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Abstract

Manipulation of T cells has revolutionized cancer immunotherapy. Notably, the use of T cells
carrying engineered T cell receptors (TCR-T) offers a favourable therapeutic pathway, particu-
larly in the treatment of solid tumours. However, major challenges such as limited clinical
response efficacy, off-target effects and tumour immunosuppressive microenvironment have
hindered the clinical translation of this approach. In this review, we mainly want to guide
TCR-T investigators on several major issues they face in the treatment of solid tumours
after obtaining specific TCR sequences: (1) whether we have to undergo affinity maturation
or not, and what parameter we should use as a criterion for being more effective. (2) What
modifications can be added to counteract the tumour inhibitory microenvironment to
make our specific T cells to be more effective and what is the safety profile of such modifica-
tions? (3) What are the new forms and possibilities for TCR-T cell therapy in the future?

Background

TCR-T therapy (T-cell receptor T-cell therapy) is a cutting-edge immunotherapy approach
designed to treat various types of cancers. It involves genetically modifying a patient’s own
T-cells to express special receptors called T-cell receptors (TCRs) that can recognize and target
cancer cells. These modified T-cells are then expanded in the laboratory and infused back into
the patient’s body. The TCRs enable the T-cells to identify specific antigens present on the
surface of cancer cells, initiating a targeted immune response to eliminate the cancer.
TCR-T therapy holds promise in the field of cancer treatment by harnessing the power of
the immune system to target and destroy cancer cells with precision, potentially offering a per-
sonalized and effective treatment option for patients who may not respond well to conven-
tional therapies. More information concerning cloning methods and treatment process of
TCR-T can be found in these two reviews (Refs 1, 2). TCR-T alone cannot meet the thera-
peutic requirements for solid tumours. Drawing from prior experience, TCR sequences fre-
quently undergo targeted affinity maturation and other enhancements to T-cell efficacy
before TCR-T therapies progress to clinical stages. For these aspects, the article will be devel-
oped in detail.

The necessity of affinity modification

The recognition of target antigens and the consequential cytotoxic functionality of T cells
hinges upon the critical factor of the TCR affinity (Ref. 3). The extent of cytokine release
and cytotoxicity is typically influenced by TCR affinity as well (Refs 4, 5). In vitro, design strat-
egies have been explored to obtain mature TCRs with optimized affinity, which have demon-
strated superior anti-tumour activity in co-culture experiments. Additionally, animal models
have provided evidence that T cells possessing high-affinity TCRs are more efficacious in facili-
tating tumour regression (Refs 6, 7).

The optimization of TCRs with heightened affinity represents a promising avenue for
developing efficacious immunotherapies to combat cancer (Ref. 8). This alteration is based
on the concept of the therapeutic window applicable to tumour-specific or virus-specific anti-
gens. This concept provides a chance to enhance the binding affinity of TCRs towards particu-
lar antigens. Nevertheless, the effectiveness and safety of T-cell immunotherapy rely on
carefully choosing TCRs that possess suitable affinity ranges (Ref. 9). The affinity of TCRs
must be meticulously scrutinized to ensure successful tumour regression without engendering
unexpected autoimmune responses. It has been reported that TCRs with low affinity fail to
engender sufficient antitumour effects in vitro and in vivo, whereas T cells with high affinity
are commonly linked to autoimmune responses (Ref. 8). As such, it is imperative to ascertain a
judicious range for affinity modification, contingent on the specific antigens, the morpho-
logical manifestation of the tumour (haematological or solid) and the type of tumour itself.

At present, most TCR-T cell products currently known have undergone affinity optimiza-
tion and modification before entering clinical validation. Firstly, natural TCRs exhibit relatively
low affinity. Tumour-specific TCRs selected by the thymus at the micromolar range have lower
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affinity for peptide major histocompatibility (pMHC) complex
(Refs 5, 10, 11) particularly for self-tumour-associated antigens
(Ref. 12). Secondly, the immune evasion mechanism of tumours
results in the downregulation of antigen density. T-cell activation
is contingent on the binding kinetics of TCR–pMHC, which is
influenced by the density of tumour cells or antigen-presenting
cells (APCs) on the membrane (Ref. 10). Nonetheless, cancer
cells generally present epitopes with low density to evade immune
surveillance, which culminates in defects in antigen processing
and presentation mechanisms (Ref. 13). Thirdly, the suppressive
effect of the tumour microenvironment (TME) and the drug
resistance mechanism of solid tumours has led to the unsatisfac-
tory clinical efficacy of adoptive cell therapy. In particular, after
the treatment of CAR-T(Chimeric Antigen Receptor T) and
TCR-T shifted from haematological to solid tumours, most
solid tumours present a fibrotic stroma, which includes an abun-
dant extracellular matrix, regarded as the main mechanism of
resistance (Refs 14, 15). Taken together, these factors underscore
the need for higher TCR affinity than natural TCRs in current
clinical treatments (Refs 16, 17) In conclusion, the maturation
of TCR affinity is crucial for achieving optimal therapeutic effects.
Improving TCR affinity can overcome challenges such as the
reduction in antigen density, the suppressive impact of the
TME and the drug resistance mechanisms present in solid
tumours.

Parameters and standards for affinity engineering

Affinity in 2D and 3D
The affinity between the receptor (TCR) and ligand (pMHC) is a
critical factor in predicting T-cell responses to antigens. This
affinity, or binding constant (Ka), is determined by the equilib-
rium between the receptor and ligand and can be calculated
using the binding rate (Kon) and dissociation rate (Koff), regard-
less of ligand concentration or receptor calculations (Ref. 18). The
dissociation constant and half-life can also be calculated (Ref. 19).
The assessment of affinity values is typically accomplished
through surface plasmon resonance (SPR) in solution using puri-
fied reactants. In this technique, the free ligand flows over the
receptor immobilized on the surface to measure absolute affinity
in a three-dimensional space, providing a definition of protein
interactions in their purest form, free from external forces.
It has been observed that TCR affinity does not always correlate
with T-cell function, possibly due to fundamental differences in
biophysical characteristics between antibody–antigen interactions
and TCR antigen recognition (Refs 5, 10). While antibodies are
designed to bind to entire antigen proteins in a 3D fluid phase,
leading to high affinity and long bond lifetimes even at zero
force, TCRs function as transmembrane proteins with low 3D
affinity and rapid off-rates in force-free conditions for pMHC
(Refs 20, 21).

Techniques such as flow chamber analysis, thermal fluctuation
analysis, single-molecule Förster resonance energy transfer, Zhu–
Golan plot, contact area fluorescence recovery after photobleach-
ing and adhesion frequency assays provide 2D receptor–ligand
binding methods that better replicate membrane surface protein
interactions (Ref. 18). This type of affinity is referred to as relative
affinity, as it depends on the specific environment in which it is
measured. In contrast, 3D methods generate absolute affinity
measurements but fail to account for the influence of other cellu-
lar components (Ref. 22). The use of this method to measure
TCR–pMHC affinity is an extremely sensitive approach that fol-
lows first-order kinetics and is dependent on intrinsic T-cell fac-
tors. Additionally, these 3D methods do not consider the impact
of reduced molecular motion space or the presence of a
co-receptor (Ref. 23). In contrast, 2D receptor–ligand binding

techniques have shown a better correlation with in vitro T-cell
functional responses (Refs 24, 25). In a clinical trial involving
T-cell transduction with autologous melanoma reactive TCR, it
was found that patients who had ideal treatment responses had
a higher 2D affinity for the engineered T cells compared to non-
responders, despite having similar 3D affinity measurements
(Ref. 26). Therefore, we recommend prioritizing 2D affinity mea-
surements when selecting experiments to measure affinity values,
as the relative affinity measured by 2D methods has a stronger
correlation with functional responses compared to 3D methods.

Avidity and functional avidity
The advent of recombinant pMHC tetramer reagents has revolu-
tionized the identification and screening of antigen-specific T
cells in vitro. This approach indirectly evaluates the biophysical
interaction between TCR and pMHC and takes into account the
influence of other co-receptors, such as CD8 receptors, during
the interaction. The binding of one pMHC monomer arm
enhances the Kon of the subsequent monomer arm and reduces
the koff of the entire reagent, thus reflecting avidity interactions
(Ref. 27). Such an integrated tetramer-based affinity effect is
defined as avidity. To ensure the specificity and efficacy of TCR
candidates, it is crucial to conduct binding and functional ana-
lyses of TCR candidates with pMHC multimers, regardless of
their source (Ref. 28).

Functional avidity is an important measure of T-cell activity
towards peptide epitopes at different concentrations. The EC50
concentration, representing the peptide dose required to activate
half of the T-cell population, is commonly used to describe func-
tional avidity. The concept of functional avidity emerged because
the current indicators were insufficient in portraying the extent of
TCR activation (Ref. 29). To assess the functional avidity of trans-
duced or native TCRs, different indicators can be used that
encompass various aspects of cell function, such as proliferation,
cytokine release, cytotoxicity and downstream protein phosphor-
ylation of TCR signalling (Refs 30, 31). To make it more specific,
the phosphorylation of linkers, such as extracellular signal-
regulated kinase, p38 mitogen-activated protein kinase and
nuclear factor of activated T cells 2, can also serve as indicators
of functional avidity. Calcium influx, cytokine release (e.g.
interferon-γ and tumour necrosis factor-β) and degree of cell
degranulation following stimulation with titrated antigen peptides
can also be used (Ref. 32). The most common cytotoxicity ratio
obtained by co-culturing TCR-T with tumour cells can also be
used. Activation markers such as CD69 and CD137 are upregu-
lated early after CD8 + T-cell stimulation and can also serve as
enrichment markers for high-affinity T-cell clones from diverse
amplified T-cell subsets from the original library (Ref. 33).

Overall, while pMHC tetramer avidity is a useful tool for iden-
tifying TCRs with high-affinity binding to specific antigens, func-
tional avidity assessment provides a more comprehensive
evaluation of T-cell reactivity and is a more practical and predict-
ive strategy for screening TCR candidates for adoptive T-cell
immunotherapy.

Theoretical basis and technical strategies for affinity
modification

The principle of modifying the affinity of TCRs is based on sound
scientific knowledge. The TCR is composed of two chains, α and
β, which combine to form a heterodimeric receptor on the T-cell
surface. Each chain consists of a constant domain that anchors the
protein in the cell membrane and a variable domain that confers
antigen recognition. TCRs interact with pMHC molecules
through six complementarity-determining regions (CDRs), as
revealed by the binding mode of TCR to pMHC complex
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(Ref. 26). CDR1 and CDR2 have been identified as binding sites
with low affinity to the MHC helix during antigen presentation,
although not exclusively (Ref. 34). In contrast, the CDR3 loop,
which is responsible for binding peptide antigens presented in
the MHC groove, exhibits the greatest genetic variability and
diversity as a result of the VDJ recombination process. CDR3α
and CDR3β play a significant role in the antigen specificity
(Ref. 35). By employing techniques that enhance the affinity of
TCRs, we can increase the affinity value without altering the bind-
ing site or antigen specificity recognition on the pMHC surface.
Crystallographic experiments demonstrate that the modified
TCRs retain good structural stability without any deviation and
exhibit excellent safety in various predicted cross-reaction
experiments.

At present, the main strategy for enhancing TCR affinity is
centred on amplifying the inherent weak affinities by modifying
specificity towards the TCR–pMHC interaction. These techniques
can be broadly classified into two distinct categories: (1) directed
evolution through the use of mammalian, yeast or phage display
libraries, and (2) structure-guided computational affinity matur-
ation. These two approaches are complementary and frequently
utilized in tandem. Directed evolution involves the use of large
TCR libraries, which are fully or semi-randomly displayed on
mammalian cells, yeast or bacteriophages, for affinity selection.
Soluble pMHC molecules are typically used as targets. Each of
these approaches can achieve relatively efficient affinity matur-
ation, with several successful studies having been reported field
(Refs 36, 37, 38). However, each of these methods has its own
advantages and limitations. When choosing which method to
use, factors such as library size, misfolding events, TCR stability
and differences between prokaryotic and eukaryotic expression
systems must be carefully considered (Ref. 39). By introducing
random mutations in the binding region and performing multiple
rounds of screening, the hit rates for these methods are typically
low. Several rounds of selection are therefore required to achieve
sequence convergence and select mutations for further analysis.
Careful consideration must be given to which regions to include
in the library and mutate to achieve the desired outcome.
Libraries designed for mutation and screening in the CDR region
primarily focus on the CDR3 region. By introducing mutations in
the CDR3 region, high-affinity TCRs can be screened with main-
tained specificity. Our experience shows that CDR3 fragments
show a good safety profile when multiple amino acids act on
the binding capacity in experimental validation by alanine scan-
ning experiments. This high-affinity TCR maintains the specifi-
city of the peptide (Refs 3, 37, 40). In our previous
understanding of TCR binding modes, compared to CDR3, the
CDR1,2 loops are almost completely located on the MHC helix
and contribute about two-thirds of the binding free energy, rarely
showing direct contact with the peptide (Ref. 41). Therefore, as it
is believed that the CDR3 region contributes most to specificity,
we seem to be able to increase TCR binding to MHC by changing
the CDR1 and CDR2 regions to increase TCR signal activation for
a specific peptide. This could then alter the TCR-T response
threshold to tumour tissue. The localization of the TCR is such
that almost all CDR loops can contribute to the antigenic specifi-
city of T cells (Ref. 42).

Molecular dynamics simulations of TCR–pMHC complexes
have been employed using computational methods to explore
mutations that could improve binding strength. This approach
has been further bolstered by the integration of computational
models (Refs 26, 43, 44), which have aided in predicting and
assessing binding modes to generate optimized TCR products
(Ref. 45). By using deep scanning and analysis based on compu-
tational simulations or physically realistic measured structures,
researchers can identify key residues and hot spots that can be

mutated in combinatorial screens (Ref. 46). In fact, scientists
have successfully applied an improved algorithm to redesign a
specific TCR and generate mutants based on the structural design
that increased affinity up to 400-fold (Ref. 47). This underscores
the efficacy of structure-based design in directly targeting the pro-
tein interface region of interest and achieving affinity enhance-
ment with only a few amino acid substitutions, which is more
efficient than in vitro selection methods (Ref. 48). As more and
more pairs of structural information become available and as
the accuracy of 3D structure reduction for unknown sequences
improves. A combined strategy of these two methods will become
the standard for TCR engineering. Structural information of ter-
tiary complexes that provide more molecular detail at the TCR–
pMHC interface can be used to select residues or specificities to
improve affinity, thereby reducing library size and improving
screening efficiency (Ref. 36). Structure-guided methods can be
used to add residues to loops and randomize them using display
methods, expand specific loops to establish new contacts and
potentially increase affinity and specificity (Ref. 49). Whether
based on in vitro selection or computationally designed struc-
tures, we have been able to increase affinity up to 1 000
000-fold, giving TCR engineering more possibilities.

Bond energy and functional TCR

The necessity of introducing other evaluation indicators

In the context of clinical therapy, the predictive role of affinity (be
it avidity or functional affinity) for therapeutic efficacy is still lim-
ited. For the same pMHC, different TCRs with similar binding
affinity can exhibit binding states, which is attributed to the fact
that the binding of CDR3 at the TCR–pMHC binding interface
exhibits different dynamics (Ref. 50). Typically, non-force condi-
tions are used to measure TCR–pMHC interactions, such as
three-dimensional measurements by SPR (Ref. 18). In fact, due
to the dynamic nature of T-cell antigen recognition, the TCR–
pMHC bond formed at the T cell–APC interface will be subjected
to mechanical forces, which inevitably combine with the bio-
chemical aspects of TCR–pMHC interaction to activate T-cell
function (Ref. 51). Recent advancements in biophysical techni-
ques have revealed that force enhances TCR–pMHC capture on
CD8+ and CD4+ T cells (Ref. 52).

In general, the lifetime of a bond is expected to decrease with
increasing force, which is known as a ‘slip bond’. However, it has
been observed that bond lifetimes can be enhanced with increas-
ing force, reaching a maximum before exhibiting a similar
decrease pattern as slip bonds. This phenomenon is referred to
as ‘catch bonds’, which was initially demonstrated in 2003 by
Marshall using the adhesive molecule L-selectin (Ref. 53). The
force-dependence of the two-dimensional dissociation rate of
TCR–pMHC bonds has become a crucial factor in TCR recogni-
tion of homologous antigens and TCR triggering (Refs 54, 55, 56).

Experimental and parameter studies focusing on bond
strength

Nowadays, many experiments are available to measure the effect
of force on bond lifetimes, such as biofilm force probes, optical
tweezers or magnetic tweezers. They have been described in
other reviews (Ref. 57). Regardless of the type of assay used,
applying force on TCR bonds immediately results in a shortened
bond lifetime, forming slip bonds. Alternatively, when the force
level increases and the bond lifetime increases before reaching a
critical point (peak bond lifetime), catch bonds occur. This is
also an important criterion for distinguishing agonist and antag-
onist antigens. In the case of slip bonds, the parameters that affect
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this binding form are relatively simple, including the maximum
bond lifetime peak and the downward trend of the bond lifetime
(Ref. 58). TCRs that exhibit slip bonds also do not exactly exhibit
antagonist effects, and such contacts also induce some degree of
signal transmission when there are no force interactions at the
beginning of the binding.

The TCR produces the effect of a catch bond upon contact
with the agonist. Both the force and the bond lifetime required
to produce a maximum bond lifetime differ significantly between
catch and slip bonds. Thus, both have implications for T-cell acti-
vation (Ref. 59). In summary, three important indicators deter-
mine T-cell activation type via catch bonds, namely the type of
bond, the bond duration at peak and the location of the peak
bond lifetime. These parameters offer a superior depiction of
the type and intensity of the bonding forces between proteins
and serve as a reliable indicator of T-cell reactivity.

The optimal value of each parameter for T-cell activation is
currently unknown, and even the optimal degree of T-cell activa-
tion has not been determined. However, based on current knowl-
edge, it is understood that a force of approximately ten pN is
optimal for signal transduction of T cells upon binding
(Refs 60, 61). This conclusion may be limited by the analysis of
a relatively small number of TCRs and pMHCs. With the meas-
urement of a larger set of antigens and MHC alleles, differences
in force-induced binding lifetimes between T cells, as well as dif-
ferences in T-cell functional phenotypes, may be revealed.

Technical solution of bond energy modification

In the realm of TCR recognition, binding is a dynamic process
that involves an increase in the total number and stability of
atomic interactions or contacts, such as hydrogen bonds and
salt bridges, in the stressed state. This enhanced binding is facili-
tated by various conformational changes at the contact surface,
including the exposure of different residues and the proximity
of amino acid positions due to rotation, forming new interaction
forces that serve as the basis of the catch bond. However, design-
ing directed catch bonds according to this principle poses a chal-
lenge, as each TCR–pMHC binding event appears to be unique.
Despite the potential benefits, there are several limitations to
using computers for predicting and simulating changes in bond
energy during binding. One major limitation is the rate of force
application to TCR–pMHC complexes, which is many orders of
magnitude faster than in-force application experiments.
Additionally, the longest simulations currently available are only
about 100 ns, which is much shorter than the bond lifetimes
observed in the actual process (0.5–5 s). Moreover, no clear struc-
tural support has been identified to explain the change in the
bond lifetime that occurs upon force application (Refs 62, 63).
As a result of these limitations, fixed-point mutagenesis remains
the main method for catch bond engineering, with the use of
molecular simulations on the computer being considerably
constrained.

Catch bond engineering is a biophysical strategy aimed at
adjusting the high-sensitivity TCRs used in T-cell therapy while
reducing the possibility of adverse cross-reactions. In Garcia’s lat-
est engineering method (Ref. 32), it is observed that their method
does not significantly differ from the traditional approach based
on amino acid mutations. However, their screening work for
mutation hotspots is worth noting, as it increases the success
rate of modifications by targeting positions that may form new
catch bonds. Based on the interaction structure of the TCR and
pMHC molecules formed by crystal diffraction, amino acid mole-
cules within a distance of fewer than 4 nanometers (which is
almost the maximum distance for two amino acids to interact)
are selected for mutation, with a focus on polar and charged

amino acids that are more likely to form hydrogen bonds and
other interactions with other molecules. At the same time,
amino acids with closer interaction distances are excluded, as
they may contribute greatly to the specificity of TCR molecules
(Ref. 32). Substituting key amino acids in the CDR region can
greatly improve the efficiency of modifications (Refs 64, 65, 66).
The authors hypothesized that catch bond formation would be
most effective if focused on the CDR1 or CDR2 regions, as they
believed that the CDR3 region contributes more to specificity.
However, catch bond formation is unpredictable, and in some
TCRs, the newly formed catch bond may fall within the CDR3
region, while in others, it may be in the CDR1 or CDR2 regions
(Ref. 32). Moreover, the effects of catch bond modification at dif-
ferent locations exhibit a non-linear, superimposed effect, which
may lead to a plateau in response. This plateau is likely due to
the activation of individual T cells being limited (Ref. 32).

The question arises as to whether it is feasible to focus solely
on catch bond modifications without considering affinity.
Recent studies have shown that catch bonds can recognize low
concentrations of antigens: It was observed that the dose did
not change the degree of activation of antagonist and partial
agonist antigens on T cells (Refs 67, 68). This suggests that mod-
ifications targeting catch bonds alone may be sufficient, as
opposed to modifications targeting affinity. In summary, catch
bond mutation modifications can enhance T-cell responsiveness
without increasing affinity, thereby mitigating potential cross-
reactivity issues. Traditional affinity-based modifications can eas-
ily produce a large number of TCRs with high affinity, leading to
significant variations in responsiveness and off-target effects.
Nonetheless, there are still conflicting situations and unexplained
phenomena regarding TCR responsiveness. Moreover, current
findings did not eliminate the role of affinity in TCR responsive-
ness, as the yeast surface display experiment used to predict pep-
tide reactivity and evaluate safety was still based on the affinity
(Ref. 32). Therefore, the author’s article provides a better param-
eter for TCR responsiveness but does not change the process of
improving responsiveness by first increasing affinity. Future
research should identify the structural basis for easily forming
catch bonds to enable more efficient TCR modifications.

Focus on the new content of the bond modification

Glycosylation is a catalytic process that is mediated by enzymes,
leading to the formation of glycosidic bonds between carbohy-
drates and other compounds. Along with protein hydrolysis and
disulphide bond modifications, glycosylation represents a signifi-
cant post-translational modification that results in a diverse and
intricate polysaccharide repertoire (Ref. 69). In addition to influ-
encing T-cell activity and signalling, glycosylation plays a vital role
in regulating key physiological and pathological aspects of T-cell
biology, including T-cell differentiation, proliferation, thymocyte
selection and development. These modifications are critical in
determining the interactions between tumour cells and human
T cells (Ref. 69). When it comes to immunity, polysaccharides
are essential in almost all signal and cell interactions, especially
in ligand–receptor interactions (Ref. 70). Glycosylation is involved
in various processes of T cells and directly influences the strength
of TCR binding. In designing protein-based TCRs, we focus on
their role in TCR binding.

A recent study examined a pair of TCR–pMHC molecules
found in melanoma and discovered that the addition of a glycosyl
group to the N-terminal end not only altered the conformation of
the protein but also prolonged the bond lifetime. During the
binding and separation process, the increased number of hydro-
gen bonds and Lennard–Jones contacts further emphasized the
effectiveness of glycosylation as a post-translational modification
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(Ref. 71). These findings demonstrate the importance of
N-glycosylation in TCR–pMHC binding and highlight the need
for its consideration in future experimental and computational
studies. Glycosylation of transmembrane surface proteins plays a
pivotal role in various biological processes. CD43, CD45 and
CD25 are among the most abundant glycoproteins found on
the surface of T cells and are expressed at all stages of T-cell devel-
opment. They are decorated with O- and N-glycans and their gly-
cosylation is involved in various processes such as activation,
differentiation and apoptosis, which greatly affect the T-cell
receptor signalling (Ref. 72). Further studies are needed to explore
other transmembrane proteins that may also be highly correlated
with glycosylation.

Currently, glycosylation engineering faces several significant
limitations, and precise manipulation of the glycome for specific
proteins in living cells remains unachievable using current tech-
nology. Instead, current approaches are only capable of adjusting
the overall glycosylation level of proteins on the cell surface. A
wealth of empirical evidence supporting the utility of glycoengi-
neering can be found in the extensive studies on anti-cancer anti-
bodies, which have demonstrated the efficacy of glycoengineering in
enhancing the therapeutic potential of the protein biopharmaceuti-
cals (Ref. 73). Various strategies for designing glycans to confer new
properties and functions to therapeutic cells include genetic engin-
eering approaches, metabolic glycoengineering and chemoenzymatic
glycoengineering. Interested readers can find a comprehensive
review on the subject in the following reference (Ref. 74).

Armed TCR-T

The impact of co-receptor on response

MHC ligands have the ability to interact with co-receptors, such
as CD4 or CD8, in addition to the TCR (Fig. 1). This makes it

challenging to measure TCR affinity on the T-cell surface, as
these additional binding interactions can complicate the binding
strength between pMHC and TCR and the extent of lymphocyte-
specific protein tyrosine kinase (LCK) recruitment to the TCR
complex for downstream signalling cascades, which can vary
(Refs 75, 76).

CD4 co-receptors have a weak KD (150–200 μm) and exhibit
rapid kinetics when bound to class II MHCs. Its contribution to
TCR–pMHC interactions is negligible (Ref. 76). It is also believed
to have minimal impact on MHC tetramer binding (Ref. 21).
Although this does not suggest that CD4 lacks importance in
functional responses, as it plays a vital role in the recruitment
of LCK to optimize T-cell signalling (Ref. 77).

CD8 has been shown to augment the binding and dissociation
rates of MHC tetramer binding, leading to an increase in the
affinity and stability of T cells’ interaction with their cognate mul-
timeric ligands (Ref. 78). While the affinities of both CD8 and
CD4 for their coreceptors are relatively weak, CD8 exhibits a
higher affinity than CD4. Removal of CD8 contribution leads to
a decrease in both affinity and functional response fields
(Ref. 79). Additionally, CD8 deletion has a greater impact on
the binding of T cells with lower affinity, indicating that CD8
enhances the probability of low-affinity TCR–pMHC interactions
and signal transduction. These TCRs are known as
CD8-dependent, and their affinity threshold range is between
60 and 120 μM (Ref. 80). Several CD8-independent TCRs with
higher affinity have been identified in established TCR products,
and their affinity ranges from 4 μm to 26 pM (Ref. 4). However,
the specific binding threshold that confers CD8 independence
to a TCR remains undefined (Ref. 81).

Based on the aforementioned facts, the elimination of CD8
co-receptor binding to the MHC molecule binding region can
block T-cell-mediated lysis of specific target cells without disrupt-
ing the TCR’s specific interaction with the MHC (Ref. 82).

Figure 1. The T-cell structure interacts with antigen-presenting cells (APC) and forms immune synapses. T-cell response is influenced by factors such as V and C
regions of TCR, co-stimulatory molecules (CD4, CD8) and CD45 molecules. Hence, all aspects of T-cell function can be modified and engineered to enhance its
function. IMMTAC (immune mobilizing monoclonal T-cell receptor against cancer) is a fusion protein comprising a soluble TCR on one end, recognizing the
pMHC complex and targeting tumours. An anti-CD3 scFv (single-chain variable fragment) on the other end, which recognizes CD3 molecules to activate T cells.
The interaction between pMHC (peptide-major histocompatibility complex) and TCR (T-cell receptor) necessitates the participation of auxiliary molecules,
which assemble at the core of the immune synapse. Concurrently, co-stimulatory molecules and CD45 are situated in the outermost layer of the immune synapse,
and the extent of T-cell activation is determined by their collective size. Modifications to the TCR can involve both V and C region. Modification of the V-region can
enhance affinity and bond strength, while modification of the C-region can reduce immunogenicity and decrease TCR mismatches. Overexpression and modifica-
tion of the helper molecule CD8 can augment the T-cell response. Elevating the levels of co-stimulatory molecules and increasing the length or altering the gly-
cosylation of CD45 in the outermost layer of the immune synapse can also boost T-cell activation.
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Conversely, artificial modifications to MHC molecules that
enhance CD8 binding have the potential to promote T-cell prolif-
eration and cytokine release (Ref. 68). Nevertheless, clinical trials
involving the overexpression of these molecules have shown a
response rate increase of only 40–60%, and the effect appears to
plateau, suggesting the limited potential for coreceptor and acces-
sory molecule modification (Refs 61, 83). Modification of
co-receptors is particularly important for low-affinity TCRs, as
an increasing number of low-affinity TCR-T products have been
found to possess potent antitumour effects, underscoring the sig-
nificance of co-receptor modification as a critical consideration in
therapeutic development.

Co-stimulatory inhibitory molecules and TCR activation
signalling pathways

The initial step in activating downstream signalling pathways is
the binding of TCR to MHC, where the formation of immuno-
logical synapses between T cells and target cells serves as the
foundation for immune responses (Ref. 84). Besides the central
site of TCR and MHC binding, there exist numerous
co-stimulatory signalling receptor interactions at their periphery
that regulate signal strength. Early theories of T-cell activation
proposed that complete activation of LCK was a prerequisite for
TCR signalling (Ref. 85). Furthermore, it has been discovered
that full T-cell activation necessitates the matching of tumour
ligands with independently triggered costimulatory receptors, as
well as overcoming inhibitory receptor signalling expressed in
the TME (Ref. 86). CD28 is the most classical molecule that
recruits CD8 or CD4 co-receptors (Ref. 85). The cytoplasmic
structural domains of CD4 and CD8 are capable of recruiting
tyrosine kinase LCK and mediating immunoreceptor tyrosine-
based activation motif phosphorylation in the cytoplasmic struc-
ture of the CD3 subunit (Ref. 72). Subsequent recruitment of
Zeta-chain-associated protein kinase 70 to the TCR further pro-
motes the LCK activation (Ref. 86).

There are a number of complex co-receptors that regulate
immune actions in the interaction of T cells with APC/tumour
cells, including positively regulated receptors and ligands that

promote T-cell activation, as well as negatively regulated factors
that modulate T-cell function and lead to immune escape from
tumours (Fig. 2). A deeper understanding and knowledge of
these modes of regulation will help us design better ARMED
TCR-T cell therapy products (Ref. 87) (Table 1). CD28, 41-BB,
inducible T-cell co-stimulator and CD134 are classic
co-stimulatory receptor combinations. The incorporation of cellu-
lar co-stimulatory signalling domains into next-generation
CAR-T cell design has been demonstrated to be critical for
their functionality (Ref. 73). Similarly, in clinical TCR-T cell ther-
apy, enhanced co-stimulatory signalling can promote cell prolifer-
ation, cytotoxicity and cytokine production (Ref. 88). However, in
the process of modifying and optimizing these cells, the specific
co-stimulatory signalling scheme needs to be refined in many
aspects. Firstly, the incorporation of co-stimulatory domains
affects the overall cell function, including cell differentiation
state and metabolism level. The selection of different costimula-
tory molecules can allow T cells to exhibit different phenotypes,
such as a central memory phenotype (Ref. 89). Secondly, there
are challenges in the transfer of co-stimulatory molecules into
cells, although many switch receptors exhibit good effects in
vitro and in vivo. When we introduce additional ligands on
cells, these ligands with exogenous TCRs can be inserted by a
large vector or two independent vectors, which limits the trans-
mission efficiency (Ref. 90). Thirdly, an excessive increase in
the intensity of the co-stimulatory signal may lead to unexpected
effects, as evidenced by the clinical effects of third-generation
CAR-T cells, where incorrect combinations of co-stimulatory
domains can trigger cytokine storms and T-cell tolerance, greatly
affecting the safety and efficacy of cell therapy (i.e. rapid T-cell
exhaustion may occur) (Ref. 77). These findings suggest the
necessity of designing TCR-T therapies based on the
co-stimulatory signalling basis.

Interfering with the downstream signalling pathways of T cells
is a promising avenue for therapeutic modification. The initial
TCR signalling pathway is maintained by phospholipase
C-gamma 1 and vitamin D receptors, both of which are crucial
for the classical TCR signalling pathway (Ref. 91). Subsequently,
the pathway increases intracellular Ca2+ levels and activates

Figure 2. Various co-receptors exist between TCR and tumour cells/APCs that transmit positive and negative signals. The cytoplasmic domains of CD4 and CD8
recruit the tyrosine kinase LCK and mediate the phosphorylation of the immunoreceptor tyrosine-based activation motif (ITAM) in the cytoplasmic structure of
the CD3 subunit, and CD28 is the most classical molecule of the co-receptor recruited by either CD8 or CD4, and the full activation of LCK is a prerequisite for
TCR signalling. Recruitment of ZAP-70 to the TCR further promotes LCK activation, and the TCR signalling pathway is then maintained by phospholipase
C-gamma 1 (PLC-γ1). In addition to the first signals generated by TCR binding to pMHC, T-cell activation requires many other co-receptors to provide positive sig-
nals to maintain the activated state to promote killing, as well to regulate the degree of T-cell activation, or tumour cells to implement immune escape. A series of
negative signals exist between the T cell and the tumour cell.
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Table 1. List of published ARMED TCR-T or CAR-T cell clinical trials

Target
antigen Retrofitting method Epitope Cancer type

Number of
patients Clinical trial Phase

Objective response rate
(ORR) (%)

Toxicities related to T-cell
therapy(%)

MART-1 Affinity maturation AAGIGILTV Melanoma 20 NCT00509288 II 6 (30%) Skin rash: 14 (70%)

MART-1 Optimization sequence EAAGIGILTV Melanoma 13 NCT00910650 II 0 CRS: 2 (15%)

MART-1 Optimization sequence without
affinity maturation

EAAGIGILTV Melanoma 12 NCT02654821 I/IIa 2 (16.7%) CRS/sepsis: 1 (8%)

gp100 Affinity maturation KTWGQYWQV Melanoma 16 NCT00509496 II 3 (16%) Skin rash: 15 (94%)

CEA Affinity maturation IMIGVLVGV Colorectal cancer 3 NCT00923806 I 1 (33%) Severe transient colitis: 3
(100%)

MAGE-A3 Affinity maturation KVAELVHFL Melanoma 9 NCT01273181 I/II 5 (56%) Severe neurologic toxicity:
3 (33%)

MAGE-A3 Affinity maturation EVDPIGHLY Melanoma 2 NCT01350401 I 0 Severe cardiac toxicity: 2
(100%)

MAGE-A3 Affinity maturation Metastatic solid
tumours

17 NCT02111850 I 4 (23.5%) Liver toxicity: 2 (12%)

MAGE-A4 Affinity maturation NYKRCFPVI Oesophageal cancer 10 UMIN000002395 I 0

MAGE-A4 Affinity maturation GVYDGREHTV Advanced solid tumours 38 NCT03132922 I 9 (23.7%) CRS: 9 (50%)

MAGE-A10 Affinity maturation GLYDGMEHL NSCLC 11 NCT02592577 I 1 (9%) CRS: 3 (27%)
Neurotoxicity: 1 (9%)

NY-ESO-1 Affinity maturation SLLMWITQC Melanoma 17 NCT00670748 I 5 (45%) 4 (67%) None

NY-ESO-1 Optimization sequence SLLMWITQC Melanoma 38 NCT00670748 II 11 (55%) 11 (61%) None

NY-ESO-1 Affinity maturation SLLMWITQC Synovial sarcoma 12 NCT01343043 I/II 6 (50%) CRS: 5 (42%)

NY-ESO-1 Affinity maturation SLLMWITQC Synovial sarcoma 30 NCT01343043 I/II 9 (30%) n.s.

HPV16-E6 Affinity maturation TIHDIILECV HPV16-positive
epithelial cancer

12 NCT02280811 I/II 2 (17%) None

HPV16-E7 Natural sequence YMLDLQPET HPV16-positive
epithelial cancer

12 NCT02858310 I 6 (50%) None

HBV Affinity maturation N.A. HBV-HCC 8 NCT03899415 I 1 Liver toxicity: 1 (12%)

MCPyV Affinity maturation KLLEIAPNC Merkel cell carcinoma 5 NCT03747484 I 1 (25%) None

TP53 Affinity maturation HMTEVVRHC Metastatic breast cancer 1 NCT03412877 I 1 (100%) CRS

KRAS G12D Affinity maturation GADGVGKSA Metastatic pancreatic
cancer

1 IND 27501 I 1 (100%) None

CEA, carcinoembryonic antigen; gp100, glycoprotein 100; HPV, human papillomavirus; MAGE-A, melanoma-associated antigen; MART-1, melanoma antigen recognized by T cells 1; NY-ESO-1, New York oesophageal squamous cell carcinoma-1; NSCLC, non-small cell
lung cancer; CRS, cytokine release syndrome; n.s., not specified; KO-KI, knockout–knock-in; N.A., not available.
Most of the TCR-T products that entered clinical testing in the early days underwent a process of sequence optimization and affinity maturation, with only a very few using natural TCR sequences directly. Due to the inconsistency of standards and some technical details
have not been missed. Some articles only briefly describe their TCR for sequence optimization. Thus, in this sequence, optimization mainly represents a modification of the natural TCR sequence by the authors, with most of the modifications focusing on affinity
maturation. Those that performed sequence optimization without increasing affinity have been specifically labelled.
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T-cell-associated binding proteins such as calmodulin and acti-
vated T-cell nuclear factor protein 2, as well as nuclear factor
proteins, which induce T-cell activation and the release of
large amounts of cytokines and chemokines (Ref. 78).
Modulation of the signalling pathways underlying T cells can
directly regulate the function of the T cells, making it highly
applicable to any tumour epitope, and can be easily replicated.
Such modifications are more direct and effective than affinity
and binding modifications. However, further experiments are
required to determine the optimal T-cell activation strength
and signalling state to effectively execute response-adapted cyto-
toxic functions in the TME.

Strategies for overcoming the transformation of tumour
microenvironment

The TME has emerged as a pivotal determinant in both the
advancement of cancer and the shortcomings of therapeutic inter-
ventions. Nestled within a heterogeneous milieu constituted by
infiltrating and resident host cells, secretory factors and the extra-
cellular matrix, tumour cells find their abode (Ref. 92). Among
the infiltrating immune cell contingent, T cells (including
tumour-infiltrating lymphocytes and regulatory T cells), macro-
phages (M1 and M2 phenotypes) and myeloid-derived suppressor
cells (MDSCs) play vital roles (Refs 92, 93).

Concurrently, the TME is pervaded by secreted immune-
suppressive cytokines such as IL-10 and TGFβ, as well as tumour-
promoting chemokines. Among the components of the extracellular
matrix, stromal cells, including cancer-associated fibroblasts (CAFs)
and tumour-associated macrophages (TAMs), exert their influ-
ence (Refs 93, 94). In stark contrast to haematologic malignancies
where T cells can readily infiltrate owing to the robust exposure to
tumour antigens, the immunosuppressive factors inherent in the
TME pose formidable challenges. Transferred T cells frequently
exhibit functional deficits or swift exhaustion upon successful
penetration (Ref. 95). Consequently, in the context of solid
tumours, the myriad inhibitory factors within the TME emerge
as inescapable obstacles that undermine cell-based therapies;
nevertheless, they present themselves as prime candidates for
therapeutic targeting. One noteworthy target in this landscape
is fibroblast activation protein (FAP), an enzyme endowed with
dual proteolytic activities. FAP is found to be overexpressed in
CAFs across various tumour types, while its expression is sparse
in healthy adult tissues. By harnessing FAP as a target, engineered
T-cell therapies such as TCR-T and CAR-T could be tailored to
specifically address the tumour stroma, thereby enhancing
T-cell infiltration. Encouraging therapeutic outcomes have already
been observed in diverse solid tumours through the deployment
of FAP-targeting CAR-T cells (Ref. 96).

In the intricate meshwork of TME, most cell types interact
with T cells, interacting through immune checkpoints such as
the PD-L1 ligand, leading to the suppression of anti-tumour
activity and consequent T-cell exhaustion. Cells implicated in
this interplay encompass cancer cells as well as infiltrating mono-
cytes, including dendritic cells (DCs) and macrophages (Ref. 97).
Furthermore, activated T cells expressing CTLA-4 exhibit
enhanced affinity for binding to CD80/86 on APCs, effectively
outcompeting the binding of co-stimulatory molecule CD28
and thus impeding anti-tumour immune function (Ref. 98).
Such inhibitory signals are more extensively expounded upon in
Figure 2. Nonetheless, monotherapy with immune checkpoint
inhibitors (ICBs) often yields unsatisfactory clinical outcomes
(Refs 99, 100).

Addressing the impediments posed by the TME to the efficacy
of TCR-T and CAR-T therapies holds significant potential.
A compelling approach involves the utilization of CRISPR-CAS9

technology to introduce a chimeric switch receptor (CSR) com-
prised of the extracellular domain of PD-1 and the intracellular
domain of CD28 (Refs 101, 102). Rather than propagating inhibi-
tory signals, this interaction transmits co-stimulatory signals
through CD28. Encouragingly, this strategy has demonstrated
exceptional therapeutic efficacy in clinical investigations, all with-
out evidence of significant neurotoxicity or cytokine release syn-
drome. Additionally, CAR-T cells targeting CTLA-4 have also
exhibited noteworthy therapeutic impact, with diverse adaptations
of this design remaining under exploration (Ref. 103). A notable
example involves the fusion of the extracellular domain of Fas
with the intracellular domain of 4-1BB via CSR. This reconfigur-
ation effectively transforms the Fas ligand-mediated death signal
into a survival-promoting signal (Ref. 104).

Expanding the strategies to enhance T-cell infiltration into the
TME introduces a novel approach – augmenting the expression of
chemokine receptors on tumour-specific cytotoxic T lymphocytes
and targeting tumour-secreted chemokines (Ref. 89). Within this
context, the versatile array of chemokine ligands for the CXCR2
receptor is prominently expressed in a multitude of tumours
(Ref. 105). These chemokines, including CCL2, CCL7 and
CCL8, are also detected within the TME, particularly in cancer
cells, CAFs, TAMs, MDSCs and stromal stem cells. These chemo-
kines play a pivotal role in supporting tumour growth and dis-
semination (Ref. 90). In light of this, the targeting of CCR2 and
CXCR2 receptors has gained substantial traction as a therapeutic
avenue within cancer immunotherapy. In the realm of TCR-T
therapies, introducing CXCR2 to pmel-1 TCR transgenic T cells
or MAGE-A3-specific TCR-engineered T cells has demonstrated
tangible benefits (Refs 106, 107). CXCR2-TCR-T cells exhibit
enhanced homing to tumours, heightened tumour infiltration
and preferential accumulation at tumour sites in comparison to
control TCR-T cells. This phenomenon is also observed in the
context of CAR-T therapies (Ref. 108). Collectively, these findings
underscore the potential of introducing chemokine receptor genes
into tumour-specific T cells to amplify their tumour homing and
localization capabilities, ultimately improving antitumour
immune responses (Ref. 109).

Moreover, T cells can be engineered to overexpress chemo-
kines and cytokines, further elevating their antitumour efficacy.
For instance, the transduction of CAR-T cells to express IL-7
and the chemokine CCL-19 not only enhances T cell survival,
infiltration and accumulation within tumours but also culminates
in the complete regression of established solid tumours and
extended survival in murine models (Ref. 110). By integrating
chemokines such as CCL21 and IL-7 into CAR-T cells, a substan-
tial augmentation in the survival and infiltration of CAR-T cells
and DCs within tumours is observed, leading to complete tumour
remission (Ref. 111). This multifaceted approach highlights the
potential to harness the dynamics of chemokine receptors and
their ligands to bolster T-cell infiltration, survival and antitumour
responses within the complex milieu of the TME.

TCR-T safety assessment

Humanization, mismatch challenges and off-target effects

One of the defects of TCR engineering is the low expression
caused by mismatching between transgenic TCR and natural
TCR. The emergence of novel cross-reactive features resulting
from a potential discrepancy between the endogenous
α-stranded β-strand and the exogenous foreign-assisted TCR
receptor introduced in TCR gene therapy constitutes a possible
cause of off-target events (Ref. 1), especially for human-derived
TCRs, which have a high probability of mismatch. To address
this issue, strategies mainly focus on changes in the constant
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region, including replacing human constant regions with mouse
constant regions, minimal monetization, codon optimization,
adding disulphide bonds, introducing hydrophobic mutations,
removing N-glycosylation sites, TCR domain swapping, etc.
(Refs 112, 113). Other strategies include expressing transgenic
TCRs as TCR-CD3ζ fusion proteins, using single-chain TCR for-
mats, or silencing or knocking out endogenous TCR chains
(Refs 114, 115, 116). None of these methods can avoid the pro-
duction of mismatched TCRs. Introducing non-human-derived
TCRs can better solve this problem because they cannot bind
with CD3, making mismatches ineffective (Ref. 112). Although
the anti-tumour function of TCRs is enhanced, the presence of
xenogenic materials may lead to immunogenicity and hinder
the effectiveness of cells. This problem can be solved by replacing
key residues in the constant region of TCR with mouse-derived
residues (Ref. 117). Therefore, TCRs or antibody products inevit-
ably require humanization modification.

The success of humanized antibodies, which mitigate the
immunogenicity of mouse-derived antibodies, provides a basis
for current knowledge. These antibodies have exhibited remark-
able success in clinical trials (Refs 118, 119). The strategy behind
humanizing mouse-derived antibodies involves utilizing human
antibodies as a backbone and transplanting the minimal func-
tional region from the mouse-derived look that confers anti-
genic specificity, that is, the CDR, into the corresponding
CDR region of the human antibody (Ref. 120). Despite the
antigen-binding effect being preserved to some extent, the affin-
ity values usually undergo changes (Ref. 121). This may be
attributed to the alteration in CDR conformation after trans-
plantation into the human frame (Ref. 122). Such phenomena
are primarily observed in the structures of antibody-based
receptors, such as chimeric antigen receptors found in T cells
from mice (Ref. 112). Drawing on the experience of constructing
humanized antibodies, successful cases have been achieved by
transplanting CDRs from mouse TCRs into human variable
compartments to reduce immunogenicity. To enhance the sta-
bility of the CDR framework post-transplantation, computer
modelling is utilized to introduce point mutations that optimize
key interactions (Ref. 123). It has been discovered that modify-
ing the TCR framework on variable regions that do not contrib-
ute to antigen recognition can safely enhance the affinity of
TCR-transgenic T cells (Ref. 115).

The use of external control systems to ensure safety

In order to control off-target effects and the occurrence of auto-
immune diseases in clinical settings, we may introduce an exogen-
ous control system. Although many unknown factors still exist, we
can still develop safe engineering of therapeutic T cells, as well as
drugs with controllable switches to rapidly eliminate T cells in
vivo (see review (Ref. 124)). Three main strategies have been stud-
ied clinically: (1) the herpes simplex virus thymidine kinase
(HSV-TK) suicide gene, derived from the herpes simplex virus
type I (HSV-TK), is one of the most common suicide genes.
HSV-TK has shown good safety in cell-based immunotherapy
but requires the introduction of phosphorylated nucleoside analo-
gues. (2) Inducible caspase-9 (iC9) can also be used as a safety
switch for induced T cells. iC9 is a modified human FK binding
protein that can be activated by a small molecule AP1903, which
depends on the mitochondrial apoptotic pathway. The immuno-
genicity of iC9 suicide genes is lower, leading to a decrease in
immune reactions against transgenic cells. The inducible caspase
9 (iCasp9 or iC9) suicide gene is a safety switch mechanism for
TCR-T cells. Another strategy to control the toxicity of TCR-T
cells is to implant ‘off-switches’ or ‘suicide genes’ into the TCR
structure. Another strategy that dynamically and rapidly controls

CAR-T cell function is based on protease-assisted small molecule
shuttles for CARs, also known as switching CARs off with indu-
cible fast-off. These small molecules can be used to modulate the
expression of CARs on the surface of T cells. In this system, the
protease cleavage site and the degron domain are embedded
together in the CAR construct, and the degron domain promotes
the degradation of CAR protein. In the ‘on’ state, the cleavage site
is cut, resulting in the removal of the degron from the CAR pro-
tein, which is then expressed on the surface of T cells. However,
when using small exogenous molecule protease inhibitors, the
CAR protein is not cleaved, resulting in the retention of the
degron, which is then degraded through proteolytic pathways,
leading to the degradation of CARs.(3) Cell Elimination Tags
(CET) (Ref. 124). Carcinoembryonic antigen (CEA) Tmod cells,
which have been clinically evaluated, can also be used to alleviate
TCR-T clinical toxicities. CEA Tmod cells use two receptors: a
CAR activated by CEA and an inhibitory receptor based on
leukocyte Ig-like receptor 1 triggered by human leukocyte anti-
gen. Because there is a phenomenon of human leukocyte antigen
(HLA) heterozygosity loss in tumour cells, CEA Tmod cells are
highly selective against tumour cells expressing CEA and effect-
ively kill them (Ref. 125). TCR cells can also refer to CEA
Tmod cells and express both receptors to specifically recognize
tumour cells while avoiding recognition of normal cells in the
body. Target cell depletion is achieved through antibody-
dependent cell cytotoxicity (Refs 126, 127, 128). Several clinical
trials of CET are ongoing, but formal proof of their clinical
impact on toxicity control is still pending.

A new generation of products based on T-cell receptor

Over the past decade, numerous breakthroughs in cancer
immunotherapy have emerged, all of which involve the regulation
of T-cell-mediated immunity. Currently, there are three major
types of cancer immunotherapies approved for clinical use: (i)
ICBs, (ii) genetically engineered T cells expressing CARs and
(iii) bispecific antibodies (bsAbs). New types of therapeutic cells
and products have been designed for immunotherapy with vari-
ous styles. Based on identified patterns, these new products can
be classified into two types based on their binding patterns: (1)
products based on antigen–antibody binding patterns and (2)
products based on the TCR and pMHC binding patterns. These
products can be further classified into antibody-based and cell-
based forms. Representative examples of these products include
bispecific T-cell engager (BiTE), cell engager, TCR-like antibody
(TCRL ab), synthetic TCR and antigen receptor T-cell, bispecific
or multispecific CAR-T and TCR-T.

Cell engager and TCRL antibody

The recognition patterns of Abs and TCRs differ, yet both possess
diversity in receptor binding sites and specificity for antigen rec-
ognition fields (Refs 129, 130). Like TCR alpha/beta heterodimers,
Fab H/L heterodimers directly contact homologous antigens using
two sets of CDRs, also known as variable fragments. TCRs exert
sub-micromolar affinity for homologous pMHC when acting on
cells (Ref. 131), while Abs possess nanomolar affinity and interact
with their specific antigen, with binding energies over 100-fold
higher (Ref. 132). The collective concentration of antibody-type
drugs is bound by the picomolar affinity (Ref. 133). Such vast dif-
ferences necessitate affinity optimization and engineering when
converting TCRs to soluble TCRs, a process fraught with signifi-
cant technical difficulties. This phenomenon is well understood,
given the contributions of T-cell triggering mentioned earlier,
such as dissociation from various accessory molecules and TCR
clustering.
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In order to address this issue, scientists have pursued two
approaches. Firstly, researchers have developed TCRL monoclonal
antibodies (mAbs) by combining the high affinity of mAbs with
the ability to recognize pMHC complexes (Ref. 134). However,
others have recently conducted an in-depth investigation of the spe-
cific binding mode of TCR-like antibodies, comparing them to cell
engager and simulating their binding in a manner highly like nat-
ural TCRs. However, the structural analysis revealed that half of
the peptide contacts produced by these antibodies interacted with
different residues than those contacted by TCRs and instead
made additional crucial contacts with other peptide residues. This
structural feature, which differs from the peptide-binding hotspots
of natural TCRs, is associated with self-reactive TCRs and may be
related to high levels of TCR cross-reactivity (Ref. 135). Thus, it is
concluded that the core region of the target molecule is susceptible
to distortion upon binding by antibodies to pMHC (Ref. 50).

Another direction of exploration is to preserve the original
TCR recognition structure and segments while optimizing and
modifying the affinity of TCRs by making them soluble. Cell
engagers are a type of fusion protein, akin to bsAbs, that feature
a soluble TCR on each end and an anti-CD3 Single-chain vari-
able fragment (scFv) structure that activates T-cells. The TCR
end selectively targets the tumour site, while the single-chain
antibody fragment confers the corresponding functional proper-
ties. Unlike conventional antibodies, which only target extracel-
lular antigens and secreted proteins on the cell surface, the TCR
recognition structure is based on the ability of human leukocyte
antigens to target peptides presented by HLA molecules as intra-
cellular targets (Ref. 136). This mechanism directs immune cells
to eliminate cancer cells (efs 137, 138). The high picomolar
affinity of the TCR for pMHC has enabled the packaging of
cell engagers into target cells. The recent launch of IMMTAC
(Immune Mobilizing Monoclonal T-cell Receptor Against
Cancer) by IMMUNOCORE has certainly given a boost to this
type of product (Ref. 139). However, the structure of soluble
TCRs does not exist under physiological conditions, and the
modification of soluble TCRs has taken a long time. Moreover,
after obtaining stably expressed soluble TCRs in vitro, we still
need to increase their affinity several orders of magnitude to
make them effective in targeting. However, for TCRL mAbs,
such binding seems to be more in line with the binding pattern
under physiological conditions and more stable. Therefore, we
can speculate that affinity modification based on the natural
TCR receptor seems to be safer.

The determinative role of length

The formation of the immunological synapse is fundamental for
T-cell activation and function, and the mode of TCR–pMHC
molecular binding is mainly explained by the kinetic segregation
model. The spatial rearrangement of proteins at the cell–cell
interface is a crucial principle for understanding the receptor
activation (Refs 140, 141). In the natural TCR binding mode,
this range of sizes encompasses a spectrum extending from the
intermembrane spacing of the native TCR–pMHC complex,
which is approximately 14 nm (Refs 41, 142), to sizes surpassing
the spacing of roughly 30 nm ascertained by the binding of
intracellular adhesion molecule 1 to lymphocyte function-
associated antigen 1 (Ref. 143), and the large extracellular
domain of CD45, which ranges from 21 to 40 nm (Refs 144,
145). For some time, the size of the TCR–pMHC complex at
T cell–APC junctions has been thought to preclude the binding
of CD45 due to steric hindrance (Refs 144, 146, 147) Therefore,
specific binding distances are required to achieve better efficacy
in this binding mechanism (Fig. 1). In experiments where we
altered the length of the TCR–pMHC binding at the centre of

the immunological synapse, we found that the intermembrane
distance established during TCR binding events could affect
ligand potency, which is far greater than the effect of epitope
selection (Refs 148, 149).

The fundamental basis of T-cell function lies in specific spatial
distances. Deviation from appropriate distances can disrupt the
formation of immune synapses, leading to a significant reduction
in T-cell activation. This discovery provides valuable insights into
the optimization of natural TCR-T cell therapies. In the context of
CAR-T cell therapy, the axial spacing between membranes can be
manipulated to improve efficacy (Ref. 150). Artificially designed
CAR-T cells have been extensively studied and validated, revealing
that shorter membrane spacing induced by CAR antigens results
in stronger CD45 rejection, leading to increased mobilization of
CAR molecules to the membrane-proximal epitopes of structural
domain 7, located approximately 2 nm from the membrane
(Refs 151, 152). These findings suggest that closer proximity
between cells, similar to the distance between natural TCR and
pMHC complexes or even shorter, can trigger greater T-cell acti-
vation. As the length of the CAR increases, the repulsive effect of
CD45 on CAR synapses diminishes (Ref. 153). Bispecific CAR-T
cells also exhibit weaker responses to molecules located at greater
distances than those located in closer proximity, further highlight-
ing the importance of spatial distance in cellular responses
(Ref. 154).

The results of the experiment demonstrate that the extracellu-
lar domains of CD45 RABC and CD45 RO（one of the four
major isoforms of CD45）exhibit different sensitivities to the dis-
tribution force generated by ligand–receptor binding at the mem-
brane–membrane interface (Ref. 155). This finding is consistent
with previous observations indicating that T-cell signalling is
more effective when expressing larger CD45 isoforms and con-
firms the biophysical differences between the two highly con-
served CD45 subtypes with respect to their spatial segregation
in response to TCR–pMHC interactions (Refs 155, 156). Based
on this, an alternative approach to enhancing T-cell responsive-
ness can be achieved by manipulating the relative sizes of the
TCR–pMHC complex and CD45 molecule, revealing that
CAR-T activation depends on the difference in size between the
CAR antigen and CD45, and using anti-CD45 antibodies as
spacers can not only enhance the activation of CAR-T cells
under physiological conditions but also restore the efficacy of
long scFV CAR-T cells that were previously impeded by excessive
synapse centring (Ref. 157). Thus, the size of CAR, antigen and
CD45 can serve as targets for modulating CAR-T activation.

Thus, in CAR-T and artificial T-cell activation structures, such
as cell engager, spatial distances are often overlooked, leading to
the failure of T-cell response. These findings are consistent with
previous studies of bispecific T-cell engagers that share similar
structures, which indicate that these TCR ligands are more effect-
ive when they bind epitopes that create smaller intermembrane
spaces, thereby bridging TCRs on a T cell to melanoma markers
on opposing cell. Therefore, our understanding of the important
role played by spatial distance in T-cell response highlights the
need for incorporating this parameter into the design of various
cell engagers, including bispecific or multispecific TCRs, such as
T-cell receptor fusion constructs (Refs 158, 159), and other possi-
bilities mentioned in this article (Ref. 158). By taking this param-
eter into account during the initial design phase, we can predict
the reactivity of these structures more accurately.

Acknowledgements. None.

Funding statement. This work was supported by the National Key Research
and Development Program of China (No.2022YFC2303600) and the National
Natural Science Foundation of China (82073360, 81802449).

10 Guoheng Mo et al.

https://doi.org/10.1017/erm.2023.27 Published online by Cambridge University Press

https://doi.org/10.1017/erm.2023.27


Competing interests. None.

Ethical standards. The article does not involve any animal or human
experimentation.

References

1. Voss RH, Kuball J and Theobald M (2005) Designing TCR for cancer
immunotherapy. Methods in Molecular Medicine 109, 229–256.

2. Tsimberidou AM et al. (2021) T-cell receptor-based therapy: an innova-
tive therapeutic approach for solid tumors. Journal of Hematology &
Oncology 14, 102.

3. Holler PD and Kranz DM (2003) Quantitative analysis of the contribu-
tion of TCR/pepMHC affinity and CD8 to T cell activation. Immunity
18, 255–264.

4. Holler PD et al. (2001) CD8(-) T cell transfectants that express a high
affinity T cell receptor exhibit enhanced peptide-dependent activation.
Journal of Experimental Medicine 194, 1043–1052.

5. Schmid DA et al. (2010) Evidence for a TCR affinity threshold delimit-
ing maximal CD8 T cell function. Journal of Immunology 184, 4936–
4946.

6. Bullock TN et al. (2001) Manipulation of avidity to improve effective-
ness of adoptively transferred CD8(+) T cells for melanoma immuno-
therapy in human MHC class I-transgenic mice. Journal of
Immunology 167, 5824–5831.

7. Zeh HJ 3rd et al. (1999) High avidity CTLs for two self-antigens dem-
onstrate superior in vitro and in vivo antitumor efficacy. Journal of
Immunology 162, 989–994.

8. Johnson LA et al. (2009) Gene therapy with human and mouse T-cell
receptors mediates cancer regression and targets normal tissues expres-
sing cognate antigen. Blood 114, 535–546.

9. Palmer DC et al. (2008) Effective tumor treatment targeting a melan-
oma/melanocyte-associated antigen triggers severe ocular autoimmunity.
Proceedings of the National Academy of Sciences of the USA 105, 8061–
8066.

10. Zhong S et al. (2013) T-cell receptor affinity and avidity defines antitu-
mor response and autoimmunity in T-cell immunotherapy. Proceedings
of the National Academy of Sciences of the USA 110, 6973–6978.

11. Davis MM and Bjorkman PJ (1988) T-cell antigen receptor genes and
T-cell recognition. Nature 334, 395–402.

12. Schumacher TN and Schreiber RD (2015) Neoantigens in cancer
immunotherapy. Science 348, 69–74.

13. Reeves E and James E (2017) Antigen processing and immune regula-
tion in the response to tumours. Immunology 150, 16–24.

14. Olive KP et al. (2009) Inhibition of hedgehog signaling enhances deliv-
ery of chemotherapy in a mouse model of pancreatic cancer. Science 324,
1457–1461.

15. Jacobetz MA et al. (2013) Hyaluronan impairs vascular function and
drug delivery in a mouse model of pancreatic cancer. Gut 62, 112–120.

16. Arber C et al. (2015) Surviving-specific T cell receptor targets tumor but
not T cells. Journal of Clinical Investigation 125, 157–168.

17. Tan MP et al. (2017) Human leucocyte antigen class I-redirected anti-
tumour CD4(+) T cells require a higher T cell receptor binding affinity
for optimal activity than CD8(+) T cells. Clinical and Experimental
Immunology 187, 124–137.

18. Zhu C et al. (2013) Insights from in situ analysis of TCR-pMHC recog-
nition: response of an interaction network. Immunological Reviews 251,
49–64.

19. Tan MP et al. (2015) T cell receptor binding affinity governs the func-
tional profile of cancer-specific CD8 + T cells. Clinical and
Experimental Immunology 180, 255–270.

20. Liu B et al. (2015) The cellular environment regulates in situ kinetics of
T-cell receptor interaction with peptide major histocompatibility com-
plex. European Journal of Immunology 45, 2099–2110.

21. Huppa JB et al. (2010) TCR-peptide-MHC interactions in situ show
accelerated kinetics and increased affinity. Nature 463, 963–967.

22. Chesla SE, Selvaraj P and Zhu C (1998) Measuring two-dimensional
receptor-ligand binding kinetics by micropipette. Biophysical Journal
75, 1553–1572.

23. Wu Y et al. (2011) Transforming binding affinities from three dimen-
sions to two with application to cadherin clustering. Nature 475,
510–513.

24. Liu B et al. (2014) 2D TCR-pMHC-CD8 kinetics determines T-cell
responses in a self-antigen-specific TCR system. European Journal of
Immunology 44, 239–250.

25. Huang J et al. (2010) The kinetics of two-dimensional TCR and pMHC
interactions determine T-cell responsiveness. Nature 464, 932–936.

26. Zoete V et al. (2013) Structure-based, rational design of T cell receptors.
Frontiers in Immunology 4, 268.

27. Stone JD et al. (2011) Interaction of streptavidin-based peptide-MHC
oligomers (tetramers) with cell-surface TCRs. Journal of Immunology
187, 6281–6290.

28. Hillerdal V et al. (2016) Avidity characterization of genetically engi-
neered T-cells with novel and established approaches. BMC
Immunology 17, 23.

29. Campillo-Davo D et al. (2020) Rapid assessment of functional avidity of
tumor-specific T cell receptors using an antigen-presenting tumor cell
line electroporated with full-length tumor antigen mRNA. Cancers
(Basel) 12,2 256.

30. Ise W et al. (2010) CTLA-4 suppresses the pathogenicity of self antigen-
specific T cells by cell-intrinsic and cell-extrinsic mechanisms. Nature
Immunology 11, 129–135.

31. Cebula A et al. (2013) Thymus-derived regulatory T cells contribute to
tolerance to commensal microbiota. Nature 497, 258–262.

32. Zhao X et al. (2022) Tuning T cell receptor sensitivity through catch
bond engineering. Science 376, eabl5282.

33. Wolfl M et al. (2007) Activation-induced expression of CD137 permits
detection, isolation, and expansion of the full repertoire of CD8 + T cells
responding to antigen without requiring knowledge of epitope specifici-
ties. Blood 110, 201–210.

34. Garcia KC and Adams EJ (2005) How the T cell receptor sees antigen –
a structural view. Cell 12, 333–336.

35. Reiser JB et al. (2002) A T cell receptor CDR3beta loop undergoes con-
formational changes of unprecedented magnitude upon binding to a
peptide/MHC class I complex. Immunity 16, 345–354.

36. Wagner EK et al. (2019) Human cytomegalovirus-specific T-cell recep-
tor engineered for high affinity and soluble expression using mammalian
cell display. Journal of Biological Chemistry 294, 5790–5804.

37. Holler PD et al. (2000) In vitro evolution of a T cell receptor with high
affinity for peptide/MHC. Proceedings of the National Academy of
Sciences of the USA 97, 5387–5392.

38. Malecek K et al. (2013) Engineering improved T cell receptors using an
alanine-scan guided T cell display selection system. Journal of
Immunological Methods 392, 1–11.

39. Richman SA et al. (2009) Structural features of T cell receptor variable
regions that enhance domain stability and enable expression as single-
chain ValphaVbeta fragments. Molecular Immunology 46, 902–916.

40. Holler PD, Chlewicki LK and Kranz DM (2003) TCRs with high affin-
ity for foreign pMHC show self-reactivity. Nature Immunology 4, 55–62.

41. Garcia KC et al. (1998) Structural basis of plasticity in T cell receptor
recognition of a self peptide-MHC antigen. Science 279, 1166–1172.

42. Chlewicki LK et al. (2005) High-affinity, peptide-specific T cell receptors
can be generated by mutations in CDR1, CDR2 or CDR3. Journal of
Molecular Biology 346, 223–239.

43. Harris DT et al. (2016) Deep mutational scans as a guide to engineering
high affinity T cell receptor interactions with peptide-bound major histo-
compatibility complex. Journal of Biological Chemistry 291, 24566–24578.

44. Pierce BG et al. (2014) Computational design of the affinity and speci-
ficity of a therapeutic T cell receptor. PLoS Computational Biology 10,
e1003478.

45. Robbins PF et al. (2015) A pilot trial using lymphocytes genetically engi-
neered with an NY-ESO-1-reactive T-cell receptor: long-term follow-up
and correlates with response. Clinical Cancer Research 21, 1019–1027.

46. Harris DT et al. (2016) An engineered switch in T cell receptor specifi-
city leads to an unusual but functional binding geometry. Structure 24,
1142–1154.

47. Haidar JN et al. (2009) Structure-based design of a T-cell receptor leads
to nearly 100-fold improvement in binding affinity for pepMHC.
Proteins 74, 948–960.

48. Hawse WF et al. (2012) Cutting edge: evidence for a dynamically driven
T cell signaling mechanism. Journal of Immunology 188, 5819–5823.

49. Holland CJ et al. (2020) Specificity of bispecific T cell receptors and
antibodies targeting peptide-HLA. Journal of Clinical Investigation 130,
2673–2688.

Expert Reviews in Molecular Medicine 11

https://doi.org/10.1017/erm.2023.27 Published online by Cambridge University Press

https://doi.org/10.1017/erm.2023.27


50. Tsuchiya Y et al. (2018) A study of CDR3 loop dynamics reveals distinct
mechanisms of peptide recognition by T-cell receptors exhibiting differ-
ent levels of cross-reactivity. Immunology 153, 466–478.

51. Chen W and Zhu C (2013) Mechanical regulation of T-cell functions.
Immunological Reviews 256, 160–176.

52. Hong J et al. (2015) Force-regulated in situ TCR-peptide-bound MHC
class II kinetics determine functions of CD4 + T cells. Journal of
Immunology 195, 3557–3564.

53. Marshall BT et al. (2003) Direct observation of catch bonds involving
cell-adhesion molecules. Nature 423, 190–193.

54. Sibener LV et al. (2018) Isolation of a structural mechanism for uncoupling
T cell receptor signaling frompeptide-MHCbinding.Cell 174, 672–687, e27.

55. Altman JD et al. (1996) Phenotypic analysis of antigen-specific T lym-
phocytes. Science 274, 94–96.

56. Liu B et al. (2014) Accumulation of dynamic catch bonds between TCR
and agonist peptide-MHC triggers T cell signaling. Cell 157, 357–368.

57. Liu B, Kolawole EM and Evavold BD (2021) Mechanobiology of T cell
activation: to catch a bond. Annual Review of Cell and Developmental
Biology 37, 65–87.

58. Hogquist KA et al. (1994) T cell receptor antagonist peptides induce
positive selection. Cell 76, 17–27.

59. Das DK et al. (2015) Force-dependent transition in the T-cell receptor
β-subunit allosterically regulates peptide discrimination and pMHC
bond lifetime. Proceedings of the National Academy of Sciences of the
USA 112, 1517–1522.

60. Hong J et al. (2018) A TCR mechanotransduction signaling loop induces
negative selection in the thymus. Nature Immunology 19, 1379–1390.

61. Kolawole EM et al. (2018) 2D kinetic analysis of TCR and CD8 corecep-
tor for LCMV GP33 epitopes. Frontiers in Immunology 9, 2348.

62. Rossjohn J et al. (2015) T cell antigen receptor recognition of antigen-
presenting molecules. Annual Review of Immunology 33, 169–200.

63. RudolphMG, Stanfield RL andWilson IA (2006) How TCRs bindMHCs,
peptides, and coreceptors. Annual Review of Immunology 24, 419–466.

64. Robbins PF et al. (2008) Single and dual amino acid substitutions in
TCR CDRs can enhance antigen-specific T cell functions. Journal of
Immunology 180, 6116–6131.

65. Malecek K et al. (2014) Specific increase in potency via structure-based
design of a TCR. Journal of Immunology 193, 2587–2599.

66. Cole DK et al. (2013) Increased peptide contacts govern high affinity
binding of a modified TCR whilst maintaining a native pMHC docking
mode. Frontiers in Immunology 4, 168.

67. Hamad AR et al. (1998) Potent T cell activation with dimeric peptide-
major histocompatibility complex class II ligand: the role of CD4 core-
ceptor. Journal of Experimental Medicine 188, 1633–1640.

68. Wooldridge L et al. (2007) Enhanced immunogenicity of CTL antigens
through mutation of the CD8 binding MHC class I invariant region.
European Journal of Immunology 37, 1323–1333.

69. Rogers LD and Overall CM (2013) Proteolytic post-translational modi-
fication of proteins: proteomic tools and methodology. Molecular and
Cellular Proteomics 12, 3532–3542.

70. Maverakis E et al. (2015) Glycans in the immune system and the altered
glycan theory of autoimmunity: a critical review. Journal of
Autoimmunity 57, 1–13.

71. Rollins Z et al. (2023) A molecular dynamics investigation of
N-glycosylation effects on T-cell receptor kinetics. Journal of
Biomolecular Structure & Dynamics 41, 5614–5623.

72. Smith-Garvin JE, Koretzky GA and Jordan MS (2009) T cell activation.
Annual Review of Immunology 27, 591–619.

73. Hinshaw DC and Shevde LA (2019) The tumor microenvironment
innately modulates cancer progression. Cancer Research 79, 4557–4566.

74. De Bousser E et al. (2020) Human T cell glycosylation and implications
on immune therapy for cancer. Human Vaccines & Immunotherapeutics
16, 2374–2388.

75. Wooldridge L et al. (2005) Interaction between the CD8 coreceptor and
major histocompatibility complex class I stabilizes T cell receptor-antigen
complexes at the cell surface. Journal of Biological Chemistry 280, 27491–
27501.

76. Artyomov MN et al. (2010) CD4 and CD8 binding to MHC molecules
primarily acts to enhance Lck delivery. Proceedings of the National
Academy of Sciences of the USA 107, 16916–16921.

77. Rueff J et al. (2014) Lymphocyte subset recovery and outcome after
autologous hematopoietic stem cell transplantation for plasma cell

myeloma. Biology of Blood and Marrow Transplantation: Journal of the
American Society for Blood and Marrow Transplantation 20, 896–899.

78. Duong MN et al. (2019) Chronic TCR-MHC (self)-interactions limit the
functional potential of TCR affinity-increased CD8 T lymphocytes.
Journal for Immunotherapy of Cancer 7, 284.

79. Slifka MK and Whitton JL (2001) Functional avidity maturation of CD8
(+) T cells without selection of higher affinity TCR. Nature Immunology
2, 711–717.

80. Spear TT et al. (2017) Critical biological parameters modulate affinity as
a determinant of function in T-cell receptor gene-modified T-cells.
Cancer Immunology Immunotherapy 66, 1411–1424.

81. Mareeva T et al. (2004) Antibody specific for the peptide major histo-
compatibility complex. Is it T cell receptor-like? Journal of Biological
Chemistry 279, 44243–44249.

82. Purbhoo MA et al. (2001) The human CD8 coreceptor effects cytotoxic
T cell activation and antigen sensitivity primarily by mediating complete
phosphorylation of the T cell receptor zeta chain. Journal of Biological
Chemistry 276, 32786–32792.

83. Jiang N et al. (2011) Two-stage cooperative T cell receptor-peptide
major histocompatibility complex-CD8 trimolecular interactions amplify
antigen discrimination. Immunity 34, 13–23.

84. von Essen MR et al. (2010) Vitamin D controls T cell antigen receptor
signaling and activation of human T cells. Nature Immunology 11,
344–349.

85. Ping Y, Liu C and Zhang Y (2018) T-cell receptor-engineered T cells for
cancer treatment: current status and future directions. Protein & Cell 9,
254–266.

86. Kawalekar OU et al. (2016) Distinct signaling of coreceptors regulates
specific metabolism pathways and impacts memory development in
CAR T cells. Immunity 44, 380–390.

87. Ramsay AG (2013) Immune checkpoint blockade immunotherapy to
activate anti-tumour T-cell immunity. British Journal of Haematology
162, 313–325.

88. Ma S et al. (2019) Current progress in CAR-T cell therapy for solid
tumors. International Journal of Biological Sciences 15, 2548–2560.

89. Melero I et al. (2014) T-cell and NK-cell infiltration into solid tumors: a
key limiting factor for efficacious cancer immunotherapy. Cancer
Discovery 4, 522–526.

90. Korbecki J et al. (2020) CC chemokines in a tumor: a review of pro-
cancer and anti-cancer properties of the ligands of receptors CCR1,
CCR2, CCR3, and CCR4. International Journal of Molecular Sciences
21, 8412.

91. Oda SK et al. (2017) A CD200R-CD28 fusion protein appropriates an
inhibitory signal to enhance T-cell function and therapy of murine leu-
kemia. Blood 130, 2410–2419.

92. Anderson NM and Simon MC (2020) The tumor microenvironment.
Current Biology 30, R921–R925.

93. Wang M et al. (2017) Role of tumor microenvironment in tumorigen-
esis. Journal of Cancer 8, 761–773.

94. Gunaydin G (2021) CAFs interacting with TAMs in tumor microenvir-
onment to enhance tumorigenesis and immune evasion. Frontiers in
Oncology 11, 668349.

95. Moon EK et al. (2014) Multifactorial T-cell hypofunction that is
reversible can limit the efficacy of chimeric antigen receptor-
transduced human T cells in solid tumors. Clinical Cancer Research
20, 4262–4273.

96. Shahvali S et al. (2023) Targeting fibroblast activation protein (FAP):
advances in CAR-T cell, antibody, and vaccine in cancer immunother-
apy. Drug Delivery and Translational Research 13, 2041–2056.

97. Bloch O et al. (2013) Gliomas promote immunosuppression through
induction of B7-H1 expression in tumor-associated macrophages.
Clinical Cancer Research 19, 3165–3175.

98. Rowshanravan B, Halliday N and Sansom DM (2018) CTLA-4: a mov-
ing target in immunotherapy. Blood 131, 58–67.

99. Michot JM et al. (2016) Immune-related adverse events with immune
checkpoint blockade: a comprehensive review. European Journal of
Cancer 54, 139–148.

100. Benci JL et al. (2016) Tumor interferon signaling regulates a multigenic
resistance program to immune checkpoint blockade. Cell 167, 1540–1554 e12.

101. Liu X et al. (2016) A chimeric switch-receptor targeting PD1 augments
the efficacy of second-generation CAR T cells in advanced solid tumors.
Cancer Research 76, 1578–1590.

12 Guoheng Mo et al.

https://doi.org/10.1017/erm.2023.27 Published online by Cambridge University Press

https://doi.org/10.1017/erm.2023.27


102. Ankri C et al. (2013) Human T cells engineered to express a pro-
grammed death 1/28 costimulatory retargeting molecule display
enhanced antitumor activity. Journal of Immunology 191, 4121–4129.

103. Lin S et al. (2021) Chimeric CTLA4-CD28-CD3z T cells potentiate anti-
tumor activity against CD80/CD86-positive B cell malignancies. Frontiers
in Immunology 12, 642528.

104. Oda SK et al. (2020) A Fas-4-1BB fusion protein converts a death to a
pro-survival signal and enhances T cell therapy. Journal of
Experimental Medicine 217, e20191166.

105. Hertzer KM, Donald GW and Hines OJ (2013) CXCR2: a target for
pancreatic cancer treatment? Expert Opinion on Therapeutic Targets
17, 667–680.

106. Peng W et al. (2010) Transduction of tumor-specific T cells with CXCR2
chemokine receptor improves migration to tumor and antitumor
immune responses. Clinical Cancer Research 16, 5458–5468.

107. Idorn M et al. (2018) Chemokine receptor engineering of T cells with
CXCR2 improves homing towards subcutaneous human melanomas in
xenograft mouse model. Oncoimmunology 7, e1450715.

108. Craddock JA et al. (2010) Enhanced tumor trafficking of GD2 chimeric
antigen receptor T cells by expression of the chemokine receptor CCR2b.
Journal of Immunotherapy 33, 780–788.

109. Kremer V et al. (2017) Genetic engineering of human NK cells to
express CXCR2 improves migration to renal cell carcinoma. Journal for
Immunotherapy of Cancer 5, 73.

110. Adachi K et al. (2018) IL-7 and CCL19 expression in CAR-T cells
improves immune cell infiltration and CAR-T cell survival in the
tumor. Nature Biotechnology 36, 346–351.

111. Luo H et al. (2020) Coexpression of IL7 and CCL21 increases efficacy of
CAR-T cells in solid tumors without requiring preconditioned lympho-
depletion. Clinical Cancer Research 26, 5494–5505.

112. Bethune MT et al. (2016) Domain-swapped T cell receptors improve the
safety of TCR gene therapy. Elife 5, e19095.

113. Haga-Friedman A, Horovitz-Fried M and Cohen CJ (2012)
Incorporation of transmembrane hydrophobic mutations in the TCR
enhance its surface expression and T cell functional avidity. Journal of
Immunology 188, 5538–5546.

114. Rasaiyaah J et al. (2018) TCRαβ/CD3 disruption enables CD3-specific
antileukemic T cell immunotherapy. JCI Insight 3, e99442.

115. Berdien B et al. (2014) TALEN-mediated editing of endogenous T-cell
receptors facilitates efficient reprogramming of T lymphocytes by lenti-
viral gene transfer. Gene Therapy 21, 539–548.

116. Stone JD et al. (2014) A novel T cell receptor single-chain signaling
complex mediates antigen-specific T cell activity and tumor control.
Cancer Immunology Immunotherapy 63, 1163–1176.

117. Bialer G et al. (2010) Selected murine residues endow human
TCR with enhanced tumor recognition. Journal of Immunology 184,
6232–6241.

118. Carter PJ (2006) Potent antibody therapeutics by design. Nature Reviews
Immunology 6, 343–357.

119. Reichert JM et al. (2005) Monoclonal antibody successes in the clinic.
Nature Biotechnology 23, 1073–1078.

120. Co MS et al. (1992) Chimeric and humanized antibodies with specificity
for the CD33 antigen. Journal of Immunology 148, 1149–1154.

121. Stadtmauer EA et al. (2020) CRISPR-engineered T cells in patients with
refractory cancer. Science 367, eaba7365.

122. Roguska MA et al. (1994) Humanization of murine monoclonal anti-
bodies through variable domain resurfacing. Proceedings of the
National Academy of Sciences of the USA 91, 969–973.

123. Jones PT et al. (1986) Replacing the complementarity-determining
regions in a human antibody with those from a mouse. Nature 321,
522–525.

124. Rafiq S, Hackett CS and Brentjens RJ (2020) Engineering strategies to
overcome the current roadblocks in CAR T cell therapy. Nature
Reviews. Clinical Oncology 17, 147–167.

125. Sandberg ML et al. (2022) A carcinoembryonic antigen-specific cell
therapy selectively targets tumor cells with HLA loss of heterozygosity
in vitro and in vivo. Science Translational Medicine 14, eabm0306.

126. Philip B et al. (2014) A highly compact epitope-based marker/suicide
gene for easier and safer T-cell therapy. Blood 124, 1277–1287.

127. Wang X et al. (2011) A transgene-encoded cell surface polypeptide for
selection, in vivo tracking, and ablation of engineered cells. Blood 118,
1255–1263.

128. Vogler I et al. (2010) An improved bicistronic CD20/tCD34 vector for
efficient purification and in vivo depletion of gene-modified T cells for
adoptive immunotherapy. Molecular Therapy 18, 1330–1338.

129. Cooper MD and Alder MN (2006) The evolution of adaptive immune
systems. Cell 124, 815–822.

130. Jung D and Alt FW (2004) Unraveling V(D)J recombination; insights
into gene regulation. Cell 116, 299–311.

131. Alcover A, Alarcón B and Di Bartolo V (2018) Cell biology of T cell
receptor expression and regulation. Annual Review of Immunology 36,
103–125.

132. Sela-Culang I, Kunik V and Ofran Y (2013) The structural basis of
antibody-antigen recognition. Frontiers in Immunology 4, 302.

133. Weber KS et al. (2005) Class II-restricted T cell receptor engineered in
vitro for higher affinity retains peptide specificity and function.
Proceedings of the National Academy of Sciences of the USA 102,
19033–19038.

134. Hoydahl LS et al. (2019) Targeting the MHC ligandome by use of
TCR-like antibodies. Antibodies 8, 32.

135. Wooldridge L et al. (2012) A single autoimmune T cell receptor recog-
nizes more than a million different peptides. Journal of Biological
Chemistry 287, 1168–1177.

136. Harper J et al. (2018) An approved in vitro approach to preclinical safety
and efficacy evaluation of engineered T cell receptor anti-CD3 bispecific
(ImmTAC) molecules. PLoS ONE 13, e0205491.

137. McCormack E et al. (2013) Bi-specific TCR-anti CD3 redirected T-cell
targeting of NY-ESO-1- and LAGE-1-positive tumors. Cancer
Immunology Immunotherapy 62, 773–785.

138. He Q et al. (2019) Targeting cancers through TCR-peptide/MHC inter-
actions. Journal of Hematology & Oncology 12, 139.

139. Nathan P et al. (2021) Overall survival benefit with tebentafusp in meta-
static uveal melanoma. New England Journal of Medicine 385, 1196–
1206.

140. Belardi B et al. (2020) Cell-cell interfaces as specialized compartments
directing cell function. Nature Reviews Molecular Cell Biology 21, 750–
764.

141. Dustin ML and Choudhuri K (2016) Signaling and polarized communi-
cation across the T cell immunological synapse. Annual Review of Cell
and Developmental Biology 32, 303–325.

142. Choudhuri K et al. (2005) T-cell receptor triggering is critically depend-
ent on the dimensions of its peptide-MHC ligand. Nature 436, 578–582.

143. Springer TA (1990) Adhesion receptors of the immune system. Nature
346, 425–434.

144. Dushek O, Goyette J and van der Merwe PA (2012) Non-catalytic
tyrosine-phosphorylated receptors. Immunological Reviews 250, 258–276.

145. Chang VT et al. (2016) Initiation of T cell signaling by CD45 segregation
at ‘close contacts’. Nature Immunology 17, 574–582.

146. Varma R et al. (2006) T cell receptor-proximal signals are sustained in
peripheral microclusters and terminated in the central supramolecular
activation cluster. Immunity 25, 117–127.

147. Davis SJ and van der Merwe PA (1996) The structure and ligand inter-
actions of CD2: implications for T-cell function. Immunology Today 17,
177–187.

148. Brazin KN et al. (2015) Structural features of the αβTCR mechanotrans-
duction apparatus that promote pMHC discrimination. Frontiers in
Immunology 6, 441.

149. Kim ST et al. (2009) The alphabeta T cell receptor is an anisotropic
mechanosensor. Journal of Biological Chemistry 284, 31028–31037.

150. Jensen MC and Riddell SR (2015) Designing chimeric antigen receptors
to effectively and safely target tumors. Current Opinion in Immunology
33, 9–15.

151. Ereno-Orbea J et al. (2021) Structural details of monoclonal antibody
m971 recognition of the membrane-proximal domain of CD22. Journal
of Biological Chemistry 297, 100966.

152. Haso W et al. (2013) Anti-CD22-chimeric antigen receptors targeting
B-cell precursor acute lymphoblastic leukemia. Blood 121, 1165–1174.

153. Abraham RT and Weiss A (2004) Jurkat T cells and development of the
T-cell receptor signallingparadigm.NatureReviews Immunology4, 301–308.

154. Zah E et al. (2016) T cells expressing CD19/CD20 bispecific chimeric
antigen receptors prevent antigen escape by malignant B cells. Cancer
Immunology Research 4, 498–508.

155. Chui D et al. (1994) Specific CD45 isoforms differentially regulate T cell
receptor signaling. EMBO Journal 13, 798–807.

Expert Reviews in Molecular Medicine 13

https://doi.org/10.1017/erm.2023.27 Published online by Cambridge University Press

https://doi.org/10.1017/erm.2023.27


156. Okumura M et al. (1996) Comparison of CD45 extracellular domain
sequences from divergent vertebrate species suggests the conservation
of three fibronectin type III domains. Journal of Immunology 157,
1569–1575.

157. Safarzadeh Kozani P et al. (2022) Nanobody-based CAR-T cells for can-
cer immunotherapy. Biomarker Research 10, 24.

158. Baeuerle PA et al. (2019) Synthetic TRuC receptors engaging the com-
plete T cell receptor for potent anti-tumor response. Nature
Communications 10, 2087.

159. Getts D, Hofmeister R and Quintás-Cardama A (2019) Synthetic T cell
receptor-based lymphocytes for cancer therapy. Advanced Drug Delivery
Reviews 141, 47–54.

14 Guoheng Mo et al.

https://doi.org/10.1017/erm.2023.27 Published online by Cambridge University Press

https://doi.org/10.1017/erm.2023.27

	Strategies and rules for tuning TCR-derived therapy
	Background
	The necessity of affinity modification
	Parameters and standards for affinity engineering
	Affinity in 2D and 3D
	Avidity and functional avidity

	Theoretical basis and technical strategies for affinity modification

	Bond energy and functional TCR
	The necessity of introducing other evaluation indicators
	Experimental and parameter studies focusing on bond strength
	Technical solution of bond energy modification
	Focus on the new content of the bond modification

	Armed TCR-T
	The impact of co-receptor on response
	Co-stimulatory inhibitory molecules and TCR activation signalling pathways
	Strategies for overcoming the transformation of tumour microenvironment

	TCR-T safety assessment
	Humanization, mismatch challenges and off-target effects
	The use of external control systems to ensure safety

	A new generation of products based on T-cell receptor
	Cell engager and TCRL antibody
	The determinative role of length

	Acknowledgements
	References


