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ABSTRACT
The  elderly  population  in  China  is  growing  increasingly,  and  elderly  individuals  are  typically  characterized  by  high
incidence  and  mortality  rates  of  cancer.  In  recent  years,  adoptive  cellular  immunotherapy  has  demonstrated  reliable
efficacy  in  cancer  treatment.  T  cell  receptor-engineered  T  (TCR-T)  cell  therapy,  a  form  of  adoptive  cellular  therapy,
demonstrates considerable promise in the treatment of solid tumors. However, the current TCR-T cell-related technologies
still face numerous challenges when confronted with issues such as the decline in T cell efficacy and diversity, as well as
changes in the tumor microenvironment in elderly cancer patients. Meanwhile, TCR-T cell therapy itself is plagued by the
significant challenge of off-target cross-reactivity. To tackle these challenges and develop effective treatment regimens for
elderly cancer patients,  this  review focuses on improving the precision of  TCR-T cell  therapy and introduces a series  of
emerging TCR-T-related technologies targeting cancer-testis antigens from various aspects, aiming to offer new strategies
for the development of TCR-T cell therapy.
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 1    Introduction
China  is  a  country  with  a  large  elderly  population,  and  the
aging trend is continuing to intensify. Relevant studies predict
that by 2050, the population aged 65 and above in China will
reach  365  million,  accounting  for  26.1% of  the  total  national
population  [1].  However,  the  incidence  of  cancer  among
individuals  aged  65  and  above  is  higher  than  that  among
younger  people.  With  the  continuous  extension  of  life
expectancy  and  the  intensification  of  population  aging,  both
the  incidence  and mortality  rates  of  cancer  in  the  elderly  are
expected  to  increase  further  [2].  However,  over  the  past  few
decades, the mainstream tumor treatment methods—surgery,
radiotherapy,  and chemotherapy—have  failed  to  significantly
reduce  cancer  incidence  and  mortality,  while  often
compromising  patients'  quality  of  life  severely  due  to  drug

resistance  and  complications  [3–7].  Therefore,  the
development  of  new  therapeutic  approaches  is  particularly
crucial.

T  cells  can  recognize  tumor  antigen–major
histocompatibility  complex  (MHC)  complexes  on  the  cell
surface through their surface T cell receptors (TCRs), thereby
activating  T  cells  and  achieving  tumor  cell  killing.  Cancer-
testis  antigens  (CTAs)  are  a  class  of  antigens  encoded  by
specific  genes.  These  genes  are  generally  not  expressed  in
normal tissues, except in human placental trophoblast tissues
and  testicular  germ  cells;  however,  they  are  highly  expressed
in  various  malignant  tumors,  including  melanoma,  bladder
cancer, lung cancer, and liver cancer [8]. Since testicular germ
cells  lack  human  leukocyte  antigens  (HLAs),  they  cannot  be
recognized  by  T  cells  [9].  Currently  identified  CTAs  include
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the Melanoma Associated Antigen (MAGE) family, New York
Esophageal  Squamous  cell  Carcinoma  1  (NY-ESO-1),  the
synovial sarcoma on the X chromosome (SSX) family, and the
G  Antigen  Gene  (GAGE)  family,  preferentially  expressed
antigen in melanoma (PRAME) [10–14] (Table 1).

Over  the  past  decade,  adoptive  immunotherapy  has
demonstrated  tremendous  potential  in  cancer  treatment,
particularly in the field of T-cell engineering technology [15].
T-cell  engineering  technology  mainly  includes  CAR-T  cell
immunotherapy  and  TCR-T  cell  immunotherapy  these
approaches primarily  genetically  modify T cells  to  enable  the
engineered  T  cells  to  specifically  recognize  and  eliminate
tumor cells.

Among  these,  CAR-T  cell  therapy  has  proven  reliable  and
effective  in  the  treatment  of  hematological  malignancies  [16,
17].  However,  its  efficacy  in  the  treatment  of  solid  tumors  is
limited.  In  contrast,  TCR-T  can  recognize  a  broad  range  of

potential antigen targets, exhibit more durable killing efficacy,
and require a lower density of antigenic epitopes [18].

The development and preclinical evaluation of TCR-T cells
typically  involve  several  key  stages:  first,  antigen  screening;
second,  engineering  design  and  manufacturing  of  TCR-T
cells;  subsequently, in  vitro and in  vivo validation  of  the
prepared engineered TCR-T cells;  and finally,  biodistribution
studies  and  cross-reactivity  tests—only  after  passing  these
assessments can the cells be used in clinical trials [19] (Fig. 1).

Among CTAs, the MAGE family and NY-ESO-1 have been
extensively  studied  as  tumor  targets  in  TCR-T  therapy.  The
MAGE family  is  divided into  two major  subclasses:  MAGE-I
antigens  and  MAGE-II  antigens.  MAGE-II  antigens  are
widely  expressed  in  normal  human  tissues,  whereas  only
MAGE-I  antigens  conform  to  the  characteristics  of  cancer-
testis antigens [20, 21]. For instance, MAGE-A4, a member of
the MAGE-I family,  has been clinically validated as a reliable

 

Table 1    Introduction and evaluation of partial CTAs

CTA family Expressed in tumors Expressed in
normal tissues Clinical significance

MAGE [10] Melanoma (MM), LC, BC, CRC, etc.
● Testis
● Ovary
● Placenta

Promoting immunotherapy for various tumors

Serving as a marker for tumor progression and prognosis

NY-ESO-1 [11] MM, epithelial ovarian cancer (EOC),
prostate cancer (PCa), etc.

● Ovarian
● Endometrial tissues
● Adult spermatogonia
● Primary spermatocytes

Of great significance in the development of cancer vaccines,
targeted therapy, and adoptive cell therapy

SSX [12] SS, MM, BC, LiC etc.
● The nucleus of
spermatogonia
● Spermatocytes

Serving as reasonable targets for drug and vaccine therapy

GAGE [13, 25] MM, LC, BC, LiC, etc. ● Testicular germ cells
Associated with tumor invasiveness

Having the potential to serve as a target for tumor
immunotherapy

PRAME [14] MM, BC, non-small cell lung cancer
(NSCLC), etc.

● Testis
● Ovary
● Adrenal gland
● Endometrium

Eliciting effective immune responses in melanoma, lung
cancer, and other advanced solid tumors.
In-depth research will contribute to the development of
innovative immunotherapies for solid tumors
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Figure 1    TCR-T cell development process. TCR-T cell therapy is an individualized and precision treatment modality. As such, it typically begins with
the  screening  of  tumor-specific  antigens  that  are  widely  expressed  in  the  patient’s  body,  followed  by  the  identification  of  TCRs  that  can  bind  to  these
antigens.  To  ensure  the  safety  of  the  obtained  TCRs,  the  tumor  antigen-specific  TCRs  are  expressed  on  the  surface  of  T  cells,  and  their  functions  are
validated  through  cellular  or  animal  experiments.  Subsequently,  rigorous  clinical  trials  are  required  to  rule  out  issues  such  as  drug  toxicity  and  cross-
reactivity. Only after these steps can a TCR-T cell targeting a specific tumor antigen fragment be successfully developed [19].
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TCR-T  target  [22].  Additionally,  in  2015,  Robbins  et  al.
successfully treated synovial cell sarcoma and melanoma using
TCR-T cell therapy targeting NY-ESO-1 [23].

With  the  increasing  number  of  studies  on  the  therapeutic
efficacy of TCR-T in elderly cancer patients, it has been found
that  its  therapeutic  effect  is  often  unsatisfactory  [24].  The
summarized reasons mainly include the impairment of T cell
function  and  diversity  in  elderly  individuals,  changes  in  the
tumor  immune  microenvironment,  and  potential  threats  of
cross-reactivity.  Therefore,  this  review  mainly  discusses  and
introduces some traditional and emerging technologies in the
TCR-T  cell  therapy  process,  aiming  to  improve  the
therapeutic  efficacy  of  TCR-T  cells  in  elderly  cancer  patients
by enhancing their precision.

 2    The  current  status  of  TCR-T  therapy
technologies targeting antigens
The key to TCR-T cell  therapy lies  in screening out a  pair  of
TCR  and  tumor  antigen  with  the  most  appropriate  affinity
from  a  vast  number  of  TCRs  and  tumor  antigens.  Based  on
this  idea,  previous  researchers  have  developed  a  variety  of
technical  methods.  This  section  will  briefly  introduce  some
traditional  TCR-T-related  technical  methods  from  three
aspects:  antigen  epitope  screening,  expansion  of  antigen-
specific  T  cells,  and  isolation  of  antigen-specific  T  cells,  and
objectively  evaluate  their  limitations  and  reliability.  These
studies are helpful for medical researchers to gain inspiration
and  improve  existing  protocols,  thereby  exerting  a  positive
impact  on  the  development  and  progress  of  TCR-T
immunotherapy in the future.

 2.1    Epitopes selection
A critical aspect of TCR-T therapy lies in the TCR’s targeting
of MHC–antigen complexes carrying specific peptide epitopes
to  activate  T  cells.  CTAs  are  typically  composed  of  a  broad
range of amino acids, presenting only a short fragment on the
cell surface. Therefore, identifying the optimal CTAs’ epitope
with  the  moderate  TCR  binding  affinity  is  of  paramount
importance.

X-Scan  is  a  widely  adopted  and  empirically  validated
method  for  epitope  screening.  Its  core  principle  involves
systematically  substituting  each  target  residue  of  the  antigen
with all  possible amino acids and individually assessing these
variants  to  identify  optimal  target  epitopes,  cross-reactive
epitopes,  and  TCRs  with  desired  specificity  [25].  However,
this  approach  is  inherently  limited  by  its  low  success  rate,
significantly  restricted  epitope  coverage,  and  low  resolution
[26].

An alternative conventional approach involves utilizing the
Immune  Epitope  Database  (IEDB)  for  antigenic  epitope
prediction.  It  is  a  publicly  accessible  database  that  integrates
experimental  data  with  machine  learning  algorithms  to
predict and store antigen epitope–MHC binding interactions.
In  a  TCR-T  therapy  study  targeting  non-small  cell  lung
cancer,  researchers  employed  IEDB  Recommended  2.22  to
screen  ten  HLA-A2-presented  MAGE-A3  epitopes,  and
subsequent  experiments  confirmed  that  the  M4  epitope
exhibited specific binding to the TCR [27]. However, a critical
limitation  of  this  epitope  screening  approach  is  its  exclusive
dependence  on  computational  modeling  for  epitope

prediction, without accounting for the complete physiological
processing  pathways  of  epitopes.  This  makes  it  incapable  of
measuring  actual  immune  response  data  and  prone  to
generating false-positive results.

 2.2    Expansion of antigen-specific T cells
TCRs  are  pivotal  protein  molecules  that  recognize  peptide-
major  histocompatibility  complexes  and  initiate  T  cell
activation.  Given  the  immense  theoretical  diversity  of  TCRs
(up to 1 × 1015) [28], the enrichment of TCRs that are specific
to  target  antigen  peptides  represents  a  critical  and  necessary
step.  In  this  section,  we  are  introducing  several  conventional
methods for expanding antigen-specific TCRs.

 2.2.1    Antigen presentation by dendritic cells

Dendritic  cells  (DCs)  play  a  pivotal  role  in  antitumor
immunity  by  capturing,  processing,  and  presenting  antigens
to  T  cells  [29].  Therefore,  in  tumor  immunology,  DCs  are
commonly  employed  to  expand  and  activate  antigen-specific
T  cells  [30].  Current  strategies  include  either  receptor-
mediated  antigen  delivery  or  DC  genetic  modification,  both
culminating in DC presentation of tumor-specific epitopes to
cognate T cells, and significantly enhancing the activation and
expansion  efficiency  of  antigen-specific  T  cells  [31, 32].
However,  the  antigen-presenting  defects  of  DCs,  their
contradictions  with  immune  cells,  and  the  influence  of  the
tumor microenvironment all contribute to the challenges and
limitations  faced  by  DC-based  tumor  antigen  presentation
technology in practical applications.

 2.2.2    Recombinant protein expression technology

Recombinant  protein  expression  technology  refers  to  the
genetic  engineering  approach  of  inserting  a  target  protein
gene into an expression vector to produce the desired protein
in host cells.

As  eukaryotic  organisms,  yeast  systems  offer  superior
capability  for  producing  properly  folded  and  functionally
intact  target  proteins,  particularly  for  complex  eukaryotic
proteins  [33].  For  example,  in  one  experimental  design,
peptide  (p)-MHC  complexes  and  TCRs  were  expressed
separately  in  two  distinct  yeast  strains.  Through  the  co-
cultivation  of  these  engineered  yeast  strains,  researchers
successfully  achieved  enrichment  of  antigen-specific  TCRs
[34].

Baculoviruses  are  also  frequently  used  as  antigen  gene
vectors because they can efficiently produce large quantities of
soluble proteins in insect cells [35]. It has been reported that a
p-MHC  library  was  efficiently  constructed  using  the
baculovirus  system,  allowing  researchers  to  compare  the
recognition preferences of two types of T cells [36].

However,  recombinant  protein  technologies  face  inherent
limitations in both stability and application scope due to their
inability  to  fully  recapitulate  the  complex  antigen  processing
pathways  of  human  cells in  vivo.  These  constraints  stem
primarily  from  host-specific  deficiencies  across  different
expression  systems,  which  collectively  compromise  protein
stability and functional fidelity.

 2.2.3    Expansion of human-specific T cells in humanized mice

During thymic selection in humans, T cells with high affinity
for  self-antigens  are  typically  eliminated,  whereas  artificially
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immunized  and  MHC-humanized  mice  can  generate  T  cells
with high affinity for human antigens. Therefore, it is feasible
to enrich and expand T cells carrying antigen-specific TCRs in
mice.  Previous  studies  have  reported  attempts  to  generate
Latent Membrane Protein 1 (LMP1)166-specific CD8+ T cells in
HLA-A*0201  transgenic  mice  for  the  treatment  of  Epstein-
Barr  virus  (EBV)-associated  tumors  [37].  However,
humanized mouse models may lead to complications such as
graft-versus-host  disease  (GVHD)  or  excessive  mobilization
and depletion of hematopoietic stem cells (HSCs) [38].

 2.3    Isolation of antigen-specific T cells
The  expanded  antigen-specific  T  cells  typically  need  to  be
isolated  from  other  eliminated  cell  populations  for  further
validation.  Currently,  widely  used  methods  include
fluorescence-labeled  tetramer  staining  combined  with  flow
cytometry  sorting  or  magnetic  bead-based  cell  isolation  [39,
40].  Both  methods  maintain  high  accuracy  and  efficiency
(Table 2).

 3    Challenges  of  TCR-T  therapy  in  the
treatment of elderly patients
The  efficacy  and  prognosis  of  immunotherapy  in  elderly
cancer  patients  are  often  suboptimal  due  to  the  decline  in
immune function [24] and the insufficient precision of TCR-T
cells.  This  section  examines  the  detrimental  impacts  of
attenuated  T  cell  function,  altered  tumor  microenvironment,
and  cross-reactivity  on  TCR-T  immunotherapy  efficacy  in
elderly  patients.  These  findings  will  actively  guide  future
medical  research  efforts  to  continuously  refine  and  improve
the  therapeutic  efficacy  of  TCR-T  cell  therapies  for  elderly
cancer patients.

 3.1    Reduced T cell ability and diversity
T  cells  play  a  pivotal  role  in  human  tumor  immunity.
However, as the human body ages, both the functionality and
proliferative  capacity  of  T  cells  decline  [41].  For  instance,
studies have demonstrated that age-associated impairments in
extracellular  signal-regulated  kinases  2  (ERK2)  and  c-Jun
NH2-terminal  kinases  (JNK)  activation  further  diminish
Interleukin-2  (IL-2)  secretion  in  human  T  cells  from  elderly
donors [42].  Another study revealed that senescence-induced
downregulation  of  EPAS1  expression  compromises  the

antitumor  efficacy  of  CD8+ T  cells  in  adoptive
immunotherapy against solid tumors [43].

The diversity of the TCR repertoire is also essential for the
protective  functions  of  the  adaptive  immune  system  [44].
Thymic  selection  constitutes  a  pivotal  determinant  shaping
the diversity of the TCR repertoire. However, with advancing
age,  thymic  activity  progressively  declines  and  eventually
ceases,  resulting  in  diminished  TCR  repertoire  diversity  in
elderly individuals compared to younger populations [45, 46].

Collectively, these findings demonstrate that age-associated
T cell  dysfunction negatively  impacts  the therapeutic  efficacy
of TCR-T cell immunotherapy in elderly cancer patients.

 3.2    Modulation of the tumor microenvironment
Tumor  cells  reside  in  the  tumor  immune  microenvironment
(TME).  The  TME  collectively  regulates  the  intensity  and
direction  of  tumor  immune  responses  through  mechanisms
such as  immune cell  dysfunction,  cytokine network disorder,
deterioration  of  metabolic  environment,  physical  structural
barriers, and activation of immune checkpoint molecules [24,
47–50]. The decline in tumor immune efficacy in the elderly is
usually  associated  with  changes  in  the  tumor
microenvironment.  For  example,  studies  have  shown  that
within  the  myeloid-derived  suppressor  cell  family  in  the
tumor  immune  microenvironment  of  elderly  individuals,
there exists a group of heterogeneous and partially immature
cells  with  strong  immunosuppressive  functions  [51].
Meanwhile,  the  tumor  microenvironment  in  the  elderly  can
also  upregulate  pro-inflammatory  factors  and  exacerbate
chronic  inflammation,  thereby  increasing  the  risk  of
tumorigenesis [52]. Elderly individuals typically have a higher
number  of  senescent  T  cells  [53],  and  in  the  tumor
microenvironment, these senescent T cells are prone to being
induced  into  inhibitory  cells,  which  exert  direct  suppressive
effects  on  various  types  of  immune  cells  and  thus  become
“accomplices” in tumor escape [54].

These  studies  indicate  that  changes  in  the  tumor
microenvironment  of  elderly  individuals  can  exacerbate  the
suppression  of  immune  responses  and  the  escape  of  tumor
cells,  making TCR-T immunotherapy more challenging.  This
also  provides  a  direction  for  future  medical  researchers  to
explore  the  artificial  regulation  of  the  tumor
microenvironment  to  enhance  the  efficacy  of  tumor
treatment.

 

Table 2    Current technologies of TCR-T cell therapy targeting antigens

Process Technology Evaluation

Epitope screening
X-Scan

● Low resolution
● Low success rate
● Markedly restricted epitope coverage

IEDB ● Prone to false positives.
● Cannot measure actual immune responses

Antigen-specific T
cells expansion

Dendritic cell presents epitopes ● Facing serious problems due to inherent defects and the influence
of the immune environment
● Facing stability and application scope limitation
● Leading to complications

Recombinant protein expression technology

Expansion of human-specific T cells in humanized mice

Antigen-specific T
cell isolation

Magnetic bead-based isolation
● High accuracy and efficiency

Fluorescence tetramer staining cytometry sorting
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 3.3    Cross-reactivity
Currently, the clinical cross-reactivity of TCR-T cells targeting
CTAs mainly occurs in MAGE family. Members of the MAGE
family  exhibit  considerable  homology in sequences  including
the  EVDPIGHLY  epitope  [55].  In  TCR-T  cell  therapies
targeting  the  MAGE  family,  to  enhance  the  affinity  for  a
specific  MAGE family  member,  researchers  often  modify  the
structure  of  TCR  through  genetic  modification  techniques.
However,  such  modifications  may  cause  the  TCR  with
increased  affinity  to  mistakenly  recognize  normal  human
tissues, resulting in severe consequences. For example, in one
study,  researchers  introduced  four  mutations  into  the
Complementarity-Determining  Region  2  (CDR2)  of  the  α-
chain  of  an  HLA-A*01-restricted  MAGE-A3  peptide
(EVDPIGHLY)-specific  TCR,  while  retaining  the  wild-type
(WT)  sequence  in  the  β-chain.  However,  in  subsequent
clinical  trials,  these  engineered  TCRs  mistakenly  recognized
an  unrelated  peptide  derived  from  TITIN,  a  striated  muscle-
specific  protein,  leading  to  cardiogenic  shock in  two patients
and eventually resulting in their death [56]. In another study,
researchers substituted alanine with threonine at position 118
of the α-chain in the Complementarity-Determining Region 3
(CDR3) of the TCR targeting MAGE-A3:112–120, which was
obtained  from  human  HLA-A*0201  transgenic  mice,  aiming
to enhance its  functional  affinity  in  CD4 and CD8 cells  [57].
However, in subsequent clinical trials, these engineered TCRs
recognized  the  MAGE-A12  protein  expressed  in  subsets  of
human  brain  neurons  and  activated  immune  cells  to  attack
the  white  matter  of  the  brain,  resulting  in  the  death  of  two
patients [58].

These experimental results serve as a warning that we must
exercise caution in evaluating and modifying TCR affinity, as
well  as  in  screening  specific  antigen  epitopes.  This  also
indicates  that  developing  various  more  reliable  methods  to
assist  TCRs  in  targeting  the  CTAs  with  appropriate  affinity
holds great potential for the future clinical application of TCR-
T cell therapy in treating cancer patients (Table 3).

 4    Innovative solutions
Given  the  limitations  of  conventional  TCR-T  cell  therapy-
related technologies, along with the difficulties and challenges
faced  when  applying  TCR-T  cell  therapy  to  elderly  patients,
we will focus on enhancing the precision of engineered TCRs
in  targeting  CTAs’ epitopes  as  a  key  breakthrough.  In  this
chapter,  we  will  present  several  innovative  CTAs’ epitopes
screening  technologies  and  specific  T  cell  enrichment

techniques  associated  with  TCR-T  cell  therapy.  It  is
anticipated  that  these  technical  approaches  will  provide  new
technical  avenues  and  methods,  and  precision  therapy  will
also offer novel pathways for clinical personalized treatment.

 4.1    Steady  and  measured:  Strengthening  the  catch
bonds
At the beginning of this century, studies already revealed that
the TCR, acting as a mechanosensory, can activate a series of
signaling  pathways  in  T  cells  when  it  is  subjected  to
mechanical  force  during  the  process  of  binding  to  p-MHC.
[59, 60]. In further research, Baoyu Liu and others found that
applying  mechanical  force  to  a  single  agonist  TCR–p-MHC
bond  forms  a “catch  bond” to  prolong  its  lifespan.  Both  the
magnitude  and  duration  of  the  mechanical  force  affect  the
lifespan  of  the  TCR–p-MHC  bond.  Only  by  rapidly
accumulating multiple catch bond events within a short  time
can  the  signaling  pathway  of  T  cells  be  effectively  activated
[61].  Wu  and  colleagues  found  that  cancer-related  somatic
mutations  can  inhibit  the  formation  of  TCR–p-MHC  catch
bonds, thereby impairing T cell activation and enabling cancer
cells  to  evade  T  cell  immune  surveillance  [62].  In  a
complementary  study,  Qin  et  al.  elucidated  that  CD8-
mediated amplification of T cell activation signals occurs only
when TCR forms a  stable  catch  bond with  p-MHC.  Notably,
either excessively high or low mechanical force exerted on the
TCR  impairs  the  synergistic  effect  of  CD8  (Fig.  2).  This
finding  provides  a  mechanistic  framework  from  the
perspective  of  mechanical–molecular  coupling,  explaining
both  how  T  cells  achieve  precise  antigen  discrimination  and
why  TCRs  with  excessively  high  affinity  tend  to  exhibit  off-
target effects [63].

Building  on  the  above  research  findings,  Zhao  and
colleagues sought to take the engineering of TCR catch bonds
as  a  breakthrough,  developing  a  TCR  with  low  affinity  for
tumor  antigens  yet  high  efficacy.  They  introduced  residue
mutations  into  the  α-chain  and  β-chain  of  TCR55—a  TCR
that  binds  to  the  HIV  peptide  presented  by  HLA-B35  MHC
molecules  but  fails  to  effectively  activate  T  cells  [64]—and
constructed a corresponding library. Subsequently, through in
vitro experiments, they sorted cells with co-staining of low p-
MHC  tetramer  staining  and  high  activation  antigen  CD69
expression  to  enrich “low-affinity/high-efficacy” TCR
mutants.  Eventually,  they  found  that  single  amino  acid
positions present on both the α and β chains,  acting as  catch
bond  hotspots,  can  enable  TCR  mutants  to  trigger  stronger

 

Table 3    Challenges of TCR-T therapy in elderly patients

Occurrence Result

Reduced T cell ability and diversity
The functionality of T cells declines [42] Reducing the ability efficacy of TCR-T cell

immunotherapyThe diversity of T cells declines [46–47]

Modulation of the TME

There is a group of cells with immunosuppressive
functions [52]

Inhibiting immune responses and promote
immune escape of tumor cells

Upregulation of proinflammatory factors increases
the risk of tumorigenesis [53]
Senescent T cells inhibit other immune cells [55]

Cross-reactivity

Cross-react with unrelated protein epitopes expressed
in cardiac tissue [57] Severe adverse reactions or even deaths have

occurred in clinical patientsCross-react with MAGE-A12-derived epitopes in
brain tissue [59]
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signal  transduction,  thereby  enhancing  their  immune
function.  To  promote  its  clinical  application,  Zhao  and
colleagues  applied  the  design  strategy  of  TCR55  to  engineer
the catch bonds of  A3A TCR—a TCR previously  reported to
cross-react  with  the  TITIN  peptide  expressed  in
cardiovascular  tissues  [56].  They  ultimately  isolated  several
TCR mutants with high efficacy yet low affinity for the MAGE-
A3  antigen,  and  found  that  their  cross-reactivity  with  cells
expressing the TITIN peptide was negligible [65].

In  summary,  studies  on  how  mechanical  forces  influence
TCR-mediated tumor immune responses have provided a new
research  direction  for  the  precise  treatment  of  TCR-T  in  the
future,  and  hold  valuable  guiding  significance  for  the  design
and modification of engineered TCRs.

 4.2    Dimension elevation strike: TCRcost
In the binding process between p-MHC and TCR, the critical
region  responsible  for  recognizing  antigenic  peptides  is  the
CDR3  of  the  TCR  [66].  Therefore,  predicting  the  binding
structure between the CDR3 region and peptide fragments  is
of great significance for TCR-T cell therapy in treating cancer.

TCRcost is a deep learning framework capable of predicting
TCR–peptide  binding  based  on  TCR–peptide  structures,
consisting  of  a  structure  correction  module  and  a  binding
prediction  module.  The  correction  module  enhances
structural  accuracy  and  prevents  inter-chain  interference  by
adjusting  the  spatial  positions  of  each  atom.  It  utilizes  one-
dimensional  convolutional  neural  network  (1DCNN)  to
extract relationships between each adjacent atom, followed by
the use of long short-term memory (LSTM) to correct atoms
in the main chain and side chains, to combine the two chains
into  a  complete  structure,  and  finally  to  perform  another
correction  via  the  LSTM  model.  The  prediction  module,  on
the other hand, extracts information from the atomic features
of  each  atom  and  the  corrected  the  three-dimensional  (3D)
coordinates  through  3D  convolutional  neural  network
(3DCNN),  and  then  uses  a  fully  connected  layer  to  predict
TCR-peptide  binding.  Compared  with  the  original  predicted
structure,  the  average  accuracy  of  the  corrected  structure  for

TCR-peptide  binding  prediction  using  TCRcost  increased
from  0.375  to  0.762;  and  the  average  accuracy  of  the  precise
structure was as high as 0.974 [67].

The  innovation  of  TCRcost  lies  in  its  deep  integration  of
the three-dimensional structural information of TCR into the
deep  learning  framework.  It  precisely  corrects  structural
errors  and  eliminates  inter-chain  interference  through  a
dedicated  structure  correction  module.  Furthermore,  by
incorporating  3DCNN,  it  efficiently  extracts  the  three-
dimensional spatial interaction features between atoms in the
corrected structure. Ultimately, this significantly improves the
accuracy  of  TCR-peptide  binding  prediction,  overcomes  the
limitations  of  traditional  prediction  methods  that  solely  rely
on amino acid sequences,  and provides a reliable tool for the
precise  discovery  of  tumor-specific  antigens  and  their
corresponding TCRs.

 4.3    Serve as a bridge: ImmTAC
T  cell  engagers  (TCE)  are  a  novel  class  of  bispecific  fusion
proteins  that  redirect  T  cells.  Acting  like  a “bridge”,  one  end
binds to antigens on the surface of tumor cells, while the other
end binds to CD3 molecules on the surface of T cells, enabling
direct activation or inhibition of the immune system [68]. For
example,  immune  mobilising  monoclonal  TCRs  Against
Cancer (ImmTAC), as a special type of TCE, combines high-
affinity  TCRs  with  optimized  anti-CD3  single-chain  variable
fragments (scFv) in a soluble form. It can effectively redirect T
cells  to  tumor cells  that  present  only  10–50 peptide-HLA (p-
HLA)  antigens  on  their  surface,  and  exhibits  extremely  high
affinity  and  specificity  [69]  (Fig.  3).  Thus,  even  when  the
immunosuppressive properties of the TME impair the antigen
recognition  and  activation  functions  of  endogenous  TCRs,
TCEs  can  still  effectively  enhance  the  tumor-targeting  ability
and  activation  efficiency  of  T  cells  through  their  designed
properties [70].

ImmTAC  has  demonstrated  favorable  performance  in
practical  anti-tumor  therapy.  In  a  study  on  the  treatment  of
metastatic  uveal  melanoma,  Nathan  and  colleagues  achieved
positive  outcomes  in  patients  with  uveal  melanoma  using
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Figure 2    Introduction  to  the  principle  of  T  cell  activation  via  capture  key  application.  Upon  binding  of  the  TCR  to  p-MHC,  the  application  of
mechanical  force  to  individual  agonist  TCR-p-MHC  bonds  results  in  the  formation  of “catch  bonds”,  whereas  the  application  of  mechanical  force  to
individual antagonist TCR-p-MHC bonds leads to the formation of “slip bonds”. Catch bonds can prolong the lifespan of TCR-p-MHC bonds, while slip
bonds exert the opposite effect [61]. The formation of optimal catch bonds and effective T cell activation can be achieved by accumulating sufficient and
appropriate mechanical force on the TCR within a short period. Conversely, either excessive or insufficient mechanical force will reduce the lifespan of
catch bonds [63].
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Tebentafusp—an  ImmTAC  consisting  of  a  soluble,  affinity-
enhanced HLA-A*02:01-restricted T-cell receptor fused to an
anti-CD3  scFv,  which  is  specific  for  the  glycoprotein  100
peptide  YLEPGPVTA  [71].  Building  on  this,  Froning  and
colleagues aimed to explore more geometric configurations of
recombinant  T  cell  receptor  (rTCR)/anti-CD3 ImmTAC and
compare  their  ability  to  redirect  T  cells  to  kill  tumor  cells
displaying  MAGE-A3/HLA-A1  or  NY-ESO-1/HLA-A2  on
their surface. Ultimately, their findings indicated that the TCR-
Fab format exhibits  optimal  efficacy,  outperforming both the
TCR-scFv  and  TCR-IgG  formats.  They  proposed  that  future
use of mammalian expression systems to produce stable TCR-
Fab  formats  may  significantly  improve  the  function  and
production  of  rTCR/anti-CD3  TCEs  for  therapeutic
applications [72].

The  combined  application  of  ImmTAC  and  TCR-T  cell
therapy  can  achieve  multi-dimensional  complementarity.
When  TCR-T  cells  are  used  in  combination  with  ImmTAC,
ImmTAC can non-specifically activate various T cells, rapidly
trigger  immune  responses,  and  simultaneously  create  a
favorable immune microenvironment or enhance the immune
memory  of  TCR-T  cells.  Based  on  the  characteristics  of
ImmTAC,  such  as  its  engineerable  nature  and  specific
recognition  of  tumor  cells,  it  can  also  be  designed  into
multiple  types  to  assist  TCR-T  cells  and  inhibit  the  immune
escape  of  tumor  cells  that  are  not  TCR-T  targets.  In  clinical
treatment,  benefiting  from  the  flexible  administration  of
ImmTAC, different types, doses, and frequencies of ImmTAC
can be infused into patients with different conditions to assist
TCR-T  therapy,  thereby  achieving  personalized  treatment
(Figure 4).

 4.4    One in a million: T-Scan
T-Scan  technology  is  a  high-throughput  T  cell  epitope
screening  technology  with  two  generations  of  versions
available  to  date:  T-Scan-I  and  T-Scan-II.  In  T-Scan
technology,  Granzyme  B  (GzB)—a  key  serine  protease

contained  in  cytotoxic  granules—plays  a  critical  role:  upon
release,  it  cleaves  various  proteins  to  trigger  apoptosis,  and
can  also  induce  cell  death  by  directly  cleaving  downstream
substrates [73].

T-Scan  technology  first  uses  lentiviral  transfection  to
express  a  candidate  antigen  library  in  target  cells  carrying  a
GzB  reporter  (based  on  Infrared  Fluorescent  Protein).
Subsequently,  T  cells  from  patients  or  volunteers  are  co-
cultured with these target cells. Upon TCR binding to specific
candidate antigens, T cells are activated and secrete cytotoxic
granules,  which  activate  the  reporter  gene  in  target  cells  and
induce fluorescence. Specific antigens can then be isolated via
flow  cytometry  [74, 75].  T-Scan-II,  an  advancement  of  T-
Scan,  is  designed  for  the de  novo discovery  of  CD4+ T  cell
antigens.  It  integrates  technologies  such  as  CD74-based
fusions and “centaur” T-cells, enabling both endogenous HLA-
II antigen processing in synthetic antigen-presenting cells and
TCR  signal  activation  in  CD4+ T  cells.  This  allows  the
simultaneous screening of multiple HLAs and TCRs [76].

Compared  with  traditional  epitope  screening  methods,  T-
Scan and T-Scan-II technologies are better able to reflect real
physiological processes [26, 27, 77]. Moreover, their combined
application  enables  the  comprehensive  and  accurate
identification  of  CD8+ and  CD4+ T  cell  epitopes,  thereby
expanding  target  options  for  TCR-T  therapy.  This  not  only
indirectly  facilitates  the  further  discovery  of  TCRs  that  can
precisely target specific epitopes but also plays a positive role
in  enhancing  the  ability  to  cope  with  tumor  heterogeneity
caused by aging (Table 4).

 5    Conclusions and prospects
With  the  impairment  of  human  immune  function  due  to
aging, changes in the tumor immune microenvironment, and
the  occurrence  of  cross-reactivity  in  clinical  TCR-T  therapy,
the  related  technologies  of  TCR-T  cell  therapy  are  in  urgent
need  of  improvement.  Starting  from  the  perspective  of
enhancing  the  precision  of  TCR-T  cells  targeting  CTAs,  this

 

Cancer

T cell

T cell

Cytotoxic granulel

CD3

Native
TCR

p-HCL

Cancer

ImmTAC

Normal tissues

ImmTAC

Other cell
Other cell

TCEs recruit TCR-T cells to tumor
cells expressing specific antigens

T cells form immunological synapses
and release cytotoxic granules

Figure 3    Application of ImmTAC for specific activation of T cells to eliminate tumors.  ImmTAC is a type of T-cell  engager.  By fusing a high-affinity
TCR  with  an  anti-CD3  scFv,  it  acts  like  a  bridge  to  shorten  the  physical  distance  between  T  cells  and  tumor  cells.  The  anti-CD3  scFv  component  of
ImmTACs can bind to CD3 on T cells, effectively activating the T cells, which then form immune synapses and release cytotoxic factors to kill tumor cells
[69].
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review  introduces  several  innovative  and  high-potential
technologies,  aiming  to  improve  the  efficacy  of  TCR-T  cell
immunotherapy  for  elderly  cancer  patients  and  help  them
recover their health.

It  is  necessary  to  conduct  further  clinical  studies  on  these
innovative  technologies  in  the  elderly  population,  including
evaluating the safety and efficacy of these innovative methods
in the elderly. In addition, the CTAs that are currently widely
used  in  research  and  have  achieved  favorable  results  are
limited  to  the  MAGE  family  and  NY-ESO-1.  Therefore,  in-
depth  understanding  of  other  cancer-testis  antigens  will  help
identify  and  develop  more  potential  targets  and  TCRs.  The
goal  of  precision  therapy  is  to  eliminate  off-target  cross-
reactions  of  TCR-T,  which  is  also  the  core  practice  and  key
difficulty  in  personalized  therapy.  Besides  the  existing
methods  such  as  screening  of  antigen  epitopes  and  TCRs,  as
well  as  using  combined  drug  molecules  to  create  a  favorable
immune  microenvironment  and  tackle  tumor  heterogeneity,
precision regulatory technologies can be developed in the field

of  cell  signaling  pathways  in  the  future.  This  will  enable
precise  dynamic  time  control  of  TCR-T in  clinical  treatment
and improve the precision of therapy.
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Table 4    The advantages of T-Scan compared to traditional antigen epitope screening methods

Technology Comparation Reference

Traditional technologies

● It requires an antigen epitope prediction step and cannot perform high-throughput sequencing [27]

● Limited antigens detected at once fail to address tumor antigen heterogeneity [26]

● Be limited to in vitro molecular binding and detection of indirect immune responses [77]

T-Scan

● One-time screening of the whole-genome candidate antigen library [74, 76]

● High-throughput whole-genome screening effectively addresses the issue of tumor antigen heterogeneity [74, 76]

● Ensure screened epitopes’ immunological activity via GZB-mediated reporter in tumor cells in vivo. [75]
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