FEBS

Journal

STATE-OF-THE-ART REVIEW

9
:@' FEBSPRESS

® science publishing by scientists

Engineering soluble T-cell receptors for therapy
Ross A. Robinson, Catriona McMurran, Michelle L. McCully and David K. Cole

Immunocore Ltd., Abingdon, UK

Keywords

affinity-enhanced; bispecific T-cell engagers;

cancer immunotherapy; peptide-human
leukocyte antigen; T-cell receptor

Correspondence
Ross A. Robinson and David K. Cole,

Immunocore Ltd., Abingdon OX14 4RY, UK.

E-mail: ross.robinson@immunocore.com
(RAR); david.cole@immunocore.com (DKC).

Ross A. Robinson and Catriona McMurran
contributed equally.

(Received 9 November 2020, revised 11
February 2021, accepted 22 February 2021)

Immunotherapy approaches that target peptide-human leukocyte antigen
(pHLA) complexes are becoming highly attractive because of their poten-
tial to access virtually all foreign and cellular proteins. For this reason,
there has been considerable interest in the development of the natural
ligand for pHLA, the T-cell receptor (TCR), as a soluble drug to target
disease-associated pHLA presented at the cell surface. However, native
TCR stability is suboptimal for soluble drug development, and natural
TCRs generally have weak affinities for pHLAs, limiting their potential to
reach efficacious receptor occupancy levels as soluble drugs. To overcome
these limitations and make full use of the TCR as a soluble drug platform,
several protein engineering solutions have been applied to TCRs to
enhance both their stability and affinity, with a focus on retaining target
specificity and selectivity. Here, we review these advances and look to the
future for the next generation of soluble TCR-based therapies that can tar-
get monomorphic HLA-like proteins presenting both peptide and nonpep-

doi:10.1111/febs.15780 tide antigens.

Introduction

In recent years, there has been growing interest in
human leukocyte antigens (HLAs) as targets for
immunotherapy because they can present fragments of
degraded proteins, representing virtually all intracellu-
lar and extracellular proteins, at the cell surface
(Fig. 1). These pHLA complexes can, therefore, act as
a ‘cellular window’ into both foreign protein expres-
sion during infection, protein dysregulation/mutation
in cancer and recognition of self-proteins in autoim-
munity. However, targeting pHLA comes with some
inherent protein engineering challenges. First, disease-
associated pHLA can be presented at very low levels
on target cells (often below 10 copies of each specific
peptide epitope per cell), representing a receptor occu-
pancy challenge for any soluble targeting molecule [1].

Abbreviations

Second, HLA is a self-protein expressed by virtually
all nucleated cells, so peptide-dependent recognition is
essential to avoid broad on-target toxicity [2,3]. Third,
HLAs are highly polymorphic, which potentially limits
patient coverage based on genetic background.

The natural pHLA ligand is the T-cell receptor
(TCR), a membrane-spanning protein made up of
two chains (a0 and PB), each forming two domains
(constant: C and variable: V). The TCR recognises a
continuous pHLA surface consisting of two parallel
alpha helices with a peptide bound in the cleft formed
between them [4]. Structural studies have shown that
the variable domains of both chains of the TCR
directly interact with the exposed residues in the pre-
sented peptide and the surface of the HLA-binding
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Fig. 1. Presentation pathways of TCR ligands. Cartoon schematic showing the simplified antigen presentation pathways and cell surface
expression of HLA class | (classical), HLA-E, CD1 and MR1. HLA or HLA-like molecules are coloured green and cyan with peptide ligands
shown in red, metabolite ligands shown as black lines and lipid ligand depicted in black in cartoon representations of lipid tails and head
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groove [5,6]. These interactions orient the TCR diago-
nally over the pHLA surface with three complemen-
tarity-determining region (CDR) loops, two germline-
encoded (CDRI1 and CDR2) and one hypervariable
(CDR3) per chain, mediating the interaction. Gener-
ally, interactions with the central solvent-exposed
regions of the peptide are dominated by the hyper-
variable CDR3 loops of the TCR, whilst additional
interactions with the N and C peptide termini are
often made by the CDR1a and CDRIp loops, respec-
tively [7,8]. In contrast, the CDR1 and CDR2 loops
usually form the majority of contacts with the HLA
helices, with different levels of contributions from the
CDR3 loops normally governed by small differences
in the positioning of the TCR and the lengths of the
CDR3 loops [7,8].

In this review, we will discuss some of the challenges
associated with targeting pHLA using soluble TCRs
and focus on solutions to engineer these receptors with
the attributes required to generate an efficacious sol-
uble therapeutic molecule. We consider approaches for

optimising the stability/developability, affinity and
specificity of TCRs for therapy. We have implemented
many of these approaches practically in the generation
of ImmTAC (Immune-mobilising monoclonal TCRs
Against Cancer) molecules, which comprise a monova-
lent affinity-enhanced TCR (Kp ~ pM range) fused to
a monovalent anti-CD3 single-chain Fv antibody frag-
ment [9,10]. These soluble therapeutic bispecifics deco-
rate tumour cells via the affinity-enhanced TCR-pHLA
interaction, enabling redirected killing of tumour cells
by T cells via CD3 engagement. Importantly, the very
strong affinity of the engineered TCRs, combined with
the potent triggering via the anti-CD3 moiety, enables
T-cell redirection against tumour cells with low-level
presentation of tumour-associated pHLAs [9]. Last, we
consider the opportunities and protein engineering
challenges associated with targeting monomorphic
HLA-like molecules with soluble TCRs, which have
the potential to access different classes of antigen (in-
cluding lipids and metabolites) and are unrestricted by
genetic background.
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The natural poor stability and micromolar
binding affinity of soluble TCRs are suboptimal
for the development of soluble therapeutics

Native TCRs have been found to be relatively unstable
as soluble molecules, likely reflecting their natural
expression as transmembrane proteins at the cell sur-
face. This characteristic has complicated the therapeu-
tic development of these proteins as soluble reagents
[11]. Additionally, although the buried surface area
created at the TCR-pHLA protein—protein interface is
large (around 2000 A2 on average), the naturally mea-
sured binding affinity is relatively weak (Kp ~ 0.1 —
1000 uM) compared with other Ig-like proteins [7,12].
TCRs selective for tumour-associated pHLAs tend to
bind towards the weaker end of this range, likely rep-
resenting the thymic deletion of TCRs binding with
strong affinity to self-derived tumour peptides, adding
to the challenge of TCR selection and their utility as
therapeutics in this disease area [12—14].

Although it is not fully understood why TCRs are
naturally selected with these binding characteristics, it
has been suggested that weak affinity might enable
TCRs to cross-react with many thousands, or even
millions, of peptides in order to provide sufficient
immune coverage against all possible foreign antigens
[15-18] and that the weak affinity is required for opti-
mal T-cell triggering [19-21]. In the case of bispecific
T-cell engagers, which typically use an anti-CD3 anti-
body as the effector moiety, T-cell triggering then
becomes dependent on the binding affinity and kinetics
of the anti-CD3-CD3 interaction. In theory, this inter-
action should enable serial triggering of the TCR-CD3
complex on the redirected T cell (i.e. a weak enough
affinity to allow serial engagement of multiple TCR-
CD3 complexes) and should fulfil the criteria of the
kinetic proofreading model (i.e. the TCR must be
engaged for a sufficient duration to allow signal initia-
tion) [22]. It has also been observed that T cells trans-
duced with a chimeric antigen receptor (CAR) of
strong affinity for its ligand have a limited ability to
penetrate solid tumours [23], suggesting that weak
TCR affinity may enable T cells to disengage from
neutralised targets, enabling the serial killing of other
cells and increased penetration into tissues. Whatever
the biological reason for the weak affinity of natural
TCRs, the consequence for designing a TCR-based
soluble pHLA targeting bispecific is that, because of
the very low natural presentation levels observed for
many disease-associated pHLA (often in the 10s of
copies per cell) [1,24], binding in the femto- to picomo-
lar affinity range is needed to achieve a therapeutically
relevant receptor occupancy level [9,25].

Engineering soluble T cell receptors

With the inherent issues associated with natural
TCRs, an obvious alternative to directly target pHLA
as soluble therapeutics (given the ~ 20 years R&D and
proven stability and pharmacokinetic properties) is to
use antibodies, which are naturally stable as soluble
molecules and generally have stronger native affinity
for their targets. However, despite a rich vein of aca-
demic literature [24,26-38] and several commercial
efforts, there are currently no clinical data available
for soluble monoclonal antibody-based bispecific mole-
cules targeting pHLA (so-called TCR-mimic antibod-
ies). One possible difficulty is the specificity of these
reagents. Indeed, we recently demonstrated that some
TCR-mimic antibodies bind with a hotspot-driven
energetic binding mode, compared with the much
broader binding mode typically employed by TCRs.
Consequently, the TCR-mimic antibodies engaged a
minimal peptide motif, resulting in the recognition of
a diverse peptide repertoire compared with the TCRs,
leading to cross-reactivity against target-negative
healthy cell lines [39]. These observations highlight the
last issue to consider when engineering TCRs as sol-
uble drugs: the TCR is thymically selected with bind-
ing characteristics that enable it to recognise foreign
pHLA, whilst remaining tolerant to self pHLA. Even
small modifications to the TCR outside of thymic
selection can have unpredictable and unwanted conse-
quences [40-42]. Therefore, it is vital to have a deep
understanding of the parameters governing TCR-
pHLA interactions so that the interface can be modi-
fied in an intelligent manner that produces a molecule
with favourable therapeutic characteristics (stable and
of strong affinity), whilst remaining selective for the
intended target.

Engineering stable, soluble TCRs

As already discussed, its poor natural stability/solubil-
ity limits the scope to study the TCR as a soluble
entity, with obvious knock-on consequences for engi-
neering a therapeutic soluble form of the molecule.
This is reflected by relatively low expression yields, the
relatively high levels of misfolding and aggregation
observed for soluble TCRs, and the poor expression
using protein display platforms, compared with anti-
bodies. An additional confounding observation that
has not been formally demonstrated, but is strongly
hinted at by studies demonstrating preferential TCR
expression at the cell surface [43], is that despite
apparently unbiased pairing behaviour in the immune
repertoire [44,45], certain TCR Va-Vf pairings seem to
be more compatible as soluble molecules than others.
Recent developments in single-cell RNA sequencing
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are increasingly being applied to investigate the speci-
ficity of paired ofTCR sequences, representing a
potential future resource to guide further engineering
work by identifying TCR Vo-VB pairings that are
more likely to generate stable, specific, soluble reagents
[46]. Historical, and more recent, approaches to
address these issues and nuances are discussed below.

Early attempts to generate soluble TCRs

Initial attempts to generate soluble TCRs followed the
same strategies used to generate soluble single-chain
Fv antibodies, due to the large degree of sequence and
structural similarity between the two molecules [47].
Several methods for linking the Vo and VP domains
have been reported for both E. coli expression and
yeast display, with a ~ 25aa linker between the TCR
VB C terminus and the TCR Va N terminus being the
most common approach (Fig. 2) [48]. However, the
majority of scTCRs that contained just the VB domain
linked to the Vo domain have been found to be poorly
soluble with very low expression, likely due to the
exposure of several surface hydrophobic residues nor-
mally buried by the C domains. Thus, computational
modelling [47] and random mutagenesis via yeast dis-
play [49] or phage display [50] have been used to iden-
tify beneficial mutations, including the replacement of
surface-exposed hydrophobic residues primarily at the
Vo-Ca or VB-CB interfaces, introduction of stabilising
mutations at the Va-VP interface, mutations in the
hypervariable 4 VB loop, or alterations that rigidify
the linker sequence (Fig. 2). However, due to the high
level of diversity of the Vo/VB germlines, these muta-
tions are often unique solutions for individual TCRs,
limiting the identification of universally beneficial
mutations. As such, it is likely that for each scTCR
generated, a structurally guided approach [47], and/or
the use of random mutagenesis in a large display
library [49], would be required to generate a stable sol-
uble molecule.

Universal stabilisation of the TCR C domain

Alternative approaches using the native four domain
VoCa and VBCP structures (thus bypassing the issue
of exposing hydrophobic residues in the V domains)
were later developed, providing more universal meth-
ods for stabilising soluble TCRs. This involved artifi-
cial improvements to aid the pairing of the
extracellular o and B domains by either fusing an
immunoglobulin kappa constant domains to the C ter-
minus of both constant domains [51] or inserting jun-
fos leucine zippers at the TCR C terminus (Fig. 2).

R. A. Robinson et al.

The leucine zipper method allowed expression of the
TCR as a homogeneous product in insect cells, with a
significant yield improvement compared with the
expression without the engineered domains [52]. This
leucine zipper strategy was later adapted for expression
in E. coli as inclusion bodies, from which TCRs were
successfully folded for biophysical analysis [53]. How-
ever, due to the length and flexibility of the leucine
zipper, this method was less amenable to structural
studies using X-ray crystallography, or for therapeutic
development. Thus, a novel interchain disulfide bridge
(Boulter disulfide) between the two TCR C domains
was developed [11], enabling relatively high-yield pro-
duction of stable, soluble protein from refolded inclu-
sion bodies (Fig. 2). Because this method did not
require the inclusion of any unstructured linkers, it
was successfully adopted for higher throughput crys-
tallisation screens [54] and for the creation of soluble
TCR-based bispecifics [55].

Bespoke stabilisation of individual TCRs using
computational and protein display methods

Although the approaches detailed above have generally
enhanced our ability to generate soluble TCRs for
study and therapeutic development, there remains sub-
stantial room for improvement through bespoke modi-
fications to individual TCRs. For instance, the nature
of the V domain pairing is known to influence presen-
tation and surface stability of TCRs [43], suggesting
that more tailored approaches could be of benefit to
certain TCRs to fully optimise their stability for use as
therapeutics. A recent study by Thomas et al [56] iden-
tified multiple dominant TCRs (including those encod-
ing TRAV38-1, TRAV38-2, TRBV5-1 and TRBV7-8)
that were significantly enriched at the cell surface when
challenged with an introduced synthetic TCR, suggest-
ing that these pairings occurred in a preferential man-
ner. Although the effects on soluble TCR stability
were not investigated, structural modelling and muta-
tional screening were used to demonstrate that cell sur-
face expression levels of poorly expressed TCRs could
be rescued through the introduction of three residues
present in the dominant TCR pairings: L96a (which
resulted in a stabilisation at the Va-Ca interface) and
RI9B/Y10B (which resulted in a stabilisation at the Vf-
CP interface). Additionally, a recent computational
analysis of crystal structures and in silico modelling
have been successful in improving both the yield and
stability of soluble TCR heterodimers, even in the
absence of the engineered Boulter disulfide [57]. The
entire C domains were computationally screened to
find positions where alternative residues were predicted
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to stabilise the TCR. Interestingly, many of the muta-
tions selected were shown to locate to the solvent-
exposed surface and modify intrachain Co-Co and
CB-CB, as well as interchain Ca-CB interactions.
Whereas individual mutations predicted to improve
overall stability only resulted in small gains in resis-
tance to thermal denaturation and mammalian expres-
sion titres, combining several mutations resulted in
significant improvements, with the best full-length
TCR gaining 8.5 °C in melting point. Another study
building on a scaffold already containing the Boulter
disulfide algorithmically identified potential additional
disulfide bonds that could be placed within the TCR C
domains or at the V-C interface based on existing crys-
tal structure data [58]. Although the addition of these
extra disulfide bonds showed only incremental

improvements in thermal stability (+1-3 °C determined
using differential scanning calorimetry), the approach
highlights the additional potential for fine-tuning of
certain Va-Vf pairs.

Alongside such rational structure-guided engineer-
ing, directed evolution has been highly fruitful in iden-
tifying stabilising mutations in TCRs. Error-prone
PCR of the framework region of the single-chain mur-
ine 2C TCR was required to find mutations, which
allowed reasonable surface display on yeast (correlat-
ing with the stability of the soluble molecule) [59], with
mutations that increased surface display and ther-
mostability predominantly occurring at the interface
between Vo and V[ regions. More sophisticated
library designs that targeted this interface for a satura-
tion mutagenesis approach [60] identified a single point
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mutation that enhanced both thermostability and
binding affinity through an allosteric ‘long-range’ dri-
ven mechanism at the interdomain interface, a phe-
nomenon also seen in antibodies [61]. These findings
demonstrate that TCR stability and TCR-pHLA affin-
ity are linked, which has important implications for
designing protein engineering solutions to generate
affinity-enhanced TCRs. In another study, scTCR
libraries with framework mutations were expressed by
phage display and screened for improved thermostabil-
ity. These investigations identified a dominant muta-
tion in the murine 4B2A1 TCR VB (L214S) that
replaced a hydrophobic surface-exposed amino acid
with a hydrophilic amino acid, which gave increased
resistance to denaturation and improved soluble
periplasmic expression yields [50].

Summary

A common thread in recent TCR engineering publica-
tions is the integration of structurally guided informa-
tion with large-scale screening techniques to create a
targeted library building approach.

The work of both Froning [57] and Harris [62]
began with a systematic screen of individual point
mutations to identify single residue changes that
improved binding and/or stability. The use of a com-
putational or physical deep mutational scan allowed
the identification of key residues to prioritise in combi-
natorial screening. As discussed above, the most suc-
cessful TCR stability and affinity engineering have
resulted from TCR-specific mutagenesis with limited
universal applicability for this diverse molecule class.
In the absence of any novel engineering strategies such
as the Boulter disulfide, which can universally improve

R. A. Robinson et al.

TCR stability/solubility, the future of TCR engineering
may rely on optimising bespoke chain or chain-pair
specific scaffolds, requiring the greater use of in silico
modelling and more sophisticated higher throughput
screening tools. Additionally, advances in the field of
TCR engineering, as well as more structural and
experimental information, should enable the develop-
ment of more sophisticated predictive tools for assess-
ing stability and general developability of different
TCR sequences, as has been the case for the antibody
field [63,64].

Engineering TCR affinity

Several different strategies have been employed to
enhance the naturally weak affinity of the TCR-pHLA
interaction. These methods fall broadly into two
camps: 1) structurally guided in silico affinity matu-
ration and 2) directed evolution using mammalian,
yeast or phage display libraries (Table 1). In silico
approaches generally use molecular dynamics simula-
tions of TCR-pHLA complexes, including free energy
calculations, to model mutations at the interface that
might increase binding strength. Although in silico
methods have been successful, they have generated rel-
atively modest affinity increases (up to ~ 400-fold)
[65-69], probably reflecting the highly complex and
dynamic interface between the TCR and pHLA which
is difficult to fully deconvolute using simulation alone.
Indeed, molecular dynamics simulation analysis of
affinity-enhanced TCRs compared with their parental
wild-type TCRs highlighted that these changes in
sequence do not necessarily add new contacts but have
complementary, indirect or potentially stabilising
effects [70].

Table 1. Overview comparing affinity enhancement display systems using phage (M13 filamentous), yeast (Saccharomyces cerevisiae) and
mammalian cells. Neddylated substrates and E3 ligases responsible for the modification

Max. library size Display of FACS sorting (for
(# of cells that can be mTCR affinity and
Display system screened) Genotype—phenotype link format expression levels) Refs
Phage 10" —10™ v - X [114]
(M13
filamentous)
Yeast 10° —10'° v X Only v [115,116]
(Saccharomyces single-
cerevisiae) chain
formats
Mammalian ~108 X Not robust for transient transfection 17 1% [72,117,118]
v Standard viral transduction can result in
heterogeneous expression due to varying
sites of integration
6164 The FEBS Journal 288 (2021) 6159-6173 © 2021 Immunocare. The FEBS Journal published by John Wiley & Sons Ltd on behalf of
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Directed evolution uses large fully or semi-ran-
domised libraries of TCR displayed on mammalian
cells, yeast or phage for affinity selection, usually using
soluble target pHLA molecules. Typically, several
rounds of selection are required to reach sequence con-
vergence and selection of mutations for further analy-
sis. Mammalian display methods for TCR affinity
enhancement, using TCR-negative T-cell lines or other
common mammalian cell lines, have been developed,
allowing the use of cells derived from the same species
throughout the affinity enhancement and protein pro-
duction/scale-up phases [71,72]. However, due to cell
culturing constraints, mammalian display methods
using transient transfection have limited library sizes
(~10°-10°), possibly explaining the relatively modest
affinity improvements that have been achieved so far
(~15-fold). Additionally, the introduction of multiple
transcripts per cell can result in the loss of genotype—
phenotype link and the display of heterogeneous TCRs
on the cell surface. Although recent developments in
retroviral mammalian systems using CRISPR/Cas9
integration of TCR genes into a single genomic locus,
enabling stable expression and transcriptional normali-
sation [73], overcome some of the issues of transient
transfection [71,72,74,75], nonmammalian display
methods are currently better established for the gener-
ation of affinity-enhanced TCRs.

Yeast display methods have shown particular pro-
mise with single-chain formats that have been used to
generate TCRs with low nanomolar affinities [59,76—
78], and have the key advantage that the stable display
on the yeast surface tends to correlate with the stabil-
ity of the soluble TCR. However, yeast display
libraries are generally of medium size (~10°~10'%), lim-
iting the diversity of the selection, and the display of
heterodimeric VaCao/VBCB TCRs has been problem-
atic, likely due to misfolding events and the inherent
instability of the TCR [49]. By contrast, phage display,
with its large potential library size (~10'>-10'%), stable
genotype—phenotype link and cost-effectiveness, is
arguably the most successful method of generating
clinically translatable soluble TCRs. Moreover, hetero-
dimeric VaCao/VBCB TCRs can be robustly expressed
on phage particles. Phage display using a CDR walk-
ing library design, targeting up to six sequential amino
acid positions at a time with degenerate NNK codons
and combining the resulting mutations, has been suc-
cessful in dramatically increasing the affinity of TCRs
into the low picomolar-high femtomolar range
[9,25,79]. However, phage display still has its limita-
tions. For instance, the combinatorial effect of
randomising multiple residues soon leads to unman-
ageably large libraries sizes (e.g. testing all alternative

Engineering soluble T cell receptors

amino acid combinations at just 12 positions in a
TCR would give a library size of more than 10'?,
already 100-fold larger than the 10'" maximum practi-
cal phage library) [80]. This can be overcome by tar-
geting only the central residues in the CDR loops, or
the use of multiple separate libraries.

Structurally guided protein display

As the number of residues that can be varied in a
round of affinity enhancement is limited, tertiary com-
plex structural information, which provides greater
molecular detail of the TCR-pHLA interface, could be
used to select which residues to include in a library to
enhance affinity or selectivity. For instance, libraries
based on specific crystallographic data offer the poten-
tial to fix key residues at the TCR-pHLA interface
and allow flanking residues in the CDR loop to be
randomised, as well as influencing the choice of encod-
ing schemes for the selected TCR residues based on
the chemical nature of the target site on the pHLA
surface [72]. In addition, structurally guided libraries
could also be used to maximise TCR interactions with
multiple peptide side chains, as this binding mode has
been associated with greater peptide selectivity [39].
Consequently, crystal structure data could provide the
key information to design libraries that are more likely
to increase interactions with underrepresented peptide
residues (in terms of TCR contacts) to ‘distribute’
TCR binding energy more broadly over multiple pep-
tide residues and enhance specificity [39]. Structural
information also has the potential to identify amino
acids that are proximal in the structure, but not neces-
sarily in linear sequence. These residues can be com-
bined in the same library to reduce mutation of
residues that are not likely to yield affinity gains,
allowing for beneficial covariance effects to come
through in the resulting clones. A crystal structure
may also reveal, due to the mode of binding, that a
particular CDR loop does not contribute to the pHLA
binding interface. Thus, structural guided approaches
could be used to add residues to the loop and ran-
domise using display methods, extending a particular
loop to make new contacts, with the potential to
increase affinity/specificity.

Summary

As the field of TCR engineering matures, strategies
that combine the best of both rational engineering and
directed evolution provide a promising direction for
future work. The use of a computational or physical
deep mutational scans allows the identification of key
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residues to prioritise in combinatorial screening [81].
This could help to reduce the introduction of carrier
mutations from multiple degenerate codons, which
may either increase immunogenicity or introduce unfa-
vourable characteristics without contributing to the
favourable properties of a selected TCR. As the avail-
ability of structural information grows into a larger
resource, we expect this integrated strategy to become
the norm for TCR engineering.

Engineering TCR specificity

A key consideration when affinity enhancing TCRs
outside the rigours of thymic selection is the effect on
TCR cross-reactivity. However, it is important to sepa-
rate the thresholds of cross-reactivity when considering
a TCR expressed on the surface of a T cell compared
with a soluble bispecific TCR molecule. For the for-
mer, cross-reactivity with nontarget antigens could
occur if the binding affinity of the TCR is modified
into the weak micromolar range for a particular self-
antigen (there have been multiple reports of functional
TCR signalling with TCRs that bind with an affinity
as low as Kp ~ 1000 uM) [12,82]. In contrast, for a
soluble bispecific TCR, the threshold is likely to be in
the low nM range (depending on the density of the
target, the concentration of the soluble TCR and the
effector function employed) in order to reach a func-
tionally relevant receptor occupancy level on the sur-
face of a target cell [9]. To put it another way, as long
as there is an affinity window between a target antigen
and any off-target antigens, cross-reactivity can be
tuned by simply altering the concentration of the sol-
uble TCR.

Another interesting consideration for the specificity
of bispecific T-cell engagers that use anti-CD3 moieties
to redirect T-cell activation is whether the regulation
and thresholds for signal initiation are different from
the signal generated by native TCR-pHLA engage-
ment. Although this has not yet been fully answered, it
is an important question because the native TCR is
regulated by a sophisticated and intricate signalling
network that includes the CD3 signalling complex, co-
receptors (e.g. CD8 and CD4) and both co-stimulatory
(e.g. CD28) and co-inhibitory molecules (e.g. PD-1).
Indeed, it has been shown that T-cell receptor fusion
constructs (TRuCs) that plug into the native TCR-
CD3 signalling complex are more sensitive to antigen,
and are also more tightly regulated, compared with
CARs that use artificial signalling domains [83]. Thus,
the nature by which anti-CD3-based bispecific T-cell
engagers initiate the T-cell signalling machinery could
impact the signal generated between on-target and off-
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target TCR binding, potentially altering the therapeu-
tic window compared with the native TCR-pHLA
interaction.

When considering off-target reactivity of soluble bis-
pecific TCR reagents, it is important to characterise
any changes in the specificity profile, including new
potential reactivities [39] and test functional cross-reac-
tivity on appropriate healthy cell lines and critical tis-
sues [84]. Because off-target reactivity is very likely to
be peptide-specific, in vivo testing in animal models is
very challenging as even an HLA-transgenic mouse
will present a distinct peptide repertoire compared with
human tissue. Thus, specific in vitro assays to
detect/monitor unwanted reactivity are a critical aspect
of engineering TCRs for use as therapeutics, as exem-
plified by fatal toxicity reported in an adoptive cell
therapy trial [40,42]. In our experience, it is generally
advantageous to start with a wild-type TCR that has a
favourable specificity profile (assessed as described in
Ref. [39,84.,85]). For instance, we have demonstrated
that TCRs with energetically balanced interactions
with multiple peptide side chains show greater peptide
selectivity [39] and that engineering wild-type TCRs
with these attributes often results in conservation of
these favourable binding characteristics during the
affinity engineering process [70]. In contrast, we and
others have demonstrated that TCRs that bind with
energetic hotspots are prone to high levels of cross-re-
activity and are often associated with autoreactivity
[15,86-89]. Thus, structural analysis of a candidate
TCR in complex with target pHLA is extremely infor-
mative for this selection criteria. Recent studies have
also explored the idea of rationally engineering a TCR
to have a defined specificity profile using structure-
guided approaches (as reviewed in Ref. [90,91]).
Indeed, Smith and colleagues demonstrated that it is
possible to change the specificity of a TCR from one
antigen to another using a directed evolution approach
by altering the binding geometry of the TCR for the
new antigen [81,92]. Further attempts to fine-tune the
specificity of affinity-enhanced TCRs through compu-
tational design have also been reported in which ‘nega-
tive’ mutations that disrupt/remove contacts with the
HLA surface or mutations that improved the shape
complementarity and energetic compatibility of the
TCR have been shown to enhance specificity towards
a given peptide [93].

Summary

Although engineering TCR specificity is only just
emerging as a practical concept, recent reports
have demonstrated proof-of-concept feasibility. The
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evidence suggests that mutations that constrain the
TCR towards recognition of a limited set of peptides,
either by removing HLA contacts to make the TCR
more ‘peptide centric’, or by optimising contacts with
multiple peptide side chains to create a more unique
binding interface, seem advantageous. Finally, because
of the development of more sophisticated means of
assessing TCR cross-reactivity (combinatorial library
screens, pHLA display libraries, etc.), it is now becom-
ing easier to test the effects of protein engineering
modifications to fine-tune TCR specificity. Thus, it is
likely that in silico methods combined with protein dis-
play and more sophisticated means of cross-reactivity
screening will continue to emerge as important tools
for developing TCR-based therapeutics in the future.

Protein engineering challenges for
unconventional T-cell ligands

One key limitation of targeting classical HLA mole-
cules is their polymorphic nature. Therefore, drugs
that target these molecules will always carry some level
of patient restriction depending on the genetic back-
ground of the individual. However, there are several
unconventional ~HLA-like molecules that are
monomorphic, thereby offering the possibility of pan-
population therapies. These include (but are not lim-
ited to) HLA-E, MHC-related protein 1 (MR1) and
cluster of differentiation 1 a, b, ¢ and d (CDla, CDIb,
CDlc or CDI1d), all of which have a very similar over-
all structure to classical HLA class 1. Interestingly,
despite their very different chemical nature, TCRs
have been shown to interact with these ligands with
similar affinities (in the micromolar range) and binding
modes, compared with classical TCR-pHLA interac-
tions [94]. However, major protein engineering chal-
lenges exist for the therapeutic targeting of these
unconventional HLA-like molecules, including their
stability as soluble proteins, identification of disease-
specific ligands and understanding how to engineer
TCRs with enhanced affinity and desirable selectivity.
Some of these considerations are discussed below for
HLA-E, MR1 and the CD1 family.

HLA-E is a class Ib HLA with limited polymor-
phism [95,96] expressed by nearly every nucleated cell
in the body [97,98]. Expression of HLA-E on the cell
surface (Fig. 1) is usually reliant on binding of leader
peptides from HLA-A, HLA-B, HLA-C or HLA-G
molecules, typically with the sequence VMAPRTL(L/
V/I)L [99]. Emerging evidence indicates that HLA-E is
also involved in T-cell pathogen surveillance, with
HLA-E-restricted peptides derived from HIV, HBV
and tuberculosis implicated as ligands for protective
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T-cell-mediated immunity [100-102]. Given its broad
expression profile, restricted polymorphism and
immunogenic capacity, HLA-E is an attractive thera-
peutic target. However, a major protein engineering
challenge of HLA-E targeting TCRs is tuning their
specificity so that they do not cross-react with leader
peptides present on the surface of virtually all nucle-
ated cells. Additionally, some of the pathogenic pep-
tides identified so far have been shown to generate
unstable HLA-E molecules [102], making their use for
the selection and affinity enhancement of TCRs extre-
mely challenging. Consequently, multiple approaches,
including the introduction of artificial disulfides that
bridge across the binding groove, or that covalently
link the peptide to the heavy chain, have been
employed to stabilise pHLA-E [103,104]. Whether
these approaches will prove effective for the selection
and engineering of therapeutic HLA-E targeting TCR
molecules remains to be proven.

MRI1 also has limited polymorphism [105,106] and
is expressed on virtually every nucleated cell in the
body [107]. However, unlike HLA-E and classical
HLA class I, MR1 has been shown to present small
chemical compounds (Fig. 1), of which the best char-
acterised is the microbially derived 5-(2-oxopropylide-
neamino)-6-d-ribitylaminouracil (5-OP-RU), a short-
lived derivative in the riboflavin pathway [108]. Recent
evidence has demonstrated that MR1 can also present
other small molecule ligands, including drugs [109],
nonmicrobial MR1 ligands [110,111] and even unde-
fined tumour-associated ligands [112]. Therefore, like
HLA-E, MRI1 is a highly attractive and exciting future
therapeutic target. The main protein engineering chal-
lenges for targeting MR1 are in identifying the disease-
associated ligands and generating these complexes as
soluble molecules for the selection and characterisation
of engineered TCRs. It is also unclear whether the nat-
ure of the small molecule antigens presented by MR1
will allow the engineering of affinity-enhanced TCRs
with the desired ligand specificity, which will be extre-
mely important due to the ubiquitous expression of
MRI1 in human tissues.

Unlike HLA-E, MR1 and classical HLA class 1
molecules, the monomorphic CD1 molecules present
lipid antigens (Fig. 1) and are more limited in their tis-
sue expression. For example, CDlc is only expressed
on cells of haematopoietic origin, such as thymocytes
and mature haematopoietic cells (e.g. B lymphocytes
and myeloid/monocytic antigen-presenting  cells).
Although this limits them as targets for many diseases,
they are ideally suited for targeting tissue-specific con-
ditions, where restricted expression could limit the pos-
sibility of toxicity in other healthy tissues. However,
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isolating, characterising and refolding CD1 molecules
with disease selective lipids is challenging due to the
hydrophobic nature of the ligands, and the fact that
the lipid antigens bind deep within the groove of the
various CDI1 molecules, making them difficult to
exchange and extract. Furthermore, a major question
remains concerning the nature of TCR recognition of
CD1 complexes, particularly whether TCRs can bind
independently of the lipid, to a family of related lipids
or to a single lipid [113]. A better understanding of
this binding mode is essential for engineering CD1-tar-
geting TCR-based reagents with the desired/expected
specificity.

In summary, the TCR stabilisation approaches dis-
cussed herein would likely be transferable to TCRs
targeting the unconventional HLA-like molecules.
However, engineering these TCRs for enhanced affin-
ity involves a number of protein engineering chal-
lenges, including generation of stable unconventional
HLA-like molecules presenting disease-relevant ligands
for the affinity selection of engineered TCRs, as well
as approaches that ensure the fidelity of these engi-
neered TCRs against the intended target. Structure-
guided approaches and learnings from efforts to gener-
ate specific affinity-enhanced soluble TCR for classical
pHLA class I molecules are likely to be highly valu-
able to solve these challenges.

Concluding remarks

The TCR has obvious therapeutic targeting potential
via its natural ability to interrogate the proteomic (via
HLA presentation), metabolomic (vie MR1 presenta-
tion) and lipidomic (vie CDI1 presentation) status of
cells to detect aberrant or dysregulated signals. How-
ever, due to its poor natural stability as a soluble pro-
tein and its relatively weak affinity, its usefulness as a
soluble drug is limited. To overcome this issue, several
protein engineering efforts have been developed,
including the introduction of mutations that stabilise
the soluble TCR, and the development of library selec-
tions and in silico efforts to increase the affinity of the
receptor. More bespoke stabilisation of TCRs using
unbiased display methods and computational screening
has highlighted the potential to further optimise
the developability properties of individual TCRs.
Although a number of techniques have been estab-
lished to select mutations to enhance the affinity of
TCRs towards a target pHLA, it is clear that advances
in our understanding of the molecular rules that gov-
ern TCR-pHLA specificity, as well as structure-guided
approaches, offer new opportunities to further opti-
mise both the affinity and specificity of TCRs
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developed for therapeutic applications. Finally, it will
be interesting to apply these engineering approaches to
other TCR ligands, with a view to generate soluble
TCR-based therapeutics that can bypass HLA restric-
tion.
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