmu.2013.00244
https://doi.org/10.1016/j.molimm.2009.06.012


A.K. Bentzen, S.R. Hadrup Immuno-Oncology Technology 2 (2019) 1–10
[22] Chervin AS, Stone JD, Holler PD, Bai A, Chen J, Eisen HN, et al. The impact of
TCR-binding properties and antigen presentation format on T cell
responsiveness. J Immunol 2009;183:1166–78. https://doi.org/10.4049/
jimmunol.0900054.

[23] Manning TC, Kranz DM. Binding energetics of T-cell receptors: correlation with
immunological consequences. Immunol Today 1999;20:417–22. https://doi.org/
10.1016/S0167-5699(99)01508-X.

[24] Robbins PF, Li YF, El-Gamil M, Zhao Y, Wargo JA, Zheng Z, et al. Single and dual
amino acid substitutions in TCR CDRs can enhance antigen-specific T cell
functions. J Immunol 2008;180:6116–31.

[25] Irving M, Zoete V, Hebeisen M, Schmid D, Baumgartner P, Guillaume P, et al.
Interplay between T cell receptor binding kinetics and the level of cognate peptide
presented by major histocompatibility complexes governs CD8þ T cell
responsiveness. J Biol Chem 2012;287:23068–78. https://doi.org/10.1074/
jbc.M112.357673.

[26] Zhong S, Malecek K, Johnson LA, Yu Z, Vega-Saenz de Miera E, Darvishian F, et al.
T-cell receptor affinity and avidity defines antitumor response and autoimmunity
in T-cell immunotherapy. Proc Natl Acad Sci USA 2013;110:6973–8. https://
doi.org/10.1073/pnas.1221609110.

[27] Ohta R, Demachi-Okamura A, Akatsuka Y, Fujiwara H, Kuzushima K. Improving
TCR affinity on 293 T cells. J Immunol Methods 2018;466:1–8. https://doi.org/
10.1016/j.jim.2018.11.010.

[28] Pierce BG, Hellman LM, Hossain M, Singh NK, Vander Kooi CW, Weng Z, et al.
Computational design of the affinity and specificity of a therapeutic T cell
receptor. PLoS Comput Biol 2014;10:e1003478. https://doi.org/10.1371/
journal.pcbi.1003478.

[29] Harris DT, Wang N, Riley TP, Anderson SD, Singh NK, Procko E, et al. Deep
mutational scans as a guide to engineering high affinity T cell receptor
interactions with peptide-bound major histocompatibility complex. J Biol Chem
2016;291:24566–78. https://doi.org/10.1074/jbc.M116.748681.

[30] Cameron BJ, Gerry AB, Dukes J, Harper JV, Kannan V, Bianchi FC, et al.
Identification of a titin-derived HLA-A1-presented peptide as a cross-reactive
target for engineered MAGE A3-directed T cells. Sci Transl Med 2013;5:197ra103.
https://doi.org/10.1126/scitranslmed.3006034.

[31] Linette GP, Stadtmauer EA, Maus MV, Rapoport AP, Levine BL, Emery L, et al.
Cardiovascular toxicity and titin cross-reactivity of affinity-enhanced T cells in
myeloma and melanoma. Blood 2013;122:863–71. https://doi.org/10.1182/
blood-2013-03-490565.

[32] Johnson LA, June CH. Driving gene-engineered T cell immunotherapy of cancer.
Cell Res 2017;27:38–58. https://doi.org/10.1038/cr.2016.154.

[33] Parkhurst MR, Yang JC, Langan RC, Dudley ME, Nathan D-AN, Feldman SA, et al.
T cells targeting carcinoembryonic antigen can mediate regression of metastatic
colorectal cancer but induce severe transient colitis. Mol Ther 2011;19:620–6.
https://doi.org/10.1038/mt.2010.272.

[34] Robbins PF, Morgan RA, Feldman SA, Yang JC, Sherry RM, Dudley ME, et al.
Tumor regression in patients with metastatic synovial cell sarcoma and melanoma
using genetically engineered lymphocytes reactive with NY-ESO-1. J Clin Oncol
2011;29:917–24. https://doi.org/10.1200/JCO.2010.32.2537.

[35] Robbins PF, Kassim SH, Tran TLN, Crystal JS, Morgan RA, Feldman SA, et al.
A pilot trial using lymphocytes genetically engineered with an NY-ESO-1-reactive
T-cell receptor: long-term follow-up and correlates with response. Clin Cancer Res
2015;21:1019–27. https://doi.org/10.1158/1078-0432.CCR-14-2708.

[36] Rapoport AP, Stadtmauer EA, Binder-Scholl GK, Goloubeva O, Vogl DT, Lacey SF,
et al. NY-ESO-1-specific TCR-engineered T cells mediate sustained antigen-specific
antitumor effects in myeloma. Nat Med 2015;21:914–21. https://doi.org/
10.1038/nm.3910.

[37] Kageyama S, Ikeda H, Miyahara Y, Imai N, Ishihara M, Saito K, et al. Adoptive
transfer of MAGE-A4 T-cell receptor gene-transduced lymphocytes in patients with
recurrent esophageal cancer. Clin Cancer Res 2015;21:2268–77. https://doi.org/
10.1158/1078-0432.CCR-14-1559.

[38] Morgan RA, Chinnasamy N, Abate-Daga D, Gros A, Robbins PF, Zheng Z, et al.
Cancer regression and neurological toxicity following anti-MAGE-A3 TCR gene
therapy. J Immunother 2013;36:133–51. https://doi.org/10.1097/
CJI.0b013e3182829903.

[39] van den Berg JH, Gomez-Eerland R, van de Wiel B, Hulshoff L, van den Broek D,
Bins A, et al. Case report of a fatal serious adverse event upon administration of T
cells transduced with a MART-1-specific T-cell receptor. Mol Ther 2015;23:
1541–50. https://doi.org/10.1038/mt.2015.60.

[40] Karanikas V, Lurquin C, Colau D, van Baren N, De Smet C, Leth�e B, et al.
Monoclonal anti-MAGE-3 CTL responses in melanoma patients displaying tumor
regression after vaccination with a recombinant canarypox virus. J Immunol 2003;
171:4898–904.

[41] Connerotte T, Van Pel A, Godelaine D, Tartour E, Schuler-Thurner B, Lucas S, et al.
Functions of anti-MAGE T-cells induced in melanoma patients under different
vaccination modalities. Cancer Res 2008;68:3931–40. https://doi.org/10.1158/
0008-5472.CAN-07-5898.

[42] Wooldridge L, Ekeruche-Makinde J, van den Berg HA, Skowera A, Miles JJ,
Tan MP, et al. A single autoimmune T cell receptor recognizes more than a million
different peptides. J Biol Chem 2012;287:1168–77. https://doi.org/10.1074/
jbc.M111.289488.

[43] Sewell AK. Why must T cells be cross-reactive? Nat Rev Immunol 2012;12:
669–77. https://doi.org/10.1038/nri3279.

[44] Mason D. A very high level of crossreactivity is an essential feature of the T-cell
receptor. Immunol Today 1998;19:395–404. https://doi.org/10.1016/S0167-
5699(98)01299-7.
8

[45] Wucherpfennig KW, Allen PM, Celada F, Cohen IR, De Boer R, Garcia KC, et al.
Polyspecificity of T cell and B cell receptor recognition. Semin Immunol 2007;19:
216–24. https://doi.org/10.1016/j.smim.2007.02.012.

[46] Bianconi E, Piovesan A, Facchin F, Beraudi A, Casadei R, Frabetti F, et al. An
estimation of the number of cells in the human body. Ann Hum Biol 2013;40:
463–71. https://doi.org/10.3109/03014460.2013.807878.

[47] Guo HC, Jardetzky TS, Garrett TP, Lane WS, Strominger JL, Wiley DC. Different
length peptides bind to HLA-Aw68 similarly at their ends but bulge out in the
middle. Nature 1992;360:364–6. https://doi.org/10.1038/360364a0.

[48] Gfeller D, Guillaume P, Michaux J, Pak H-S, Daniel RT, Racle J, et al. The length
distribution and multiple specificity of naturally presented HLA-I ligands.
J Immunol 2018;201:3705–16. https://doi.org/10.4049/jimmunol.1800914.

[49] Mohammed F, Cobbold M, Zarling AL, Salim M, Barrett-Wilt GA, Shabanowitz J,
et al. Phosphorylation-dependent interaction between antigenic peptides and
MHC class I: a molecular basis for the presentation of transformed self. Nat
Immunol 2008;9:1236–43. https://doi.org/10.1038/ni.1660.

[50] Petersen J, Wurzbacher SJ, Williamson NA, Ramarathinam SH, Reid HH,
Nair AKN, et al. Phosphorylated self-peptides alter human leukocyte antigen class
I-restricted antigen presentation and generate tumor-specific epitopes. Proc Natl
Acad Sci USA 2009;106:2776–81. https://doi.org/10.1073/pnas.0812901106.

[51] Chen W, Yewdell JW, Levine RL, Bennink JR. Modification of cysteine residues in
vitro and in vivo affects the immunogenicity and antigenicity of major
histocompatibility complex class I-restricted viral determinants. J Exp Med 1999;
189:1757–64.

[52] Meadows L, Wang W, den Haan JM, Blokland E, Reinhardus C, Drijfhout JW, et al.
The HLA-A*0201-restricted H-Y antigen contains a posttranslationally modified
cysteine that significantly affects T cell recognition. Immunity 1997;6:273–81.

[53] Green RS, Stone EL, Tenno M, Lehtonen E, Farquhar MG, Marth JD. Mammalian
N-glycan branching protects against innate immune self-recognition and
inflammation in autoimmune disease pathogenesis. Immunity 2007;27:308–20.
https://doi.org/10.1016/j.immuni.2007.06.008.

[54] Hill JA, Bell DA, Brintnell W, Yue D, Wehrli B, Jevnikar AM, et al. Arthritis
induced by posttranslationally modified (citrullinated) fibrinogen in DR4-IE
transgenic mice. J Exp Med 2008;205:967–79. https://doi.org/10.1084/
jem.20072051.

[55] Scally SW, Petersen J, Law SC, Dudek NL, Nel HJ, Loh KL, et al. A molecular basis
for the association of the HLA-DRB1 locus, citrullination, and rheumatoid arthritis.
J Exp Med 2013;210:2569–82. https://doi.org/10.1084/jem.20131241.

[56] Omenn GS, Lane L, Lundberg EK, Beavis RC, Overall CM, Deutsch EW. Metrics for
the Human Proteome Project 2016: progress on identifying and characterizing the
human proteome, including post-translational modifications. J Proteome Res
2016;15:3951–60. https://doi.org/10.1021/acs.jproteome.6b00511.

[57] Ramarathinam SH, Gras S, Alcantara S, Yeung AWS, Mifsud NA, Sonza S, et al.
Identification of native and posttranslationally modified HLA-B*57:01-restricted
HIV envelope derived epitopes using immunoproteomics. Proteomics 2018;18:
e1700253. https://doi.org/10.1002/pmic.201700253.

[58] Nielsen M, Lundegaard C, Blicher T, Lamberth K, Harndahl M, Justesen S, et al.
NetMHCpan, a method for quantitative predictions of peptide binding to any HLA-
A and -B locus protein of known sequence. PLoS One 2007;2:e796. https://
doi.org/10.1371/journal.pone.0000796.

[59] Yewdell JW, Bennink JR. Mechanisms of viral interference with MHC class I
antigen processing and presentation. Annu Rev Cell Dev Biol 1999;15:579–606.
https://doi.org/10.1146/annurev.cellbio.15.1.579.

[60] Chan KF, Gully BS, Gras S, Beringer DX, Kjer-Nielsen L, Cebon J, et al. Divergent T-
cell receptor recognition modes of a HLA-I restricted extended tumour-associated
peptide. Nat Commun 2018;9:1026. https://doi.org/10.1038/s41467-018-03321-
w.

[61] Song I, Gil A, Mishra R, Ghersi D, Selin LK, Stern LJ. Broad TCR repertoire and
diverse structural solutions for recognition of an immunodominant CD8þ T cell
epitope. Nat Struct Mol Biol 2017;24:395–406. https://doi.org/10.1038/
nsmb.3383.

[62] Riley TP, Baker BM. The intersection of affinity and specificity in the development
and optimization of T cell receptor based therapeutics. Semin Cell Dev Biol 2018;
84:30–41. https://doi.org/10.1016/j.semcdb.2017.10.017.

[63] Adams JJ, Narayanan S, Birnbaum ME, Sidhu SS, Blevins SJ, Gee MH, et al.
Structural interplay between germline interactions and adaptive recognition
determines the bandwidth of TCR-peptide–MHC cross-reactivity. Nat Immunol
2016;17:87–94. https://doi.org/10.1038/ni.3310.

[64] van Buuren MM, Dijkgraaf FE, Linnemann C, Toebes M, Chang CXL, Mok JY, et al.
HLA micropolymorphisms strongly affect peptide–MHC multimer-based
monitoring of antigen-specific CD8þ T cell responses. J Immunol 2014;192:
641–8. https://doi.org/10.4049/jimmunol.1301770.

[65] Frøsig TM, Yap J, Seremet T, Lyngaa R, Svane IM, Thor Straten P, et al. Design and
validation of conditional ligands for HLA-B*08:01, HLA-B*15:01, HLA-B*35:01,
and HLA-B*44:05. Cytometry A 2015;87:967–75. https://doi.org/10.1002/
cyto.a.22689.

[66] Cole DK, Bulek AM, Dolton G, Schauenberg AJ, Szomolay B, Rittase W, et al.
Hotspot autoimmune T cell receptor binding underlies pathogen and insulin
peptide cross-reactivity. J Clin Invest 2016;126:2191–204. https://doi.org/
10.1172/JCI85679.

[67] Bentzen AK, Such L, Jensen KK, Marquard AM, Jessen LE, Miller NJ, et al. T cell
receptor fingerprinting enables in-depth characterization of the interactions
governing recognition of peptide–MHC complexes. Nat Biotechnol 2018. https://
doi.org/10.1038/nbt.4303.

[68] Clute SC, Naumov YN, Watkin LB, Aslan N, Sullivan JL, Thorley-Lawson DA, et al.
Broad cross-reactive TCR repertoires recognizing dissimilar Epstein–Barr and

https://doi.org/10.4049/jimmunol.0900054
https://doi.org/10.4049/jimmunol.0900054
https://doi.org/10.1016/S0167-5699(99)01508-X
https://doi.org/10.1016/S0167-5699(99)01508-X
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref24
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref24
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref24
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref24
https://doi.org/10.1074/jbc.M112.357673
https://doi.org/10.1074/jbc.M112.357673
https://doi.org/10.1073/pnas.1221609110
https://doi.org/10.1073/pnas.1221609110
https://doi.org/10.1016/j.jim.2018.11.010
https://doi.org/10.1016/j.jim.2018.11.010
https://doi.org/10.1371/journal.pcbi.1003478
https://doi.org/10.1371/journal.pcbi.1003478
https://doi.org/10.1074/jbc.M116.748681
https://doi.org/10.1126/scitranslmed.3006034
https://doi.org/10.1182/blood-2013-03-490565
https://doi.org/10.1182/blood-2013-03-490565
https://doi.org/10.1038/cr.2016.154
https://doi.org/10.1038/mt.2010.272
https://doi.org/10.1200/JCO.2010.32.2537
https://doi.org/10.1158/1078-0432.CCR-14-2708
https://doi.org/10.1038/nm.3910
https://doi.org/10.1038/nm.3910
https://doi.org/10.1158/1078-0432.CCR-14-1559
https://doi.org/10.1158/1078-0432.CCR-14-1559
https://doi.org/10.1097/CJI.0b013e3182829903
https://doi.org/10.1097/CJI.0b013e3182829903
https://doi.org/10.1038/mt.2015.60
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref40
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref40
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref40
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref40
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref40
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref40
https://doi.org/10.1158/0008-5472.CAN-07-5898
https://doi.org/10.1158/0008-5472.CAN-07-5898
https://doi.org/10.1074/jbc.M111.289488
https://doi.org/10.1074/jbc.M111.289488
https://doi.org/10.1038/nri3279
https://doi.org/10.1016/S0167-5699(98)01299-7
https://doi.org/10.1016/S0167-5699(98)01299-7
https://doi.org/10.1016/j.smim.2007.02.012
https://doi.org/10.3109/03014460.2013.807878
https://doi.org/10.1038/360364a0
https://doi.org/10.4049/jimmunol.1800914
https://doi.org/10.1038/ni.1660
https://doi.org/10.1073/pnas.0812901106
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref51
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref51
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref51
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref51
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref51
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref52
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref52
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref52
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref52
https://doi.org/10.1016/j.immuni.2007.06.008
https://doi.org/10.1084/jem.20072051
https://doi.org/10.1084/jem.20072051
https://doi.org/10.1084/jem.20131241
https://doi.org/10.1021/acs.jproteome.6b00511
https://doi.org/10.1002/pmic.201700253
https://doi.org/10.1371/journal.pone.0000796
https://doi.org/10.1371/journal.pone.0000796
https://doi.org/10.1146/annurev.cellbio.15.1.579
https://doi.org/10.1038/s41467-018-03321-w
https://doi.org/10.1038/s41467-018-03321-w
https://doi.org/10.1038/nsmb.3383
https://doi.org/10.1038/nsmb.3383
https://doi.org/10.1016/j.semcdb.2017.10.017
https://doi.org/10.1038/ni.3310
https://doi.org/10.4049/jimmunol.1301770
https://doi.org/10.1002/cyto.a.22689
https://doi.org/10.1002/cyto.a.22689
https://doi.org/10.1172/JCI85679
https://doi.org/10.1172/JCI85679
https://doi.org/10.1038/nbt.4303
https://doi.org/10.1038/nbt.4303


A.K. Bentzen, S.R. Hadrup Immuno-Oncology Technology 2 (2019) 1–10
influenza A virus epitopes. J Immunol 2010;185:6753–64. https://doi.org/
10.4049/jimmunol.1000812.

[69] Acierno PM, Newton DA, Brown EA, Maes LA, Baatz JE, Gattoni-Celli S. Cross-
reactivity between HLA-A2-restricted FLU-M1:58-66 and HIV p17 GAG:77-85
epitopes in HIV-infected and uninfected individuals. J Transl Med 2003;1:3.
https://doi.org/10.1186/1479-5876-1-3.

[70] Garcia KC, Degano M, Pease LR, Huang M, Peterson PA, Teyton L, et al. Structural
basis of plasticity in T cell receptor recognition of a self peptide–MHC antigen.
Science 1998;279:1166–72.

[71] Reiser J-B, Darnault C, Gr�egoire C, Mosser T, Mazza G, Kearney A, et al. CDR3
loop flexibility contributes to the degeneracy of TCR recognition. Nat Immunol
2003;4:241–7. https://doi.org/10.1038/ni891.

[72] Reiser JB, Gr�egoire C, Darnault C, Mosser T, Guimezanes A, Schmitt-Verhulst AM,
et al. A T cell receptor CDR3beta loop undergoes conformational changes of
unprecedented magnitude upon binding to a peptide/MHC class I complex.
Immunity 2002;16:345–54.

[73] Rossjohn J, Gras S, Miles JJ, Turner SJ, Godfrey DI, McCluskey J. T cell antigen
receptor recognition of antigen-presenting molecules. Annu Rev Immunol 2015;
33:169–200. https://doi.org/10.1146/annurev-immunol-032414-112334.

[74] Dendrou CA, Petersen J, Rossjohn J, Fugger L. HLA variation and disease. Nat Rev
Immunol 2018;18:325–39. https://doi.org/10.1038/nri.2017.143.

[75] Miles JJ, McCluskey J, Rossjohn J, Gras S. Understanding the complexity and
malleability of T-cell recognition. Immunol Cell Biol 2015;93:433–41. https://
doi.org/10.1038/icb.2014.112.

[76] Yin Y, Li Y, Kerzic MC, Martin R, Mariuzza RA. Structure of a TCR with high
affinity for self-antigen reveals basis for escape from negative selection. EMBO J
2011;30:1137–48. https://doi.org/10.1038/emboj.2011.21.

[77] Hahn M, Nicholson MJ, Pyrdol J, Wucherpfennig KW. Unconventional topology of
self peptide–major histocompatibility complex binding by a human autoimmune T
cell receptor. Nat Immunol 2005;6:490–6. https://doi.org/10.1038/ni1187.

[78] Burrows SR, Chen Z, Archbold JK, Tynan FE, Beddoe T, Kjer-Nielsen L, et al. Hard
wiring of T cell receptor specificity for the major histocompatibility complex is
underpinned by TCR adaptability. Proc Natl Acad Sci USA 2010;107:10608–13.
https://doi.org/10.1073/pnas.1004926107.

[79] Holland CJ, MacLachlan BJ, Bianchi V, Hesketh SJ, Morgan R, Vickery O, et al. In
silico and structural analyses demonstrate that intrinsic protein motions guide T
cell receptor complementarity determining region loop flexibility. Front Immunol
2018;9:674. https://doi.org/10.3389/fimmu.2018.00674.

[80] Cornberg M, Clute SC, Watkin LB, Saccoccio FM, Kim S-K, Naumov YN, et al. CD8
T cell cross-reactivity networks mediate heterologous immunity in human EBV
and murine vaccinia virus infections. J Immunol 2010;184:2825–38. https://
doi.org/10.4049/jimmunol.0902168.

[81] Holler PD, Chlewicki LK, Kranz DM. TCRs with high affinity for foreign pMHC
show self-reactivity. Nat Immunol 2003;4:55–62. https://doi.org/10.1038/ni863.

[82] Chen AT, Cornberg M, Gras S, Guillonneau C, Rossjohn J, Trees A, et al. Loss of
anti-viral immunity by infection with a virus encoding a cross-reactive pathogenic
epitope. PLoS Pathog 2012;8:e1002633. https://doi.org/10.1371/
journal.ppat.1002633.

[83] Degauque N, Brouard S, Soulillou J-P. Cross-reactivity of TCR repertoire: current
concepts, challenges, and implication for allotransplantation. Front Immunol
2016;7:89. https://doi.org/10.3389/fimmu.2016.00089.

[84] Borbulevych OY, Piepenbrink KH, Gloor BE, Scott DR, Sommese RF, Cole DK, et al.
T cell receptor cross-reactivity directed by antigen-dependent tuning of
peptide–MHC molecular flexibility. Immunity 2009;31:885–96. https://doi.org/
10.1016/j.immuni.2009.11.003.

[85] Cole DK, van den Berg HA, Lloyd A, Crowther MD, Beck K, Ekeruche-Makinde J,
et al. Structural mechanism underpinning cross-reactivity of a CD8þ T-cell clone
that recognizes a peptide derived from human telomerase reverse transcriptase.
J Biol Chem 2017;292:802–13. https://doi.org/10.1074/jbc.M116.741603.

[86] Yeo L, Woodwyk A, Sood S, Lorenc A, Eichmann M, Pujol-Autonell I, et al.
Autoreactive T effector memory differentiation mirrors β cell function in type 1
diabetes. J Clin Invest 2018;128:3460–74. https://doi.org/10.1172/JCI120555.

[87] Oldstone MB. Molecular mimicry and immune-mediated diseases. FASEB J 1998;
12:1255–65.

[88] Rist MJ, Hibbert KM, Croft NP, Smith C, Neller MA, Burrows JM, et al. T cell cross-
reactivity between a highly immunogenic EBV epitope and a self-peptide naturally
presented by HLA-B*18:01þ Cells. J Immunol 2015;194:4668–75. https://
doi.org/10.4049/jimmunol.1500233.

[89] Zehn D, Bevan MJ. T cells with low avidity for a tissue-restricted antigen routinely
evade central and peripheral tolerance and cause autoimmunity. Immunity 2006;
25:261–70. https://doi.org/10.1016/j.immuni.2006.06.009.

[90] Birnbaum ME, Mendoza JL, Sethi DK, Dong S, Glanville J, Dobbins J, et al.
Deconstructing the peptide–MHC specificity of T cell recognition. Cell 2014;157:
1073–87. https://doi.org/10.1016/j.cell.2014.03.047.

[91] Schaubert KL, Price DA, Salkowitz JR, Sewell AK, Sidney J, Asher TE, et al.
Generation of robust CD8þ T-cell responses against subdominant epitopes in
conserved regions of HIV-1 by repertoire mining with mimotopes. Eur J Immunol
2010;40:1950–62. https://doi.org/10.1002/eji.200940079.

[92] Wooldridge L, Laugel B, Ekeruche J, Clement M, van den Berg HA, Price DA, et al.
CD8 controls T cell cross-reactivity. J Immunol 2010;185:4625–32. https://
doi.org/10.4049/jimmunol.1001480.

[93] Li G, Bethune MT, Wong S, Joglekar AV, Leonard MT, Wang JK, et al. T cell
antigen discovery via trogocytosis. Nat Methods 2019;16:183–90. https://doi.org/
10.1038/s41592-018-0305-7.
9

[94] Joglekar AV, Leonard MT, Jeppson JD, Swift M, Li G, Wong S, et al. T cell antigen
discovery via signaling and antigen-presenting bifunctional receptors. Nat
Methods 2019;16:191–8. https://doi.org/10.1038/s41592-018-0304-8.

[95] Kisielow J, Obermair F-J, Kopf M. Deciphering CD4þ T cell specificity using novel
MHC-TCR chimeric receptors. Nat Immunol 2019;20:652–62. https://doi.org/
10.1038/s41590-019-0335-z.

[96] Gejman RS, Klatt MG, Chang AY, Jones HF, Oh CY, Chandran SS, et al. Prospective
identification of cross-reactive human peptide–MHC ligands for T cell receptor
based therapies. BioRxiv 2018. https://doi.org/10.1101/267047.

[97] Mendes MFA, Antunes DA, Rigo MM, Sinigaglia M, Vieira GF. Improved structural
method for T-cell cross-reactivity prediction. Mol Immunol 2015;67:303–10.
https://doi.org/10.1016/j.molimm.2015.06.017.

[98] Bijen HM, van der Steen DM, Hagedoorn RS, Wouters AK, Wooldridge L,
Falkenburg JHF, et al. Preclinical strategies to identify off-target toxicity of high-
affinity TCRs. Mol Ther 2018;26:1206–14. https://doi.org/10.1016/
j.ymthe.2018.02.017.

[99] Ekeruche-Makinde J, Clement M, Cole DK, Edwards ESJ, Ladell K, Miles JJ, et al.
T-cell receptor-optimized peptide skewing of the T-cell repertoire can enhance
antigen targeting. J Biol Chem 2012;287:37269–81. https://doi.org/10.1074/
jbc.M112.386409.

[100] Gee MH, Han A, Lofgren SM, Beausang JF, Mendoza JL, Birnbaum ME, et al.
Antigen identification for orphan T cell receptors expressed on tumor-infiltrating
lymphocytes. Cell 2018;172:549–63. https://doi.org/10.1016/j.cell.2017.11.043.
e16.

[101] Gee MH, Yang X, Garcia KC. Facile method for screening clinical T cell receptors
for off-target peptide–HLA reactivity. BioRxiv 2018. https://doi.org/10.1101/
472480.

[102] Bentzen AK, Marquard AM, Lyngaa R, Saini SK, Ramskov S, Donia M, et al. Large-
scale detection of antigen-specific T cells using peptide–MHC-I multimers labeled
with DNA barcodes. Nat Biotechnol 2016;34:1037–45. https://doi.org/10.1038/
nbt.3662.

[103] Bentzen AK, Hadrup SR. Evolution of MHC-based technologies used for detection
of antigen-responsive T cells. Cancer Immunol Immunother 2017;66:657–66.
https://doi.org/10.1007/s00262-017-1971-5.

[104] Miles JJ, Tan MP, Dolton G, Edwards ES, Galloway SA, Laugel B, et al. Peptide
mimic for influenza vaccination using nonnatural combinatorial chemistry. J Clin
Invest 2018;128:1569–80. https://doi.org/10.1172/JCI91512.

[105] Riley TP, Hellman LM, Gee MH, Mendoza JL, Alonso JA, Foley KC, et al. T cell
receptor cross-reactivity expanded by dramatic peptide–MHC adaptability. Nat
Chem Biol 2018;14:934–42. https://doi.org/10.1038/s41589-018-0130-4.

[106] Zhang S-Q, Ma K-Y, Schonnesen AA, Zhang M, He C, Sun E, et al. High-throughput
determination of the antigen specificities of T cell receptors in single cells. Nat
Biotechnol 2018;36:1156–9. https://doi.org/10.1038/nbt.4282.

[107] Fodor J, Riley BT, Borg NA, Buckle AM. Previously hidden dynamics at the TCR-
peptide–MHC interface revealed. J Immunol 2018;200:4134–45. https://doi.org/
10.4049/jimmunol.1800315.

[108] Reinherz EL, Tan K, Tang L, Kern P, Liu J, Xiong Y, et al. The crystal structure of a
T cell receptor in complex with peptide and MHC class II. Science 1999;286:
1913–21.

[109] Grant CE, Bailey TL, Noble WS. FIMO: scanning for occurrences of a given motif.
Bioinformatics 2011;27:1017–8. https://doi.org/10.1093/bioinformatics/btr064.

[110] de Castro E, Sigrist CJA, Gattiker A, Bulliard V, Langendijk-Genevaux PS,
Gasteiger E, et al. ScanProsite: detection of PROSITE signature matches and
ProRule-associated functional and structural residues in proteins. Nucleic Acids
Res 2006;34:W362–5. https://doi.org/10.1093/nar/gkl124.

[111] Ohkura N, Kitagawa Y, Sakaguchi S. Development and maintenance of regulatory
T cells. Immunity 2013;38:414–23. https://doi.org/10.1016/
j.immuni.2013.03.002.

[112] Waterhouse P, Penninger JM, Timms E, Wakeham A, Shahinian A, Lee KP, et al.
Lymphoproliferative disorders with early lethality in mice deficient in Ctla-4.
Science 1995;270:985–8.

[113] Tivol EA, Borriello F, Schweitzer AN, Lynch WP, Bluestone JA, Sharpe AH. Loss of
CTLA-4 leads to massive lymphoproliferation and fatal multiorgan tissue
destruction, revealing a critical negative regulatory role of CTLA-4. Immunity
1995;3:541–7. https://doi.org/10.1016/1074-7613(95)90125-6.

[114] Nishimura H, Nose M, Hiai H, Minato N, Honjo T. Development of lupus-like
autoimmune diseases by disruption of the PD-1 gene encoding an ITIM motif-
carrying immunoreceptor. Immunity 1999;11:141–51. https://doi.org/10.1016/
S1074-7613(00)80089-8.

[115] Mueller DL. Mechanisms maintaining peripheral tolerance. Nat Immunol 2010;11:
21–7. https://doi.org/10.1038/ni.1817.

[116] Engels B, Engelhard VH, Sidney J, Sette A, Binder DC, Liu RB, et al. Relapse or
eradication of cancer is predicted by peptide–major histocompatibility complex
affinity. Cancer Cell 2013;23:516–26. https://doi.org/10.1016/j.ccr.2013.03.018.

[117] Ribas A, Wolchok JD. Cancer immunotherapy using checkpoint blockade. Science
2018;359:1350–5. https://doi.org/10.1126/science.aar4060.

[118] Rosenberg SA, Restifo NP. Adoptive cell transfer as personalized immunotherapy
for human cancer. Science 2015;348:62–8. https://doi.org/10.1126/
science.aaa4967.

[119] Oren R, Hod-Marco M, Haus-Cohen M, Thomas S, Blat D, Duvshani N, et al.
Functional comparison of engineered T cells carrying a native TCR versus TCR-like
antibody-based chimeric antigen receptors indicates affinity/avidity thresholds.
J Immunol 2014;193:5733–43. https://doi.org/10.4049/jimmunol.1301769.

[120] Aleksic M, Liddy N, Molloy PE, Pumphrey N, Vuidepot A, Chang K-M, et al.
Different affinity windows for virus and cancer-specific T-cell receptors:

https://doi.org/10.4049/jimmunol.1000812
https://doi.org/10.4049/jimmunol.1000812
https://doi.org/10.1186/1479-5876-1-3
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref70
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref70
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref70
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref70
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref70
https://doi.org/10.1038/ni891
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref72
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref72
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref72
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref72
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref72
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref72
https://doi.org/10.1146/annurev-immunol-032414-112334
https://doi.org/10.1038/nri.2017.143
https://doi.org/10.1038/icb.2014.112
https://doi.org/10.1038/icb.2014.112
https://doi.org/10.1038/emboj.2011.21
https://doi.org/10.1038/ni1187
https://doi.org/10.1073/pnas.1004926107
https://doi.org/10.3389/fimmu.2018.00674
https://doi.org/10.4049/jimmunol.0902168
https://doi.org/10.4049/jimmunol.0902168
https://doi.org/10.1038/ni863
https://doi.org/10.1371/journal.ppat.1002633
https://doi.org/10.1371/journal.ppat.1002633
https://doi.org/10.3389/fimmu.2016.00089
https://doi.org/10.1016/j.immuni.2009.11.003
https://doi.org/10.1016/j.immuni.2009.11.003
https://doi.org/10.1074/jbc.M116.741603
https://doi.org/10.1172/JCI120555
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref87
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref87
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref87
https://doi.org/10.4049/jimmunol.1500233
https://doi.org/10.4049/jimmunol.1500233
https://doi.org/10.1016/j.immuni.2006.06.009
https://doi.org/10.1016/j.cell.2014.03.047
https://doi.org/10.1002/eji.200940079
https://doi.org/10.4049/jimmunol.1001480
https://doi.org/10.4049/jimmunol.1001480
https://doi.org/10.1038/s41592-018-0305-7
https://doi.org/10.1038/s41592-018-0305-7
https://doi.org/10.1038/s41592-018-0304-8
https://doi.org/10.1038/s41590-019-0335-z
https://doi.org/10.1038/s41590-019-0335-z
https://doi.org/10.1101/267047
https://doi.org/10.1016/j.molimm.2015.06.017
https://doi.org/10.1016/j.ymthe.2018.02.017
https://doi.org/10.1016/j.ymthe.2018.02.017
https://doi.org/10.1074/jbc.M112.386409
https://doi.org/10.1074/jbc.M112.386409
https://doi.org/10.1016/j.cell.2017.11.043
https://doi.org/10.1101/472480
https://doi.org/10.1101/472480
https://doi.org/10.1038/nbt.3662
https://doi.org/10.1038/nbt.3662
https://doi.org/10.1007/s00262-017-1971-5
https://doi.org/10.1172/JCI91512
https://doi.org/10.1038/s41589-018-0130-4
https://doi.org/10.1038/nbt.4282
https://doi.org/10.4049/jimmunol.1800315
https://doi.org/10.4049/jimmunol.1800315
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref108
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref108
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref108
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref108
https://doi.org/10.1093/bioinformatics/btr064
https://doi.org/10.1093/nar/gkl124
https://doi.org/10.1016/j.immuni.2013.03.002
https://doi.org/10.1016/j.immuni.2013.03.002
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref112
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref112
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref112
http://refhub.elsevier.com/S2590-0188(19)30005-X/sref112
https://doi.org/10.1016/1074-7613(95)90125-6
https://doi.org/10.1016/S1074-7613(00)80089-8
https://doi.org/10.1016/S1074-7613(00)80089-8
https://doi.org/10.1038/ni.1817
https://doi.org/10.1016/j.ccr.2013.03.018
https://doi.org/10.1126/science.aar4060
https://doi.org/10.1126/science.aaa4967
https://doi.org/10.1126/science.aaa4967
https://doi.org/10.4049/jimmunol.1301769


A.K. Bentzen, S.R. Hadrup Immuno-Oncology Technology 2 (2019) 1–10
implications for therapeutic strategies. Eur J Immunol 2012;42:3174–9. https://
doi.org/10.1002/eji.201242606.

[121] Schmid DA, Irving MB, Posevitz V, Hebeisen M, Posevitz-Fejfar A, Sarria J-CF,
et al. Evidence for a TCR affinity threshold delimiting maximal CD8 T cell
function. J Immunol 2010;184:4936–46. https://doi.org/10.4049/
jimmunol.1000173.

[122] Hebeisen M, Oberle SG, Presotto D, Speiser DE, Zehn D, Rufer N. Molecular
insights for optimizing T cell receptor specificity against cancer. Front Immunol
2013;4:154. https://doi.org/10.3389/fimmu.2013.00154.
10
[123] Slansky JE, Jordan KR. The Goldilocks model for TCR – too much attraction might
not be best for vaccine design. PLoS Biol 2010;8. https://doi.org/10.1371/
journal.pbio.1000482.

[124] Hellman LM, Foley KC, Singh NK, Alonso JA, Riley TP, Devlin JR, et al. Improving
T cell receptor on-target specificity via structure-guided design. Mol Ther 2019;27:
300–13. https://doi.org/10.1016/j.ymthe.2018.12.010.

https://doi.org/10.1002/eji.201242606
https://doi.org/10.1002/eji.201242606
https://doi.org/10.4049/jimmunol.1000173
https://doi.org/10.4049/jimmunol.1000173
https://doi.org/10.3389/fimmu.2013.00154
https://doi.org/10.1371/journal.pbio.1000482
https://doi.org/10.1371/journal.pbio.1000482
https://doi.org/10.1016/j.ymthe.2018.12.010

	T-cell-receptor cross-recognition and strategies to select safe T-cell receptors for clinical translation
	Adoptive T-cell transfer
	Cross-reactivity
	TCR binding degeneracy
	Implications for immune therapy
	Dissecting the requirements for TCR recognition
	Combinatorial peptide libraries
	Peptide–MHC display and target cell selection
	TCR fingerprinting using DNA barcode-labeled MHC multimers
	Translating molecular interaction points of TCRs into cross-recognition potential
	Improving TCR design and optimization
	Funding
	Disclosure
	Acknowledgements
	References


