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Abstract

Recent advances in neoantigen research have accelerated the development of tumor immunotherapies, includ-

ing adoptive cell therapies (ACTs), cancer vaccines and antibody-based therapies, particularly for solid tumors. With
the development of next-generation sequencing and bicinformatics technology, the rapid identification and predic-
tion of tumor-specific antigens (TSAs) has become possible. Compared with tumor-associated antigens (TAAs), highly
immunogenic TSAs provide new targets for personalized tumor immunotherapy and can be used as prospective indi-
cators for predicting tumor patient survival, prognosis, and immune checkpoint blockade response. Here, the identi-
fication and characterization of neoantigens and the clinical application of neoantigen-based TCR-T immunotherapy
strategies are summarized, and the current status, inherent challenges, and clinical translational potential of these
strategies are discussed.

Key points

1) Established the computational process and platform of neoantigen prediction, and comprehensive prediction
and screening of tumor specific neoantigens.

2) Rapid identification of neoantigen-specific TCRs for personalized engineered TCR-T cell therapy.

3) Classification and characteristics of tumor specific necantigen-based therapy, and combined antitumor strategies.
4) The current status, inherent challenges, and clinical translational potential of TCR-T therapy.
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Background

Major histocompatibility (MHC) molecules of tumor
cells can express TSAs or TAAs. TSAs are abnormally
expressed in malignant tumor cells or only produced at
specific stages of differentiation, and its production is
extremely limited in normal tissues. TAAs mainly refer to
the antigenic molecules present on normal cells or tumor
cells; however, they are not unique to tumor cells. Normal
cells can be synthesized in small amounts and are usu-
ally highly expressed when tumor cells proliferate (Fig. 1).
These tumor-specific polypeptide-MHC (pMHC) com-
plexes are recognized by T cells and trigger an antitumor
immune response in the patient. Compared with other
types of tumor antigens, such as cancer-testicular antigen
(CTA) and TAAs, highly immunogenic and tumor-spe-
cific TSAs provide new targets for personalized tumor
immunotherapy and can be used as prospective indica-
tors for predicting tumor patient survival, prognosis, and
immune checkpoint blockade response. Recent advances
in TSA research have accelerated the development and
clinical trials of tumor immunotherapies, including adop-
tive cell therapies, cancer vaccines, and antibody-based
therapies. Rapid identification, prediction, and clinical
application of TSAs are made possible by advances in
next-generation sequencing and bioinformatics.

Various clinical studies have examined the effective-
ness of immunotherapies targeting TAAs, such as vac-
cines against ERBB2, MUCI1, and hTERT [1-3]. The
prevalence of TAAs among cancer patients makes them
a target for quick immunization. Since TAAs are nonmu-
tated autoantigens, central T-cell tolerance may be one
of the reasons for the poor T-cell response observed in
clinical trials [4]. However, immune escape mechanisms
can be reversed by cancer immunotherapy, including the
use of tumor vaccines to improve antigen presentation,
the increase in antitumor T cells by adoptive metasta-
sis of tumor-infiltrating lymphocytes (TILs) and T-cell
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receptor (TCR)-transduced T cells, the restoration of
CD8* T-cell effector capacity by immune checkpoint
blockades (ICBs), and T cells induced by bispecific anti-
bodies (bsAbs) and chimeric antigen receptors (CARs) to
increase the immune recognition of tumors [5-7]. Nev-
ertheless, widespread use of tumor immunotherapy is
hampered by a shortage of antigens that target various
cancers [5]. In non-virus-associated malignancies, TSAs
can be derived from unique proteins or peptides that are
produced by abnormal RNA splicing and disrupted post-
translational protein modification. For virus-associated
cancers, such as HPV-positive cervical cancer and EBV-
associated nasopharyngeal carcinoma, TSAs can also
be generated through the virus-encoded open reading
framework (ORF) [8, 9]. This ability to avoid T-cell tol-
erance increases the TSA-specific T-cell pool and thus
has the potential to enhance the tumor-specific immune
response. In addition, immunotherapy enhanced the tol-
erance of TSA-specific T-cell responses, and the immune
memory after treatment offers promise for long-term
protection against disease recurrence.

— » The source of tumor-specific antigens (TSAs)

TSAs are produced due to changes in the genome, tran-
scriptome, and proteome. They are foreign proteins that
are not present in normal tissues but can be produced
from tumor cells through various mechanisms, such as
genomic mutations, abnormal transcriptional mutations,
posttranslational modification (PTM) mutations, and
viral-encoded open reading framework (ORF) mutations
[10] (Fig. 2a, b, ¢; Table 1).

(—) » Neoantigens derived from genomic variation

Up to hundreds of nonsynonymous somatic mutations
have been recorded in cancer patients, resulting in an
average of 150 potential neoantigens per person. Somatic
genome changes, including single nucleotide variants
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Fig. 1 Characteristics of tumor-specific antigens (TSAs) and tumor-associated antigens (TAAs). Sources of TSA and TAA. In contrast to normal
tissues, TSA is only expressed in tumors. TAA is underexpressed in normal tissues and overexpressed in tumors. The advantages and disadvantages
of each antigen type of TSA and TAA and its representation of related tumors are shown
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(SNVs), base insertions and deletions (INDELs), gene
fusion, and structural variants, are major factors that
promote TSA production [11].

Single nucleotide variations (SNVs)

SNVs are the most common type of mutation at the
genomic level of tumor cells, and they can produce
mutant peptides distinct from wild-type peptides, which
are presented by the MHC as specific antigens [12].
The neoantigen profiles encoded by SNVs vary greatly
between different cancer types and different stages of
the same cancer type. Using the TCGA database, 933954
neoantigens were identified in 20 solid tumors. These
mutations resulted from somatic mutations with differ-
ent median frequencies of 893960 neoantigens in dif-
ferent cancers. At least 5% of patients with the same or
different cancers share 24 of these neoantigens, including
those caused by driver gene mutations such as PIK3CA,
RAS and BRAF [13]. SN'Vs can also appear in mitochon-
drial DNA (mtDNA). mtDNA is present in most cancer
cells and is involved in tumor metabolism and metastasis.
Both mouse and human immune systems can recognize
and respond to mtDNA-SNP-derived peptides, suggest-
ing that a single SNP in mtDNA is sufficient to produce
immunogenic antigens [14]. Thus, nonsynonymous SNPs
in mtDNA may produce a large number of mutant pep-
tides, providing an additional source of neoantigens.

Insertions and deletions (INDELs)

INDEL mutations are mainly caused by the insertion or
deletion of base pairs in the genome, which frequently
lead to nonsynonymous novel ORFs, also known as
frameshift mutations. Frameshift INDELs can generate
more types of neoantigens with increased MHC-I bind-
ing affinity, suggesting a higher immunogenic mutation
type compared to SNVs [10]. For example, in renal cell
carcinoma with moderate mutation loads, approximately
16% of predicted new peptides came from frameshift
insertion, while 21% of new epitopes recognized by T
cells came from frameshift insertions [15], suggesting

(See figure on next page.)
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greater immunogenic potential for frameshift-derived
epitopes. Similar to SNV-encoded neoantigens, INDEL-
encoded neoantigens are more common in cancers with
high microsatellite instability (MSI-H), which is deter-
mined by the absence of DNA mismatch repair (MMR)
mechanisms. As the evolution of MMR-deficient cancers
is mainly triggered by mutations that inactivate tumor
suppressor genes (TSGs) containing coding microsatel-
lites, frameshift peptide neoantigens are more frequently
shared among MMR-deficient cancers (e.g., endometrial,
colorectal, and gastric) than missense mutation-derived
neoantigens [16]. Frameshift mutation-encoded neoanti-
gens are more common than missense mutation-derived
neoantigens in MMR-deficient cancers, such as breast,
colorectal, gastric, and endometrial cancers, and have a
strong association with immune responses and a larger
proportion of TILs; thus, these neoantigens are excel-
lent candidates for immunotherapy targeting MSI can-
cers. MSI colorectal cancers with frameshift mutations
have a larger proportion of TILs than other colorectal
cancers. Similarly, shared immunogenic frameshift pep-
tide neoantigens can be produced as a result of recurrent
frameshift mutations, offering excellent candidates for
immunotherapy against MSI cancers [17-20]. The results
showed that the combination of four frameshift-derived
polypeptides could significantly improve the acquired
immune response of mice in a VCMsh2-driven intestinal
tumor model, reduce the intestinal tumor burden, and
prolong overall survival [21]. According to clinical phase
I/11a trials, frameshift mutation-encoded neoantigen vac-
cines have good systemic tolerance and regularly trigger
immune responses, providing a promising new strategy
for the treatment and even prevention of MMR-deficient
malignancies [22]. These findings suggest that off-the-
shelf frameshift mutation neoantigen-driven vaccines
are feasible options for the treatment and prevention of
MSI cancers. In addition, the frameshift INDEL neoan-
tigen burden is also a novel biomarker for ICB response.
INDEL-frameshift mutations are thought to produce
more immunogenic neoantigens, thereby improving the

Fig. 2 Computational workflow of necantigen prediction. a The general route of neoantigen prediction. b The workflow of clinical sample
collection and single-cell sequencing. ¢ The neoantigen sources can develop at the genomic level through SNV mutation, INDEL mutation,

fusion mutation, integrated viral ORF and splice variants (the display of prediction software for mutation calling), at the transcriptomic level
through alternative splicing, polyadenylation (pA), RNA editing and allegedly noncoding regions, and at the proteomic level through dysregulated
translation and PTMs. d HLA typing prediction and display by prediction software tools. e and f Mutant polypeptides are produced

by proteasome-mediated decomposition of endogenous proteins, which are subsequently transported to the ER by antigen-processing associated
transporters (TAP). They may be loaded into MHC-I and MHC-I for binding to specific peptides produced by mutated proteins that breakdown

in the endosomal pathway. These peptide-MHC-II/MHC-I (pMHC) complexes are then transported to the cell surface, where they are recognized

by T cells. g pMHC complex binding prediction and the display of prediction software tools. h The prediction of T-cell recognition of pMHC
complexes and the display of prediction software tools. i T-cell validation of neoantigens. Coculture of patient TILs or PBMCs with autologous
antigen-presenting cells (APCs) expressing candidate neoantigens (TMG or peptides) allows for the identification of necantigen-reactive T cells
based on functional data such as IFN-y release or 4-1BB expression. On the one hand, it could be injected into patients for cell therapy. On the other
hand, the related functions of neoantigen reactive T cells have been verified by different experiments
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response to ICB therapy; thus, these mutations can be
novel biomarkers for the ICB response. INDEL frameshift
mutations are supposed to produce more immunogenic
neoantigens, hence improving response to ICBs. When
frameshift mutations are present, the progression-free
survival of patients receiving ICBs is significantly pro-
longed [23]. For example, considerable variation in over-
all response rates and disease control rates has been
observed in patients with frameshift-mutated non-small
cell lung cancer (NSCLC). Progression-free survival
(PES) was significantly prolonged in patients treated
with ICBs when frameshift mutations were present
[24]. Therefore, ICBs enhance the immune response to
frameshift-driven neoantigens. Pembrolizumab blocks
PD-L1 in vivo, restoring frameshift neoantigen-specific
T-cell immunity [25].

Gene fusion

Chromosomal translocations or deletions induce DNA
rearrangements that can lead to gene fusion, which
may produce fusion proteins, another important type
of mutation in tumors that may provide many neoan-
tigens [26]. For example, the BCR-ABL fusion protein
is produced by translocations between chromosomes
9 and 22 in patients with chronic myelogenous leu-
kemia (CML) [27], and the SYT-SSX1 fusion protein
is produced by translocation of chromosomes X and
18 in patients with synovial sarcoma [28]. A further
expanded study of 30 different tumor types in the
TCGA database found that 24% of cancers expressing
fusion proteins contained new epitopes produced by
fusion, which were predicted to bind to patient-spe-
cific MHC, and peptides from different fusion regions
were recognized by the patient’s own T cells. At the
same time, only 5.8% of fusion-driven neoantigens
were consistent between patients, and the immuno-
genicity of these neoantigens was usually low [29, 30].
A comprehensive analysis of three TCGA databases
found that fusion mutations produced more ORFs and
approximately 6 and 11 times more neoantigens than
SNV and INDEL mutations, had better immunogenic-
ity, and induced a stronger immune response. Similar
to the candidate neoantigen load produced by SNV and
INDEL mutations, fusion neoantigen load is closely
related to fusion mutation load, especially in micro-
satellite stable tumors with high fusion mutation load
[31, 32]. In addition, immune depletion microenviron-
ments or malignancies with HLA loss are more likely
to present fusion neoantigens. According to FACETS
analysis of the TCGA exome data, HLA heterozygo-
sity loss (LOH) occurred in 18.4% of the cases, which
increased the likelihood of the presence of fusion neo-
antigens [33]. For example, in melanoma treated with
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anti-PD-1, the clearance of tumor cells carrying fusion-
derived neoantigens showed negative immune surveil-
lance selection pressure against these neoantigens [34].
Neoantigens produced by gene fusion are still able to
activate cytotoxic T cells even in some tumors with
low TMB and limited immune penetration [29]. These
results suggest that gene fusion is important as a source
of tumor-specific neoantigens.

Neoantigens derived from gene fusion can induce
tumor-specific immune responses. A comprehensive
study of 33 tumor types found a variety of common
fusion neoantigens, including TMPRSS2-ERG, MYB-
NFIB, EML4-ALK, DEK-AFF2, CBFB-MYHI11, and
SYT-SSX [35-38]. TMPRSS2-ERG is the most common
recurrent fusion gene, occurring in 38.2% of prostate
cancer patients. Several HLA-restricted epitopes with
high affinity were identified from relapsed TMPRSS2-
ERG type VI fusion, which bind to HLA-A*02:01 in vitro
and are recognized by CD8* T cells [39, 40]. Fusion of the
proto-oncogene MYB with the transcription factor NFIB
is a biomarker of adenoid cystic carcinoma and occurs
in 60% of cases [41]. One NFIB-MYB-derived peptide
(MMYSPICLTQT) and three MYB-NFIB-derived pep-
tides (QFIDSSWYL, SLASPLQPT, and SLASPLQSWYL)
bind to HLA-A*02:01 to activate the immune system [29,
42]. The EML4-ALK fusion gene is mainly present in 5%
of young NSCLC patients who either rarely smoked or
never smoked. The use of EML4-AlK-derived peptides
can stimulate specific CTL responses and potentially treat
EMLA4-AIK-positive NSCLC patients [43, 44]. A study of
head and neck squamous cell carcinoma (HNSCC) found
that the immune response to PD-1 treatment is mediated
by neoantigens produced by DEK-AFF2 fusion. DEK-
AFF2-derived peptides (DKESEEEVS) enhance T-cell
activation according to MHC class when delivered to
autologous peripheral blood mononuclear cells (PBMCs)
[45]. The CBFB-MYH11 fusion antigen is distributed on
acute myeloid leukemia (AML) cells and can activate T
cells to induce specific killing of tumor cells [46]. SS393
(GYDQIMPKK) and $S391 (PYGYDQIMPK) are two
common SYT-SSX fusion antigens in synovial sarcoma.
These neoantigen peptides successfully induce synovial
sarcoma-specific CTLs, which specifically kill HLA-
A24-positive synovial sarcoma cells containing SYT-SSX
neoantigens and target cells with peptide pulses [47, 48].
In addition, FGFR3-TACC3, CCDC6-RET, BCR-ABL,
SYT-SSX1/SSX2, PAX3-FOXO1, TPM3/TPM4-ALK,
EBS-FLI1 and other fusion antigens are also immuno-
genic neoantigens, which provide possible targets for
tumor immunotherapy [49-54]. Therefore, neoantigens
produced by fusion mutations greatly increase the capac-
ity of the tumor-specific antigen library, providing more
potential targets for cancer immunotherapy.
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Structural variants (SVs)

SVs are one of the most common forms of driver gene
mutations in tumors that can lead to changes in genome
structure and alter gene expression or function to pro-
mote the malignant transformation of tumors [55]. SVs
generally refer to genetic variants greater than 50 base
pairs, such as insertions, deletions, inversions, translo-
cations, duplications/amplifications, chromosome addi-
tions and subtractions, and chromosome rearrangements
[56]. For example, in patients with malignant pleural
mesothelioma (MPM), potential neoantigens produced
by chromosome rearrangements have been identified
using a combination of MPseq and RNAseq. Rearrang-
ing associated neoantigens can produce MPM-specific
immune responses in a manner similar to that of INDEL-
induced neoantigens [57, 58]. In particular, neoantigens
produced by SVs were predicted to be presented on
MHC proteins closely associated with the clonal prolif-
eration of TILs, and effector T cells targeting these neo-
antigens were found in circulating blood [59]. Therefore,
SV-derived neoantigens may also be valuable targets for
antitumor immunotherapy.

(=) » Neoantigens derived from transcriptome variations
Selective processing of mRNAs, including selective splic-
ing events, polyadenylation (pA), RNA editing, so-called
non-coding events, and post-transcriptional events offer
the possibility of expanding the neoantigen space and
contributing to tumor-specific antigen diversity [60].

Transcript alternative splicing

Abnormal selective mRNA splicing is another source
of tumor-specific antigens. In normal cells, RNA splic-
ing is the efficient and realistic conversion of immature
mRNA into mature RNA. However, neoantigens derived
from the selective splicing of transcripts may be caused
by mutations in RNA cis-regulatory elements, trans-
regulatory factors, or core spliceosomes [61]. Mutations
in cis-acting elements generate potential neoantigens
by altering splicing. Extensive studies of TCGA have
revealed many exon—exon connections unique to tumors,
most of which can express novel neoantigens [62]. Trans-
action changes, in which somatic mutations in splicing
factors lead to splicing mutations, induce the formation
of neoantigens across the genome [63]. In hematological
malignancies, common mutations in spliceosomal com-
ponents, including SRSF2, SF3B1, and U2AF1/2, increase
the expression of splicing variant mRNA and lead to
neoantigen translation and protein expression [64—66].
In cells with normal sense-mediated RNA decay (NMD)
function, a first round of translation is required to initi-
ate NMD-mediated degradation of abnormal transcripts,
which may also result in the production of small amounts
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of neoantigens [67]. For example, mutations in the highly
conserved core NMD factor UPF1 are prevalent in pan-
creatic and lung adenocarcinoma, and these mutations
increase the frequency of abnormal transcription and
neoantigen production [68, 69]. Highly abnormal splic-
ing events in tumors increase the amount of potential
tumor-specific antigens, especially in tumors with low
copy number variation and somatic cell mutation rates
[30, 60]. In conclusion, these studies emphasize the idea
that the alternative splicing of transcripts can promote
neoantigen production.

Polyadenylation (pA) and RNA editing

Similar to RNA splicing, polyadenylation (pA) and RNA
editing can alter the proteomes of tumor cells, thereby
increasing the amount of potential immunotherapeutic
targets. However, it must be emphasized that because
RNA editing can also occur in normal tissues, these
peptides are not necessarily tumor-specific [70, 71]. In
tumors, genes upstream of the new pA site and down-
stream of the nearest 5’ splicing site are translated when
a specific polyadenylation (IPA) event occurs at the cod-
ing region. By comparing RNA-seq data from tumor and
normal tissue samples of different cancers, more neoan-
tigens produced by IPA can be identified, and these neo-
antigens are potential targets for cancer immunotherapy
[60]. Similar to splicing and IPA, RNA editing induces
nonsynonymous substitution by altering specific nucle-
otides in the RNA sequence, which can produce new
proteins that can be presented by the MHC molecule to
further induce activation of specific CD8% T cells. These
results suggest that these novel peptides are immuno-
genic [72].

So-called non-coding events

Recent studies have shown that many regions previously
defined as noncoding regions have been shown to have
coding functions [60, 73]. The screening of neoantigens
from exon-region mutations alone is limited in scope,
given that 99% of tumor-specific mutations occur in the
noncoding regions of genes and exon regions account for
only 2% of the entire human genome [74]. Thus, by study-
ing these newly defined coding genes, many new anti-
genic peptides that can be presented by MHC have been
identified as targets for TIL immunotherapy [75]. These
MHC-related peptides (MAPs) from noncoding region
genes extend the range of CD8" T-cell immune moni-
toring from 2% (the proportion of exons in the human
genome) to 75% [76]. Using mass spectrometry (MS), it
has been found that many noncoding regions produce
large amounts of abnormally expressed tumor-specific
antigens, most of which result from epigenetic modifica-
tions in atypical translation events rather than mutations.
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These abnormally expressed tumor-specific antigens are
more common than neoantigens produced by coding
mutations and can be shared between tumor patients
[77-79]. Therefore, there is an urgent need to develop
fast and effective computational methods to screen these
potential neoantigens and verify their feasibility for use
in immunotherapy.

(=) > Neoantigens derived from proteomic variations

Due to the deletion and replacement of nucleotides
encoding a protein during translation, the reading frame
is shifted forward, backward or mutated. The functional
abnormalities of protein posttranslational modification
(PTM), proteasome processing, and antigen-processing
related transporter (TAP) ultimately lead to changes in
the translated protein sequence, providing an important
new source of tumor-specific neoantigens [80, 81].

The presentation of neoantigens by MHC molecules to
T cells maintains specific PTMs [82]. Abnormal PTMs,
including glycosylation, O-linked beta-n-acetylglucosa-
mine (O-GlcNAc), and phosphorylation, can produce
neoantigens presented by the MHC complex in tumors
[83]. In addition, an unusually large proportion of muta-
tions may promote the formation of new N-glycosyla-
tion sites, leading to the production of neoantigens [84].
Abnormal phosphorylation can produce new antigens by
promoting the binding of epitopes to MHC molecules
or by altering the antigenicity of the presented epitopes
[85]. For example, tumor-associated phosphopeptides
derived from BCAR3 and IRS2 are immunogenic to
healthy donors and mice [86—88]. Covalent KRAS-G12C
inhibitors, such as ARS1620, produce covalently modi-
fied peptides that can be presented on MHC to stimulate
T-cell responses [89]. These tumor-specific PTMs involve
covalent drug-mediated alkylation of mutated cysteine
residues on cancer proteins, providing a new source of
neoantigens and an easy target for immunotherapy [83].

In addition, another new set of antigenic epitopes is
derived from damage that occurs during proteasome pro-
cessing or the TAP complex. The proteasome processes
proteins and converts them into peptides, which are par-
ticularly critical for the process of converting proteins to
MHC-restricted epitopes. According to preliminary sta-
tistical analysis, the proteasome is responsible for splic-
ing approximately one-third of MHC-I-related immune
peptides and is capable of activating CD8* T cells [90,
91]. Splicing epitope-specific CD8" T cells from the TILs
of human acute myeloid leukemia (AML) patients inhib-
ited the growth of corresponding tumor cells in severe
combined immunodeficiency (SCID) mouse models [92].
Neoantigens derived from protein splicing can provide
undeveloped or unidentified neoantigens for antitumor
vaccines and cancer immunotherapy. However, most
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tumors eventually acquire resistance and immune escape
mechanisms [93]. Tumors can avoid being recognized by
T cells by producing defective HLA-I antigen process-
ing pathways or by downregulating the expression of
related genes [94]. A class of neoantigens known as T-cell
epitopes associated with impaired peptide processing
(TEIPP) has been found in some tumors with low HLA-I/
TAP deficiency [95]. They are a class of unmutated anti-
gens from the tumor’s own housekeeping proteins that
activate TEIPP-specific CD8* T cells and specifically
kill these TAP-deficient cancer cells. TEIPP peptides are
currently considered immunogenic because they are not
presented by normal cells, and TEIPP-specific T cells
are not negatively selected for in the thymus [96, 97]. For
example, a TEIPP peptide derived from the Lass5 pro-
tein, also known as Trh4, was able to activate specific T
lymphocytes and inhibit the growth of MHC-I low/TAP
deficient tumors in a TCR-transgenic mouse model [98,
99]. In addition, other nonmutated tumor epitopes of
TEIPP, including calcitonin (pCT) precursor proteins
(ppCT50-59 and ppCT91-100) and procalcitonin (ppCT)
(ppCT16-25, ppCT9-17), have been identified. These
antigenic peptides based on TEIPP can effectively induce
antitumor CTL effects and inhibit tumor growth [100,
101]. Therefore, targeting these TEIPP neoantigens has
the potential to provide a promising new immunotherapy
approach for TAP-deficient/HLA-low tumors.

(/9) » Neoantigens encoded by viral genes

Viral proteins may be considered another class of neoan-
tigens in virus-induced tumors because they are almost
completely different from normal cellular proteins and
can trigger high-affinity TCR responses [102]. For exam-
ple, some solid tumors are caused directly by viral infec-
tions, including cervical cancer caused by HPV virus
infection [103], nasopharyngeal carcinoma caused by
Epstein—-Barr virus (EBV) infection [104], and lymphoma
caused by EBV infection [105]. These viral genes with
carcinogenic properties can be integrated into the cell
genome and promote the continuous expression of viral
genes, thus leading to the occurrence and development of
tumors [106, 107].

Currently, many tumor immunotherapy studies focus
on virus-derived tumor antigens [108]. For example, in
two of the nine patients with HPV-positive metastatic
malignancies, tumor regression continued in the ACT
treatment study using TILs [109]. In two separate clini-
cal trials (NCT02280811 and NCT02858310), autologous
T cells transduced with anti-E7-TCR responded in 4 of
12 patients, while T cells transduced with anti-E6-TCR
responded in all 12 patients [110-112]. ACT therapy
for MCPyV and EBV has also achieved promising clini-
cal results in the treatment of corresponding tumors,
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although other effective therapies have been imple-
mented in these experimental protocols. None of these
clinical trial participants showed significant toxicity to
normal tissue [113, 114]. Overall, these trials demon-
strate the safety and efficacy of targeting oncogenic viral
proteins to treat associated tumors. Given their critical
role in tumorigenesis and the fact that they are shared by
patients, these neoantigens are ideal targets for cancer
immunotherapy, these results support the further devel-
opment of integrated treatment regimens based on viral
protein correlations.

(F.) » Cancer-testicular antigens

Cancer/testis antigens (CTAs) are also known as can-
cerous testis antigens. These antigens are not expressed
in normal tissues except the testis and placenta but are
abnormally expressed in a variety of tumors with high
tumor specificity and strong immunogenicity [115].
More than 110 CTAs have been identified, which belong
to more than ten gene families, such as the MAGE,
BAGE, GAGE, SAGE, HAGE, SSX, SCP1, LAGE and
NY-ESO-1 families. Among them, MAGE-A, MAGE-
B, MAGE-C and NY-ESO-1 family protein molecules
are more studied [116, 117]. CTA is an ideal therapeutic
target of TCR-T cells. T cells targeting tumor-associated
CTAs selectively eliminate tumor cells and with little or
no toxicity to normal tissues [118, 119].

(75) » Tissue differentiation antigens and others

Tissue differentiation antigens are expressed in tumor
cells and some normal cells and tissues. Targeting them
can cause damage to normal tissue, but these injuries
tend not to be fatal [120]. The most famous of these anti-
gens are melanoma differentiation antigens, including
Melan-A, Mart-1, gp100, gp75, TRP21 and TRP22 [121].
Melanoma differentiation antigens are only expressed in
melanoma and melanocytes, most of which are presented
by HLA-A2 [122]. Some lung cancer antigens discovered
in recent years are also tissue specific and can also be
classified as tissue differentiation antigens [123]. At pre-
sent, most studies on TCR-T-cell target antigens focus on
polypeptide antigens that can be presented by HLA-A2.
Only tumor antigens that can be recognized by T cells
have been identified in several types of tumors, such as
melanoma, while ideal antigens have not been found in
the vast majority of tumors, resulting in less ideal tumor-
specific or related antigens [124, 125]. Solid tumor cells
often have low or no expression of Class HLA-I mol-
ecules and cannot effectively present their own anti-
gens, which makes it difficult to find HLA-A2-restricted
antigens. In future studies, in addition to continuing to
search for Class HLA-I restricted protein antigens, Class
HLA-II presented protein antigens will also be studied
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[126, 127]. Additionally, attention should be given to
other antigens besides protein antigens, such as polysac-
charide and lipid antigens [128, 129].

.~ Identification, prediction and validation of TSAs
Thorough screening of TSAs across the entire can-
cer spectrum is now possible using the fusion of whole
exome sequencing (WES), RNA-seq, and proteome data
from TCGA. Based on NGS data, virtual peptide libraries
have been created, and potential TSAs have been iden-
tified by virtual methods. The typical workflow for TSA
prediction can be summarized in the following steps:
mutation identification, HLA typing, screening and pri-
oritization of neoantigens based on HLA binding affinity,
and experimental validation of immunogenic neoanti-
gens based on T-cell analysis [10] (Fig. 2d, e, f, g, h, i).

(—) » Identification of somatic mutations

Currently, the initial phase involves mapping tumor-
specific genetic abnormalities using the WES of tumor
and normal tissue DNA to detect possible neoantigens
from NGS data. By comparing NGS data from tumors
and normal tissues in the same patient to identify genetic
changes, the development of immunogenomics strate-
gies has been greatly accelerated in terms of its abil-
ity to predict mutated peptides resulting from somatic
mutations [130, 131]. WES is the recommended source
of NGS data for neoantigen prediction because it pro-
vides the highest mutation coverage by focusing on the
protein-coding regions of the genome [132]. RNA-seq
data can be combined with WES to determine whether
the mutated gene is expressed in the tumor [133]. Addi-
tional biological information can also be found in RNA-
seq, such as information about copy number changes,
microbial contamination, transposable elements, cell
types, and neoantigen presence [134]. Mass spectrometry
enables high-throughput identification of MHC-binding
peptides and direct detection of MHC-binding peptides
from immunoprecipitation and extraction. The neoanti-
gens predicted by immunogenomics methods can be ver-
ified by comparing the tandem mass spectrometry of the
sample with that of the synthetic peptide. Especially for
rare HLA allotypes and HLA-II ligands, mapping tumor
HLA ligands can help identify neoantigen-specific cancer
immunotherapy targets in clinical trials [135]. MS is inte-
grated with NGS to further detect tumor-specific neoan-
tigens produced by somatic mutations, noncoding RNAs,
and proteasome splicing, which are omitted by whole-
exome- or transcriptome-based neoantigen sequencing
techniques [136]. Computational analysis includes data
preprocessing and quality control, identification of the
variation of somatic mutations, and prediction of altered
proteins and functional effects using public genome,
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transcriptome, and proteome databases. The immuno-
genicity of neoantigens, including the rank affinity of
mutant and normal peptides, the frequency of mutant
alleles, and the amount of gene expression, was evaluated
based on the filtration technique of an integrated scor-
ing system and quantitative scoring of the characteris-
tics of the novel peptides to experimentally evaluate the
immunogenicity of the peptides [137, 138] (Fig. 2a, b, c;
Table 1).

(=) » HLA typing

Humans have more than 24,000 distinct HLA-I (HLA-A,
HLA-B, and HLA-C) and HLA-II (HLA-DR, HLA-DQ,
and HLA-DP) alleles, and their mixing results in biologi-
cal diversity [139]. Similar to other antigens, neoantigens
are usually delivered by MHC-II molecules of CD4" T
cells and MHC-I molecules of CD8* T cells in a cell-spe-
cific manner. The patient’s HLA alleles determine their
tumor-specific antigen library, which is made available to
T cells for recognition. Therefore, one of the most impor-
tant initial steps in neoantigen prediction is to determine
a patient’s HLA genotype [126]. Most methods rely on
DNA-derived NGS data obtained from WES or WGS to
achieve this goal. For example, Optiype and polysolver
are excellent tools for identifying Class HLA-I alleles.
Other types, such as HISAT-Genotype, ATHLATES,
HLA-HD, HLA-Reporter, PHLAT, HLA-Scan and HLA-
Profiler, can be used for HLA-I and HLA-II type classifi-
cation [140-142] (Fig. 2d).

(=) » Prediction of HLA binding and neoantigen
presentation

A number of online predictive tools have been created
based on the discovery of neoantigens for MHC molec-
ular processing and presentation, including NetChop,
NetCTL, and NetCTLpan. By combining HLA ligand set
data into computer learning algorithms, such as linear
regression and artificial neural networks, their predic-
tive power can be actively improved [143-146]. In vitro
peptide-HLA binding datasets are used to train computer
learning models, and NetMHCpan and MHCflurry are
the main components of the current HLA ligand recog-
nition line. They improve the predictive performance of
tumor neoantigens by integrating information from bind-
ing affinity data and MS polypeptide set data to generate
"panspecific" computer learning strategies for MHC-I
[147, 148]. A series of computational techniques for pre-
dicting MHC-II binding epitopes have been developed
using artificial neural networks, including NetMHCII,
NetMHClIIpan, SYFPEITHI, RNAKPEP, MULTIPRED?2,
ProPred, and MHCPred. However, current computa-
tional predictions of binding affinity for MHC-II peptides
are less precise than those for MHC-I molecules. First,
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compared with MHC-I molecules, MHC-II binding pep-
tides are more promiscuous in terms of peptide length
and binding sequence motif. Second, the polymorphism
of a and B chains in MHC-II molecules also greatly
expands the diversity of peptide binding specificity [149—
154]. Given that multiple processes control neoantigen
presentation, it can be inferred that increasing binding
affinity alone does not accurately reflect cell treatment
and T-cell response. Other properties, including proteas-
ome cleavage, transport of peptides into the endoplasmic
reticulum, HLA alleles, binding affinity between peptides
and MHC molecules, etc., give preference to possible
neoantigens [155] (Fig. 2e, f, g).

(P9) » Evaluation and verification of the immunogenicity
of candidate neoantigens

It is well known that suitable MHC molecular presen-
tation and effective TCR recognition are prerequisites
for immunogenic neoantigens. Most neoantigens pre-
dicted by MHC molecular presentation do not trigger
an immune response. Therefore, it is critical to consider
TCR recognition of pMHC complexes when evaluating
the immunogenicity of potential neoantigens [155-157].
There are a number of programs to predict neoantigen-
specific T-cell recognition, and the most common meth-
ods are NetCTL and NetCTLspan. A composite score is
generated based on MHC binding, C-terminal cleavage
affinity, and TAP transporter, rather than directly predict-
ing T-cell junctions [145, 158]. Recent studies have used
computer learning or deep learning techniques to predict
TCR-peptide/-pMHC binding. In addition to identify-
ing TCR-pMHC pairs, clustering methods such as pMT-
net and GLIPH can also cluster TCRs that recognize the
same epitopes and predict their HLA limitations [159—
161]. Predicting the binding affinity of TCR remains chal-
lenging due to its low affinity for pMHC ligands (Fig. 2h).
Evaluation of the immunogenicity of candidate neoanti-
gens using a variety of screening methods will be critical
to more precisely identify and select neoantigens suitable
for clinical intervention [162] (Table 2). To more accu-
rately evaluate the potential of neoantigens in immuno-
therapy, experimental validation of their T-cell reactivity
is essential [163]. Neoantigen reactive T cells have been
validated or screened by T-cell-based assays, multicolor
labeled MHC tetracers, and enzyme-linked immuno-
sorbent spot assays (ELISPOTs).

Validation of the immunogenicity of neoantigen peptides

The specimens used for transplantation of PDTX
(Patient-Derived Tumour Xenografts) in humanized
mice are directly derived from human tumor tissues
and have not been cultured in vitro, stably retaining the
genetic, histological, and phenotypic characteristics of
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the tumor, ie., tumor heterogeneity [164]. Therefore,
PDTX can be used to screen the sensitivity or resistance
of immune cells by MHC tetramers, and the test results
have good clinical predictability. In addition, because
PDTX better retains the tumor mesenchymal and stem
cell components during the transplantation process,
the microenvironment for tumor growth is closer to the
actual situation. PDTX can also provide a large number
of specimens for the preservation and passage of tumor
samples, which can be used before clinical treatment for
the efficacy validation of the immunogenicity of cells or
vaccine preparations. It can also be used to determine the
appropriate sample size and efficacy evaluation for small
preclinical trials. The PDTX test can be used to pre-
dict and validate the efficacy of neoantigen in advance,
improving the effectiveness rate of personalized tumor
neoantigen therapy [165-167].

In vitro validation of inmunogenicity by ELISPOT test

The T-cell immunogenicity assay is the most direct
method to evaluate the immunogenicity of candidate
neoantigens. The reactivity of neoantigen-specific T
cells amplified in vitro was measured by flow cytometry
for the T-cell activation markers 4-1BB and OX-40 after
polypeptide stimulation or by ELISPOT for IFN-y pro-
duction. In organisms, cells will produce cytokines (such
as IFN-y) after stimulation. These cytokines will be cap-
tured by specific antibodies and then develop colors to
form spots. The number of spots represents the level of
immunogenicity of the corresponding neoantigen. This
platform will further enhance the accuracy of neoantigen
screening at YuceNeo. ELISPOT has little effect on the
biological process of cells, and higher sensitivity in cell
detection. Based on test on the single-cell level, one IFN-
y-secreting cell can be detected from 200,000 to 300,000
cells through the ELISPOT test. ELISPOT is more
sensitive than Elisa and the limiting dilution method
[168-172].

In vitro validation of inmunogenicity by NEST

In addition, scRNA-seq was used to discover paired TCR
sequences associated with cells expressing high levels of
IFN-y in TILs that were cocultured with tandem micro-
gene (TMG)-transfected or peptide-stimulated antigen-
presenting cells (APCs) [173]. ELISPOT can be used
in vitro to analyze which neoantigens can stimulate T
cells to secrete cytokines, but it cannot detect the TCR
of tumor-specific T cells. YuceNeo’s unique NEST (Neo-
antigen Expansion of Specific T Cells) validation tech-
nology integrates TCR sequencing of peptide-stimulated
T cell culture with a biological information platform to
identify antigen-specific clonal amplification. The NEST
platform of YuceNeo compares the TCR databases with
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and without stimulation by neoantigen peptides. If a TCR
with an increasing frequency can be found, it can indi-
cate that the corresponding neoantigen is immunogenic.
The NEST technology platform not only can validate the
immunogenicity of neoantigens screened by TruNeo
in a high-throughput manner, but also can be used to
dynamically monitor the effect of tumor immunother-
apy [174-176]. Based on WES-guided neoantigen pre-
diction and TCR sequencing of polypeptide-stimulated
T-cell cultures, neoantigen-specific clones of TCRVp
were sensitively characterized by the mutation-associ-
ated neoantigen functional expansion of specific T cells
(MANAFEST) assay [177, 178]. In addition to evaluat-
ing the tumor specificity of the TCRV} clones, dynamic
changes in neoantigen-specific T-cell responses over
time can be studied, and the effects of immunotherapy
can be monitored using liquid biopsies obtained before
or after treatment [179, 180] (Fig. 2i).

= » Enrichment and isolation of tumor antigen-specific T
cells

V(D)] recombination of TCR during thymus develop-
ment leads to great diversity in TCR sequences in the
human T-cell pool. It is estimated that in the average
adult, there are approximately 4x 10" total circulat-
ing T cells and approximately 10'° unique T-cell clones.
Therefore, T-cell clones are specific for the vast majority
of nonviral antigens. The frequency of cloning in periph-
eral blood is much lower than the frequency of isolation
of antigen-specific TCRs under current technical con-
ditions [181-183]. Thus, TCR isolation efforts usually
begin with methods that allow enrichment of T cells with
the desired antigen specificity (Fig. 2i).

(—) » Enrichment of antigen-specific T cells

Amplification of TILs

A large number of tumor-infiltrating lymphocytes (TILs)
are usually present in some types of solid cancer. Com-
pared with peripheral blood T cells, T cells in tumor
tissues are usually enriched in tumor antigen-specific
clones [184-186]. Some research groups have used
extended TILs as a source for finding tumor-specific
TCRs [175, 187]. In addition, TIL amplification in vitro is
itself an effective adoptive T-cell (ATC) therapy for sev-
eral types of solid cancer [188, 189]. Studies have shown
that Iovance’s TIL treatment named Lifileucel has strong
efficacy in clinical trials [190, 191].

Vaccination

T cells that are specific to the antigen of interest can be
selectively expanded in vivo through vaccination strate-
gies. A common approach is to inoculate human HLA
transgenic mice with antigens of interest, which results in
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robust enrichment of antigen-specific T cells that can be
harvested from the lymph nodes and spleen [192, 193]. In
certain cases, peripheral blood from patients participat-
ing in cancer vaccine trials has been used as a source of
antigen-rich T cells for TCR [194].

Selective in vitro expansion of peripheral blood T cells
Peripheral blood T cells were stimulated in vitro in an
antigen-specific manner to drive selective T-cell expan-
sion with the desired specificity. Early pioneering work
in this area included in vitro stimulation of peripheral
blood T cells to preferentially expand virus-specific T
cells [195, 196]. These stimulation methods have been
used to amplify TAA-rich and neoantigen-specific T cells
[197, 198]. These methods usually stimulate T cells by
autologous antigen presenting cells (APCs), usually den-
dritic cells (DCs), in the form of exogenous peptides or
by cDNA/RNA delivery pulsed with the antigen of inter-
est [198-202]. Several studies have shown that in the case
of patient-derived peripheral blood, initial selection of
PD-1% and/or antigenic experience (CD45ROYCD62L,
CD45ROYCD62L~ or CD45RO-CD62L7) T cells can fur-
ther enhance tumor-specific T-cell enrichment in vitro
[203, 204]. To overcome the need to produce autologous
mature DCs for antigenic stimulation, so-called artifi-
cial antigen presenting cells (aAPCs) have been devel-
oped [205]. For example, the myelogenous leukemia cell
line K562, a common aAPC system, was used, and this
cell line was negative for HLA-A, B and DR. This cell line
acts as a modular aAPC by providing the stable transduc-
tion of various HLA alleles and costimulatory molecules
[206]. Other cell-free aAPC systems have also been devel-
oped to conjugate HLA and costimulatory molecules to
beads and nanoparticles to stimulate peripheral blood T
cells and obtain a large number of clinically needed anti-
gen-specific T cells [207, 208].

(=) ~ Isolation of antigen-specific T cells

After obtaining polyclonal T-cell products enriched
with target-specific T cells, it is necessary to isolate anti-
gen-specific T cells from a large population of T cells.
Approaches in this area usually involve stimulating T
cells with homologous antigens of interest and isolating
antigen-reactive T cells based on the increased expres-
sion of molecules known to be associated with T-cell
activation [209]. For example, 4-1BB and OX40 in CD8"
T and CD4" T cells allow for the isolation of these cells
by FACS sorting or magnetic bead sorting [210]. Alter-
natively, the use of peptide-HLA polymeric MHC stain-
ing followed by FACS sorting or magnetic bead sorting
is an effective way to identify and isolate antigen-specific
T cells. Although the library of HLA polymeric reagents
is expanding, these reagents are still limited to relatively
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common HLA alleles [170]. Another approach is IFN-y
capture; IFN-y is rapidly secreted by antigen-stimulated
CD8" T and CD4" Th1 cells, thus, IFN-y capture iden-
tifies and captures antigen-stimulated T cells based on
IFN-y production [211, 212].

U - TCR epitope discovery strategy: from TCR to epitope
(—) » Prediction strategy based on computer algorithms
The binding affinity of HLA and the immunogenic-
ity should be considered in the prediction of antigen
epitopes [213]. Antigenic peptides can be run through
MHC epitope prediction algorithms to prioritize the list
of candidate antigens. The following relevant methods
have been used to develop relevant prediction software:
structure-based (SB), motif matrices (MM), quantitative
affinity matrices, QAM), artificial neural network (ANN),
support vector machines (SVM) and so on. The predic-
tion algorithms include NetMHC-4.0, Immune Epitope
Database (IEDB), NetMHCpan-4.1, NetMHClIIpan-4.0,
SYFPEITHI and HLAthena, which are used to calculate
and predict TCR epitopes [150, 214—-217].

(Z) » Screening strategies based on tumor cells

HLA peptides were obtained by an immunoprecipita-
tion technique, and the products were acid-eluted to
obtain peptides; then, the peptides were identified by
mass spectrometry. The quality of peptide segments was
determined by primary mass spectrometry, and pep-
tides with high abundance were selected for secondary
mass spectrometry. In secondary mass spectrometry,
the peptides collided with each other, resulting in amino
acid bond breakage, and peptide fragment ions were ana-
lyzed by the detector to obtain the amino acid sequence
information of screened peptide segments [218, 219]. The
technical route is relatively mature, and low-abundance
epitopes are difficult to identify.

(=) » T-cell-based screening strategies

T-Scan The new method of high-throughput, concen-
trated screening and recognition of T lymphocyte target
antigens in the whole genome can be used to identify
antigens that can be effectively recognized by T cells. The
human whole genome target antigen library was trans-
duced into target cells containing the granzyme reporting
system. After coincubation with T cells expressing TCR,
the target antigen of the TCR could be enriched and
identified. T-scans can be used to recognize functional
target antigens of CD8" T cells and can repeatedly detect
target antigens from a large number of memory T cells
[171, 220]. They have the advantages of genome-wide
identification of target antigens, T-cell-based functional
tests, and identification of potential off-target antigens.
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Cellular system After transduction of the target anti-
gen library into target cells containing the Trogocytosis
reporting system and coincubation with T cells express-
ing TCR, the target antigen of TCR can be enriched
and identified. Nibbling is highly specific and occurs
only between cells successfully recognized by TCR anti-
gens. TCR-Jurkat T cells expressing the known pairing
were injected into a mixture of APC cells with the spe-
cific pMHC molecule recognized by the cells at a ratio
of 1/10000. By flow cytometry, nibbling was still able
to accurately label more than 70% of the APC cells spe-
cifically paired with this TCR, while other unrecognized
antigen-presenting cells were not [221, 222]. This strategy
also has the advantage of genome-wide identification of
target antigens, T-cell-based functional tests, and identi-
fication of potential off-target antigens.

SABAs system The target antigen library was trans-
duced into target cells containing the TCR-PMHC
bifunctional molecule reporting system, and the target
antigen of the TCR could be enriched and identified after
coincubation with T cells expressing the TCR [223, 224].
Advantages include genome-wide identification of target
antigens, T-cell-based functional tests, and identification
of potential off-target antigens.

Presenter system After the target cells expressing the
antigen library were coincubated with T cells expressing
the TCR, the target cells that were killed in significant
amounts were identified by high-throughput sequencing
to identify the target antigen of the TCR [225].

RootPath system After the TCR sequence was found by
single-cell sequencing, the quantized TCR was synthe-
sized. After coculture with target cells expressing Mini-
Gene, tumor reactivity TCR was confirmed by a T-cell
reporting system. The T cells carrying this TCR were
then assessed to determine if they could recognize the
tumor and react with it [110, 226]. This system has the
advantages of quantized TCR synthesis and T-cell func-
tional tests.

MHTEM system Libraries of multiple HLAs and the
target antigen MiniGene were introduced into target
cells. After coculture with T cells, the target cells that
were killed in significant amounts were identified by
high-throughput sequencing to identify the target anti-
gen of this TCR [227, 228]. The advantages of this sys-
tem are based on T-cell functional testing, simultaneous
screening of multiple HLA presentation epitopes and
identification of potential off-target antigens.
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(PY) - Strategy based on yeast display

Exogenous target protein gene sequences (exogenous
proteins) were fused with specific carrier gene sequences
and introduced into yeast cells. The yeast intracellular
protein transport mechanism (GPI anchoring) was used
to express target proteins and locate them on the yeast
cell surface. Yeast was used to display random amino acid
epitopes, and the expression of TCR protein was used to
enrich potential antigenic epitopes; this system is also
known as the 3T system [229, 230].

11~ TCR cloning strategies: from known epitopes

to specific TCRs

The specificity of TCRs is determined by the regional
coding of two separate genes, TCRa and TCRp, and pre-
sents unique challenges in determining functional TCR
sequences from T-cell populations. Accurate sorting of
TCREs is the key to designing TCR-T-cell therapy for sub-
sequent treatment [231-233] (Fig. 3).

(—) » Strategies based on tetramer staining

Multicellular TCR cloning

Multiple cells stained with tetramers positive for specific
antigens were selected, and the TCR sequences of these
positive cells were amplified. The method in not techni-
cally difficult and has a high success rate of amplification.
However, a large number of cross-pairing experiments
are needed to verify the pairing and specificity of TCR
chains, and important TCR chains may be missed [231,
234].

Single cell TCR cloning

Individual cells stained with tetramers positive for spe-
cific antigens were selected, and TCR sequences were
amplified. Some studies have amplified the TCR-a and -
chains by performing single-cell RT-PCR, thereby avoid-
ing the need to amplify T-cell clones after antigen-specific
T-cell isolation. In this method, a single T-cell was sorted
by FACS into a well containing RT-PCR buffer, RT-PCR
was performed from the single cell, and the TCR-« and
-B chains were amplified by PCR. This approach reduces
the time and labor required to amplify a single T-cell
clone; however, the disadvantage of this approach is that
confirmatory assays to assess antigen specificity can-
not be performed on T-cell clones prior to sequencing
[235, 236]. Single-cell RNA sequencing (scRNAseq) has
also emerged as a unique and effective platform for TCR
discovery that allows for single-cell evaluation of cellular
gene expression and gene transcription. As a result, sev-
eral recent studies have successfully used the platform
for TCR discovery. The method involved stimulation of
T cells with the antigen of interest and then conducting
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Fig. 3 Rapid identification of neoantigen-specific TCRs for personalized engineered TCR-T-cell therapy. Tumor (T) and normal (N) DNA are used
to conduct WES and RNA-seq to identify cancer-specific nonsynonymous mutations. Candidate neoantigens are used to design tandem minigenes
(TMGs) encoding mutant peptides and synthesize mutant peptide libraries (Step 1). TILs and PBMCs are isolated from single-cell suspensions
taken from patient samples. TILs and PBMCs are analyzed using single-cell TCR-CITE-Seq, and a combined tag of gene and surface protein
expression is used to predict candidate neoantigen-reactive T cells (Step 2). Candidate antigen-reactive T cells are cocultured with autologous
antigen-presenting cells (APCs) expressing candidate neoantigens (TMG or peptides), and antigen-specific T cells are amplified (Step 3).
Antigen-specific T cells are selected by flow cytometry, and neoantigen-reactive TCRs are identified and screened by scTCR-CITE-seq or deep
sequencing. Then, the TCRa/p chain is reverse transcribed by single-cell multiplex nested RT-PCR, and its related plasmid is constructed (Step 4). T
cells expressing candidate reactive TCRs are generated by cloning the selected TCR sequence into a retrovirus vector and transducing T cells. The
recognition of neoantigens by T cells transduced by the TCRa/{3 chain is verified by different screening experiments (Step 5). PBMCs are obtained
from patients, and the reactive T cells of the neoantigen-specific TCRa/p chain are amplified by the above methods (Step 6). Validated neoantigen
reactive TCRa/B chains are selected to design final personalized TCR-engineered T (TCR-T) cell products that will be injected into patients for cell

therapy (Step 7)

scRNAseq sequencing analysis. Antigen-specific T cells
are identified by effector cytokines such as IFN-y, TNF-q,
and/or IL-2. Transcripts of the TCR-a and - chains of
activated cells were then obtained from the same dataset
[175, 237]. This method has the advantages of low cost,
high speed and high specificity and can directly real-
ize TCR pairing, but it involves relatively complicated
technology.

Feature barcoding technology
Tetramer-stained cells were prepared by single-
cell droplets, and cell membrane DNA tags, RNA

expression and TCR-V(D)]J libraries were constructed
and sequenced. 10 X Feature barcoding technology was
used to construct a library by magnetic bead enrich-
ment of tag sequences containing cell surface proteins
and antigen-MHC complexes. The relatively long por-
tion is then used to construct an mRNA library. A
V(D)J library was constructed by enrichment of the
V(D)J region by nested PCR [238, 239]. This method
can simultaneously clone the specific TCR of multiple
epitopes. However, the disadvantages include the fact
that there are limited cell fluxes that can be analyzed,
the large amounts of TCR synthesis needed, the limited
sources of T cells, high cost and long cycles.
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HLA-peptide-cDNA tag complex technology

DNA tags were used to label epitopes with multiple
specificities, and tetramers were used to stain multiple
epitope-specific T cells simultaneously [240, 241]. This
method can be used to simultaneously clone the specific
TCRs of multiple antigen epitopes, but it is difficult, and
nonspecific reactions are problematic.

(=) » Strategies based on T-cell functional analysis
Single-cell RNA + VDJ sequencing

The antigen-stimulated T cells were sequenced by sin-
gle-cell RNA 4 VD] sequencing using 10X RNA expres-
sion+TCR VDJ sequencing, independent of tetramer
[242, 243]. However, non-specificity increases the sub-
sequent workload, cost and cycle time. Normal T-cell
activity is needed, and TILs with poor activity are not
appropriate.

Activated marker sorting

Activating molecules (PD1, 4-1BB) were used to sort
antigen-activated T cells independently of tetramers
[244-246]. This method was dependent on normal T-cell
activity and not applicable for TILs with poor activity.

Intracellular factor sorting
T cells were stained with intracellular factors after anti-
gen stimulation, independent of tetramers [247]. This
technique relies on normal T-cell activity, and TILs with
poor activity are not suitable. The operation is complex
and technically difficult.

Lightning optofluidic system

Berkeley Lights’ Lightning optofluidic platform enables
researchers to precisely study the behavior of single cells
within a specified time frame by recording video of the
cells throughout the data collection process. The plat-
form works through the microfluidics of a silicon chip the
size of a postage stamp that contains tiny nanopens and
long, narrow chambers for isolating and growing indi-
vidual cells. This system can be used to gain unparalleled
biological insight. Lightning’s new optofluidic technology
can isolate and characterize 1,000 single cells on a single
platform. Single-cell analysis has traditionally required
multiple instruments over a period of several months.
The Lightning system allows cells to clone and grow and
be analyzede and recovered in a matter of days. After
automatic cloning, the cells were individually detected
and monitored using bright field and fluorescence tech-
niques. This allows for the creation a visual record of
every cell in every experiment, and the understanding of
this complex biology at a level that cannot be achieved by
any other method. In immunogenomics-related research,
the system can be used to selectively derive target T cells/
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single T-cell clones after analysis and evaluate them for
subsequent downstream sequencing and other experi-
ments. Research at the single-cell level and rapid and effi-
cient construction of CAR/TCR vectors have accelerated
the process of T-cell genetic modification [248, 249].

Droplet entrapping microfluidic (DRRM) cell system

This system is an ultrahigh throughput single cell sort-
ing platform developed based on droplet microfluidic
technology. By using the latest microfluidic technology,
thousands of microdroplets can form every second. Cells
are encapsulated in microdroplets and can undergo bio-
chemical processes such as growth, cleavage, metabolism
and reaction. Fluorescence signals of different intensities
are produced when the cell fully combines with the fluo-
rescent sieve in the droplet. The low- and high-yield cells
were separated by fluorescence signals using microdrop-
let separation technology for high-pass quantification of
the separation process. Activated T cells were detected
and analyzed by a microfluidic system, and the TCR was
cloned. The technique is based on T-cell functional anal-
ysis, which reduces nonspecific findings [250, 251]. How-
ever, the number of T cells in each analysis was limited,
and the system complexity was high.

(=) > High throughput library strategy

High-throughput human-derived TCR libraries gener-
ate single-cell droplets from a large number of patient-
derived tumor infiltrating lymphocytes (TILs). TCR-a
and -p were amplified in the droplet, and the TCR-a and
-B chains were fused in series. TCRs were expressed in
series in the vector, TCR plasmid and virus library were
formed, and the human TCR library was constructed.
After stimulation with the T-cell reporter system and
specific antigen epitopes, high-throughput screening of
specific TCRs was performed to clone antigen epitopes
directly from the TCR library [252-254]. This method is
based on the T-cell function of TCR discovery and the
specificity is good;, this method allows for selection of a
specific affinity interval of TCR. The constructed library
resources can be regenerated and gradually eliminate TIL
resource dependence, but the technical difficulty is high.

7N » TCR-T cells based on specific TCRs

Adoptive T-cell therapy (ACT) uses the patient’s own
naturally occurring or genetically engineered antitumor
lymphocytes, so neoantigens with high immunogenicity
provide an excellent target for ACT therapy [255]. Cur-
rently, different ACT technologies are being developed,
including tumor-infiltrating lymphocytes (TIL), chi-
meric antigen receptor T (CAR) cells, and T-cell receptor
engineered T cells (TCR-T), which have been success-
fully used to treat a variety of malignancies [256, 257].
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However, the clinical efficacy of TIL and CAR T cells in
solid tumors is not ideal due to a number of obstacles,
including scarcity of available antigens, tumor hetero-
geneity, or tumor immunosuppression. Advanced solid
tumors are also characterized by connective tissue hyper-
plasia and abnormal angiogenesis, leading to hypoxia and
altered nutrient supply, both of which contribute to poor
clinical outcomes [258, 259]. TCR-T-cell therapy is an
alternative with several advantages. First, the target anti-
gen pool of TCR-T cells is larger than that of CAR T cells.
Second, the epitope density required by TCR-T cells to
induce activation is lower than that of classic CAR T cells
(1-50 vs. 10° epitopes per cell). This increased sensitivity
may lead to an improvement in the detection and lethal-
ity of tumor cells. Finally, the high affinity of TCR-T cells
may also enhance their efficacy. The affinity of TCR-T
cells for target cells was lower than that of CAR T cells.
It is possible to allow each TCR-T-cell to "scan" and clear
several antigen-presenting tumor cells [176, 260] (Fig. 3).

(—) » Definition of TCR-T cells

TCR is a receptor expressed on the surface of T cells that
can specifically recognize related antigens expressed on
the surface of tumor cells and presented by MHC, thus
mediating antitumor effects. In tumor patients, tumor
reactive T cells are present. However, these natural anti-
tumor cells cannot be used for clinical treatment due to
their limited source, difficulty in isolation, and difficulty
in large-scale expansion in vitro. To overcome these dif-
ficulties, TCR-coding genes can be isolated from tumor-
responsive T cells, introduced into ordinary T cells and
imbued with tumor-specific killing capabilities. In this
way, a large number of antigen-specific T cells can be
rapidly produced to meet application requirements.
These T cells that express exogenous TCR and recog-
nize specific epitopes are called TCR-T cells [176, 261].
The main difference from CAR T cells is that only TCR
sequences (a and B chains) are introduced into TCR-T
cells. TCR signal transduction depends on the host’s
T-cell signaling pathway. In addition to single-chain vari-
able fragment (scFV) sequences containing specific anti-
gens, CAR molecular sequences also contain functional
motifs of costimulatory signaling molecules (CD28 and/
or 4-1BB). TCR-transduced T cells can target any sur-
face or intracellular antigen [262]. Several clinical trials
have demonstrated the feasibility of effective methods for
the identification of new antigens for the design of spe-
cific TCR-T cells. When neoantigens are recognized and
predicted, new epitope-specific T cells are isolated, and
their TCRs are sequenced. Candidate TCR sequences
with known neoantigen reactivity can be introduced into
T cells by transposon or CRISPR/Cas9 systems. These
engineered cells expressing neoantigen-specific TCR
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(TCR-T) were injected into patients to determine their
antitumor effects after their tumor activity was validated
[111, 263-265].

(=) » Selection of therapeutic target antigens for TCR-T
cells

TCR-T cells recognize tumor cells based on the recogni-
tion of pMHC/peptides after antigen processing. Thus,
antigen specificity determines the accuracy of TCR-T-
cell killing [266, 267]. The ideal tumor antigen should be
selectively expressed in tumor tissue and not expressed in
normal tissue to avoid causing an autoimmune response.
At the same time, the targeted antigen should be immu-
nogenic to induce an effective antitumor immune
response. The ideal target antigen of TCR-T cells is TSA.
TSA is mainly the product of gene mutation. This type of
antigen is only present in tumor cells but is not expressed
in normal cells and tissues. Theoretically, TSA is an
ideal target for TCR-T-cell therapy. The tumor specific-
ity of TSA means that there is no autoimmune tolerance
and that the immune response to TSA does not dam-
age normal tissue. However, there are some problems in
the study of TCR-targeting TSA. On the one hand, the
immunogenicity of antigenic peptides produced by gene
mutation is relatively weak, and it is difficult to isolate
TCRs with high affinity. On the other hand, TSA is often
specific to the individual tumor or even present only at
certain points in time. Targeting such antigens requires
a very individualized TCR-T-cell preparation process [10,
268-272]. At present, it is necessary to actively search for
tumor-specific neoantigens with strong immunogenicity
and carry out individualized clinical treatment of TCR-T
cells.

(=) > Antigen presentation by TCR-T cells

The prerequisite for TCR-T cells to recognize target cells
is the presence of antigen epitopes on the surface of tar-
get cells, which involves antigen presentation [176].
According to the origin, processing method and MHC,
antigen processing and presentation can be completed
in the cytosol and lysosome, respectively. The process-
ing and presentation of endogenous antigens occurs as
follows: the endogenous synthesis of protein molecules
includes endogenous antigens, which are also the main
targets of TCR-T cells for tumor therapy. The degrada-
tion process of endogenous antigens in cells is not funda-
mentally different from that of ordinary proteins. In fact,
endogenous antigen degradation in the cytoplasm uti-
lizes the degradation mechanism of normal intracellular
protein conversion. Endogenous antigens are degraded
into 5~ 15 amino acid peptides by proteases in the cyto-
plasm, which are processed and presented by the cytosol
pathway and restricted by MHC-I molecules. Exogenous
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antigens are degraded in endosomal lysosomes to pro-
duce peptides, some of which are 13—18 or even 0 amino
acids in length and can bind to appropriate MHC-II
molecules. is the antigens are processed and presented
through the lysosome pathway and dependent on MHC-
II for delivery to the cell surface. Dendritic cells and mac-
rophages are the main APCs involved in the nonclassical
pathway [127, 155, 156, 273]. Only antigens that can be
presented are likely to be recognized by T cells. There are
MHC differences among different individuals. MHC mis-
matches between the input cell and the recipient results
in immune rejection. As a result, TCR-T cells are mainly
transfused after somatic modification. To some extent,
the application of TCR-T-cell therapy is limited. T cells
recognize target cells mainly through the recognition of
specific pMHCs by TCRs. TCR gene rearrangement can
lead to approximately 10'® TCR sequences, which makes
it difficult to identify and isolate specific TCR sequences.
However, due to the strict conformational requirements
for the binding of peptides and MHC, the same TCR can
recognize the same pMHC in different individuals, which
also lays the foundation for the universality of TCRs
[126, 209, 274]. Therefore, the T-cell memory response
is constrained by both antigen specificity and MHC allele
specificity.

(P9) » The therapeutic process of TCR-T cells

TCRs recognize pMHC/peptides to mediate the rec-
ognition and killing of tumors by T cells [176]. A large
number of antigen-specific T cells can be generated rap-
idly by isolating the a and P chains of TCRa and [ that
are responsive to tumor antigens and transferring them
into T cells in a viral or nonvirus-mediated manner. The
specific antigen reactive TCR sequence can be isolated,
stored and amplified in plasmid form and can be used
immediately when needed. This makes the threshold for
clinical application of TCR-T cells much lower. The TCR
gene can be used as a ready-made reagent for the treat-
ment of tumor patients expressing specific antigens and
MHC-restricted molecules [260, 261]. Therefore, the fol-
lowing general process of TCR-T-cell therapy for tumor
patients is shown in the figure: (D Peripheral blood was
extracted from patients, and T cells were isolated; @ T
cells were activated by adding CD3/CD28 beads and
IL-2; @ TCR genes were transferred into activated T
cells by virus or other means; @ T cells (TCR-T cells)
with specific TCR transduction were further cultured
and expanded to a suitable number; B Before infusion
of TCR-T cells, patients were given moderate chemo-
therapy or radiotherapy to remove lymphocytes from
the body and enhance the therapeutic effect of TCR-T
cells; ® A sufficient number of TCR-T cells were injected
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intravenously into the patient; and (D The patients were
closely observed after transfusion, and the clinical effi-
cacy and related side effects were evaluated later [176,
226].

(1) ~ Toxicity evaluation and efficacy monitoring

of TCR-T-cell therapy

Assessment of the toxicity associated with TCR-T cells
included bioinformatics, immunological analyses of
transcription and proteome databases, and in vitro tests
assessing the ability of TCR-T cells to recognize normal
cells or tissues. Off-target toxicity or cross-reaction is
associated with TCR recognition of antigens on nor-
mal cells that are different from those that are targeted.
Therefore, it is necessary to include a strategy for evalu-
ating TCR cross-reactivity at the preclinical level, espe-
cially when the TCR sequence has been modified to
improve affinity. Reliable immune surveillance is essen-
tial to assess whether neoantigen-based immunotherapy
can be used to achieve the desired immune effect and to
extend the list of effective immune candidates to include
larger and suitable patient subpopulations. Methods to
predict off-target and off-tumor toxicity (presence of
cross-reactivity epitopes in normal tissues) includes the
following: In silico prediction, which includes Motif blast,
and HLA-binding prediction and expression; structural
modeling of the pMHC interface; and TCR clustering.
Experimental evaluation includes the following meth-
ods: alanine/glycine scan, combination peptide libraries
(X-scan) and barcoded peptide libraries; in vitro cytotox-
icity testing against primary healthy cells; and TCR-based
histological analysis [275-279]. Tumor-reactive T-cell
responses are critical to the antitumor effectiveness
of various therapies, including cancer vaccines, ACTs,
bsAbs, and ICBs. To predict the effect of cancer immu-
notherapy, the number and quality of tumor-reactive T
cells can be measured and tracked. A number of effective
markers, including CD39, PD-1, TIM-3, OX40, 4-1BB,
IEN-y, and TNF-a, can be used to determine the propor-
tion of neoantigen-reactive T cells in infusion products
and their ability to recognize autologous tumors. CCR5
and CXCL13 can also be used as T-cell intrinsic indica-
tors of CPI sensitivity [244, 280—-287]. It should be noted
that circulating tumor DNA (ctDNA/cfDNA) levels, as a
proxy for tumor load, can be used to dynamically detect
neoantigen-producing mutations [288-291]. The charac-
terization of neoantigen-specific TCR clonal types char-
acterizes TILs in tumors, allowing for prediction of TCR
based solely on TIL transcription status in neoantigen-
specific cancer immunotherapy. These characteristics can
provide a degree of clonability. Prediction of the clinical
response to various immunotherapies can be performed
by identifying anticancer TCRs in the blood, and more
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critically, without the need for functional screening of
putative neoantigens in the tumor.

(75) » Enhanced durability and antitumor function

of TCR-T-cell therapy

T-cell persistence is a basic requirement for sustained
immunosurveillance. Many clinical trials have shown
that most unresponsive patients have no persistence of
tumor-specific T cells transfused in vivo. In contrast,
patient-engineered T cells that achieved a complete
response or had no recurrence and tumor control dem-
onstrated strong proliferative capacity and long-term
persistence [168, 292]. To maintain T-cell persistence,
multiple cytokines are used in combination to support
T-cell survival and expansion. Systemic delivery of IL-2
is known to amplify T cells while maintaining functional
activity. Long-lasting regression has been achieved in
some patients with metastatic melanoma and kidney
cancer and has been approved by the FDA. This strategy
is currently used in CAR T and TCR-T-cell immuno-
therapy [293-296]. IL-7 is a hematopoietic cytokine that
regulates many aspects of T-cell biology and is essential
for T-cell survival, homeostasis, and proliferation. It pro-
motes the survival of naive and memory T cells by upreg-
ulating the expression of the anti-apoptotic molecule
Bcl-2 [297, 298]. IL-12 is a major contributor to effective
antitumor immune responses. It activates the effector
function of T cells by inducing cytotoxic enzymes such
as perforin and cytokines [299, 300]. IL-18 is another
cytokine that has the same biological effect as IL-12 but
is less toxic [301, 302]. Studies exploring the substitution
of IL-18 for IL-12 have shown that CAR T cells designed
to secrete IL-18 improve the survival and antitumor
activity of CAR T cells in vitro and in vivo by producing
IEN-y and several other cytokines. IL-18 stimulates the
expansion of human CD4 cells and activates the endog-
enous immune system of well-immunized mice [303,
304]. IL-15 is known to stimulate stem cell memory
T-cell (Tscm) production, with the potential to maintain
long-lasting T-cell responses [305]. IL-7 and IL-15 induce
the generation of human memory stem T cells from
naive precursors [306]. Unlike IL-2, IL-15 does not bind
to the IL-2Ra chain and therefore does not stimulate
Tregs and may have a more selective effect. Compared
with IL-2, IL-15 tends to enhance the antitumor activ-
ity of CAR T cells by preserving their Tscm phenotype
[307, 308]. IL-21 is a newly discovered member of the
common gamma chain cytokine family. Similar to IL-12
and IL-15, IL-21 does not stimulate Tregs. In contrast, it
inhibits the amplification of Tregs by inhibiting Foxp3,
thus favoring the enrichment of antigen-specific CD8"
T cells [309, 310]. IL-21 promotes the maturation and
enhanced killing activity of CD8" T cells and promotes
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the differentiation of memory CD8" T cells. IL-21 pro-
motes antigen-specific CD8% CTL production in vitro
and performs much better than IL-2 or IL-15 in vivo
in mouse models [311, 312]. These results suggest that
cytokines can be used alone or in combination with other
cytokines to produce tumor-specific T cells with a mem-
ory phenotype. Cytokines enhance the persistence, pro-
liferative ability and antitumor effect of adoptive cancer
immunotherapy.

(-£) > Factors influencing TCR-T-cell therapy

Studies have shown that TCR-T cells can produce a large
number of inflammatory factors, such as IFN-y, IL-2 and
TNF-a, when they encounter antigen-positive tumor
cells. They exhibit antigen-specific cytotoxic effects and
induce antigen-stimulated reactive proliferation [261].
With the development of molecular biology, genetic
modification methods and transduction technology, the
construction system of TCR-T cells has made great pro-
gress, which lays a foundation for the further improve-
ment of the therapeutic effect of TCR-T cells. As with
other ACT techniques, TCR-T-cell therapy has the fol-
lowing advantages: (D the production of a large number
of tumor antigen-specific T cells for treatment in a short
period of time; @ T cells can be treated and amplified
in vitro to bypass the effects of immune dysfunction in
patients, and create a large number of effector cells; Q)
the activation and expansion of T cells in vitro prevents
the serious side effects caused by the application of bio-
logical agents in patients; and @ by the in vitro culture
of T cells, T cells can be differentiated by adding different
cytokines or reagents to obtain more powerful TCR-T
cells with a more lasting killing effect [226, 260, 268, 313].
However, the therapeutic effect of TCR-T cells, similar to
other ACTs, is affected by a variety of factors.

Number of cells transfused

The ratio of TCR-T cells to tumor cells is directly related
to the therapeutic effect [261]. Studies have shown that
effector cells should account for at least 1%-10% of total
T cells. In other words, the number of effector cells
injected into the human body should reach (2—-20) x 10°
to effectively control the tumor. However, inputting too
many effector cells at a time can lead to serious off-target
effects and even death. Therefore, the number of spe-
cific T cells in patients can account for 5% of total CD8*
T cells through repeated transfusions of a small number
of cells each time. Animal experiments have shown that
repeated cell inputs can help maintain the continuous
attack on tumor cells and play a role in gradually shrink-
ing the tumor [111, 176, 314, 315].
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Immunosuppressive factors

When effector cells are imported back into the body,
they are inevitably affected by the immunosuppressive
state of the body. In early studies, to enhance the activ-
ity of transfused cells, the main method was to admin-
ister IL-2, IFN-y and other cytokines simultaneously.
However, while enhancing the activity of transfused
cells, IL-2 also promotes the expansion of CD4TCD25"
Treg cells, which are an important class of immuno-
suppressive cells [293, 316, 317]. In addition, immune
checkpoints have been found to be one of the important
factors affecting immune cell therapy. Among them,
cytotoxic T lymphocyte-associated antigen 4 (CTLA-4)
and programmed death receptor 1 (PD-1) had the most
significant effects. Based on our experience with CAR
T-cell therapy, CTLA-4 and/or PD-1 blocking anti-
bodies can greatly improve clinical outcomes if given
to patients at the right time after reinfusion of TCR-T
cells [318-320]. In addition to these traditional immu-
nosuppressive cells and molecules, some metabolic reg-
ulatory molecules also inhibit the function of effector T
cells, such as CD73 and indoleamine-2,3-dioxygenase 1
(IDO1) [321, 322]. These immunosuppressive factors in
the tumor microenvironment should be considered in
future treatment.

Tumor heterogeneity

Tumor heterogeneity refers to the genetic and biological
differences among different malignant cells within the
same tumor tissue [323]. In TCR-T-cell therapy, the influ-
ence of heterogeneity is mainly reflected in the difference
in antigen expression and presentation. The expression
level and immunogenicity of tumor antigens are the
basis and key of TCR-T-cell therapy. If the tumor cells
do not express or present the target antigen, the TCR-T
cells cannot attack those tumor cells [226, 261]. In TCR-
T-cell therapy, it is hoped that the target antigen will be
highly expressed in most, if not all, tumor cells. However,
the reality is that a single target antigen is only expressed
in a few malignant cells. This requires treatment with
TCR-T cells that have two or more targets [10]. In addi-
tion, treatments targeting MHC-Class I and Class II
molecularly restricted antigens should also be consid-
ered. Multitarget combination therapy may yield more
positive results [126]. In addition, tumor-specific antigen
expression is often downregulated or even terminated
after T-cell infiltration. The alteration of antigen expres-
sion is associated with the elimination of specific tumor
cells. At the same time, it is also related to changes in key
genes in tumor cells, such as the expression and modifi-
cation of antigen genes, MHC genes and genes related to
antigen processing and presentation. Fortunately, some
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TCR-T-cell target antigens are epigenetically regulated.
Demethylation or histone deacetylase drugs can be used
to enhance the expression of such antigens and improve
the therapeutic effect of T cells [324-327].

The number of effector cells

The degree of differentiation, survival time, ability to
move to the tumor site and expression level of TCR cells
affect the efficacy of cell therapy. In TCR-T-cell therapy,
the T-cell type and differentiation level directly affect
the function and action time of effector cells. To a large
extent, these factors determine the efficacy of TCR-T-cell
therapy [176, 260]. First, T cells are activated and even-
tually differentiate into effector cells (Teff) and memory
cells (Tm). On the one hand, in vitro studies have shown
that Teff cells are more effective in short-term killing.
On the other hand, clinical studies have shown that the
survival time of effector cells in the body largely deter-
mines the therapeutic effect. This means that Tm cells
will achieve better results when used for treatment. This
influencing factor is more obvious in CD8* T-cell selec-
tion [328-331]. Naive T cells (Tn) can differentiate into
stem cell-like memory T cells (Tscm), central memory T
cells (Tcm), effect-memory T cells (Tem) and Teff cells
when the initial antigen and costimulatory signal reach
a certain quality and quantity. Preclinical studies have
shown that CD8" T-cell differentiation and proliferation
are antithetical. Therefore, it can be inferred that the dif-
ferentiation degree of CD8" T cells is inversely related
to their persistence and therapeutic effect in vivo [332—
334]. Currently, two strategies are available to improve
T-cell therapy. One involves adding the right cytokines.
For example, the addition of IL-7+1L-15 or IL-15+IL-21
resulted in the cultivation of poorly differentiated CD8*
T cells [335-337]. The other method involves enriching
poorly differentiated T cells according to CD62L expres-
sion; these cells then act as receptor cells for gene trans-
fer [338, 339]. The proportion of Tm cells in TCR-T cells
can be increased, and the survival time of T cells can be
prolonged by adjusting the culture scheme and by appro-
priate gene modification.

In addition, the type of T-cell subsets injected also
directly affects the therapeutic effect. The differentia-
tion of naive T cells into functional T cells is influenced
by various cytokines in the surrounding environment.
In turn, differentiated T cells affect T-cell function.
This variability is particularly common in helper T-cell
(Th) differentiation. CD4% T cells can differentiate
into a variety of subtypes, including Thl, Th2, Th9,
Th17, Th22, Tth and Treg cells [340-342]. Thl and
Th17 are the most functional cell subtypes in terms of
antitumor effects. The addition of CD4" T cells, espe-
cially Th1 cells, can prevent the exhaustion of CD8" T
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cells and increase the infiltration of CD8 + T cells, thus
leading to effective tumor killing and removal [343,
344]. Th17 cells enhanced the tumor-clearing effect of
TCR-T cells in animal experiments, and this effect of
Th17 cells was related to their transformation into Th1l
cells [345-347]. In the present study, Th cell activity
was effectively activated by transferring MHC-I class
molecule-restricted TCR and/or CD8 molecules into
CD4" T cells. It is possible to enhance the efficacy of
cell therapy by controlling the subpopulation of trans-
fused T cells [348, 349]. These results suggest that the
combination of CD8" T cells and Th1/Th17 cells can
improve the therapeutic effect of T cells.

Affinity of T-cell infusion

T-cell affinity refers to the ability of T cells to respond
to specific concentrations of antigens [189, 350]. In
TCR-T cells, imported TCRs often have high affin-
ity. Therefore, the affinity of TCR-T cells is mainly
related to the expression level of TCR. The expres-
sion of the TCR transgene was enhanced by optimiz-
ing the method of gene transfer, including the selection
of the gene transfer method, the use of the best vec-
tor components and the use of transgenic boxes [351].
Using lentiviral vectors and EF-1 promoters, it is pos-
sible to significantly increase the level and proportion
of TCR expression based on the experience of CAR
T-cell studies [352]. In addition, TCR gene expres-
sion can be enhanced by limiting or eliminating TCR
mismatch. Strategies to promote the correct pairing
of a and B chains of transgenic TCR (to prevent and
reduce TCR mismatch) fall into two main categories.
First, the mouse modification of TCR was used as the
representative, that is, the C region was replaced with
the sequence of mouse origin to prevent the mismatch
between human transgenic TCR and its own TCR. Sec-
ond, the correct pairing is achieved through CRISPR/
Cas9-mediated endogenous TCR knockout [353-355].
In addition to enhancing TCR surface expression, TCR
affinity can also be enhanced through TCR sequence
changes and optimization strategies to improve the
therapeutic effect. It was found that the high-affin-
ity MART-1-specific TCR-mediated tumor response
rate was significantly better than that of low-affinity
TCR [356, 357]. Moreover, NY-ESO-1-specific TCR-
mediated therapy with enhanced affinity is more effec-
tive [358, 359]. In addition, there are different ways to
improve TCR affinity. A typical example is to improve
affinity by changing the CDR sequence of TCR. TCR
affinity can be improved by changing the types of cer-
tain amino acids in the CDR region. Although increas-
ing TCR affinity can significantly improve T-cell
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function, special attention should be given to potential
off-target effects [360, 361]. In clinical trials, enhanced
TCR affinity to CEA/HLA-A2, MAGE-A3/HLA-A2,
and MAGE-A3/HLA-A1 was found to be associated
with toxic reactions in patients [362-364].

Expression of chemokine receptors and immunomodulatory
receptors in transfused T cells

At present, TCR-T-cell therapy is achieved through intra-
venous transfusion. T cells must first travel from blood
vessels to the tumor site before they can perform their
tumor killing function. The key factors influencing T-cell
chemotactic movement are directed movement medi-
ated by chemokines and chemokine receptors (ChRs)
[365-367]. Therefore, if TCR-T cells can express an
appropriate ChR, the infiltration of T cells into tumors
can be increased, and the therapeutic effect of TCR-T
cells can be improved. However, the regulatory mecha-
nism of ChR expression is not well understood, and it is
difficult to induce specific ChR expression by cytokine
or agent addition; although, specific ChR can be intro-
duced by means of genetic engineering [368, 369]. A
number of studies have confirmed that ChR gene engi-
neering can improve the directed movement of T cells
and improve the effect of immunotherapy [370-372]. It is
believed that TCR-T-cell therapies will also benefit from
such improvements. In addition to ChR receptors, T cells
also express a variety of synergistic signaling receptors
that play an immunomodulatory role. The representa-
tive costimulatory molecules are CD28, ICOS and 4-1BB.
These receptors, when combined with corresponding
ligands, can provide costimulatory and coinhibitory sig-
nals. In the absence of costimulatory signals, T cells are
exhausted under constant antigenic stimulation. T cells
show decreased proliferative ability and effector function
and upregulation of coinhibitory molecule expression. In
theory, it should be possible to enhance T-cell function
by activating costimulatory molecules. However, clinical
studies using the molecule’s activated antibodies against
tumors have shown the limited effectiveness of such ther-
apeutic strategies. Thus, this may not be the best option
for improving the efficacy of T cells in tumor therapy
[373-375]. In contrast, the treatment regimen targeting
coinhibitory molecules has achieved better results. The
representative coinhibitory molecules are CTLA-4 and
PD-1 [376, 377]. Clinical studies have shown that block-
ing PD-1 or CTLA-4/PD-1 at the same time has a syn-
ergistic effect with immunotherapy for multiple solid
tumors [378, 379]. Therefore, the combination of T cells
and coinhibitory molecules should be considered in
TCR-T-cell therapy.



Li et al. Molecular Cancer (2023) 22:141

(/\) » Overview of clinical trials of TCR-T-cell therapy
Clinical trials of TCR-T-cell therapy began as early as
1998, but an increasing number of clinical trials began
after Mart-1-specific TCR-T cells were successfully used
to treat melanoma in 2006. Currently, TCR-T cells are
being tested in clinical trials for melanoma, synovial sar-
coma, rectal cancer, esophageal cancer, and myeloma.
More than 100 TCR-T-cell clinical trials have been reg-
istered on the Clinical Trials website. Among them, some
clinical trials have had research results and published
articles reporting their efficacy, which provides an impor-
tant reference for the future adoptive transfusion therapy
of TCR-T cells (Table 3). Additionally, a large number of
clinical trials targeting TCR-T-cell therapy are currently
recruiting (Table 4).

TCR-T cells for hematological tumors

Although few clinical studies have been carried out, TCR-
T-cell therapy has achieved good results in hematological
tumors. The engineered high-avidity TCRs render CD8™
T cells specifically cytotoxic to neoantigen-containing
tumors. A 2012 trial (NCT01640301) attempted to treat
acute myeloid leukemia with WT1 high-affinity CD8"
T cells, but the trial is currently closed for enrollment,
and the results have not been reported. In 2018, another
clinical study (NCT02770820) used WT1-specific cen-
tral memory and infantile CD8" TCR-T cells to treat
acute myeloid leukemia. At the same time, another clini-
cal trial (NCT03326921) using HAl-specific memory
TCR-T cells for the treatment of relapsed acute mixed
leukemia enrolled patients. The TCRs specifically target-
ing recurrent fusion genes CBFB-MYH11 confer CD8* T
cells antileukemic activity in vitro and in patient-derived
murine xenograft (PDX) models with fusion gene-driven
AML [46]. Similarly, peripheral blood lymphocytes trans-
duced with TCRs highly reactive to the mutated KRAS
variants G12V and G12D could recognize multiple HLA-
A*11:01% pancreatic cell lines bearing the appropriate
KRAS mutations in a xenograft model (IND27501) [380].
In 2015, the University of Maryland School of Medi-
cine, the University of Pennsylvania School of Medicine
and the Adaptimmune Corporation jointly conducted
the study of NY-ESO-1-specific TCR-T-cell therapy. Of
the patients with multiple myeloma, 80% had a good
clinical response, 70% achieved complete or nearly com-
plete response, and the mean progression-free survival
reached 19 months [358].

TCR-T cells for melanoma treatment

Melanoma is one of the most malignant tumors in skin
cancer. Once metastasis occurs, it is insensitive to post-
operative adjuvant radiotherapy and chemotherapy,
and the prognosis is very poor. At present, TCR-T cell
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immunotherapy has the most clinical studies in mela-
noma, and the target is MART-1, P-gp100, NY-ESO-1,
MART-A3, and p53 [381]. The large-scale trial of TCR-T
cells began in 2006 with two trials targeting metastatic
melanoma. Among them, Duval et al. treated 15 patients
with melanoma differentiation antigen MART-1-specific
TCR-T cells. Although only one patient experienced a
partial response, the report demonstrates that TCR-T-
cell therapy is safe in humans. Subsequently, Morgan
et al. reported the clinical study results of MART-1-spe-
cific TCR-T cells used in the treatment of 17 melanoma
patients and found that TCR-T cells amplified in vitro
could survive in patients for a long time (up to 2 months
at the time of detection) and even lasted at a high level
in 2 patients for as long as 1 year. Objective responses
were achieved in these two patients. Since then, with
the deepening of TCR-T-cell research, researchers have
realized that TCR affinity is closely related to the thera-
peutic effect. When high-affinity TCR-T cells were used,
patient response rates increased substantially. John-
son et al. used MART-1 high-affinity TCR-T cells to
treat 20 patients with metastatic melanoma and found
that the objective response rate after treatment reached
30% (NCT02654821; NCT00910650; NCT00509288).
Another important factor affecting the efficacy of TCR-T
cells is the expression of specific antigens in the tumor.
The more widely the antigen is expressed, the better
the therapeutic effect of specific TCR-T cells. A typical
example is the CT antigen NY-ESO-1. The expression
of NY-ESO-1 is very common in tumors. Robbins et al.
observed the efficacy of NY-ESO-1-specific TCR-T cells
in the treatment of melanoma, and the results showed
that most melanoma patients had an objective clini-
cal response, and the 3-year and 5-year survival rates
of patients with melanoma were 33%. Since TCR-T
cells require costimulatory signals to activate and pro-
liferate, DC cells can enhance the therapeutic effect of
TCR-T cells. Chodon et al. observed the effect of a DC
vaccine combined with Mart-1-specific TCR-T cells on
13 patients with metastatic melanoma, and the results
showed that up to 69% of patients were significantly
better (NCT00670748; NCT00670748; NCT02070406;
NCT03399448).

In addition, Morgan et al. transferred the TCR gene
with MAGE-A3 as the target antigen into T cells for
the treatment of metastatic melanoma patients. The
results of phase I/II clinical trials showed that the disease
response rate was 57% (4/7), of which 1 patient received
CR and lasted for 15 months, and 3 patients received PR
(of which 2 patients had PR lasting for 4 months and 1
patient had PR lasting for more than 12 months). How-
ever, three patients in this clinical trial developed men-
tal disorders caused by brain damage, two of whom
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Table 4 List of recruiting TCR-T cell clinical trials
Neoantigen Cancer type HLA Cell source  Date Phase NCT number Conditions
HPV16-E6 Cervical Carcinoma HLA-A2 PB (Patient) 2022/8/10- 1/l NCT05357027 Recruiting
2021/8/31
HPV16-E7 HPV-associated HLA-A*02:01 PB (Patient) 2023/3/7-2025/1/1 1l NCT05686226 Recruiting
Cancers
HPV-associated HLA-A2 PB (Patient)  2017/1/27-2026/1/1 /Il NCT02858310 Recruiting
Cancers
HPV16- CRTE7A2-01  Advanced Cervi- HLA-A2 PB (Patient) 2022/7/17-2024/12 | NCT05122221 Recruiting
cal, Anal, or Head
and Neck Cancers
HPV18- HRYZ-T101  HPV18 positive HLA- PB (Patient) 2023/3-2025/9 NCT05787535 Recruiting
advanced solid A*11:01/02:01/24:02
tumor
MAGE Advanced melanoma HLA-A2 PB (Patient) 2020/10/20- /1l NCT04729543 Recruiting
(MEL) and head- 2027/10/20 (MAGE-C2)
and-neck carcinoma
(HNSCQO)
Advanced-Stage/ HLA-A*02:01 PB (Patient) 2022/7/29-2037/6 /1l NCT05430555 Recruiting
Metastatic MAGE-A1* (MAGE-A1)
Solid Tumors
Advanced Solid HLA-A2 PB (Patient) 2019/5/17-2025/7 1/l NCT03973333 Recruiting
Tumors (MAGE-A4)
KRAS Advanced Pancreatic  HLA-A*11:01 TIL (Patient) 2021/10/21-2025/4 /Il NCT04146298 (KRAS  Recruiting
Cancer G12V)
Advanced Pancreatic  HLA-A*11:01 PB (Patient)  2022/6/7-2025/6/30 | NCT05438667 (KRAS  Recruiting
Cancer and Other G12Vor G12D)
Solid Tumors
Pancreatic/Gastric/ HLA-A*11:01 PB (Patient) 2017/9/21- I/l NCT03190941 (KRAS  Recruiting
Gastrointestinal / 2028/7/29 G12V)
Colon/Rectal Cancer
Pancreatic/Gastric/ HLA-A*11:01 PB (Patient) 2019/4/16- /1l NCT03745326 (KRAS  Recruiting
Gastrointestinal / 2028/12/1 G12D)
Colon/Rectal Cancer
NY-ESO-1 (CTAGTA)  Locally Advanced HLA-A*02:01 PB (Patient) 2017/7/26-2024/8/1 | NCT03240861 Recruiting
Malignant Neo-
plasm/ Unresect-
able Malignant
NeoplasmSarcoma
Advanced Soft-tissue  HLA-A*02 PB (Patient) 2022/11/11- | NCT05620693 Recruiting
Sarcoma 2028/12/1
NY-ESO-1 -Expressing  HLA-A*02 PB (Patient) ~ 2022/41-2027/12/30 /Il NCT05296564 Recruiting
Metastatic Cancers
Solid Tumors HLA-A*02:01 PB (Patient) 2022/12-2026/3 | NCT05648994 Recruiting
- Soft tissue sarcoma  HLA-A*02:01 PB (Patient) ~ 2022/7/8-2024/9/1 | NCT05549921 Recruiting
AFP Advanced hepatocel- HLA-A2 PB (Patient) 2017/4/8-2036/7/7 | NCT03132792 Recruiting

lular carcinoma (HCC)
or other AFP express-
ing tumor Types
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Table 4 (continued)
Neoantigen Cancer type HLA Cell source  Date Phase NCT number Conditions
HBV HBV related hepato-  HLA-A*02:01/24:02 PB (Patient) 2022/4/20-2024/7/1 | NCT04745403 Recruiting
cellular carcinoma
Hepatocellular HLA-A2 PB (Patient) ~ 2019/4/20-2024/6/1 | NCT03899415 Recruiting
carcinoma
Hepatocellular HLA-A *02 PB (Patient)  2022/6-2027/5 /1 NCT05195294 Recruiting
carcinoma; Liver
cancer, Adult; Liver
cell carcinoma
Hepatitis B Virus HLA-A *02 PB (Patient) 2022/10/26-2025/10 /1l NCT05417932 Recruiting
related hepatocellu-
lar carcinoma; Hepa-
tocellular carcinoma
recurrent
Hepatocellular HLA-A*02 PB (Patient) 2021/4/14-2023/12 | NCT05339321 Recruiting
carcinoma
gp100 (PMEL) Advanced Melanoma HLA-A*02:01 PB (Patient) 2022/12/19-2027/9 1/ NCT05549297 Recruiting
Malignant Melanoma HLA-A*02:01 PB (Patient)  2015/11-2025/1 I/l NCT02535078 Recruiting
HERV-E Renal cell carcinoma; HLA-A*11:01 PB (Patient) 2018/7/20- | NCT03354390 Recruiting
Kidney cancer 2032/12/31
EBV Nasopharyngeal HLA- PB (Patient) ~ 2022/12-2030/10 [ NCT05587543 Recruiting
Carcinoma A*02:01/24:02/11:01
Nasopharyngeal HLA- PB (Patient) ~ 2023/3-2023/8 /11 NCT04509726 Recruiting
Carcinoma A*02:01/24:02/11:01
Head and Neck Squa- HLA- PB (Patient) 2019/3/1-2024/1/1 1/l NCT04139057 Recruiting
mous Cell Carcinoma  A*02:01/24:02/11:01
EBV Lymphoma; HLA- CTLs (Patient) 2023/5-2025/12 /11 NCT05688241 Recruiting
Post-transplant A*02:01/24:02/11:01
lymphoproliferative
disease (PTLD)
Head and Neck Squa- HLA- PB (Patient) ~ 2023/3/1-2027/6/30 | NCT05697926 Recruiting
mous Cell Carcinoma  A*02:01/24:02/11:01
PRAME Select Advanced HLA-A2 PB (Patient) 2020/2/25-2026/2 1/l NCT04262466 Recruiting
Solid Tumors
HA-TH Relapsed or persis- HLA-A*02:01 PB (Patient) 2020/7/2-2025/7 I NCT04464889 Recruiting
tent hematologic
malignancies
LAGE-1a Neoplasms HLA- PB (Patient) 2020/12/21- | NCT04526509 Recruiting
A*02:01/02:05/02 2025/12/4
Neoplasms HLA-A*02 PB (Patient) 2019/12/31- Il NCT03967223 Recruiting
2026/7/31
CcMv CMV Infection After ~ HLA- PB (Patient) 2021/10/15- | NCT05140187 Recruiting
Allogenic HSCT A¥02:01/11:01/24:02 2024/12/31
Allogeneic hemat- HLA- PB (Patient)  2021/1/6-2023/8 I NCT05089838 Recruiting
opoietic stem cell A*11:01/02:01/24:02
transplantation; CMV
infection
KK-LC-1 Nonsmall cell lung HLA-A*11 PB (Patient) 2018/12/1- CT03778814 Recruiting
cancer; Solid tumor, 2033/12/30
Adult
Gastric/Breast/Cervi-  HLA-A*01:01 PB (Patient) 2022/9/26—~ | NCT05483491 Recruiting
cal/Lung Cancer NCT05587543 2028/12/31
Gastric/Breast/Cervi-  HLA-A*01 PB (Patient) 2022/3/8-2026/4/6 | NCT05035407 Recruiting

cal/Lung and other
KK-LC-1 positive
epithelial cancers
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Table 4 (continued)
Neoantigen Cancer type HLA Cell source  Date Phase NCT number Conditions
Neoantigen Advanced Solid HLA- PB (Patient) 2019/1/8-2023/12/1 | NCT03891706 Recruiting
Tumor A¥11:01/02:01/24:02
Malignant Epithelial ~ HLA- PB (Patient) 2022/2/8-2027/2/28 | NCT04520711 Recruiting
Neoplasms A*11:01/02:01/24:02
Malignant Epithelial ~ HLA- PB (Patient) 2023/3/15- NCT05349890 Recruiting
Neoplasms A*11:01/02:01/24.02 2028/3/15
Solid tumors HLA- PB (Patient) ~ 2022/10/1-2039/6 | NCT05292859 Recruiting
A*11:01/02:01/24.02
Solid tumors HLA- PB (Patient) 2021/9/24~ NCT05124743 Recruiting
A*11:01/02:01/24.02 2028/5/28
Solid tumors HLA- PB (Patient) 2022/4/4-2029/3 /1l NCT05194735 Recruiting
A*11:01/02:01/24.02
KSHO1 Refractory/Recurrent  HLA-A* 02 PB (Patient) 2022/8/19- | NCT05539833 Recruiting
solid tumors 2027/7/31
Solid tumors HLA-A* 02 PB (Patient) 2022/12/11- | NCT05580796 Recruiting
2027/12/11
KSX01 Solid tumors HLA-A* 02 PB (Patient) ~ 2023/3/7- \ NCT05811975 Recruiting
2028/12/31
Mesothelin Etastatic pancreatic ~ HLA-A*02:01 PB (Patient)  2021/12/14- \ NCT04809766 Recruiting
ductal adenocarci- 2024/6/1
noma
MCPyV Metastatic or unre- HLA-A*02 PB (Patient) 2019/7/3- Wl NCT03747484 Recruiting
sectable merkel cell 2025/12/15

cancer

developed severe central nervous system damage and
died from multifocal necrotizing leukoencephalopathy,
which may be caused by neurotoxicity mediated by cross-
recognition of the MAGE-A12 antigen in normal brain
tissue (NCTO01273181;NCT01350401; NCT01352286;
NCTO02111850). Johnson et al. used melanoma-associ-
ated antigen peptides P-gp100 and p53 to prepare TCR-T
cells with high expression of TCR-activity for the treat-
ment of metastatic melanoma patients, and observed
disease response rates of 18.75% (3/16) and 0% (0/10),
respectively. The former had PR in 2 patients and CR
in 1 patient, and no adverse reactions were mentioned
(NCT00509496; NCT03412877).

TCR-T cells for digestive system tumor treatment

Rosenberg’s team used mutant antigen-specific CD4"
T cells and CD8% T cells to treat patients with cholan-
giocarcinoma and colon cancer, respectively, with good
results. In 2017, the research team conducted clinical
trials of HLA-DPB1-restricted MAGE-A3 antigen-spe-
cific TCR-T cells. The study yielded promising results,
with one patient with esophageal cancer achieving par-
tial remission for up to four months (NCT01273181).
However, there are still significant adverse reactions in
clinical trials of TCR-T cells. For example, in a 2011 CEA

antigen-specific TCR-T-cell clinical trial, three patients
developed different degrees of colitis, mainly due to the
ability of these high-affinity antigen-specific TCR-T cells
to recognize normal colon epithelial tissue expressing
CEA, in what is known as an off-target phenomenon
(NCT00923806).

AFP is the most widely studied target antigen in HCC.
AFP is a glycoprotein synthesized in the liver during the
fetal period, and its level in adult serum is very low, but
the liver cells with malignant changes can recover its
synthesis ability. Therefore, AFP can be used as a tar-
get of cellular immunotherapy as a specific antigen of
liver cancer cells. HLA-A2*/AFP specific TCR has been
obtained, which can recognize AFP158-166 peptide, and
X-scan detection shows that it does not cross-react with
other peptides in the human protein database to avoid
off-target effects. Clinical trials of TCR-T for HCC are
currently underway to confirm its efficacy by examin-
ing AFP expression and T cell infiltration in biopsy tis-
sues and closely monitoring biochemical markers in the
liver (NCT03132792; NCT02686372; NCT02719782;
NCT04677088). The existing NY-ESO-1-specific TCR for
the recognition of NY-ESO-1157 is most prominent, and
it has been reported that the TCR-T of NY-ESO-1157
can produce a response in HCC patients, especially in
patients with Treg cell depletion. In addition, NY-ESO-1
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is highly expressed in tumors of some HCC patients.
Therefore, some are also used in clinical treatment trials
of HCC (NCT01967823; NCT02869217; NCT03159585).
Hepatitis B virus (HBV) and hepatitis C virus (HCV)
infection is one of the main causes of HCC, and the
expression of virus-related proteins in tumor tissues of
patients can be used as target antigens for TCR-T ther-
apy. In 2011, researchers identified HBsAg specific TCR
and conducted several clinical treatment trials. Because
HBsAg is also expressed in non-HCC tissues, its tumor
specificity is low, so the above trials are limited to pre-
vention of recurrence in HCC patients after liver trans-
plantation (NCT03899415).

TCR-T cells for the treatment of synovial cell sarcoma
Synovial cell sarcoma is an extremely rare malignant
tumor in soft tissue cancer. At present, it is mainly
treated by surgery. It is characterized by high local
invasiveness and metastasis rate, and the prognosis of
patients with metastasis is poor. ROBBINS et al. trans-
ferred the TCR gene specific to NY-ESO-1 cancer tes-
tis antigen into autologous T cells for the treatment of
patients with synovial cell sarcoma. Phase I clinical trial
results showed that the disease PR rate was 66.7% (4/6),
of which 1 patient’s PR duration lasted for 18 months,
and no patients who underwent this clinical trial had
significant adverse reactions. Four years later, Robbins
et al. again used TCR-T cells targeting NY-ESO-1 to treat
patients with synovial cell sarcoma, and the results of
phase II clinical trial showed that the response rate was
61% (11/18). Among them, 10 patients achieved PR and
1 patient achieved CR more than 20 months; The 3-year
and 5-year survival rates were 38% and 14%, respectively,
and all patients had transient neutropenia and throm-
bocytopenia, but no significant adverse effects were
found (NCTO01343043; NCT03697824; NCT03967223).
In addition, Morgan et al. transferred the TCR gene
with MAGE-A3 as the target antigen into T cells for the
treatment of a patient with synovial cell sarcoma. The
results showed that the PR duration of the disease lasted
for 5 months without any symptoms of neurotoxicity.
TCR-T cell immunotherapy can prolong the survival of
patients with synovial cell sarcoma, but there are still
some patients who are not responsive to treatment, and
the mechanism has not been clarified. Especially for the
NYESO-1 target antigen expressed by most malignant
tumors, there are still some patients who do not show
therapeutic responsiveness when receiving TCR-T cell
immunotherapy. This suggests that there may be other
factors (such as tumor antigen deletion and low expres-
sion, etc.) worthy of consideration and exploration, and
finally find an appropriate way to avoid immune escape of
TCR-T cells (NCT02869217; NCT03250325).
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TCR-T cells for the treatment of other types of tumors

In addition to the treatment of malignant melanoma
patients and digestive system tumors, TCR-T cells have
achieved good clinical efficacy in the treatment of some
other tumors, such as esophageal cancer, multiple mye-
loma, metastatic cervical cancer, metastatic colorectal
cancer, urothelial cancer, osteosarcoma, and breast can-
cer, and still achieved good clinical efficacy. In the TCR-T
clinical study on esophageal cancer, Kageyama et al
transferred the TCR gene with MAGE-A4 as the target
antigen into T cells for the treatment of 10 patients with
esophageal cancer, among which 3 patients survived for
more than 27 months. Seven patients developed disease
progression (PD) within 2 months of treatment, but no
treatment-related adverse effects were observed. How-
ever, similar studies conducted by Davis et al., and Mor-
gan et al,, did not find a significant therapeutic effect, and
patients in the latter study died after coma. The safety
and efficacy of autologous T cells that have been engi-
neered to express TCRs particularly targeting the HLA-
A*11:01-presented public neoantigens, KRAS-G12V or
G12D, are investigated in a clinical trial enrolling patients
with advanced pancreatic cancer (NCT04146298,
NCT05438667). Moreover, autologous T cells engineered
with personalized neoantigen-specific TCRs are also
being conducted in solid tumors, such as ovarian cancer,
lung cancer, colorectal cancer, pancreatic cancer, cholan-
giocarcinoma and gynecologic cancer (NCT05292859,
NCT05194735, NCT04520711).

45 + Alternative treatment strategies based

on neoantigens

Based on the advantages of tumor specificity and immu-
nogenetics, neoantigens can become new targets for can-
cer immunotherapy, including tumor vaccines, ACT and
antibody-based therapies, as well as potential predictors
of ICB responses. Target neoantigens include individual
neoantigens for each patient or common neoantigens
expressed in many patients’ cancers. Off-the-shelf thera-
pies based on public neoantigens consume less resources
and time than individualized neoantigen therapies.
Because personalized neoantigens are patient specific,
they cannot be used for large numbers of patients. With
recent advances in high-throughput sequencing, person-
alized neoantigens enable the immune system to target
the appropriate immunogenic epitope of a malignant
tumor without a predefined public antigen (Fig. 4).

(—) » Therapeutic vaccines based on neoantigens

Neoantigen vaccines have the advantages of high feasibil-
ity, high safety and simple production processes. They are
an effective way to stimulate, enhance and diversify the
antitumor T-cell immune response [382, 383]. Different
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Fig. 4 Classification and characteristics of neoantigen-based therapy. a Immunotherapies targeting neoantigens mainly include ACTs (TCR-T,
TILs, CAR-T, CAR-NK/NKT, CAR-y8T), bispecific antibodies, cancer vaccines and combination therapy regimens. b Advantages and disadvantages

of neoantigen-based immunotherapy

forms of neoantigen-based vaccines (such as peptides,
nucleic acids, and DC vaccines) are being evaluated in
clinical trials in patients with different tumor types. Cur-
rent peptide and nucleic acid vaccines target neoanti-
gens derived from somatic mutations, including SNVs,
frameshift INDELs, and gene fusion. DC vaccines can
target selected neoantigens either through the synthesis
of peptides or nucleic acid pulses or can target the entire
TSA through the introduction of whole cell lysates [384—
389]. Therefore, neoantigen vaccines are becoming a new
type of tumor immunotherapy.

(=) > Adoptive therapy of TILs

CD8" T lymphocytes have the ability to recognize and
eliminate cancer cells, and these lymphocytes were dis-
covered more than 50 years ago [390]. Adoptive transfer
of auto TILs amplified in vitro without genetic modifi-
cation has been shown to induce complete remission in
some human cancers [257]. These TILs are extracted
from patients, amplified under specific circumstances,
and prepared to enhance their anticancer activity [391].
The cell product is then injected back into the same
patient. These patients had previously received non-
myeloablative lymphoid clearance chemotherapy and
subsequent cytokine therapy, such as with IL-2, which
stimulated a strong antitumor immune response [392,
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393]. TILs have a rich specificity for neoantigens and are
superior to unselected TILs in achieving complete and
lasting tumor regression. Most neoantigen-specific TCRs
exhibit significantly higher affinity, even for homologous
antigens expressed at relatively low levels, compared
to the low affinity of tumor antigen-specific TCRs [350,
354]. Therefore, TILs have been used to treat patients
with metastatic malignancies who do not respond to cur-
rent therapies, including chemotherapy, radiotherapy,
and anti-PD-1 therapy.

(=) » CAR-T therapy

CAR T-cell approaches have other advantages over
TCR-T cells. They do not depend on HLA expression
and neoantigen presentation, which are mechanisms
commonly exploited by cancer cells for immune escape
[394, 395]. The engineered expression of CAR mol-
ecules includes an intracellular signaling and co-signal-
ing domain, as well as an extracellular antigen-binding
domain, that enables CAR T cells to bind to any cell
surface protein with antibodies and then activate MHC-
independent CAR T cells. Boolean logic gates can be
used in CAR T cells even if the antigen is not completely
specific. These gates improve the specificity of tumor
recognition by activating tumor-specific neoantigens
and improves the clearance efficiency of tumor cells by
targeting tumor-expressed antigens [396-—398]. Early
clinical trials using CD19-targeted CAR-T cells for the
treatment of B-cell malignancies patients showed out-
standing results, while CAR-T cells for the treatment of
patients with solid cancer showed poor outcome because
of the limited antigens. Tumor neoantigens have inspired
creative solutions and given solid tumor patients hope for
CAR-T therapy. The limited number of tumor-specific
surface neoantigens that are suited for CAR-T can be
overcome by integrating a single-chain variable fragment
(scFv) that recognizes a neoantigenic pMHC complex
on the tumor surface. CAR-T cells redirected at novel
neoantigens are being tested in ongoing clinical trials in
hematological and solid tumors [399, 400]. A CAR that
can recognize the EGFRVIII neoantigen has been created
as a part of a lentiviral vector and a truncated EGFR that
lacks the ligand binding domain and cytoplasmic kinase
domain is incorporated for in vivo tracking and ablation
of CAR-T cells in necessary. Human EGFRVIII" xenoge-
neic subcutaneous and orthotopic models showed that
EGEFRvIII-directed CAR-T cells could control tumor
growth [401]. The T cells can generate CARs that target
antigens universally expressed by tumors, like EphA2 and
IL13R2, after being primed by a highly tumor-specific
neoantigen, like EGFRVIIL, and being trained to carry
out complete tumor destruction [402]. CAR-NK/NKT
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and CAR-y0T cells are also being developed as therapies
[403].

(9) » Antibody therapy against neoantigens

In contrast to conventional antibodies that cannot target
intracellular proteins, TCR-mimic (TCRm)- or mutation-
associated neoantigen (MANA)-specific antibodies can
recognize intracellular neoantigens by focusing on the
pMHC complex. TCRm antibodies have a stronger bind-
ing affinity than TCR, which has been shown to be the
key to minimizing on-target, off-tumor effects [404—
407]. These antibodies targeting neoantigens are readily
converted into a variety of therapeutic forms, includ-
ing full-length antibodies, antibody-drug conjugates
(ADCs), and bispecific antibodies (BsAbs) [408—411].
Phage display, yeast display, and genetic platforms are
some of the techniques used to detect human TCRm
antibodies that have extremely high specificity for neo-
antigens presented on HLA. For example, BsAbs can be
used to solve the problem of the density of the mutant
p53/pMHC complex on the cell surface being insuffi-
cient to recruit T lymphocytes to the tumor site [412].
The bispecific T-cell engager (BiTE) is a BsAb construc-
tor that provides an effective and powerful signal for
T-cell activation by simultaneously binding neoantigens
on tumor cells and CD3 complexes on T cells [413, 414].
Thus, strategies based on TCRm antibodies can be used
to target neoantigens derived from oncogene and TSG
mutations that are difficult to eradicate using conven-
tional methods. This could lead to more targeted antican-
cer therapies. The affinity of TCR-Mimic antibodies to
polypeptide-HLA molecules is much better than that of
natural TCR. To prevent cross-reactivity or the binding
of HLA components unrelated to a given peptide, TCR-
mimic antibodies must be screened appropriately. Simi-
lar to designed TCRs, cross-reactivity can be prevented
by negative selection of off-target peptides. At least one
of the synthetic agents showed lower cross-reactivity
than the equivalent natural receptors [415-417].

(1) ~ Neoantigen-based combination therapy

Due to the heterogeneity of neoantigen profiles and the
evolving immune escape mechanisms of cancer cells,
immunotherapy alone is not effective in the treatment
of advanced cancer patients [269, 418]. The combination
of several immunotherapies can simultaneously target
different stages of the cancer immune cycle, including
antigen release and presentation, immune cell initia-
tion and activation, immune cell metastasis and invasion
of the tumor, and the recognition and Kkilling of cancer
cells, thereby enhancing anticancer efficacy. For exam-
ple, neoantigen-based immunotherapy combined with
ICBs, neoantigen vaccines combined with ACT therapy,
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neoantigen-based immunotherapy combined with tra-
ditional therapy, etc. Another strategy is to combine
therapies with different mechanisms to overcome resist-
ance induced by tumor heterogeneity [269, 292, 407,
419-424]. All targeted cancer cells must have the same
pattern of neoantigen expression and presentation; oth-
erwise, resistant clones with no predicted neoantigens
can survive and confer clonal growth advantages. Thus,
precision immunotherapy can be combined with con-
ventional treatments, such as chemoradiotherapy, to kill
cancer cells without relying on neoantigens. This can
lead to more significant and lasting therapeutic effects
[425, 426]. The "cancer-immune cycle" refers to the
sequence of events that must be initiated, conducted, and
expanded to achieve an anticancer immune response that
effectively eradicates cancer cells. In short, neoantigens
produced by tumor formation are released and captured
by DCs. The DC transmits the collected neoantigens on
the MHC-I and MHC-II molecules to T cells, thereby
initiating and activating effector T-cell responses against
cancer-specific neoantigens. The activated effector T cells
then migrate and infiltrate the tumor bed, where they
recognize and ultimately destroy cancer cells. The death
of cancer cells produces more tumor-associated neoan-
tigens that amplify and enhance the immune response
in subsequent cycles [427-430]. Thus, cancer immuno-
therapy aims to restart or amplify the self-sustaining can-
cer immune cycle. A variety of immunotherapies have
been developed to target rate-limiting steps in the tumor
immune cycle, including enhancing neoantigen release
through chemoradiotherapy and oncolytic viruses,
increasing the number and quality of tumor-reactive T
cells through cancer vaccines and ACTs, and enhanc-
ing immune cell invasion and cytotoxic effects through
checkpoint inhibitors [108, 431-435]. Therefore, preci-
sion immunotherapy can be combined with conventional
treatments like radiotherapy and chemotherapy that kills
cancer cells independent of the neoantigens, achieving a
more prominent and durable therapeutic effect (Fig. 5).

Neoantigen-based immunotherapies and ICBs

Checkpoint  inhibitor-based =~ immunotherapy has
achieved prolonged anti-tumor effects in several malig-
nancies, including renal cell carcinoma, NSCLC and mel-
anoma. Patients, however, do not react to ICB therapy in
the absence of tumor-specific effector T cells. Moreover,
ICB therapy only affects one or two phases of the anti-
cancer immunity pathways, such as anti-CTLA4 anti-
bodies regulate the immune cell priming and activation,
while anti-PD-1/PD-L1 antibodies focus on the final
negative regulation of T effector cells [436, 437]. ICBs
enhance specific T cell responses by targeting neoanti-
gens, including PRKDC, EVI2B and S100A9, in a relapsed
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multiple myeloma patient. For patients with solid tumors
who are unresponsive to, or relapsed following anti-
PD-1 therapy, mRNA-based neoantigen vaccines, such
as mRNA-4157, mRNA-5671, and BNT122, are used
together with immune checkpoint inhibitors in multiple
clinical trials. The anti-tumor efficacy of CTLs, includ-
ing those specific for mutation-associated neoantigens,
can be further boosted by ICB therapy [438]. In addi-
tion, Persistent exposure to TSAs promotes the exhaus-
tion of CD8" T cells, which characteristically expressed
high levels of PD-1 and CD39. ICBs can reinvigorate the
exhausted neoantigen-specific T cells via overcoming the
suppressive microenvironment [439].

Combinations of neoantigen vaccine and ACT
Combinations of neoantigen vaccination and ACT have
also been utilized successfully to boost clinical efficacy in
tumor treatment. Vaccination can increase the amount
of neoantigen-reactive T cells in circulation, possibly by
boosting better outgrowth of T lymphocytes. Alterna-
tively, the vaccines can induce de novo T cell responses
that overcome the insufficient recognition of neoepitope
by T cells due to inadequate cross-presentation of a neo-
antigen by tumor cells. Vaccine is also used to enhance
the efficacy of CAR-T therapy to eliminate solid tumors
(440, 441].

Neoantigen-based immunotherapies and conventional
therapies

The majority of chemotherapeutic agents and radiation
therapy were designed based on their direct cytotoxic
effects without considering their impact on immune
system. Chemotherapy and radiotherapy can be used
to increase the release of tumor-specific neoantigens,
circumventing issues such as an insufficient number
of neoantigens to stimulate T cell response. During the
chemotherapy and targeted therapy, the tumor cells often
occur new mutations, including reversion mutation, con-
tributing to drug resistance. Many reversions are pre-
dicted to encode tumor-specific neoantigens, offering a
potential strategy for combating resistance with CAR-T
cell therapies, immune checkpoint inhibitors or anti-can-
cer vaccines [270, 442, 443].

J\ » Limitations of TCR-T-cell therapy

Despite success in hematological malignancies and solid
tumors, neoantigen-based immunotherapies have shown
objective efficacy in only a few documented patient
responses. Therefore, a considerable number of changes
are needed to improve clinical outcomes, including
increasing the accuracy of neoantigen prediction, over-
coming immune evasion, and optimizing the production
process (Fig. 6).
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Fig. 5 Combined antitumor strategies based on neoantigens. The diagnosis and routine treatment of tumor patients (Step 1). The formation
of tumor cells initiates the immune function of T cells, and the tumor cells die and lyse, resulting in the release of neoantigens (Step 2). Neoantigens

produced by tumors are released and captured by DCs. The DC transmit

s the collected neoantigens on the MHC-I and MHC-Il molecules to the T

cells (Step 3). Immunotherapies targeting neoantigens (neoantigen-based adoptive cell therapy) mainly include TCR-T cells, TILs, CAR-T cells,
CAR-NK/NKT cells, CAR-yS T cells and bispecific antibodies (Step 4). Adoptive back transport of ACT cells and chemotaxis into the tumor play
an antitumor role (Step 5). Neoantigen-based DC vaccine therapy is also initiated (Step 6). Immune cells are primed and activated in the lymph

node (Step 7). Effector cells develop into effector memory cells through

lymphatic homing (Step 8). Effector memory ACT cells target and kill

tumor cells (Step 9). After a series of treatments, clinical evaluation and efficacy monitoring are performed (Step 10). In brief, the “Cancer-Immunity
Cycle"includes enhancing neoantigen release by chemotherapy, radiation therapy and oncolytic viruses, increasing the quantity and quality
of tumor-reactive T cells through cancer vaccines and ACTs, and boosting the infiltration and cytotoxicity efficacy of immune cells via checkpoint

inhibitors

(—) > The accuracy of neoantigen prediction is limited

The widespread use of personalized immunotherapy is
limited by limitations in the discovery of neoantigens that
target tumors. This is due to the heterogeneity of muta-
tion load and the significant differences in neoantigen

presentation between different tumor types [444]. There-
fore, the identification and prediction of neoantigens
should be carried out for specific individuals with cancer.
The prediction of neoantigens is also limited by genetic
heterogeneity, especially different somatic mutations
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Fig. 6 Challenges in the clinical application of neoantigen TCR-T-cell therapy. a Low neoantigen load results in a lack of suitable neoantigen
targets. b At present, the accuracy of neocantigen prediction technology is limited. ¢ Downregulation of MHC expression causes tumor cells

to lose neoantigen targets. d The loss of pMHC molecules leads to the interruption and reduction of neoantigen presentation. e The expression
of adhesion molecules and stroma-rich and abnormal blood vessels in tumor tissues is downregulated, which limits the effective penetration
of T cells. f Immunosuppressive tumor microenvironments inhibit T-cell function. g The technical bottleneck of ACT leads to the production

of neoantigen-specific T cells. h Tumor heterogeneity leads to the singleness of specific tumor therapeutic targets and the absence of universal
neoantigen targets. i The neoantigen epitopes developed thus far are mainly for HLA-A2 targets. j Safety of TCR-T-cell therapy itself

within different cancer types, different individuals and
even different tumor subclones. Only 10% of nonsyn-
onymous tumor cell mutations produce mutant peptides
with high MHC affinity, and only 1% of MHC-binding
peptides are recognized by patient T cells [445-447]. In
addition, the heterogeneity of mutations within tumors
provides additional complexity to neoantigen predic-
tion. The genome of tumor cells has undergone exten-
sive generation, cloning, alteration and mutation loss.
At the same time, the diversity of neoantigen-specific T
cells present in patients may not be fully captured by a
single resected lesion due to the limited infiltration of T
lymphocytes. This limits the library of TCRs that can be
built for therapeutic purposes [448, 449]. Theoretically,
the higher the TMB, the more neoantigen-specific T cells
are detected in the tumor, resulting in a higher immu-
notherapy response rate. However, low TMB in hemato-
logic malignancies and some epithelial cancers can also
produce neoantigen-responsive lymphocytes. Inadequate
neoantigen density in low-TMB malignancies requires
more robust strategies to accurately identify novel immu-
nogenic epitopes that CD8" T cells can detect [450—
453]. Therefore, there may be tumor clones that do not
respond to neoantigen-specific T cells. Because of the
selection advantage, these cloned cells may outperform
other cloned cells, limiting the clinical benefit.

(=) » Evasion of immune surveillance
Tumors can evade neoantigen-based immunotherapy
through many mechanisms, including neoantigen loss,

modification of antigenic peptide presentation, and the
immunosuppressive tumor immune microenvironment
(TME).

Neoantigen loss

Loss of tumor-specific neoantigens may be an important
strategy for tumor immune escape. In particular, many
neoantigens are byproducts of tumorigenesis and do not
play a critical role in tumor cell survival [454]. Neoanti-
gen depletion may also be an intractable mechanism of
antitumor immunity, which limits the application of per-
sonalized neoantigen-specific immunotherapy. Neoanti-
gen depletion can have a variety of causes, such as copy
number loss, transcriptional inhibition, epigenetic silenc-
ing, and posttranslational mechanisms. Neoantigens pre-
sent only in specific tumor cell subpopulations may also
be lost due to eradication of entire subclonal cell popu-
lations mediated by CD8" T cells. Many of the missing
mutations are recognized by the patient’s T cells, and
neoantigen coding genes are unlikely to be produced in
tumors with widespread immune cell penetration. This
suggests that neoantigen-expressing tumor subclones
may be preferentially removed by the immune system
[455, 456]. In addition, loss of neoantigens due to deletion
of chromosomal regions or elimination of tumor sub-
clones may lead to acquired resistance to immunothera-
pies such as ICBs [457, 458]. [ Therefore, to compensate
for the loss of targeted neoantigens in immunotherapy,
personalized neoantigen-specific immunotherapy should
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target multiple neoantigens, thereby expanding the range
of neoantigen response [292, 459].

Interruption of neoantigen presentation

Tumors may undergo mutations that alter not only neo-
antigen expression but also HLA heterozygosity and
MHC stability in response to tumor immune pressure.
These changes impede the processing and presentation
of neoantigens, which inhibit T-cell recognition and
tumor Kkilling. If the key antigen presenting gene beta-2
microglobulin (f2m) is mutated or lacks HLA allelic het-
erozygosity, the tumor may be able to avoid recognition
by adoptive metastatic T lymphocytes [460-462]. The
second demonstrated mechanism of epitope loss is the
downregulation of MHC molecule expression in tumor
cells due to abnormal transcription, translation, or pro-
tein stability events [463]. Together, these mechanisms
may help partly explain why higher neoantigen loads in
some cancers are not associated with better prognosis
due to reduced neoantigen presentation. Based on these
findings, ICBs may be more effective in cancer treatment
if MHC-I presentation is activated using splicing inhibi-
tors or autophagy inhibitors [464—466].

Immunosuppressive TME

Tumor cells live in a heterogeneous microenvironment
composed of invasive and resident host cells, secretory
factors, and extracellular matrix. Infiltrating cells in the
TME include T cells (TILs and Tregs), B cells, fibroblasts,
macrophages (M1 and M2), MDSCs and other immune
cells and secretion factors, including the immunosup-
pressive cytokines IL-10 and TGEpP. These components
can interact with each other to induce a supportive
environment for malignant cell growth, migration, and
metastasis, thereby escaping the immune system and
tumor-specific CTLs [467-469]. Immunosuppressive
TME processes can also impair neoantigen recognition
and T-cell activation, including suppression of immune
checkpoints, immunosuppressive effects of various TME
cells, and release of ions or proteins within tumor cells.
Immunosuppressive checkpoint ligand molecules (such
as PD-L1 and CTLA-4) can biologically limit T-cell
growth and function and are commonly increased in
tumor cells during immunotherapy [470-473]. Induced
neoantigen expression and combined CAR and epitope
diffusion are compensation strategies that can be used
to address the immune escape of tumor cells. MHC-I
immune epitopes can expand by splicing new epitopes
due to defective interaction of the splicing complex
with RNA, incorrect degradation of auxiliary splic-
ing factors, or abnormal splicing factor PTM [273, 474,
475]. Most tumor stromal cells in the TME express the
immunosuppressive checkpoint ligand PD-L1, which
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can interact with PD-1 expressed on T cells, leading to
antitumor functional inhibition and depletion of adop-
tive metastatic TILs, CAR T cells and TCR-T cells. This
effect can be mitigated by blocking checkpoints with
anti-PD-1 and anti-PD-L1 antibodies [377, 470]. CTLA-4
expressed on activated T cells has a similar effect because
CTLA-4 binds to CD80/86 on antigen-presenting cells
with a higher affinity, competing with the T-cell costimu-
latory molecule CD28 to suppress antitumor immunity.
Anti-CTLA4 antibodies not only block the interaction
between CTLA4 and CD80/86 but also consume Tregs,
thereby promoting the costimulation and amplification
of tumor-specific CTLs and improving clinical benefits
(376, 476).

Among the multiple immunosuppressive factors
secreted by the TME, TGF-B plays a central role in
driving tumor signaling, remodeling, and metabolism.
TGE-p is produced by many cell types, including tumor
cells, stromal cells, and Tregs. It stimulates autocrine
and paracrine signaling to promote angiogenesis, inhib-
its the antitumor response of CD8' and Th1 cells, and
induces the epithelial-mesenchymal transformation
of tumor cells, thus promoting tumor invasion. Thus,
blocking TGE-f signaling in the TME enhances the anti-
tumor response [477, 478]. Indeed, one possible mecha-
nism for anti-CTLA4 antibody therapy is the depletion
of immunosuppressive TGF-p-producing Treg cells,
thereby promoting the costimulation and amplification
of tumor-specific CTLs [479]. To further improve the
efficacy of checkpoint inhibitor antibodies, bifunctional
antibody ligands have been produced that consist of anti-
bodies targeting CTLA-4 or PD-L1 fused into the TGEP
receptor II extracellular domain (TGFpRIlecd), where
TGEFPBRIlecd isolates TGF-P secretion in the TME, while
checkpoint inhibitor antibodies consume Tregs and pro-
mote CTL costimulation [480]. This dual strategy may
be more effective against cancers resistant to checkpoint
inhibitors alone. As an alternative to TGF-p isolation,
tumor-reactive T cells can be transduced with dominant
negative TGF-P receptor-1II (DNTGf-Prii) to produce
TGE-B-resistant antitumor T cells. TCR-T cells express-
ing dnTGEFPRII showed complete tumor regression
and prolonged survival in mouse models of advanced
and invasive prostate cancer [481, 482]. To take advan-
tage of the high concentration of TGF-f in the TME, a
study fused the extracellular domain of TGF-f receptor
II (TGF-B RI) into the intracellular domain of 4-1BB.
This strategy converted the immunosuppressive effect of
TGEF-p into an immunostimulatory signal. Coexpression
of this transgene receptor produces additive effects and
improves the amplification, persistence, tumor lysis, and
selective antitumor activity in vivo [483]. Similar to TGF-
B, Fas ligand-mediated T-cell death signals that are highly



Li et al. Molecular Cancer (2023) 22:141

expressed in the TME can also be transformed into pro-
survival signals via CSR. These signals enhance the prolif-
eration and antitumor function of engineered T cells by
fusing the Fas extracellular domain with the 4-1BB intra-
cellular domain [484].

(=) » Insufficient production of neoantigen-specific T cells
Immunotherapies, including vaccination, adoptive TIL
and TCR-T cells, and ICBs, all rely on neoantigen-spe-
cific T cells [163, 459]. Direct detection of neoantigens
presented by tumor cells may be the most effective way
to build neoantigen-reactive T cells, ensuring that they
recognize new epitopes in the body [175]. However, the
implementation of TIL therapy will be hampered by
the scarcity of fresh tumor samples and low TIL cold
tumors. First, the acquisition of TILs requires invasive
surgery to remove resectable lesions, making it suitable
for only some patients. Second, inhibition of the TME
in cold tumors may reduce the efficiency and number
of neoantigen-specific T cells derived from TILs. Read-
ily available peripheral blood may be a suitable source for
generating large numbers of neoantigen reactive T cells
for ACTs. However, it should be emphasized that large
amounts of in vitro amplification can increase both the
further differentiation of T cells and the false-positive
neoantigen response of T cells. Most cancer patients can-
not be treated with TILs due to inadequate TCR librar-
ies [485—487]. Efforts are underway to develop effective
strategies to isolate and rapidly amplify neoantigen-spe-
cific T cells, which may benefit neoantigen-based behav-
ior. TILs contain a large number of neoantigen-reactive
T cells, making them a valuable source of T lymphocytes
for ACT [237, 255, 391]. Currently, mature DC or EBV-
transformed B-cell lines that transfect APCs with pep-
tide pulses or TMGs are used to present antigens to T
cells [488, 489]. mRNA transfection of DCs expressing
neoantigens was also used to activate autologous naive
CD8" T lymphocytes from healthy donors who had not
been exposed to the immunosuppressive environment
of the tumor host. However, TCRs triggered by APCs
that encode mRNA or synthesize peptide pulses may not
endogenously recognize antigen-presenting tumor cells
[490]. Naive and very early memory T cells with stem-
like properties can be generated using induced pluripo-
tent stem cell (iPSC) techniques. Immature T-cell lines
derived from iPSCs can now be further differentiated
into neoantigen-specific T cells based on a unique three-
dimensional thymus organ culture system that fully gen-
eralizes disease in vitro [491, 492]. Another benefit is that
iPSCs can be cloned from a single neoantigen-specific of3
and re-differentiated into a large number of CTLS. In the
near future, iPSCs from single CTL clones will be used
to generate sufficient numbers of neoantigen-specific
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TCR-T cells. These cells remain naive and contain an
endogenous state of TCR, thereby significantly increasing
the efficacy of neoantigen-based immunotherapy [493].

(9) » The singleness of therapeutic targets

In current clinical studies on TCR-T cells, only TCR-T
cells attacking a single epitope have been utilized [176].
Heterogeneity is an important characteristic of tumors.
This means that this unique target of T-cell attack may
be decreased or even disappear, leading to T-cell ther-
apy failure [260, 323]. The use of single TCR-T cells may
also be an important reason for the poor results of such
clinical trials. To achieve better tumor treatment results,
combination therapy with TCR-T cells targeting different
sites must be used to prevent immune escape [10].

(#) » Immunotherapy resistance

The mechanism of primary and secondary resistance
to TCR-based immunotherapy may manifest as the low
expression or heterogeneity of target antigens in tumor
cells or the intrinsic resistance of tumor cells to T-cell-
mediated cytotoxicity [5, 397]. The main mechanism of
resistance to TCR-T-cell therapy is the loss or reduction
of MHC-I/II class molecules on the surface of tumor
cells, which prevents TCR-T cells from recognizing tar-
get epitopes [85, 126, 141, 161, 353, 395].

(75) » The targeted antigen is mainly HLA-A2-restricted
Most of the antigen recognition in clinical trials of TCR-T
cells is HLA-A2-mediated [119, 494, 495]. Although
HLA-A2 is the main MHC molecule in the population,
the positive rate is high (approximately 1/3 of the Chi-
nese population expresses HLA-A2). However, TCR-T
cells that rely solely on the recognition of HLA-A2 pre-
senting antigens are not applicable in a significant num-
ber of patients. The search for only HLA-A2-dependent
TCRs also limits the search for targeted antigens [496,
497]. Many of the antigens suitable for TCR-T-cell ther-
apy may be presented by other MHC molecules [263,
315]. Monoclonal or oligoclonal neoantigen-reactive T
cells made by amplification would also be an alternative
route [10]. Therefore, other HLA-polypeptide tetramers
must be developed to broaden the search for antigenic
and reactive TCRs.

(-5) » The safety of TCR-T-cell therapy

Safety is an issue that must be addressed before TCR-T
cells can be used in clinical therapy [498, 499]. There have
been cases of death in clinical trials of TCR-T cells. The
reason may be that the enhanced affinity of TCR leads T
cells to recognize autoantigens with high homology and
then attack normal cells and tissues, eventually leading to
death [500, 501]. Thus, the balance between functionality
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and security must be considered in TCR transforma-
tion. The safety of TCR-T-cell therapy should be carefully
determined by sequence alignment, cell experiments and
animal experiments [502]. Another way to ensure the
safety of TCR-T cells is to introduce the suicide gene.
TCR-T cells with the suicide gene can perform the killing
function normally. However, after the injection of suicide
gene activating drugs, T cells undergo apoptosis to avoid
the nonspecific killing of T cells [503—505].

#1 ~ Advances in TCR-T-cell therapy

In clinical studies, the safety and efficacy of TCR-T-cell
therapy have shown major problems. To solve these
problems, in the field of TCR-T-cell research, the search
for safe and effective target antigens to improve the affin-
ity and efficiency of TCRs has been the focus. However, it
is worth noting that in recent years, an increasing num-
ber of studies have been conducted to search for reactive
TCRs using neoantigens as targets, and good results have
been achieved.

(—) » Identification of neoantigen reactive TCRs
Neoantigens are abnormal peptides produced by genetic
mutations. These antigens are often tumor specific, mak-
ing them good therapeutic targets [163]. In recent years,
with the advancement of sequencing technology, it has
become possible to conduct high-throughput sequenc-
ing of tumor tissue and normal tissue to look for neoanti-
gens [426, 506, 507]. After the neoantigen mutation site is
identified, the neoantigen reactive TCR can be found by
coincubation with tumor-infiltrating T cells by using the
presenting cells to express multiple antigenic peptides at
different locations of the mutant epitopes [159, 350, 508].
In addition, the expression of coinhibitory molecules
such as PD-1, 4-1BB and ICOS is also helpful in search-
ing for neoantigen-reactive TCRs [244, 280, 375]. Target-
ing neoantigens is an attractive therapeutic strategy, but
it falls into the category of individualized therapy and is
costly. At present, it is not the mainstream strategy of
TCR-T-cell therapy [176]. However, TCR-T-cell therapy
targeting neoantigens will be a direction for development
in the future, and it could even be the main direction of
research [260].

(=) » The therapeutic effect of CD4* TCR-T cells

CD8" T cells are traditionally considered to be the pri-
mary tumor killer cells [188]. Therefore, the role of CD4*
T cells in tumor therapy has not received much atten-
tion. In recent years, however, it has been found that
CD4" T cells also play an important role in tumor kill-
ing [280, 282, 348]. In the identification of TCRs, we have
always been searching for MHC-I molecular-restricted
TCR sequences. The transfer of such TCRS into CD4% T
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cells can also promote the function of the latter. The role
of CD4%1 T cells in tumor control has also been directly
demonstrated in clinical trials. A reduction in tumor
charge was also observed after patients received neoan-
tigen-reactive CD4" T cells. However, due to the lack of
the stabilizing effect of the CD4 molecule, it is difficult
for these CD4"1 T cells to play a long-lasting role in the
body [263, 509]. In general, it is thought that the recogni-
tion of antigens by TCR is MHC-restricted, that is, it rec-
ognizes antigens presented by either MHC-I or MHC-II
molecules [126]. However, studies have shown that some
TCRs can recognize both MHC-I and MHC-II molecular
presented antigens. This means that such TCRS may be
stabilized by both CD8 and CD4. The therapeutic effect
of CD4*" TCR-T cells will be improved by using such
TCRs for treatment [510].

(=) > The selection of TCRa and 3 chain connection
sequences

The TCR consists of alpha and beta chains. In natural
T cells, alpha and beta chains are encoded by two loci,
each transcribed and translated, and then the TCR is
assembled [511]. However, in TCR-T cells, to synthesize
functional exogenous TCRs, it is necessary to consider
introducing both a-chain and B-chain genes into the
same T cell. In this process, two vectors or two promoters
in the same vector can be considered to express the o or
B chains. However, this may lead to an imbalance in the «
chain and f chain expression of exogenous TCR, increas-
ing the probability of TCR mismatch [232, 512]. There-
fore, a better solution is to make the a and B chains under
the control of a promoter by using the linking sequence
to ensure the balance of molecular translation. The inter-
nal ribosome entry site sequence (IRES) is a widely used
bicistronic junction sequence that enables coexpression
of the IRES. However, the efficiency of IRES-mediated
translation is low, resulting in low expression levels of
genes located behind IRESs. If IRES sequences are used
to connect the alpha and beta chains of TCRs, mis-
matches may still occur [513-515]. In the TCR expres-
sion system, the 2A peptide sequence derived from
picornavirus or porcine enterovirus is a good choice.
Peptide 2A has a self-cutting function. In other words,
when the a-f chain is connected by the 2A sequence, the
two chains are transcribed and then broken into separate
peptide segments after translation. The amount (mole)
of TCR chain can be expressed by using the 2A sequence
to reduce the probability of mismatch. Notably, the func-
tion of TCR is not affected by the 2A binding sequence
despite the addition of several additional amino acids to
the o and f chains of TCR [515, 516].
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(P9) ~ Improvement of the surface expression efficiency

of the TCR membrane

When a sufficient number of TCRs recognize and bind
to pMHC, T cells are activated to function. The amount
of TCR required for T-cell activation can be reduced by
costimulation. However, the continued activation of T
cells still depends on the number and affinity of TCRs
on the cell surface [517, 518]. The assembly of TCR and
the localization of the membrane surface are complicated
processes. The translated o and p chains are assembled to
form heterodimers, which bind to multiple CD3 subtype
molecules (y, §, &, and (). The amount of CD3 molecules,
especially of the { subtype, is constant in the cell. If a
complete complex cannot be formed with the CD3 mole-
cule, the excess TCR is degraded [511, 519]. The problem
is particularly acute in TCR-T cells. The use of a strong
promoter and 2A sequence can ensure the efficient
expression of exogenous TCR in host cells. However, the
number of TCRs that can bind to CD3 is limited, and
there is competition to bind to endogenous TCRs. This
will result in the degradation of a large number of TCR
transgene products that are unable to form functional
TCR-CD3 complexes [516, 520, 521]. To solve this prob-
lem, TCR and CD3 molecules can be expressed together.
Animal experiments have shown that when TCR is coex-
pressed with CD3 subtype molecules, the expression of
TCR on the T-cell surface increases by tens of times. This
increases the affinity of T cells to target antigens while
improving the efficiency of tumor clearance and memory
response [521]. In addition, appropriate modifications of
TCR coding sequences, such as the deletion of unstable
mRNA sequences and splicing sites, can also upregulate
the expression of TCR transgenes and enhance the anti-
cancer activity of TCR-T cells [513, 522].

(1) ~ Selection of the TCR constant region (C region)

The C region of TCRs plays an important role in the cor-
rect pairing of alpha and beta chains. If the C region of
exogenous TCR can be made different from the C region
of the host itself, the correct heterodimer formation of
exogenous TCR can be guaranteed [520]. The experi-
mental observation showed that the expression efficiency
of mouse TCR in human T cells was higher than that of
human TCR, suggesting that mouse TCR could be cor-
rectly assembled and bind to CD3 molecules [523]. The
C region of mouse TCR plays an important role in this
phenomenon. Based on this orientation, a hybrid TCR
containing the human V region and mouse C region
was developed and studied. The results showed that
the function of the hybrid TCR was stronger than that
of the fully human TCR in human T cells. These results
indicated that the C region of mice ensured the prefer-
ential pairing of exogenous mixed TCR itself and the
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stability of the mixed Tcr-CD3 complex while improv-
ing the membrane surface expression efficiency of TCR
[524-526]. Although the introduction of mouse region
C induces immune rejection, the immunogenicity of the
mixed TCR can be significantly reduced by modifying a
few amino acids in mouse region C. In addition to intro-
ducing mouse sequences, amino acid sequences in the
C region can also be modified to improve the accuracy
of TCR pairing. Cysteine plays an important role in the
pairing and stabilization of the alpha and beta chains of
TCR [527]. Using a point mutation technique, the threo-
nine at position 48 of the alpha chain and the serine at
position 57 of the B chain were replaced with cysteine,
forming an additional disulfide bond in the C region. This
change enhanced the pairing efficiency and stability of
the exogenous a and P chains, reduced the occurrence
of mismatch, increased the expression of exogenous
TCR on the cell surface, and enhanced the antigen-spe-
cific response. Studies have shown that this strategy can
reduce the autoimmune pathological reactions caused by
TCR mismatch [528].

(75) » Other strategies to reduce TCR mismatch
Endogenous TCR expression can be reduced using
siRNA or CRISPR/cas9 techniques. This can not only
prevent TCR mismatch but also reduce the competition
between TCR and CD3 molecules [355, 516]. Several
studies have shown the feasibility of this strategy. For
example, T cells have coexpressed MAGE-A4-specific
TCRs (whose codon-optimized C region is different from
that of the wild type) and siRNA targeting conserved
sequences in the C region of wild-type TCRs. The results
showed that the surface expression of the TCR transgene
membrane in human T lymphocytes transduced by the
MAGE-A4-TCR/siRNA vector was upregulated [529,
530]. In addition, the transfer of the TCR gene into y6T
cells can also prevent the mismatch of endogenous TCR.
However, y8T cells did not express CD4 and CD8 mol-
ecules. The use of y8T cells to express functional a/TCR
requires simultaneous transduction of CD4 or CD8 mol-
ecules to enhance the antigen-specific immune response
of y8T cells [531-533].

(-£) » Enhanced T-cell activation signals

CD3( and costimulatory or coinhibitory molecules are
the main signaling molecules that directly affect the
activity of TCR-T cells [534]. The function of TCR-T
cells is affected by altering the expression and function of
CD3( and/or costimulatory/coinhibitory molecules. By
coexpressing CD3( in series with the a and B chains of
TCR, it can increase the membrane surface expression of
TCR and enhance the function of antigen-specific T cells
[535]. In addition, the costimulatory signal CD28 can
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be introduced into the TCR sequence to enhance TCR
signal transduction. This method requires the complete
removal of the C region and its replacement with the
transmembrane region of CD28. Therefore, such TCRs
do not pair with endogenous TCRs and have a stronger
activation capacity. However, this method directly con-
nects Va and VP through flexible sequences, which
destroys the original TCR sequences and may not be
suitable for all TCR sequences, limiting the application
of this modification strategy [373, 536]. In recent years,
PD-1 has received great attention. If the PD-1 inhibition
of T cells can be removed, the function of TCR-T cells
can be effectively improved. Currently, CRISPR/Cas9
can be used to knockdown PD-1 expression or express
specific antibodies to block PD-1. It can not only make
TCR-T cells have tumor killing specificity but also block
the cosuppression signal to avoid the suppression of
tumor killing function [537-541].

(\) » Improved TCR affinity

The affinity between TCR and antigen determines the
ability of T cells to recognize and kill tumor cells, which
is the main focus of TCR-T cell research [350]. (1) The
isolation of high-affinity TCR from artificial nontoler-
ant environments is performed as follows: This approach
utilizes humanized mice to produce high-affinity T cells
[542]. CD8* T cells in the body that have a high affinity
for the tumor-associated antigen p53 are often deleted.
Immunizing transgenic mice expressing human HLA-
A2 with human p53 peptide induced amplification of
CD8™ T cells with high affinity for human p53 [543, 544].
When isolated from these high-affinity TCR sequences,
these peptides can be used to redirect human CD8" or
CD4* T cells. Using the same method, T-cell clones with
high affinity for other tumor-associated antigens, includ-
ing MDM2, CEA, and gpl00, have been isolated [545—
547]. (2) The isolation of high affinity MHC-restricted
TCR from MHC-mismatched donors can be performed
as follows: T-cell clones with high affinity for the HLA-
A2 presenting antigen can be isolated from the natu-
ral lymphocyte pool of HLA-A2 negative donors. Using
this method, human T-cell clones with high affinity for
tumor-associated antigens, such as cyclin D1, WT1, and
MDM2, were isolated, and these high-affinity TCR genes
were cloned into vectors for gene therapy [548—551]. In
mouse models, human T cells with allogeneic HLA-A2
antigen-specific TCR gene transduction were shown to
clear tumor cells [549, 552]. (3) TCR sequences can be
modified to improve affinity as follows: Improving affinity
by changing the sequence of the TCR is an effective way
to improve the effects of TCR-T-cell therapy. The CDR
region responsible for binding to pMHC determines the
affinity of TCR, and modification of the CDR region is
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expected to improve T-cell function [520, 527, 553]. Sub-
stituting an amino acid at site 107 in TCR has been shown
to improve the stability of the CDR3p ring structure and
increase the antigenic specificity of TCR [554, 555]. In
screening TCRs with high affinity mutations, point muta-
tion techniques can be used to construct a variety of
TCR o chain and P chain libraries. The assembled TCRSs
can then be displayed using phages, yeast, or T cells,
and affinity screening is performed [556-558]. MHC-
polypeptide tetramers are an important tool in affinity
screening. High affinity TCRs can even be screened from
natural TCRs by using tetramers. The high-affinity TCRs
screened can theoretically enhance the antigenic reac-
tivity of T cells [170, 559]. However, some studies have
shown that T cells transduced with high-affinity TCRs
do not respond to antigens or even have negative reac-
tions. Another concern is that high-affinity TCRs can
misrecognize antigens, resulting in off-target effects [350,
560, 561].

(fL) ~ CD4* T cells are dependent on MHC-I
molecule-restricted TCRs

Early studies on TCR-T cells focused on how to con-
struct antigen-specific CD8" T cells [176]. Currently, the
influence and role of CD4" T cells is also being consid-
ered. CD4™ T cells recognize the MHC-II class molecu-
lar delivery of antigenic peptides. Unlike CD8" T cells,
which mainly exert cytotoxic effects, CD4" T cells mainly
regulate the adaptive immune system, enhance the func-
tion of CD8" T cells, and induce the long-term memory
of T cells [267, 340, 341]. Although the isolated TCRs
with high affinity for tumor antigens were mostly MHC-I
molecule restricted, they performed best in the presence
of CD8 coreceptors [282]. Studies have shown that these
TCRs can function in CD4" T cells even in the absence
of CD8 coreceptors. Tumor-specific CD4" T cells can be
generated by using MHC-I molecular restrictive TCR,
which enhances the tumor-killing ability of specific CD8*
T cells. The reason for this phenomenon may be related
to the secretion of various immune factors by CD4" T
cells [344, 349, 562]. In addition, antigen-specific CD4*
T cells have also been used to treat tumor patients [563—
565]. These results suggest that attention should be given
to the role of CD4™ T cells in TCR-T-cell therapy.

(-+) » Prolonging the survival time of TCR-T cells in vivo

A common challenge faced by adoptive cell therapy is the
survival time of the transfused cells in vivo [256]. Studies
of TCR-T cells and CAR T cells have demonstrated that
T-cell infusion can lead to the formation of memory and
these cells can survive long-term in vivo [176, 257, 398].
However, the number of such cells is too small to play
a role in the treatment of solid tumors. At present, the
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common ways to maintain the survival of T cells include
the administration of exogenous IL-2 and the removal of
lymphocytes from the body by radiotherapy or chemo-
therapy [255-257]. Among them, IL-2 injection has rel-
atively obvious toxicity, especially in the application of
high doses, and adverse reactions are more obvious. The
adverse effects of IL-2 limit its use. To address this limita-
tion, researchers have tried to express IL-2 in T cells, but
the results were not good [566]. Another approach is to
use chemoradiotherapy to eliminate lymphocytes, reduce
the number of endogenous T cells, and avoid endogenous
T cells competing for cell growth factors [567]. Animal
experiments have shown that without precondition-
ing, transfused T cells cannot survive or clear tumors.
Lymphocyte elimination preconditioning has become
the standard practice for infusion cell therapy, includ-
ing for TCR-T cells [268]. The TCR sequence can also
be transferred into less differentiated T cells or memory
T cells. In addition to treating T cells directly, TCRs can
also be transferred into hematopoietic stem cells (HSCs).
Transgenic HSCs can develop into mature CD8" T cells
through positive selection and produce a rapid antigen-
specific response [568, 569]. In addition, it is possible to
prolong the survival of TCR-T cells in vivo by influenc-
ing T-cell differentiation through metabolically regulated
drugs, such as metformin [570].

-+ » Summary and outlook

Neoantigens play a key role in cancer immunotherapy,
including cancer vaccines, ACTs, antibody-based thera-
pies, and ICBs [571]. Therapeutic strategies targeting
these cancer-specific neoantigens without destroying
normal tissue provide a strong theoretical basis to sup-
port the relevance of neoantigens in supporting clinically
successful immunotherapies. Many initiatives are under-
way to develop personalized or off-the-shelf anticancer
drugs based on neoantigens. However, to address the
timing and economics of advanced personalized neo-
antigen immunotherapy, experimental and theoretical
improvements are needed, including effective patient
recruitment, optimized sequencing techniques and neo-
antigen prediction algorithms, and off-the-shelf therapies
targeting common neoantigens [272].

Effective patient recruitment is key to neoantigen-
based immunotherapy. First, early excision may give cli-
nicians more time to carefully design, produce and test
neoantigen-based therapeutics to improve clinical out-
comes. Second, early excisions make it easier to select
patients who may be eligible for off-the-shelf therapies,
including vaccines, TCR or TCRm antibodies that tar-
get a well-defined cancer-driving mutation. Third, can-
cer treatments, including chemotherapy, radiation, and
ICBs, can stimulate the over-differentiation of T cells.
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Immediately isolating autologous T cells, or TILs, as soon
as a patient is diagnosed with cancer allows for the high-
est quality and least differentiated T cells to be collected
from the patient. In addition, neoantigen-based therapy
in patients who were recruited early can allow for the
effective infusion of high-quality neoantigen-based cell
products and reduce the severity of comorbidities caused
by advanced metastatic cancer clones.

Accurate identification of immunogenic neoantigens
and their homologous TCRs is a key and rate-limiting
step in the development of personalized cancer immuno-
therapy [163]. Immunogenic neoantigens can be identi-
fied by the immunogenomics methods of constructing
virtual peptides based on NGS data and the immuno-
labeling methods of analyzing MHC-loaded peptides
using MS. Genome and transcriptional sequencing data
are also combined with MS maps of HLA-related pep-
tides to improve the sensitivity and specificity of neoan-
tigen identification [292]. However, neoantigen-based
therapies may be quite affordable due to the application
of more economical high-throughput sequencing and
powerful deep learning algorithms. Comprehensive and
efficient one-stop computational workflows or classifica-
tion benchmarks available in computerized neoantigen
assay methods are still necessary for clinical applications.
Efficient one-stop computing methods can also use large
data queues to determine the potential of neoantigens as
biomarkers for patient prognosis or ICB response predic-
tion. Most critically, the accuracy of these epitope pre-
diction methods should also be confirmed by thorough
immune surveillance in early clinical studies to facilitate
the development of neoantigen-based cancer therapies
[163, 171, 253]. In addition to these computerized meth-
ods for predicting immunogenic neoantigens and homol-
ogous TCRs based on high-throughput sequencing data,
several T-cell antigen discovery strategies have recently
been developed to unbiasedly identify immunogenic
neoantigens. A variety of pMHC libraries have been
established, including yeast display libraries, SABRs,
BATLLES, etc., which allow the flexible and extensible
screening of antigen epitopes. By relying on the physi-
ological activity of T-cell killing rather than evaluating
the binding affinity of TCR-pMHC, T-Scan is able to
query a significantly larger antigen space independent of
predictive algorithms [171, 229, 230, 572]. Therefore, the
simplicity and scalability of T-cell ligand discovery tech-
niques will facilitate study of the immunogenicity of can-
didate neoantigens and contribute to the development of
new neoantigen-based immunotherapies.

Off-the-shelf precision immunotherapies targeting
common neoantigens is another possible strategy to
overcome the time and funding issues in individualized
therapy based on personalized neoantigens. Common
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neoantigens shared between patients will be produced
by driver genes or TSGs with hot mutation polypeptides
presented by relatively common HLA alleles. Common
neoantigens are more likely to be clonally conserved in
metastatic tumors and to reappear systematically in
patients. Many general-purpose therapeutic techniques
readily target common neoantigens, including vac-
cines, BSABs, CTLS, and adoptive metastasis of TCR-T
cells. Subsequently, TCR libraries that specifically tar-
get shared neoantigens in an HLA-specific manner are
developed for advanced cancer patients. As more com-
mon neoantigens and corresponding TCRs are discov-
ered, more patients with frequent genetic changes that
lead to cancer will benefit from the public neoantigen
response TCR library. In addition, the widespread use of
cancer genome sequencing and neoantigen prediction
methods will help to match patients to treatments that
target common neoantigens in their tumors [5, 573-575].
Therefore, this off-the-shelf strategy based on common
neoantigens is expected to shorten the time required for
neoantigen identification and widespread T-cell culture,
increasing the use of neoantigen-based therapies in a sig-
nificant proportion of patients.

In addition to neoantigens produced by spontaneous
mutations during carcinogenesis, some covalent mol-
ecules can induce the production of tumor-specific pub-
lic neoantigens by modifying hotspot residues in tumors
with highly repetitive somatic mutations. Covalent
KRAS-GI12C inhibitors, such as ARS1620, irreversibly
modify mutant cysteines. Hapten peptides carrying cova-
lently linked small molecules can be presented on the cell
surface via MHC-1. Hapten peptide-MHC complexes can
act as tumor-specific neoantigens to trigger cytotoxic
T-cell responses [89, 576, 577]. Based on this principle,
mutant tumor suppressor proteins can be targeted by a
new class of molecules. These molecules induce neoan-
tigen production and trigger specific immune responses
by covalently modifying hotspot residues, such as TP53
Y220C and TP53 R273C [578, 579]. Thus, the range of
tumor-specific neoantigens suitable for therapeutic tar-
geting can be significantly expanded by specifically modi-
fying haptens of mutated cancer proteins rather than
acting as drug inhibitors.

These neoantigens provide powerful targets for tumor
vaccines that not only accurately eliminate residual tumor
lesions but also effectively target distant metastatic cells
due to their systemic properties. Personalized neoantigen
vaccines are produced according to the individual tumor
through the following steps: the collection of tumor tis-
sue and normal samples, sequencing and analysis of
unique mutations, prediction and validation of immuno-
genic neoantigens, and vaccine design and production. A
variety of platforms, including peptides, nucleic acids and
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DCS, can be used to develop vaccines based on predicted
personalized or matched shared neoantigens. Neoantigen
vaccines based on peptides, RNA and DNA are feasible,
safe and economical vaccines [192, 292, 382, 386]. How-
ever, most patients cannot reliably produce a substantial
neoantigen-specific CD8" T-cell response by peptide-
based neoantigen vaccines. All active components of
tumor vaccines, such as neoantigens, formulations, and
delivery systems, are constantly being improved. Syn-
thetic self-amplified mRNAs (samRNAs) containing rep-
licase genes encoding RNA-dependent RNA polymerase
(RdRp) have attracted much attention due to their higher
and longer-lasting antigenic expression than traditional
mRNAs. In vivo expression of vaccine neoantigens can
also be enhanced by vectors that naturally carry genetic
instructions, including adenoviruses (Ads), retroviruses,
and adeno-associated viruses (AAV). In addition, vari-
ous nanoparticles are formed, such as lipid nanoparticles,
exosomes, viral-like particles, cage protein nanoparti-
cles, bacterial membrane material-based nanocarriers,
high-density lipoprotein mimic nanodisks, polymers and
polymer nanoparticles, to enhance transport and tissue
penetration capabilities and improve the immunogenic-
ity of personalized vaccines. Compared with viral vec-
tors, nanoparticles can also effectively deliver vaccines
and immune adjuvants together to lymphatic organs to
increase neoantigen presentation [292, 382, 580].
Monocytes or hematopoietic progenitor cells isolated
from blood loaded with tumor neoantigens in vitro can
effectively improve the anticancer effect of neoantigen
vaccines. Autologous DCs can be loaded with neoanti-
gens in the form of peptides, RNA and DNA [382, 581].
Compared with the time-consuming and costly sequenc-
ing and computational analysis of patient-specific neo-
antigens, autologous dendritic cell (DC) vaccines with
whole-tumor lysate (WTL) induce a T-cell-mediated
antitumor response in vitro and are a more convenient
and economical method to induce neoantigen-specific
immune responses. The entire tumor cell contains both
MANAs and nonmutated TAAs, which may overcome
potential immune escape and resistance mechanisms.
However, the higher abundance of nonimmunogenic
autoantigens may limit the ability of neoantigens to
induce immune responses. Various immunosuppressive
factors also exist in WTL, which inhibit DC maturation
and T-cell activation [582—-585]. To overcome these prob-
lems, extracellular vesicles (EVs) produced by tumor cells
have recently been shown to be a vaccination platform
that supports DC maturation and neoantigen presenta-
tion. Tumor cell-derived EVs can deliver tumor antigen
libraries to DCs and promote the cross-presentation
of neoantigens. EVs also have high levels of immune
stimulators, which can trigger DCs to release natural
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immune signals. In addition to tumor cell-derived EVs,
DC-derived EVs can also serve as neoantigen-presenting
units for immune cells. EV-based vaccines can trans-
form "cold" tumors into "hot" tumors by modulating the
tumor immune microenvironment and systemic immune
response [586—589]. Thus, EVs may provide an alterna-
tive form of neoantigen-based cancer vaccine that might
be administered orally.

Although neoantigen-based immunotherapy has shown
promising results in early preclinical and clinical studies,
significant progress remains to be made, especially in
patients with epithelial malignancies. Cancer cells have
evolved built-in defenses to evade immune recognition at
every stage of the cancer immune cycle. Given the com-
plex mechanisms of immune escape in cancer, combina-
tion therapies that simultaneously target different stages
of the cancer immune cycle may be more effective. Cell
death following chemotherapy, radiotherapy, targeted
therapy, photodynamic therapy, and oncolytic virus ther-
apy will promote the production and release of neoanti-
gens, thereby further enhancing the antitumor immune
cycle [10, 590]. The use of IFN-a, GM-CSF, anti-CD40,
TLR agonists, and STING agonists promoted neoanti-
gen presentation [591-594]. To promote the infiltration
of immune cells into the tumor, TME modifications and
intracellular cytokines can be used. ICBs and IDO inhibi-
tors will also alter immunosuppressive TMEs to enhance
neoantigen-based immunotherapy [322, 378]. Nano and
EV drug delivery systems have recently been used as an
integrated platform for the simultaneous administration
of many drugs or therapeutic drugs that work synergis-
tically to activate different stages of the cancer-immune
cycle, reverse immunosuppression and create immune
support TMEs [595, 596]. These combination strategies
using therapeutic agents with different mechanisms of
action induce a strong, effective, durable, and tumor-spe-
cific immune response in cancer patients.

+— Conclusion

The viability of TCR-T cells in treating tumors has been
demonstrated. At present, although there are still some
problems in TCR-T-cell therapy, more attention should
be given to the powerful clinical application prospects
of this kind of therapy. With advances in tumor immu-
nology and genetic engineering, TCR-T-cell therapy will
become more individualized. At present, TCR-T cells
are mainly focused on "universal targets" for treatment.
When used for treatment, TCR-T cells only consider
the expression of antigen and MHC molecules. When
these two conditions are met, they are used for the treat-
ment of multiple patients. However, the actual situation
of these patients varies greatly, and the low selectivity of
TCR-T-cell therapy may be related to poor or ineffective
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treatment response. Studies have shown that the devel-
opment of TCR-T cancer immunotherapy that targets
certain tumors with intracellular antigens has become
a research hotspot in recent years. If individual TCR-T
cells can be designed according to the expression of
patients’ tumor-associated antigens or even neoantigens,
it is possible to significantly improve the efficacy and
safety of treatment. The maturation of sequencing tech-
nology and advances in cell culture technology have laid
the foundation for this scenario. On the other hand, the
use of under-differentiated T cells or hematopoietic stem
cells to produce TCR-T cells with longer in vivo survival
will also improve the effectiveness of such treatments. In
addition, TCR-T cells can be used in combination with
immune checkpoint blockers to improve the efficacy of
TCR-T cell treatments. In summary, TCR-T cells will
play an increasingly important role in tumor therapy,
and their development will bring more hope to tumor
patients.
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