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Stable, soluble, high-affinity, engineered T cell receptors: novel
antibody-like proteins for specific targeting of peptide antigens
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The recent development of T cell receptor phage display opens up the possi-
bility of engineering human T cell receptors with antibody-like binding prop-
erties for cell-surface peptide antigens. In this review we briefly discuss recent

developments in molecular targeting of peptide antigens. We then discuss
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Antibodies: the first class of engineered antigen
targeting proteins

T cell receptors (TCRs) and antibodies are the only rear-
ranged primary antigen receptor molecules of the adaptive
immune system. A huge diversity of different TCRs and
antibodies (>10'") are generated by somatic rearrange-
ment within T and B cells, respectively, which then
undergo selection to delete self-reactive molecules. Since
Kohler and Milstein produced the first monoclonal anti-
bodies (mAbs) from mouse hybridomas in 1975 [1], anti-
bodies have been developed extensively as diagnostic and
therapeutic targeting agents. As well as being expressed on
the surface of B cells, antibodies are naturally produced as
soluble molecules and often have high affinities for their
targets, making them ideal for many diagnostic uses. How-
ever, their therapeutic development was hampered initially
by the murine origin of conventional mAbs which leads
to an immune response when they are administered to
humans: the human anti-mouse antibody (HAMA) re-
sponse [2]. The production of mAbs from mouse hybrido-
mas also limits the number of antibody variants which can
be screened for the desired specificity and affinity. These
problems were later overcome by various molecular engi-
neering techniques, most prominently the expression of
mAbs on the surface of bacteriophage (phage) [3] fused to
a phage coat-protein (so-called ‘phage display’ [4]). This
enabled manipulation of mAb characteristics by allowing
artificial introduction of random variation in the mAb
gene(s) to produce a ‘library’ followed by selection for
affinity, specificity, and sometimes stability as well. Phage
display was also used to generate phage libraries contain-

potential clinical applications of engineered high-affinity T cell receptors in
autoimmunity and cancer.
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ing naive human antibody genes [5], allowing the selection
of fully human mAbs specific for a selected target. This
provides a potential starting point for the development
human therapeutic targeting agents.

T cell receptors and their peptide antigens

Whereas antibodies target largely intact foreign bodies, often
proteins, the natural ligands for TCRs are small peptide anti-
gens presented on the surface of host cells by major histo-
compatibility complex (MHC) proteins [in humans also
called human leucocyte antigens (HLA)] [6,7]. Eight to 11
amino acid peptides derived from the cytosolic protein pool
are processed and presented by class I MHC proteins on
the surface of all nucleated human cells where they are
recognized by CD8" T cells. Also, 12-20 amino acid peptides
derived from the extracellular environment are processed by
specialized antigen-presenting cells, such as dendritic cells
and macrophages, and presented by class Il MHC where they
are recognized by CD4" T cells. Class I MHC-presented
peptide antigens are of particular interest for targeting
applications because they are derived from the total pool of
expressed proteins within a given cell. Thus, intracellular
protein targets which are inaccessible to mAbs are presented
on the cell-surface in the form of peptide-MHC class I pro-
tein complexes (see Fig. 1) where they can potentially be tar-
geted by reagents with the requisite peptide-MHC specificity.

TCRs are expressed naturally on the surface of T cells as o/
B heterodimeric integral membrane proteins, each subunit
comprising a short intracellular segment, a single transmem-
brane o-helix and two globular extracellular Ig-superfamily
domains. The o/f heterodimer is stabilized by an extracel-
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Fig. 1. Schematic diagram showing the presentation of intracellular
antigens as processed peptides by cell-surface major histocompatibility
complex (MHC) molecules where they can be recognized by T cell
receptors (TCRs). TAP: transporter associated with antigen processing;
ERAAP: endoplasmic reticulum aminopeptidase associated with anti-
gen processing.

lular, membrane proximal, inter-chain disulphide bond.
TCRs therefore have four extracellular globular domains, the
membrane proximal (C-terminal), two of which are con-
stant, and the N-terminal, two of which are variable. The
variable domains are encoded by variable gene segments
which are rearranged with junctional and constant gene seg-
ments (and diversity gene segments in the case of B-chains)
to produce the massive TCR diversity observed in the mature
immune system.

In the immune system, TCRs are exclusively expressed on
the surface of T cells and do not exist naturally as soluble
molecules. The repertoire of T cells is controlled tightly by
processes of negative and positive selection in the thymus; as
a consequence, naturally occurring TCRs have low affinities,
typically in the range 1-100 UM [7]. Increasing the affinity of
TCRs would require their display in a recombinant form
suitable for in vitro evolution, but the production of recom-
binant TCRs was limited initially by their relatively poor sta-
bility. Therefore, initial efforts to generate targeting agents
for peptide-MHC antigens were focused upon monoclonal
antibodies.

Peptide-MHC specific monoclonal antibodies

Although monoclonal antibodies are often raised readily
against intact proteins, it has proved more difficult to gen-
erate peptide-MHC specific antibodies which recognize the
peptide component rather than the MHC component. Only

High-affinity T cell receptors

a few ‘peptide-specific’ mAbs have been raised using the
conventional mouse immunization approach [8,9]. Such
‘peptide-specific’ antibodies appear to be very rare in the
mature immune system, implying that they are cross-
reactive with self-MHC. The major obstacle in the genera-
tion of ‘peptide-specific mAbs is that antibodies have
evolved such that the natural repertoire does not respond to
pMHC in a peptide-specific manner, because this would
result in an undesirable autoimmune antibody response
against host antigen-presenting cells during infections. This
lack of response must be at a fundamental structural level
(rather than the level of selection) as antigenic peptides are
not present during antibody negative selection. Indeed, a
recent X-ray structure of a peptide-specific antibody indi-
cates that a different binding mode is adopted compared to
TCRs [10]. If this is a general phenomenon, it may explain
some of the difficulties in making highly peptide-specific
monoclonal antibodies.

Greater progress has been achieved in generating
‘peptide-specific mAbs using naive phage display libraries
[11-13]. This shows that antibodies can be engineered to
recognize peptide-MHCs, although there is evidence that
they may bind in a structurally distinct manner to TCRs
[10]. The affinities obtained with peptide-specific mAbs are
typically ~5-60 nM [14-17], although detailed and rigorous
binding studies, e.g. surface plasmon resonance studies,
have not generally been reported. For at least some peptide-
specific mAbs, their affinity is achieved by fast on-rates [18],
whereas high specificity is generally generated by non-
covalent bond formation to the ligand, resulting in slow
off-rates. Also, these mAbs are expressed as recombinant
‘single-chain’ constructs with a potentially immunogenic
flexible linker connecting the C-terminus of one chain with
the N-terminus of the other. To date, in vivo targeting
experiments have only been performed using mAbs directed
against conventional cell-surface antigens [19] rather than
peptide-MHCs.

High-affinity TCRs: a new class of antigen targeting
proteins

Unlike antibodies, TCRs are not naturally expressed as sol-
uble proteins, and their extracellular domains are not stable
in the absence of their natural inter-chain disulphide bond.
A number of potential solutions to this problem have
been tried before, including ‘single-chain’ TCRs [20-22] and
fusions to stabilizing jun—fos leucine zippers [23]. We
designed an alternative soluble TCR construct with the aim
of producing highly stable TCR molecules with the mini-
mum of sequence change from the wild-type in order to
retain antigen specificity while avoiding host anti-TCR
immune responses. A non-native disulphide bond, predicted
by molecular modelling of a known TCR crystal structure
[24], was engineered into the interface between the TCR
constant domains, and the resulting TCR protein refolded
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correctly and was highly stable [25]. Because of their stability
and globular structure, soluble TCRs made in this way have
the additional advantage of being relatively easy to crystal-
lize, enabling much more routine TCR X-ray structure solu-
tion [25,26] (and Jakobsen et al., unpublished data).

Biacore™ surface plasmon resonance analysis of soluble
TCR binding to immobilized pMHC indicates that wild-type
TCR affinities are in the range ~1-100 UM and have half-
lives of ~1-10 s [7]. This range of half-lives it too low to allow
soluble TCRs to localize on target cells. In contrast, antibod-
ies specific for conventional targets have affinities ranging up
to pM [27] and fM [28], with most diagnostic and therapeu-
tic antibodies being in the low nM range with binding half-
lives of minutes to hours [29,30].

A well-established technology using tetrameric peptide—
MHCs (MHC tetramers) allows the specific labelling of T
cells [31] through an avidity effect made possible by the high
density of TCR on the surface of T cells. Similarly, multi-
merization of TCRs has been used to generate higher
avidity molecules (TCR tetramers) which can label antigen-
presenting cells pulsed with peptide in vitro [32,33] and can
specifically inhibit T cell activation [33]. However, this
approach is limited by the low level of antigenic peptide, spe-
cific for a given TCR, naturally presented by cell surface
MHC molecules: typically <1000 molecules per cell [34].
The low surface density of specific ligand reduces the num-
ber of multivalent binding sites for TCR tetramers, effec-
tively negating the multimeric avidity effect. Furthermore,
the low sensitivity of flow cytometry means that a cell must
be labelled with > 1000 fluorochromes in order to be
detected. It has therefore only been possible to use TCR tet-
ramers to detect naturally processed and presented peptide
antigens in cases where specific peptide antigen is expressed
artificially at very high levels, although much lower levels
may be detected indirectly [33].

Display of TCRs on yeast cells has been used previously
to select stabilized variants of the single-chain alloreactive
mouse 2C TCR [35] and to increase its affinity by a reported
~100-fold to 9 nM [36], but similar engineering of other
TCRs has not yet been reported. The high-affinity single-
chain 2C TCR confers high peptide sensitivity and CD8
independence to transfected T cells [37], but shows signifi-
cant cross-reactivity to self-peptide antigens [38]. Phage dis-
play of a single-chain mouse TCR has also been reported
[39], but high-affinity TCR generation was not achieved.
These technologies have therefore not had the same impact
as monoclonal antibodies or mAb library display and, in
order to solve this problem, a more effective way of engineer-
ing TCRs was clearly required.

TCR affinity enhancement by phage display

The unique stability of the novel disulphide-linked TCR [25]
led us to attempt to display it on the surface of phage. We dis-
played several TCRs successfully as fusions to the phage

genelll coat protein and engineered TCRs with nanomolar
to picomolar affinities for their cognate peptide-MHCs [40].
In particular, we engineered a TCR specific for the NY-ESO-
1;57-16s tumour-associated peptide antigen (SLLMWITQC)
presented in the context of HLA-A*0201, to an affinity of
26 pM. Selected mutations were predominantly in the com-
plementarity determining regions (CDRs) which contact the
peptide-MHC in wild-type TCRs, and their effect was pri-
marily to lengthen the half-life of binding of the TCR from
approximately 7 s to > 15 h. High-affinity TCRs also bound
antigen presenting cell-surface MHC at very low levels of
peptide and, significantly, showed no cross-reactivity to
endogenous non-specific peptides [40].

Further studies with the phage engineered A6 high-
affinity TCR [40] specific for the HLA-A*0201-presented
tax,;_jo peptide (LLEFEGYPVYV) showed no evidence of any
significant increase in affinity for the known peptides [41] to
which its wild-type parent is cross-reactive [33]. This indi-
cates that specificity of high-affinity TCRs can be increased
by phage display-directed evolution, implying that many of
the selected mutations interact specifically with the antigenic
peptide rather than with the MHC. This high specificity is
likely to be crucial to the success of TCRs as clinical tools
because of the high levels of background endogenous pep-
tide presentation on most antigen-presenting cells.

Applications of high-affinity TCRs: autoimmunity

High-affinity TCRs have been shown to be effective at com-
petitively inhibiting specific T cell responses [33], implying
that they could be used to mask specific antigens in the treat-
ment of autoimmunity (Fig.2). However, relatively few
autoimmune peptide antigens have been identified unam-
biguously to date, and many of those which have been pro-
posed do not have a defined role in disease aetiology or
progression. Furthermore, ‘epitope spread’ is thought to
occur in many autoimmune diseases [42], potentially reduc-
ing the efficacy of inhibiting the T cell response to a single
antigen. However, the identification of autoimmune anti-
gens is currently the subject of much research effort, and
some of the causative antigens are becoming apparent for
diseases such as type I diabetes [43] although much further
investigation remains to be conducted. Also, it is possible
that epitope spread may work in reverse, i.e. inhibition of
one or very few T cell responses may restore the balance of
the immune system and provide effective regulation of the
autoimmune response. This is clearly a subject which
requires further research for which peptide-specific high-
affinity TCRs are ideally suited.

A more versatile, and potentially more effective, approach
is to use high-affinity TCRs as targeting agents for immuno-
modulatory molecules (Fig.2) which can modify disease-
related immune responses. The localized presence of cytok-
ines such as interleukin (IL)-10 [44] and IL—13 [45] can have
significant qualitative effects on immune responses, e.g. by
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inducing regulatory T cell activity or by shifting the balance
between Thl and Th2 responses. High-affinity TCR target-
ing to tissue-specific antigens, that need not even be involved
in disease, could enable the effects of such cytokines to be
localized at the disease locus, where they will gain selective
exposure to the relevant immune cells. This represents a
novel concept for immune modulation that is now accessible
due to the ability of TCRs to target the much broader range
of intracellular antigens which are presented as processed
peptides by MHC molecules on the cell surface.

Applications of high-affinity TCRs: cancer

There are many ‘tumour-associated antigens’ (TAAs), some
of which are expressed on the tumour cell surface and can be
targeted by monoclonal antibodies [46,47]. Many more are
expressed only within the tumour cell, but all TAAs can be
processed to produce ‘tumour-associated peptide antigens’
(TAPAs) presented by MHC/HLA molecules on the tumour
cell surface [48]. The MHC locus is highly polymorphic, but
some human class I HLAs are relatively common in certain
ethnic populations, e.g. HLA-A*0201 in Caucasians and
HLA-A*2402 in Asians. This polymorphism means that
complete coverage of all patients is unlikely to be feasible
with a TCR-mediated approach, but up to 85% coverage of
the Caucasian population can be achieved by targeting just
three HLA class I alleles.

A further potential problem with targeting peptide—
MHC:s in cancer is that many tumours are reported to down-
regulate their class I HLAs in order to escape immune
surveillance [49]. However, this is by no means a universal
phenomenon and many tumour cells express normal levels
of MHC/HLA. Furthermore, natural killer (NK) T cell sur-
veillance is likely to ensure that at least a very low level of
MHC/HLA expression is maintained on tumour cells in vivo,
if not for tumour cell lines in vitro. MHC/HLA presented
TAPAs can be recognized by T cells, although tumours often

induce a state of immune tolerance which blunts the effec-
tiveness of the anti-tumour immune response [50]. Attempts
to boost the host T cell response to tumours using various
vaccination strategies have had limited success — despite
often inducing a specific T cell response, clinical tumour
regression has very rarely been observed [51]. Preliminary
studies show that tumour cell lines can be targeted specifi-
cally by high-affinity TCRs (Jakobsen et al., unpublished
data), providing the basis for a variety of possible therapeutic
approaches to cancer using high-affinity TCRs (Fig. 2).

Adoptive immunotherapy provides a way of redirecting
the host immune response towards a tumour, by either selec-
tively expanding tumour-specific host T cells or by transfect-
ing host T cells in vitro with a tumour-specific TCR, and then
reintroducing them into the autologous host [52-54]. In the
latter case, it is clearly critical to use a TCR which confers
high avidity, specificity and activity to the transfected host T
cells, and engineered high-affinity TCRs are therefore likely
to improve the efficacy of such approaches. Furthermore, the
expression of high-affinity tumour-specific TCRs on both
CD8"and CD4" T cells is likely to lead to activation of both
subsets in response to tumour antigen, because the require-
ment for CD8 or CD4 co-receptor signalling is bypassed by
high strength TCR signalling [55].

Also, like antibodies, TCRs can be engineered to deliver
radionuclides, toxins or immunomodulatory molecules.
Targeted radionuclide tumour treatment requires large-scale
targeting of the radionuclide by the targeting molecule.
Given the reported low levels of specific peptide antigen on
tumour cells of < 1000 molecules per cell [34], high-affinity
TCRs are unlikely to be effective targeting molecules for such
an approach. This relatively low level of peptide antigen tar-
get also requires that any targeted toxin be highly potent.
Furthermore, there is no evidence to date that high-affinity
TCRs are internalized upon binding to tumour cells (Jakob-
sen et al., unpublished data), so any targeted toxin must
either work on the tumour cell-surface or must carry an
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internalization signal. However, there are reports of wild-
type single-chain TCRs fused to, e.g. exotoxin A protein, spe-
cifically killing cells presenting p53 peptide antigens [56],
and high-affinity engineering may improve the efficacy of
such approaches.

Fusion of wild-type single-chain TCRs to IL-2 have been
reported to reduce lung metastases in an HLA-A*0201 trans-
genic mouse tumour model [57], and immune effector
function may also be provided by fusion to IgG1 H [58].
High-affinity engineering is likely to improve the efficacy of
conjugates such as these. Other potential fusion partners
include superantigens [59], antibodies, e.g. against CD3
[60,61], antigenic HLA molecules [19,62] and also IL-12
and tumour necrosis factor (TNF), which have shown effi-
cacy in a mouse tumour model when fused to a tumour tar-
geting antibody [63,64]. Work is in progress to elucidate the
optimal conditions for high-affinity TCR targeting of
tumours and which conjugate gives the best clinical
response; in this respect the large body of data generated for
antibody targeting of tumours is likely to be extremely valu-
able in guiding future research.

Conclusions

High-affinity TCRs derived by phage display directed evo-
lution represent exciting novel reagents with similar bind-
ing properties to high-affinity monoclonal antibodies to
their cognate peptide-MHC ligands. Although their poten-
tial clinical applications need to take into account the poly-
morphic nature of the peptide presenting MHC/HLA and
the relatively low level of specific peptide antigen presenta-
tion, the majority of expressed antigens generate processed
peptide fragments displayed in the form of cell-surface
peptide-MHCs allowing targeting of a broader range of,
particularly intracellular, disease or tissue markers. The
potential for high-affinity soluble TCRs is extremely broad,
particularly for targeting so-called universal cancer antigens
which are intracellular and for delivering immune modula-
tory molecules to specific tissues affected by immune
dysregulation.
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