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Abstract

Adoptive T cell therapy has achieved dramatic success in a clinic, and the Food and Drug Administration approved
two chimeric antigen receptor-engineered T cell (CAR-T) therapies that target hematological cancers in 2018. A
significant issue faced by CAR-T therapies is the lack of tumor-specific biomarkers on the surfaces of solid tumor
cells, which hampers the application of CAR-T therapies to solid tumors. Intracellular tumor-related antigens can be
presented as peptides in the major histocompatibility complex (MHC) on the cell surface, which interact with the T
cell receptors (TCR) on antigen-specific T cells to stimulate an anti-tumor response. Multiple immunotherapy
strategies have been developed to eradicate tumor cells through targeting the TCR-peptide/MHC interactions. Here,
we summarize the current status of TCR-based immunotherapy strategies, with particular focus on the TCR
structure, activated signaling pathways, the effects and toxicity associated with TCR-based therapies in clinical trials,
preclinical studies examining immune-mobilizing monoclonal TCRs against cancer (ImmTACs), and TCR-fusion
molecules. We propose several TCR-based therapeutic strategies to achieve optimal clinical responses without the
induction of autoimmune diseases.
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Introduction
Adoptive T cell therapy (ACT) strategies have achieved
significant success in the past several years, as demon-
strated by the recent approval of two chimeric antigen
receptor-engineered T cell (CAR-T) therapeutic medicines
by the Food and Drug Administration (FDA). Kymriah™
(tisagenlecleucel), the anti-cluster of differentiation 19
(CD19) CAR-T therapy produced by Novartis, has been
approved for the treatment of pediatric patients and young
adults with refractory or relapsed (R/R) B cell precursor
acute lymphoblastic leukemia (ALL) [1]. Yescarta™ (axi-
cabtagene ciloleucel), another anti-CD19 CAR-T therapy,
produced by Kite’s company, was approved to treat adult
patients with R/R large B cell lymphoma [2, 3]. The recent
approval of these treatments has confirmed the dramatic
effects of adoptive T cell therapy for the field of cancer

therapy. Currently, multiple CAR-T therapeutic clinical
trials are being performed, targeting various hematological
cancer antigens, and some have demonstrated great anti-
tumor effects [4]. However, CAR-T therapy against solid
tumors has achieved limited success in clinical trials be-
cause few tumor-specific biomarkers are expressed on the
surfaces of solid tumor cells [5–10].
Because cell membrane proteins constitute less than

15% of the whole cell protein population, and 85% of
cellular proteins are intracellular, immunotherapies that
target intracellular proteins have much greater applica-
tion potential than therapies that target proteins on the
cell membrane [11]. In 1974, Doherty and Zinkernagel
discovered that fragments of foreign peptides on major
histocompatibility complex (MHC) molecules can acti-
vate T cells of the same MHC alleles, providing the basic
mechanism through which immune cells can recognize
intracellular proteins via T cell receptor (TCR)-peptide/
MHC interactions [12]. The subsequent cloning of the
TCR α and β chains that specifically recognize the pep-
tide/MHC have confirmed the existence of this molecu-
lar mechanism in the human body [13, 14]. In this
model, intracellular proteins in human cells are digested
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by the proteasome digestion to become short peptides,
which enter the endoplasmic reticulum (ER) and are conju-
gated with the MHC molecule for presentation on the cell
surface [15]. These peptide/MHCs can be recognized by
autologous or allogeneic T cells that contain the same
MHC alleles through TCR-peptide/MHC interactions [16].
T cells can exert specific immune surveillance functions, by
secreting cytotoxic granules, cytokines, or perforin to medi-
ate cell apoptosis. In addition, most tumor-specific antigens
that control cell growth, proliferation, and death are intra-
cellular; therefore, this pathway has been widely explored to
eliminate tumor- and virus-infected cells [17, 18]. Numer-
ous studies have demonstrated the feasibility of eliminating
tumor cells via tumor antigen-specific T cells by targeting
the TCR-peptide/MHC interaction on the tumor cell
surface [19–21].
The early studies examining the TCR-peptide/MHC

interaction used only a small number of T cells that were
cultured in a laboratory environment, and the process
required to generate tumor antigen-specific T cells is
complicated and expensive. With advances in genetic en-
gineering technologies, people have found that cloning the
tumor antigen-specific TCRs and transducing the TCRs
into normal T cells by lentivirus or retrovirus can quickly
imbue normal T cells with antigen-specific recognition
abilities [22]. These have brought the advancement of
TCR-engineered T cell therapy (TCR-T). Currently, there
are more than 84 TCR-T immunotherapy clinical trials
registered on the clinictrials.gov website, indicating the
great potential for TCR-T in cancer immunotherapy [23].
Here, we review the TCR constructs, TCR signaling path-
ways, and the effects and toxicity associated with TCR-T
immunotherapy in clinical trials. We also discuss other
TCR-based molecules, such as immune-mobilizing mono-
clonal TCRs against cancer (ImmTACs), TCR-fusion pro-
teins, and TCR-multimer molecules. Finally, we compare
the advantages and disadvantages of various TCR-based
immunotherapies with other strategies.

TCR constructs and signaling pathways
The native TCRs on T cells consist of four distinct T cell
antigen receptor polypeptides (α, β, γ, and δ) that form
two different heterodimers (α:β and γ:δ). Approximately
95% of T cells in the peripheral blood consist of α:β
chains and 5% of peripheral blood T cells consist of γ:δ
chains [24]. In the human genome, the T cell receptor α
chain (TCRA) contains at least 50 functional T cell recep-
tor α chain variable (TRAV) gene segments, and the T cell
receptor β chain (TCRB) is known to contain at least 75
functional T cell receptor β chain variable (TRBV) gene
segments, which combine to form approximately 1015–
1021 different TCRs in the human body [25, 26]. TCRs
have very short intracellular domains; therefore, their
signaling pathways depend heavily on the CD3 protein

complex (CD3ζ, CD3δ, CD3ε, and CD3γ), CD8, and CD4,
which act as co-receptors that are located in close proxim-
ity to TCRs [27]. Each CD3 chain contains one to three
immunoreceptor tyrosine-based activation motifs (ITAMs)
in the intracellular domain (Fig. 1). After engaging with
antigen-specific peptide/MHCs, TCRs are thought to trig-
ger a conformational change in the TCR-CD3 complex
that activates the Src kinases leukocyte-specific tyrosine
kinase (LCK) and Fyn to phosphorylate ITAMs [28]. Phos-
phorylated ITAMs then recruit and activate the Syk family
kinase zeta-activated protein 70 kDa (ZAP70), which phos-
phorylates other proteins, such as the trans-membrane
linker for activation of T cells (LAT), leukocyte protein of
76 kDa (Slp-76), and interleukin-2 inducible tyrosine kinase
(ITK) [29]. These activated molecules then form a signalo-
some scaffold to activate the protein kinase C (PKC),
mitogen-activated protein kinase (MAPK), and nuclear fac-
tor kappa-light-chain-enhancer of activated B cells (NF-κB)
signaling pathways in T cells, leading to cytokine secretion,
granule secretion, cell movement, and cell proliferation
[30]. Thus, the binding of TCRs with the peptide/MHC
represents the most important step for T cell activation,
differentiation, and proliferation.

Pre-clinical studies of TCR-T therapy
In 1986, DembiĆ and colleagues first isolated the TCR α
and β chains that specifically recognized the hapten fluor-
escein (FL) on the mouse MHC class I Dd allele from the
(C57BL/6 × DBA/2) F1 mouse cytotoxic T cell clone
BDFL 1.1.3 (called BDFL) [31]. Using the protoplast fusion
method, they transferred the 31 genetic BDFL alleles into
another T cell and found that the expression of the TCR α
and β genes endowed the recipient cells with the specifi-
city of the donor cells. This early study used whole gen-
omic DNA fragments during the transfection, and the
efficiency was very low. Nevertheless, they demonstrated
the feasibility of cloning and transferring an antigen-
specific TCR from one T cell to another T cell to generate
antigen specificity. In a later study, Kessels transduced a
mouse MHC class-I-restricted TCR targeting an influenza
virus epitope into mouse T cells by retroviral infection.
They found that the genetically modified T cells could be
activated by the specific virus antigen in vivo, was home to
effector sites, and contributed to tumor clearance. The T
cell clone expanded greatly after in vivo antigen encounter
and completely eliminated virus epitope-expressing, syn-
geneic EL4NP thymoma cells after four days of incuba-
tion. Even though the transgenic TCRs were specific for
viral antigens, rather than for true tumor antigens, these
in vivo results provided solid evidence that the adoptive
transfer of TCR-engineered T cells could potentially elim-
inate tumor cells in vivo [32].
Since then, many TCRs that target peptide/MHCs de-

rived from tumor- or virus-associated/specific antigens
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have been cloned and expressed in normal T cells, to
redirect T cell specificity, including TCRs targeting the
following: an epitope derived from melanoma-associated
antigen 3 (MAGE-A3) [33]; melanoma antigen recog-
nized by T cells 1 (MART-1) [34–36]; human immuno-
deficiency virus (HIV) Gag and Pol antigens [37, 38];
hepatitis C virus (HCV) non-structure protein 3 (NS3)
[39]; Epstein-Barr virus (EBV) [40]; latent membrane pro-
tein 2 (LMP2) [41]; mouse double-minute 2 (MDM2) [42];
New York esophageal squamous cell carcinoma-1 (NY-
ESO-1) [43]; melanoma-associated antigen 1 (MAGE-A1)
[44]; glycoprotein 100 (gp100) [45, 46]; tumor protein p53
(P53) [47]; human papillomavirus (HPV) 16E7 [48]; minor
histocompatibility antigens (mHag) [49]; minor histocom-
patibility antigen HA-1 (HA-1) [50]; ubiquitously tran-
scribed tetratricopeptide repeat gene on the Y chromosome
(UTY) [51]; ribosomal protein S4, Y-linked (RPS4Y) [52];
tyrosinase [53]; the MHC class-II-restricted dead-box RNA
helicase Y (DBY) [54]; cytotoxic T cell (CTL)-recognized

antigen on melanoma (CAMEL) [55]; Wilms’ tumor 1
(WT1) [56, 57]; a renal cell carcinoma (RCC) tumor anti-
gen [58]; mouse mastocytoma P815 [59]; and carcinoem-
bryonic antigen (CEA) [60]. Pre-clinical studies of these
TCRs have demonstrated that the TCR-transduced T cells
can recognize tumor cells expressing the specific antigen
with the same MHC alleles.
In these studies, the in vitro stimulation of peripheral

blood mononuclear cells (PBMC) or tumor-infiltrating
lymphocytes (TILs) from normal donors or patients was
the primary method used to generate and clone tumor
antigen-specific TCRs [57, 61]. TCRs that specifically
recognize the peptide/MHC were then transduced into
normal T cells isolated from donors or patients by retro-
viral or lentiviral methods [35]. Due to negative selection
in the thymus, TCRs isolated from peripheral blood
often have low affinity for cancer cells [62, 63]. However,
thymus selection is not perfect, and high-affinity TCRs
have been successfully isolated from peripheral blood

Fig. 1 Schematics of TCR-peptide/MHC interactions. In human, 95% of T cells express a pair of TCR α and β chains with six CD3 chains (CD3γ,
CD3δ, 2 CD3ε, and 2 CD3ζ) and CD8 or CD4 co-receptors on the cell surface. Each CD3 chain contains one to three ITAMs at the intracellular
domain. After encountering the antigen-specific peptide/MHCs expressed on the surface of tumor cells, T cells activate ITAMs, ZAP70, PKC, MAPK,
NF-κB signaling pathways, and secret perforin, granzymes, and cytokines, leading to the lysis of tumor cells. ITAMs, immunoreceptor tyrosine-
based activation motifs; ZAP70, Syk family kinase zeta-activated protein 70 kDa; MAPK, mitogen-activated protein kinase; PKC, protein kinase C; NF-
ƙB, nuclear factor kappa-light-chain-enhancer of activated B cells; LCK, lymphocyte-specific protein tyrosine kinase
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[64, 65]. Another method for isolating tumor antigen-
specific TCRs has been performed using human MHC
allele-transgenic mice [47]. For this method, tumor anti-
gens were emulsified with an adjunct and injected into
MHC-transgenic mice. After several rounds of injections,
the mouse spleen was removed, and tumor-specific TCRs
were cloned and transduced into human PBMCs. The
advantage of this method is that the mouse TCRs do not
encounter any human antigens in the thymus and can
have a high affinity for human antigens. Therefore, many
TCRs have been isolated using this method, including
TCRs targeting the peptide/MHCs for MDM2 [42], gp100
[66], CEA [60], and p53 [47]. However, mouse-derived
TCRs are foreign to the human body, and immune
responses against mouse TCRs have been observed in pa-
tients [67]. Another method for isolating tumor antigen-
specific TCRs utilizes display technology [68–70]. In this
method, a phage library that expresses human TCR α and
β chains was mixed with tumor antigen-specific peptide/
MHCs. After several rounds of selection, the TCR with
the highest binding affinity for the peptide/MHC can be
selected and used to genetically engineer T cells. One ad-
vantage of phage library-derived TCRs is that they can
bind to peptide/MHCs with reduced stability. However,
because of the lack of the thymus-selection process, the
TCRs isolated from phage libraries can be damaging to
normal tissues [71].
Recipient T cells also express endogenous TCR α and

β chains, which could pair with the transduced tumor
antigen-specific TCR α and β chains and cause harmful
autoimmune diseases [72, 73]. To prevent this result,
several strategies have been developed during preclinical
studies. The first method replaced the constant region of
the human TCR with a murine TCR constant region
[74]. Because mouse TCR α and β chains have less cap-
acity to pair with human TCR α and β chains, this
method can reduce the mispairing of transferred TCR α
and β chains with endogenous TCR α and β chains.
Another method is to introduce mutations into the
transferred TCR α and β chains, by generating an extra
cysteine bridge into the constant region [75], mutating
key amino acids found at the interfaces between con-
stant regions [76], or convert the transferred TCR α and
β chains into a single-chain TCR (scTCR) structure [77].
Genetically ligating the TCRs with the CD28 transmem-
brane domain and CD3ε can also reduce the mispairing
of TCR α and β chains [78] (Fig. 2).
The deletion or silencing of the expression of en-

dogenous TCR α and β chains in recipient T cells can
also greatly reduce the mispairing between transduced
TCR α and β chains with endogenous TCR α and β
chains. The silencing of endogenous TCRs α and β
chains can be achieved through the use of small-
interfering RNAs (siRNA) [79, 80], zinc finger nucleases

(ZFNs) [81, 82], transcription activator-like effector
nucleases (TALENs )[83], or by clustered regularly inter-
spaced short palindromic repeats (CRISPR) technology
(Fig. 2) [84]. These approaches can additionally enhance
TCR surface expression and effector function. Transfer-
ring TCR genes into hematopoietic stem cells (HSCs) or
γδ T cells can also generate antigen-specific T cells,
without the mispairing of TCR α and β chains [85, 86].
Although the TCR mispairing phenotype has not been
observed in a clinic [87], the silencing of endogenous
TCRs was shown to reduce the occurrence of the lethal
graft versus host disease (GvHD) in a mouse model [88].

Clinical studies of TCR-T immunotherapy
Tumor antigens are grouped into several categories in a
clinic, according to their origins and specificity. The first
category is oncovirus antigens, which include Epstein-Barr
nuclear antigen 1–3 (EBNA 1–3), latent protein 1 (LMP1)
and LMP2 derived from EBV [89], hepatitis B virus X pro-
tein (HBX) from hepatitis B virus (HBV) [90, 91], and type
E5, E6, and E7 proteins from HPV [92]. The second group
is neoantigens, which are derived from chromosomal and
genetic mutations in tumor cells, which include beta-
catenin S37F in melanoma [93], alpha-actinin-4 K122 N in
lung cancer [94], and heat shock protein 70 kilodalton-2
(hsp70-2) F293I in renal cancer [95]. The third group of
tumor antigens is the cancer-testis (CT) antigens, which
are overexpressed in multiple types of tumor cells [96, 97],
and in healthy donors, this group of antigens is expressed
only in immune-privileged organs, such as the testis or
placenta. The fourth group of tumor antigens involves an-
tigens with minimal or limited expression in normal cells,
such as MART-1, gp100, and tyrosinase [20, 98, 99]. Both
oncovirus antigens and neoantigens are tumor-specific.
However, viral infections cause only about 10–15% of all
human cancers [100]. Neoantigens are patient-specific,
with interpatient tumor heterogeneity, intratumor hetero-
geneity, and intermetastatic heterogeneity [101]. More-
over, the procedure for identifying genetic mutations and
preparing TCR-based therapies for each patient is tedious
and expensive [102], which has hampered the wide appli-
cation of TCR-based cellular immunotherapies that target
oncovirus antigens and neoantigens in a clinic. Currently,
TCR-based immunotherapies in clinical trials primarily
focus on tumor-associated antigens and CT antigens
(Table 1).
Morgan et al. reported the first TCR-T immunotherapy

against melanoma in 2006 [103]. Using the RNA electro-
poration method, they transduced four RNAs, encoding
TCRs that recognized MART-1:27–35, gp100:209–217,
NY-ESO-1:157–165, and p53:264–272 peptide/human
leukocyte antigen (HLA) A2, into the PBMCs of patients
(Fig. 3). All of the transduced PBMCs were able to express
the TCRs and specifically recognized peptide-pulsed T2
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cells and antigen-expressing/HLA A2+ tumor cells
through cytokine secretion. The MART-1 specific TCR
(DMF4), which targeted the HLA A2-restricted AAGI
GILTV peptide, was used in 17 melanoma patients, and
more than 10% of peripheral lymphocytes from patients
expressed the MART-1-specific TCRs for at least 2
months after the infusion. Of the 17 enrolled patients,
who are all resistant to current therapies for metastatic
diseases, two patients demonstrated the sustained object-
ive regression of their metastatic melanomas, as assessed
by the standard response evaluation criteria in solid tu-
mors (RECIST) [104]. One patient, after treatment with
the ACT protocol described above, experienced the
complete regression of the axillary mass and an 89%
reduction of the liver mass. He remains clinically disease-
free, 21months after treatment. Another patient experi-
enced a regression of the hilar mass that measured 4.0 ×
2.5 cm in the lungs and remained clinically disease-free
for 20months after treatment. A similar phenomenon has
been observed during later clinical trials using MART-1-
specific TCR-T immunotherapy. In 2009, Johnson et al.

reported the results of a clinical trial, using an affinity-
enhanced MART-1-specific TCR (DMF5) that recognized
the MART-1 AAGIGILTV peptide, in 20 patients with
metastatic melanoma. Six of them (30%) experienced
objective cancer regression, with tumor shrinkage in the
lung, brain, liver, lymphoma nodes, subcutaneous site, and
skin [105]. In 2014, Chodon et al. reported the results of
another trial, using a MART-1-specific TCR that targeted
the HLA A2-restricted EAAGIGILTV peptide, in 14 mel-
anoma patients, with the addition of dendritic cells (DC)
vaccine pulsed with the same peptide. They found that 9
of the 13 treated patients (69%) showed evidence of tumor
regression in multiple organs. Two patients demonstrated
a time course-dependent decrease in the sizes of lung me-
tastases, as assessed by serial chest X-rays, and one patient
experienced the regression of large subcutaneous/muscle
metastases, as assessed by computed tomography scan im-
ages. The peripheral blood reconstitution of MART-1-
specific T cells peaked within 2 weeks of ACT, indicating
rapid in vivo expansion. This study indicated that ACT
using TCR-engineered T cells, with a very short ex vivo

Fig. 2 Schematics of the methods used to prevent the mismatch between transduced TCRs and endogenous TCRs. (a) TCRs derived from MHC-
transgenic mice. (b) Human TCRs variable region chimerized with murine TCRs constant region. (c) Human TCRs with an additional cysteine
bridge at TCRs constant region. (d) Human TCRs with a knob-into-hole design at TCRs constant region. (e) Human TCRs chimerized with CD28
transmembrane and CD3ζ intracellular domains. (f) Single-chain TCRs (scTCRs). (g) knockdown or knockout of endogenous TCRs by SiRNA, zinc
finger nucleases (ZFN), transcription activator-like effector nucleases (TALENs), or by clustered regularly interspaced short palindromic
repeats (CRISPR)
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manipulation period and DC vaccine, is feasible and re-
sulted in anti-tumor activity [106].
In 2009, Johnson et al. reported the results of a clinical

trial, using a TCR-T therapy that specifically targeted
the HLA A2-restricted gp100 antigen KTWGQYWQV
in melanoma in 2009 [105, 107]. The gp100:154-162 epi-
tope from the gp100 melanoma-melanocyte antigen is
the most highly expressed peptide from this protein and
is displayed on the cell surface. Attempts to generate a
high-avidity human TCR against this epitope have been

unsuccessful. Thus, they used a highly avid TCR that
was generated in HLA A2 transgenic mice, and they
found that 3 out of 16 (17%) patients experienced ob-
jective clinical responses after receiving the gp100-
specific TCR-T cells [105], with metastatic tumors
regressing in multiple organs, including the brain, lung,
liver, lymph nodes, and subcutaneous sites.
Robbins et al. reported the first clinical trial results for

TCR-T immunotherapy targeting NY-ESO-1 in synovial
cell sarcoma and melanoma patients in 2011 [108]. The

Table 1 Information of clinical trials of TCR-engineered T cells

Antigen Amino acid
sequence
of peptide

MHC
molecule

Cancer TCR used Objective
clincial
response

Toxicity Number
of
patients

References

MART-1 AAGIGILTV HLA-
A*0201

Melanoma DMF4(human) 2/17
(12%)

None 17 103

MART-1 AAGIGILTV HLA-
A*0201

Melanoma DMF5(human) 6/20
(30%)

On-target toxicity on normal
melanocytes (Skin rash (14/20),
Uveitis (11/20), Hearing impairment
(10/20))

20 105

MART-1 EAAGIGILTV HLA-
A*0201

Metastatic
melanoma

1D3HMCys(human) 9/13(69%) Mild skin rash (3/13) serious adverse
events(2/13) due to cytokine release
syndrome

13 106

gp100 KTWGQYWQV HLA-
A*0201

Melanoma gp100-154
(mouse)

3/16
(17%)

On-target toxicity on normal melanocytes
(Skin rash (15/16), Uveitis (4/16), Hearing
impairment (5/16))

16 103

NY-ESO-
1

SLLMWITQC HLA-
A*0201

Melanoma 1G4-α95:
LY(human)

5/11
(45%)

None 11 108

Synovial
sarcoma

4/6 (67%) 6

CEA IMIGVLVGV HLA-
A*0201

Metastatic
colorectal
cancer

L110F/S112T
(mouse)

1/3(33%) Severe inflammatory colitis (3/3) due to
on-target toxicity in colon

3 113

MAGE-
A3

KVAELVHFL HLA-
A*0201

Metastatic
melanoma

MAGE-A3
A118T(mouse)

5/9 (56%) Central nervous system toxicities
(Necrotizing leukoencephalopathy and
death (2/9), Parkinson-like symptoms (1/9),
Aphasia (1/9)) due to recognition of
MAGE-A12 in the brain

7 114

Synovial
sarcoma

1

Esophageal
cancer

1

MAGE-
A3

EVDPIGHLY HLA-
A*01

Ulcerated
melanoma

MAGE-A3a3a
(human)

NA Cardiac toxicity and death (2/2) due to
cross-recognition of an unrelated epitope
from Titin (TTN)

1 119

Myeloma 1

MAGE-
A4

NYKRCFPVI HLA-
A*2402

Esophageal
cancer

MS-bPa(human) 0/10 (0%) None 10 115

NY-ESO-
1

SLLMWITQC HLA-
A*0201

Synovial cell
sarcoma

1G4-α95:LY
(human)

11/18
(61%)

None 18 116

Melanoma 11/20
(55%)

20

NY-ESO-
1

SLLMWITQC HLA-
A*0201

Multiple
myeloma

NY-ESOc259
(human)

16/20
(80%)

None 20 117

WT1 CMTWNQMNL HLA-
A*2402

AML and
MDS

pMS3-WT1-
siTCR(human)

2/8 (25%) None 8 118
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NY-ESO-1 antigen is a member of the CT gene family
and is expressed in 15–50% of highly prevalent tumors,
including breast, lung, prostate, and ovarian cancers
[109]. As many as 60% of advanced myelomas have been
reported to express NY-ESO-1, which correlated with
tumor proliferation and high-risk features [110, 111].
Among advanced synovial cell sarcoma patients, 80% were
found to express NY-ESO-1 [112]. In the study, they per-
formed ACT with genetically engineered cells that tar-
geted the NY-ESO-1 SLLMWITQC peptide/HLA A2 and
found objective clinical responses in four of six (67%) pa-
tients with synovial cell sarcoma and five of 11 (45%) pa-
tients with melanoma bearing tumors expressing NY-
ESO-1. Two out of 11 patients with melanoma demon-
strated complete regressions that persisted after 1 year. A
partial response, lasting 18months, was observed in one
patient with synovial cell sarcoma. These observations in-
dicated that TCR-based gene therapies directed against
NY-ESO-1 represent a new and effective therapeutic ap-
proach for patients with melanoma and synovial cell sar-
coma. This trial represented the first successful treatment
of nonmelanoma tumors using TCR-transduced T cells.
Parkhurst et al. reported the first clinical trial results

using a TCR-T therapy targeting CEA in colon cancer
patients in 2011 [113]. CEA is a glycosylated protein that
is overexpressed in multiple gastrointestinal cancer cells.

Three patients with metastatic colorectal cancer, who
were refractory to standard treatments, received autolo-
gous T lymphocytes that were genetically engineered to
express a murine TCR against the CEA IMIGVLVGV
peptide/HLA A2. Profound decreases in serum CEA
levels (74–99%) were detected in all three patients, and
one patient experienced an objective regression of can-
cer metastatic to the lung and liver.
In 2013, Morgan et al. reported the results of a clin-

ical trial using a TCR-T therapy targeting MAGE-A3
KVAELVHFL, which is an HLA A2-restricted epitope
in synovial sarcoma, esophageal cancer, and metastatic
melanoma patients. Five out of nine patients experi-
enced the clinical regression of their cancers, based on
the RECIST. Two patients experienced continued re-
sponses [114]. Patients who had metastatic melanoma
in the lung, subcutaneous and intra-abdominal sites,
mesenteric lymph nodes, or rib demonstrated an up to
89% decrease in the tumor size, which lasted from 4 to
more than 15 months following treatment.
Kageyama et al. reported the clinical trial results of a

TCR-T therapy targeting the HLA A2402-restricted
MAGE-A4 epitope NYKRCFPVI in 10 patients with re-
current esophageal cancer in 2015. The patients were
given sequential MAGE-A4 peptide vaccinations follow-
ing the TCR-T therapy [115]. None of the patients

Fig. 3 Schematics of TCR-T immunotherapy in current clinical settings. Peripheral blood mononuclear cell (PBMC) were isolated from the cancer
patients by leukapheresis and transduced with tumor antigen-specific TCR-containing lentivirus, retrovirus, mRNA, or transposon vector. The
tumor antigen-specific TCRs-transduced T cells were then expanded in vitro to a great number before infusion back into the patients
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exhibited tumor shrinkage in the short term, and all pa-
tients exhibited tumor progression within 2 months after
the treatment. However, three patients who had minimal
disease at the time of cell transfer remained free from
disease progression for more than a year, without any
further treatment.
Robbins et al. reported the results of a clinical trial

using an affinity-enhanced TCR that recognized the NY-
ESO-1 SLLMWITQC/HLA A2 epitope in 2015. They
retrovirally transduced the TCR into PBMCs from 18
patients with synovial cell sarcomas and 20 patients with
melanomas, who were resistant to current treatments.
Eleven of 18 patients with NY-ESO-1(+) synovial cell
sarcomas (61%) and 11 of 20 patients with NY-ESO-1(+)
melanomas (55%) who received NY-ESO-1-specific
TCR-T cells demonstrated objective clinical responses
[116]. In the same year, Rapoport et al. reported the re-
sults of another clinical trial using a TCR that targeted
the HLA A2-restricted NY-ESO-1 and LAGE-1 shared
epitope SLLMWITQC in 20 myeloma patients. They
used lentiviral transduction technology to engineer the
T cells, and 20 patients with antigen-positive multiple
myeloma (MM) received an average of 2.4 × 109 engi-
neered T cells 2 days after autologous stem cell trans-
plant. They observed that 14 of the 20 (70%) patients
experienced either a near-complete response (nCR, de-
fined as a myeloma monoclonal band detectable only by
sensitive immunofixation assay) or a CR, 2 patients had
a very good partial response (VGPR; ≥ 90% reduction in
paraprotein levels), 2 had a partial response (50–90% re-
duction), 1 had stable disease (< 50% reduction), and 1
had progressive disease. An overall 80% encouraging
clinical response rate was observed for this trial [117].
In 2017, Tawara et al. reported the first clinical trial study

using a WT1-specific TCR-T therapy [118]. WT1 is a
tumor-associated antigen that is expressed constantly in
leukemic cells during acute leukemia and myelodysplastic
syndrome (MDS). Eight patients with refractory acute mye-
loblastic leukemia (AML) and high-risk MDS received two
doses of 2 × 108 WT-1-specific TCR-T cells, at a 4-week
interval, associated with a mutated WT1 CYTWNQMNL
peptide vaccine. Two patients showed transient decreases
in blast counts in bone marrow, which was associated with
hematopoiesis recovery. Four out of five patients who had
persistent T cells at the end of the study survived longer
than 12months. For those who did not have persistent T
cells in the peripheral blood, only one patient survived lon-
ger than 12months.

The toxicity of TCR-T immunotherapy
Although TCR-T immunotherapy has been shown to
have dramatic anti-tumor effects in clinical trials, their
toxicity is also very obvious. Of the clinical trials men-
tioned above, most were associated with some adverse

effects, ranging from a mild skin rash to the severe death
of patients, depending on the antigen targeted, the affin-
ity of the TCR used, and the methods used to engineer
the T cells (Table 1).
In the MART-1-specific TCR-T clinical trial reported by

Morgan et al. in 2006, no specific toxicity has been identi-
fied in the two positively responding patients, despite
expressing high levels of circulating MART-1-specific
gene-transduced T cells in their bodies for longer than 1
year (between 20 and 70%) [103]. In the study reported by
Johnson et al. in 2009, 29 of the 36 (80%) patients exhib-
ited a widespread erythematous skin rash, with prominent
epidermal spongiosis, necrotic epidermal keratinocytes,
and a dense infiltrate of CD3+ T lymphocytes on biopsy.
In addition, 14 of 20 DMF5 patients and 13 of 16 gp100
patients demonstrated the destruction of epidermal mela-
nocytes, starting as early as day 5 after treatment. Local
steroid administration, to treat uveitis and hearing loss,
was required for these side effects [105]. In the trial re-
ported by Chodon et al. in 2014, three patients who had
evidence of transient tumor responses according to the re-
sults of serial X-rays and positron emission tomography
(PET) scans also experienced a pronounced whole body
erythematous skin rash. Two of them had serious adverse
events (SAE) of acute respiratory distress requiring intub-
ation associated with patchy pulmonary infiltrates within
1 week of cell infusion, resulting in the discontinuation of
this cohort due to increased toxicities. Analyses of plasma
from the peripheral blood indicated the production of
multiple cytokines and the development of a cytokine
storm. Corticosteroid therapy was administrated to the
two patients who recovered their baseline respiratory
functions within 2 weeks [106].
In the CEA TCR-T clinical trial, grade 2 diarrhea was

observed in patient 1 and grade 3 diarrhea was observed
in patients 2 and 3. Diarrhea started on days 5–8 and
persisted for approximately 2 weeks before slowly resolv-
ing to normal by 4–6 weeks. All three patients were fe-
brile between days 7 and 9 and were hemodynamically
stable but required fluid-replacement therapy. Sequential
colonoscopies revealed the development of inflammatory
colitis in all three patients. Immunohistochemical stain-
ing for CEA in these biopsies demonstrated the near-
complete loss of CEA in the denuded colon specimens.
Genetic and cellular analyses of biopsy samples, obtained
from upper and lower endoscopies performed 6–11 days
post-treatment, using polymerase chain reaction (PCR)
and fluorescence-activated cell sorting (FACS) analyses
indicated the presence of substantial numbers of the
adoptively transferred lymphocytes in all patients.
In a MAGE-A3 TCR-T clinical trial reported by Mor-

gan et al. in 2013, three out of nine patients experienced
mental status changes, and two patients lapsed into
comas and subsequently died, beginning 1–2 days post-
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infusion. Magnetic resonance imagining analyses of the
two dead patients demonstrated periventricular leukoma-
lacia, and autopsies of their brains revealed necrotizing
leukoencephalopathy, with extensive white matter defects,
associated with the infiltration of CD3(+)/CD8(+) T cells.
Another patient developed Parkinson’s disease-like symp-
toms, which resolved over 4 weeks, and the patient fully
recovered [114]. Immunohistochemical staining of the
patient and normal brain samples demonstrated rare,
positively-stained neurons using an antibody that recog-
nizes multiple MAGE-A family members. The TCR used
in this study recognized epitopes in MAGE-A3/A9/A12.
Molecular assays performed on human brain samples,
using real-time quantitative-PCR, nanostring quantitation,
and deep-sequencing, indicated that MAGE-A12 was
expressed in the human brain (and possibly MAGE-A1,
MAGE-A8, and MAGE-A9).
In another MAGE-A3 TCR-T clinical trial, reported by

Linette in 2013, an affinity-enhanced TCR-T that targeted
the MAGE-A3 EVDPIGHLY epitope on the HLA A1 al-
lele was used in myeloma and melanoma patients [119].
The first two treated patients developed cardiogenic shock
and died within a few days of T cell infusion. Gross find-
ings at autopsy revealed severe myocardial damage, and
histopathological analysis revealed T cell infiltration. No
MAGE-A3 expression was detected in heart autopsy tis-
sues. The robust proliferation of the engineered T cells
in vivo was documented in both patients. A beating car-
diomyocyte culture, generated by induced pluripotent
stem cell (iPSC) technology, triggered T cell killing, due to
the recognition of an unrelated ESDPIVAQY peptide, de-
rived from the striated muscle-specific protein titin [120].
Although serious toxicities have been identified during

MART-1, CEA, and MAGE-A3 TCR-T clinical trials, as
mentioned above, the clinical trials using NY-ESO-1,
MAGE-A4, and WT1 TCR-T therapies have been quite
safe. In the NY-ESO-1 clinical trial, reported by Robbins
et al. [108], no toxicities were attributed to the trans-
ferred cells, although all patients experienced the transi-
ent neutropenia and thrombocytopenia induced by the
preparative regimen and the transient toxicities associ-
ated with interleukin (IL)-2; however, all patients recov-
ered after the completion of the treatment. In the trial
reported by Kageyama et al. in 2015 [115], none of the
10 patients experienced any adverse events during the
first 14 days after T cell transfer. In four patients, they
observed skin reactions, such as redness and induration,
graded as 1, at the peptide vaccine sites. In the NY-ESO-
1 trial reported by Rapoport et al. [117], no treatment-
related fatalities were reported, and all seven reported
SAEs resolved. Seventeen adverse events occurred,
which were likely associated with the treatment, all of
which were scored as grade 3 or lower. Skin rash with
lymphocytosis occurred in 3 out of 20 patients, and

some patients experienced a diarrheal syndrome that oc-
curred later than expected for melphalan-induced muco-
sitis, which was confirmed to be autologous graft versus
host disease (aGVHD) in three out of 20 patients. In the
WT1 TCR-T clinical trial, no adverse events involving
normal tissue were observed [118].

Other types of immunotherapies targeting the
TCR-peptide/MHC
Although TCR-T is the most common immunotherapy
strategy targeting the TCR-peptide/MHC interaction, other
TCR-based immunotherapy strategies have also been ex-
plored for clinical application. All of these strategies utilize
a soluble TCR at one end, designed to recognize a specific
peptide/MHC, and an immune cell activation motif [anti-
CD3 single-chain fragment variable (scFv), IL-2 or fragment
crystallizable (Fc)] at the other end, to activate the immune
response (Fig. 4).

ImmTAC
In 2012, Liddy et al. reported a new strategy for TCR-based
immunotherapy that utilized a molecule named ImmTAC,
or immune-mobilizing monoclonal TCRs against cancer
[121]. In their study, four ImmTACs, each comprising a
distinct tumor-associated antigen-specific monoclonal TCR
with picomolar affinity targeting gp100, NYESO-1, MART-
1, and MAGE-A3, were fused to a humanized anti-CD3
scFv, and expressed separately in the bacterial system,
refolded and purified in vitro [122]. The formed dimers
contained an anti-CD3 antibody at the end of TCR β chain,
like bispecific T cell engagers (BiTEs), which could activate
immune cells [123]. These ImmTAC molecules, when
incubated with normal T cells at extremely low con-
centrations, effectively reprogramed T cells to kill
melanoma cancer cells, both in vitro and in vivo, even
when the cancer cells had extremely low surface epitope
densities [121]. T cells in various memory compartments
can be activated by ImmTAC molecules, and the induc-
tion of tumor cell lysis occurs in a serial manner. Later,
this group extended their study to the colon, lung, mye-
loma, ovary, lymphoma, and bladder tumor models and
found that the NY-ESO-1-specific ImmTAC was able to
mediate the apoptosis of tumor cells, similar to melanoma
cells [124]. The ImmTAC induced poly-functionality in
both CD4 and CD8 T cells and potentiated antigen cross-
presentation in dendritic cells [125, 126]. Two clinical
trials (NCT01211262 and NCT02535078) have been initi-
ated to test the effectiveness of these molecules [71].

TCR-fusion proteins
In 2004, Card et al. reported the generation of a novel
molecule (ALT-801, 264scTCR/IL-2), comprised of an
anti-p53 (aa264–272) scTCR fused to an IL-2 molecule.
The scTCR can specifically bind to tumor cell surfaces
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that express p53 peptide and the HLA A2 complex, and
IL-2 can activate a broad range of immune cell types,
including T cells, B cells, monocytes, macrophages,
lymphokine-activated killer (LAK) cells, and natural killer
(NK) cells, located in the proximity of tumor cells. They
found that ALT-801 was able to mediate the specific kill-
ing of tumor cells in p53+/HLA-A2+ human melanoma
(A375), breast cancer (MDA-MB231), and pancreatic car-
cinoma (PANC-1) xenograft models, in addition to having
a fivefold longer terminal half-life than recombinant hu-
man IL-2 [127–129]. Based on these findings, ALT-801
was evaluated in a phase I study performed in patients
with advanced malignancies. In the clinical trial, they
found that 10 out of 26 patients showed stable disease for
at least 11 weeks, while one complete response was ob-
served in a patient with metastatic melanoma [130]. An-
other TCR-fusion molecule consisted of an scTCR specific
for p53 (aa264–272) and the human immunoglobulin
(Ig)G1 heavy chain constant region, including a Fc region
to mediate antibody-dependent cell-mediated cytotoxicity
(ADCC) [131]. This fusion protein (264scTCR/IgG1) was
able to bind to an unmutated peptide derived from human
p53 (aa 264–272) presented in the context of HLA-A2.1
and stimulate potent antitumor effects in a model of ex-
perimental non-small cell lung carcinoma (NSCLC) me-
tastasis in nude mice through ADCC. A clinical phase I
study for this molecule is planned for the treatment of
p53+ NSCLC patients [132].

scTCR/multimers
In addition to mediating cytotoxicity against tumor cells,
the TCR-fusion protein can be used to directly visualize
and quantify peptide/MHCs on unmanipulated human
tumor cells [133]. In one study, the β constant region of
scTCR was linked to a birA peptide tag to facilitate bio-
tinylation and subsequent multimerization in the pres-
ence of streptavidin. This molecule was used to stain the
peptide/MHCs on P53+/HLA A2+ tumor cells. They
found that many tumor cells can be positively stained
using this method. Tumor cells displaying as few as 500
peptide/MHC complexes were readily detectable by flow
cytometry. The scTCR/multimers exhibited exquisite
recognition capability and could distinguish peptides dif-
fering in as little as a single amino acid. Thus, scTCR/
multimers represent a novel class of immunostaining re-
agents that can be used to validate, quantify, or monitor
epitope presentation by cancer cells.

Comparisons among TCR-based immunotherapy
strategies and other immunotherapy strategies
Because the TCR α and β chains are membrane-bound
proteins with hydrophobic properties [122], the trans-
duction of TCRs into T cells represents the predominant
form of TCR-based therapy. After transduction, the TCR
α and β chains are able to pair with each other and to
partner with CD3, CD4, and CD8 molecules expressed
on the surface of T cells. Once the specific peptide/

Fig. 4 Schematics of the molecular mechanisms underlying TCR-based and CAR-T immunotherapy strategies. (a) Fluorescent-conjugated scTCRs.
(b) TCR-T strategy. (c) scTCR-Fc fusion strategy. (d) scTCR-IL-2 fusion protein. (e) Immune mobilizing monoclonal TCRs against cancer (ImmTACs)
strategy. (f) CAR-T strategy
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MHC is encountered, the TCRs can activate the CD3
complex to mediate an ITAM-dependent signaling path-
way that lyses tumor cells [29, 30]. Because the intracel-
lular domains of the CD3 complex contain multiple
ITAMs to activate ZAP70, the signals of TCR-peptide/
MHC interaction in T cells are amplified and it is
reported that one copy of peptide/MHC complex can
fully activate T cells to lyse tumor cells [134–136]. In
addition, tumor antigen-specific TCR-T cells can persist
for years in patients’ bodies. However, the in vitro prep-
aration of TCRs for patient therapies can be time-
consuming, without any guarantees for success. The
TCR-T technique is complicated and costly and is asso-
ciated with the risk of mispairing transduced TCRs with
endogenous TCRs (Table 2).
ImmTAC and TCR-fusion proteins are limited to those

that have been successfully synthesized in vitro and can be
fully dissolved in a solution. In vitro-synthesized TCRs tend
to be low affinity because of a lack of association with CD3,
CD4, and CD8 molecules; however, some genetic engineer-
ing can increase the affinity of in vitro-synthesized TCRs, as
in ImmTACs [121, 137]. The advantages of in vitro-synthe-
sized TCR-based therapy are that they do not need the
in vitro preparation of a large number of tumor antigen-
specific T cells and they are easy to penetrate the tissues
and used as off-the-shelf. Moreover, they do not result in
the mispairing of tumor antigen-specific TCRs with

endogenous TCRs. However, their effect against cancers is
waiting for more confirmation, as there are limited reports
of ImmTAC or TCR-fusion proteins in clinical trials and
their persistence in the serum is limited to several hours.
CAR-T therapy equips normal T cells with a tumor-

cell-surface antigen-specific scFv that is ligated to the
intracellular domain of CD3ζ. CAR-T therapy is not
MHC-restricted but does require the in vitro preparation
of antigen-specific T cells in large numbers. The affin-
ities of the antibodies used in CAR-T therapy are gener-
ally higher than that for TCR; however, because of the
lack of assistant CD4, CD8, or other CD3 molecules, the
minimal concentration of antigen necessary to activate
CAR-T cells is > 100 copies, and antigens with fewer copy
numbers are unable to activate CAR-T cells [138, 139].
One drawback of CAR-T therapy is the lack of cell surface-
specific biomarkers on solid tumor cells, which hampers
the effects of CAR-T cells [5–10]. CAR-T therapies de-
signed to target non-tumor-specific antigens on solid tumor
cells resulted in severe toxicity in patients [8, 140].

Strategies to overcome the toxicity of TCR-based
immunotherapy
Tumor antigen-specific peptide/MHCs have been explored
for many years as targets for therapeutic diagnosis and can-
cer immunotherapy. Numerous studies have demonstrated
the feasibility of these strategies [19–21]. With solid

Table 2 Comparison of different TCR-based immunotherapy strategies with CAR-T therapy

Name Structure Antigen
recognized

MHC
restricted

Advantages Disadvantages References

TCR-T TCR-engineered
T cells

peptide/
MHC

Yes • sensitive recognition
• strong signaling transduction through
integrated T cell signaling pathway

• long time persistence with memory
immunity for years

• applicable for all TCRs

• MHC-restricted
• complicated in vitro preparation
for each patient and technique-
demanding

• potential TCRs mismatch
• costly

103-118

ImmTAC TCR-anti CD3
scFv conjugate

peptide/
MHC

Yes • off-the-shelf
• easy to penetrate in vivo
• activate normal T cells through anti-
CD3 signaling pathway

• No TCRs mismatch

• MHC-restricted
• restricted to limited number of TCRs
with solubility

• half life in serum is hours
• clinical effect needs verification

121,124,
125,126

scTCR/
IL2

scTCR-IL-2 fusion
protein

peptide/
MHC

Yes • off-the-shelf
• easy to penetrate in vivo
• activate multiple types of immune cells
through paracrine nature of IL-2/IL-2R
signaling pathway

• no system toxicity of IL-2

• MHC-restricted
• restricted to limited number of TCRs
with solubility

• half life in serum is hours
• clinical effect needs verification

127-130

scTCR/
IgG1

scTCR-Fc
conjugate

peptide/
MHC

Yes • off-the-shelf
• easy to penetrate in vivo
• activate NK, macrophages, monocytes
through FC/FcR interaction (ADCC)

• MHC-restricted
• restricted to limited number of TCRs
with solubility

• half life in serum is hours
• clinical effect needs verification

131

CAR-T Chimeric antigen
receptor-
engineered
T cells

surface
antigen

No • not MHC-restricted
• high affinity of recognition
• strong signaling transduction through
CD3ζ signaling pathway

• long time persistence with memory
immunity for years

• restricted to cell surface antigens
• Complicated in vitro preparation
process for each patient and technique-
demanding

• costly

1,2,5-10
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evidence of tumor regression during clinical trials, we be-
lieve TCR-based immunotherapy represents an ideal target
in our next step for cancer immunotherapy. However, sig-
nificant toxicity has hampered the translation of TCR-T
therapies into a clinic. Thus, methods for improving the
safety and efficacy of TCR-T therapies are necessary. We
propose the following strategies to further improve TCR-
based therapies.

First: the proper selection of TCR-targeted antigens
Based on the results from clinical trials, we found that
TCR-T therapies that targeted tumor-associated antigens
were generally associated with side effects or damage to
normal tissues. MART-1 and gp100 are highly expressed
in melanoma but are also expressed in normal melano-
cytes [141, 142], and CEA is expressed in normal colonic
mucosa [99]. TCR-T targeting WT1 did not cause an
autoimmune disease; however, the anti-tumor effect was
also weak in this trial [118]. To avoid damaging normal
tissues in future clinical trials, more sophisticated gen-
etic engineering techniques are necessary, such as the
titration of TCR affinity to only target tumor cells with
high expression levels of the targeted peptide/MHC,
without damaging normal tissues with low expression
levels, or the development of double-specific T cells, as
are used in CAR-T therapy [143, 144]. Alternatively, an-
tigens from non-essential tissues can be targeted, such
as CD19 and CD20 in B cells [145].
The CT family contains over 100 member proteins [146].

The first member of this family to be identified, MAGE-A1,
was cloned by van der Bruggen and colleagues in 1991
[147]. The hallmark of this class of tumor-associated anti-
gens is their restricted expression to germ-line tissues
under normal conditions, whereas they are overexpressed
in a variety of common epithelial malignancies, including
cancers of the lung, breast, ovary, bladder, and melanoma
[148]. The frequency of cancer-testis antigen (CTA) expres-
sion in these common cancers is generally in the range of
30–50% [112]. Due to their immunogenicity and frequency
of expression, CTAs have been targeted during multiple
cancer vaccine trials and ACT trials, using either CTL or
TCR gene-modified T cells [149]. The function of CTAs re-
mains largely unknown, although the MAGE-A family,
containing 12 genes, has been suggested to function as
adaptor proteins involved in transcriptional regulation, pro-
tein ubiquitination, and the regulation of the p53 pathway
[150, 151]. The expression of CT genes has also been found
to be associated with the development of malignant pheno-
types and worse clinical outcomes [152, 153]. However,
TCR-T therapy targeting CTA should be attempted cau-
tiously, as demonstrated by the NY-ESO-1 and MAGE-A3
clinical trials [114, 117, 119]. Targeting NYESO-1 has been
demonstrated to be relatively safe, but targeting MAGE-A3
was lethal for patients in two trials. These results indicate

that each CTA member should be stringently screened to
determine the extent of protein expression in human tis-
sues. The rigorous bioinformatic screening of expression
databases, such as IST/MediSapiens, Genevestigator, and
BioGPS, which contain information from thousands of
samples across a wide variety of healthy tissues, is also
necessary. Even when the expression profile of a protein ap-
pears to represent an ideal target, the peptide sequence
should be blasted using an in silico search (http://prosite.
expasy.org/scanprosite/) to prevent the recognition of hom-
ologous peptides in other proteins. A peptide-scanning
assay, with alanine or glycine replacement, should also be
performed in the laboratory to exclude the recognition of
degenerated peptides [120].

Second: more complete safety screenings for TCR-based
immunotherapy
Due to differences in protein sequences and expression
profiles, mouse models are often considered to have lit-
tle value when evaluating the safety of TCR-T therapies
[154]. However, the toxicity observed in patients who re-
ceived CEA-specific TCR-T therapy was highly similar
to that observed in a CEA-transgenic model [155]. In
this model, a CEA DNA vaccine was used to immunize
wild-type mice, and CEA-specific T cells were collected
from the spleen for ACT into CEA-transgenic mice. In
addition to anti-tumor effects, the CEA-specific T cells
damaged normal colon tissues, similar to autoimmune
colitis, in the CEA-transgenic mice. In a premelanosome
protein (Pmel-1) mouse model, ACT using gp100-
specific T cells caused ocular damage, which paralleled
the findings in human melanoma patients who received
gp100-specific TCR-T therapy [156]. These findings
indicate that mouse models with homologous human
protein sequences and expression profiles can have value
when performing safety screening for TCR-T therapies.
Human cell lines have been invaluable tools for scien-

tists to screen for drug effect and safety. However, the
interpretation of data from cell lines should be per-
formed with caution. For example, in the MAGE-A3
trial, the initial screening of MAGE-A3 in formalin-fixed
tissues revealed no MAGE-A3 expression in the heart.
Co-culturing the TCR-T cells with primary cells derived
from the heart also did not reveal any activity. In light of
the obvious heart damage observed in two patients who
died after MAGE-A3-specific TCR-T, researchers used a
specific heart cell type, called icells, which are primary
human heart cells immortalized by iPSC technology and
can beat like normal heart cells under tissue culture con-
ditions. Using this cell model, researchers found that
MAGE-A3-specific TCR-T cells lysed the heart cells
through the specific secretion of cytokines and cytotoxic
granules [120]. Thus, the proper selection of primary
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cells that best reflect in vivo conditions is critical for
TCR-T therapy safety screening.

Third: methods to transduce the TCR into T cells, cell
number, and phenotypes
In the trial reported by Morgan et al. in 2006, no signifi-
cant toxicity was observed, partially because they used
RNA electroporation instead of the stable transduction
method [103, 157]. The transient expression of CARs or
TCRs is safer than stable transduction during cell ther-
apy [158, 159]. Moreover, the numbers and phenotypes
of the transferred cells can also affect the toxicity. In the
MAGE-A3 trial, patients who developed neurologic tox-
icity received a higher total number of cells, more CD3+/
CD8+/Tetramer+ cells, and more T cells with a naïve
phenotype [114]. This finding indicates that the modula-
tion of the numbers and phenotypes of the transferred
tumor antigen-specific TCR-T cells may affect the tox-
icity associated with TCR-T therapies. Recent studies
reported the identification of a new subtype of T cells,
called memory stem cells (TSCM), which can mediate
dramatic anti-tumor effects at small numbers (4 × 106),
in vivo [160, 161]. TSCM cells represent a clonally
expanded primordial-memory subset, with increased
proliferative and reconstitutive capacities. Moreover, sev-
eral studies have demonstrated that CD4 T cells mediate
better anti-tumor effects than CD8 T cells, by partnering
with NK cells [162, 163]. T cells with potent anti-tumor
effects have also been generated from TCR-transduced
hematopoietic stem cells and induced pluripotent stem
cells [22, 164, 165]. These studies have provided new
tools for the engineering of T cells with tumor antigen-
specific TCRs, although their effects require more thor-
ough testing, both pre-clinically and clinically.

Fourth: the optimization of generated TCR-T cell affinities
The avidity of a T cell, which is greatly dependent on the
TCR affinity, has been shown to be directly correlated with
its functions [166–168]. In the trial reported by Johnson
et al. in 2009, they used a DMF5 TCR, which has a higher
affinity than the DMF4 receptor to transduce the T cells,
and they observed a higher response rate than that for the
DMF4 trial [105]. High-affinity TCRs have been selected
for most clinical trials because of their ability to recognize
the peptide/MHCs at a low expression level on the surface
of tumor cells. However, autoimmune diseases are fre-
quently associated with high-affinity TCR-based therapies.
Recently, several studies suggested that TCRs with low to
medium affinities can mediate tumor destruction, without
inducing autoimmune disease [144, 169–173]. Using seven
gp100-specific TCRs, which spanned the physiological
affinity range, Zhong and colleagues found that the TCR
potency is determined by the TCR avidity, which reflects
the combined contributions of both TCR affinity and CD8,

rather than reflecting the TCR affinity alone. The killing of
targeted cells, including the in vitro and in vivo lysis of
tumor cells and autoimmunity, plateaued at an affinity
threshold of approximately 10 μM, and TCRs with affinities
higher than the 10-μM threshold did not lead to more po-
tent anti-tumor activities [170]. The molecular mechanism
underlying this effect is that maximal TCR clustering oc-
curs at the 10-μM threshold, and further increases in the
TCR affinity only lead to monovalent TCR-peptide/MHC
interactions, which do not contribute to T cell functions.
Furthermore, increasing TCR affinity can induce negative
feedback mechanisms [174]. In the study by Miller et al. in
2019, they adoptively transferred CD8+ T lymphocytes ex-
pressing either a high-affinity or a low-affinity ovalbumin
(OVA)-specific TCR into a RIP-mOVA mouse model, ex-
pressing a membrane-bound form of chicken ovalbumin
(mOVA) as a self-antigen in the kidney and pancreas. They
found that the high-affinity OVA-specific T cells caused
both the rapid eradication of OVA-expressing ID8 ovarian
carcinoma cells and autoimmune diabetes, in all treated
mice. The low-affinity T cells, however, mediated the se-
lective eradication of tumor cells, without any concomitant
autoimmune beta cell destruction [144]. These findings
were supported by the study reported by Sherman in 2008,
which showed that low-affinity antigen-specific CD8 T cells
tolerized with the cross-presented tumor antigen were sub-
sequently able to eradicate tumors with the help of CD4 T
cells [175]. In a therapeutic tumor vaccine study, vaccin-
ation against an antigen expressed in both tumors and
normal tissues was able to induce low-avidity antigen-
specific CD8+ T cells to reject tumor cells with high levels
of target antigen expression, while remaining tolerant of
antigen-expressing pancreatic beta cells [176]. These stud-
ies indicated that TCRs with low to medium affinities are
critical components of the immune response against tumor
cells. Many tumor-associated antigens are overexpressed in
tumor cells with minimal or limited expression in normal
tissues [20]. Moreover, studies reported that some chemi-
cals, cytokines, and radiation therapies can activate the
MHC signaling pathway and upregulate the expression of
peptide/MHCs on tumor cell surfaces [177, 178], and com-
bining immunotherapies with other therapies is the subject
of active clinical investigations [179]. These indicated that
TCRs with optimal low to medium affinities, when com-
bined with other therapies, may specifically eradiate tumor
cells without the induction of autoimmune diseases.

Conclusion
Compared with the current status of CAR-T therapies in
a clinic, TCR-based immunotherapies are lagging, despite
their earlier inception. However, due to the unique
feature of TCR-based therapies to target intracellular
antigens and their significant anti-tumor effect against
solid tumors, combined with the advancements in
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genetic engineering technologies and a growing interest
from pharmaceutical companies [23], we believe that the
wide application of TCR-based therapy should occur im-
mediately and that a breakthrough of TCR-T therapies in
the field of cancer immunotherapy can be predicted in the
near future.
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CTA: Cancer testis antigen; CTL: Cytotoxic T lymphocyte; DC: Dendritic cells;
EBV: Epstein-Barr virus; ER: Endoplasmic reticulum; FC: Fragment crystallizable;
FDA: Food and Drug Administration; FL: Fluorescein; gp100: Glycoprotein
100; GVHD: Graft versus host disease; HA-1: Minor histocompatibility antigen
HA-1; HCV: Hepatitis C virus; HPV: Human papillomavirus;
HSCs: Hematopoietic stem cells; IL-2: Interleukin-2; ImmTAC: Immune
mobilizing monoclonal TCRs against cancer; iPSCs: Induced pluripotent stem
cells; ITK: Interleukin-2 inducible tyrosine kinase; LAK: Lymphokine-activated
killer; LAT: Linker for activation of T cells; LCK: Leukocyte-specific tyrosine
kinase; LMP2: Latent membrane protein 2; MAGE-A1: Melanoma-associated
antigen 1; MAGE-A3: Melanoma-associated antigen 3; MAPK : Mitogen-
activated protein kinase; MART-1: Melanoma antigen recognized by T cells 1;
MDM2: Mouse double-minute 2; MDS: Myelodysplastic syndrome;
mHag: Minor histocompatibility antigens; MHC: Major histocompatibility
complex; mOVA: Membrane-bound form of chicken ovalbumin; NF-
κB: Nuclear factor kappa-light-chain-enhancer of activated B cells; NK: Nature
killer; NS3: Non-structure protein 3; NSCLC: Non-small cell lung carcinoma;
NY-ESO-1: New York esophageal squamous cell carcinoma-1;
OVA: Ovalbumin; P53: Tumor protein p53; PANC-1: Pancreatic carcinoma;
PBMCs: Peripheral blood mononuclear cells; PET: Positron emission
tomography; PKC: Protein kinase C; Pmel-1: Premelanosome protein; R/
R: Refractory or relapse; RCC: Renal cell carcinoma; RECIST: Standard criteria
of response evaluation criteria in solid tumors; rhIL-2 : Recombinant human
IL-2; RPS4Y: Ribosomal protein S4, Y-linked; SAE: Serious adverse events;
scFV: Single-chain fragment variable; scTCR: Single-chain TCR; SiRNA: Small-
interfering RNAs; SLP-76: Leukocyte protein of 76 kDa; TALENs: Transcription
activator-like effector nucleases; TCR: T cell receptors; TCRA: T cell receptor
alpha chain; TCRB: T cell receptor beta chain; TRAV: T cell receptor alpha-
chain variable; TRBV: T cell receptor beta-chain variable; TSCM: Memory stem
cells; UTY: Ubiquitously transcribed tetratricopeptide repeat gene on the Y
chromosome; VGPR: Good partial response; WT1: Wilms’ tumor 1;
ZAP70: Zeta-activated protein 70 kDa; ZFNs: Zinc finger nucleases

Acknowledgements
Not applicable

Authors’ contributions
JW, QH, and XZ designed the study, analyzed the data, and wrote the paper.
XJ provided critical suggestions. All authors read and approved the final
manuscript.

Funding
This study was conducted with support from National Natural Science
Foundation of China (No. 81570189 and 81673206), Guangdong Key
Laboratory Fund (201905010004), and Science and Technology Program of
Guangzhou (201902020001).

Availability of data and materials
The dataset supporting the conclusions of this article is included within the
article.

Ethics approval and consent to participate
Not applicable

Consent for publication
Not applicable

Competing interests
The authors declare that they have no competing interests.

Author details
1Department of Center Laboratory, The Fifth Affiliated Hospital of Guangzhou
Medical University, 621 Gangwan Rd, Huangpu Qu, Guangzhou 510700,
China. 2Department of General Surgery, The Fifth Affiliated Hospital of
Guangzhou Medical University, Guangzhou 510700, China. 3Department of
Lymphoma and Myeloma, Division of Cancer Medicine, The University of
Texas MD Anderson Cancer Center, 1414 Holcombe Boulevard, Houston, TX
77030, USA.

Received: 21 August 2019 Accepted: 27 October 2019

References
1. Novartis. Prescribing Information (Kymriah™). 2017. Available at: https://

www.pharma.us.novartis.com/sites/www.pharma.us.novartis.com/files/
kymriah.pdf.

2. Yescarta™. Prescribing Information. 2017. Available at: https://www.fda.gov/
downloads/BiologicsBloodVaccines/CellularGeneTherapyProducts/
ApprovedProducts/UCM581226.pdf.

3. Zheng P-P, Kros JM, Li J. Approved CAR T cell therapies: ice bucket
challenges on glaring safety risks and long-term impacts. Drug Discov
Today. 2018;23(6):1175–82.

4. Zhao J, Song Y, Liu D. Clinical trials of dual-target CAR T cells, donor-derived
CAR T cells, and universal CAR T cells for acute lymphoid leukemia. J
Hematol Oncol. 2019;12(1):17.

5. Lamers CH, et al. Gene-modified T cells for adoptive immunotherapy of
renal cell cancer maintain transgene-specific immune functions in vivo.
Cancer Immunol Immunother. 2007;56(12):1875–83.

6. Kershaw MH, et al. A phase I study on adoptive immunotherapy using
gene-modified T cells for ovarian cancer. Clin Cancer Res. 2006;12(20 Pt
1):6106–15.

7. Kakarla S, Gottschalk S. CAR T cells for solid tumors: armed and ready to go?
Cancer J. 2014;20(2):151–5.

8. Lamers CHJ, et al. Treatment of metastatic renal cell carcinoma with CAIX
CAR-engineered T cells: clinical evaluation and management of on-target
toxicity. Mol Ther. 2013;21(4):904–12.

9. Park JR, et al. Adoptive transfer of chimeric antigen receptor re-directed
cytolytic T lymphocyte clones in patients with neuroblastoma. Mol Ther.
2007;15(4):825–33.

10. Wei J, et al. Target selection for CAR-T therapy. J Hematol Oncol. 2019;12(1):62.
11. Weekes MP, et al. Comparative analysis of techniques to purify plasma

membrane proteins. J Biomol Tech. 2010;21(3):108–15.
12. Zinkernagel RM, Doherty PC. Restriction of in vitro T cell-mediated

cytotoxicity in lymphocytic choriomeningitis within a syngeneic or
semiallogeneic system. Nature. 1974;248(5450):701–2.

13. Hedrick SM, et al. Isolation of cDNA clones encoding T cell-specific
membrane-associated proteins. Nature. 1984;308(5955):149–53.

14. Yanagi Y, et al. A human T cell-specific cDNA clone encodes a protein
having extensive homology to immunoglobulin chains. Nature. 1984;
308(5955):145–9.

15. Neefjes J, et al. Towards a systems understanding of MHC class I and MHC
class II antigen presentation. Nat Rev Immunol. 2011;11:823.

16. Blum JS, Wearsch PA, Cresswell P. Pathways of antigen processing. Annu
Rev Immunol. 2013;31:443–73.

17. Novellino L, Castelli C, Parmiani G. A listing of human tumor antigens
recognized by T cells: March 2004 update. Cancer Immunol Immunother.
2005;54(3):187–207.

18. Andersen RS, et al. Dissection of T-cell antigen specificity in human
melanoma. Cancer Res. 2012;72(7):1642–50.

19. Corse E, Gottschalk RA, Allison JP. Strength of TCR–peptide/MHC
interactions and in vivo T cell responses. J Immunol. 2011;186(9):5039–45.

20. Coulie PG, et al. Tumour antigens recognized by T lymphocytes: at the core
of cancer immunotherapy. Nat Rev Cancer. 2014;14:135.

He et al. Journal of Hematology & Oncology          (2019) 12:139 Page 14 of 17

https://www.pharma.us.novartis.com/sites/www.pharma.us.novartis.com/files/kymriah.pdf
https://www.pharma.us.novartis.com/sites/www.pharma.us.novartis.com/files/kymriah.pdf
https://www.pharma.us.novartis.com/sites/www.pharma.us.novartis.com/files/kymriah.pdf
https://www.fda.gov/downloads/BiologicsBloodVaccines/CellularGeneTherapyProducts/ApprovedProducts/UCM581226.pdf
https://www.fda.gov/downloads/BiologicsBloodVaccines/CellularGeneTherapyProducts/ApprovedProducts/UCM581226.pdf
https://www.fda.gov/downloads/BiologicsBloodVaccines/CellularGeneTherapyProducts/ApprovedProducts/UCM581226.pdf


21. Kunert A, et al. TCR-engineered T cells meet new challenges to treat solid
tumors: choice of antigen, T cell fitness, and sensitization of tumor milieu.
Front Immunol. 2013;4:363.

22. Ping Y, Liu C, Zhang Y. T-cell receptor-engineered T cells for cancer treatment:
current status and future directions. Protein Cell. 2018;9(3):254–66.

23. Zhang J, Wang L. The emerging world of TCR-T cell trials against cancer: a
systematic review. Technol Cancer Res Treat. 2019;18:1533033819831068.

24. van der Merwe PA, Dushek O. Mechanisms for T cell receptor triggering.
Nat Rev Immunol. 2010;11:47.

25. Davis MM, Bjorkman PJ. T-cell antigen receptor genes and T-cell
recognition. Nature. 1988;334(6181):395–402.

26. Pannetier C, Even J, Kourilsky P. T-cell repertoire diversity and clonal expansions
in normal and clinical samples. Immunol Today. 1995;16(4):176–81.

27. Wucherpfennig KW, et al. Structural biology of the T-cell receptor: insights
into receptor assembly, ligand recognition, and initiation of signaling. Cold
Spring Harb Perspect Biol. 2010;2(4):a005140.

28. Alarcon B, et al. Initiation of TCR signaling: regulation within CD3 dimers.
Immunol Rev. 2003;191:38–46.

29. Koretzky GA, Abtahian F, Silverman MA. SLP76 and SLP65: complex
regulation of signalling in lymphocytes and beyond. Nat Rev Immunol.
2006;6(1):67–78.

30. Huse M. The T-cell-receptor signaling network. J Cell Sci. 2009;122(9):1269–73.
31. Dembic Z, et al. Transfer of specificity by murine alpha and beta T-cell

receptor genes. Nature. 1986;320(6059):232–8.
32. Kessels HWHG, et al. Immunotherapy through TCR gene transfer. Nat

Immunol. 2001;2(10):957–61.
33. Calogero A, et al. Retargeting of a T cell line by anti MAGE-3/HLA-A2 alpha

beta TCR gene transfer. Anticancer Res. 2000;20(3a):1793–9.
34. Clay TM, et al. Efficient transfer of a tumor antigen-reactive TCR to human

peripheral blood lymphocytes confers anti-tumor reactivity. J Immunol.
1999;163(1):507–13.

35. Hughes MS, et al. Transfer of a TCR gene derived from a patient with a
marked antitumor response conveys highly active T-cell effector functions.
Hum Gene Ther. 2005;16(4):457–72.

36. Cole DJ, et al. Characterization of the functional specificity of a cloned T-cell
receptor heterodimer recognizing the MART-1 melanoma antigen. Cancer
Res. 1995;55(4):748–52.

37. Cooper LJ, et al. Transfer of specificity for human immunodeficiency virus
type 1 into primary human T lymphocytes by introduction of T-cell receptor
genes. J Virol. 2000;74(17):8207–12.

38. Ueno T, et al. Reconstitution of anti-HIV effector functions of primary
human CD8 T lymphocytes by transfer of HIV-specific αβ TCR genes. Eur J
Immunol. 2004;34(12):3379–88.

39. Callender GG, et al. Identification of a hepatitis C virus–reactive T cell
receptor that does not require CD8 for target cell recognition. Hepatology.
2006;43(5):973–81.

40. Heemskerk MH, et al. Dual HLA class I and class II restricted recognition of
alloreactive T lymphocytes mediated by a single T cell receptor complex.
Proc Natl Acad Sci U S A. 2001;98(12):6806–11.

41. Orentas RJ, et al. Retroviral transduction of a T cell receptor specific for an
Epstein–Barr virus-encoded peptide. Clin Immunol. 2001;98(2):220–8.

42. Stanislawski T, et al. Circumventing tolerance to a human MDM2-derived
tumor antigen by TCR gene transfer. Nat Immunol. 2001;2(10):962–70.

43. Zhao Y, et al. Primary human lymphocytes transduced with NY-ESO-1
antigen-specific TCR genes recognize and kill diverse human tumor cell
lines. J Immunol. 2005;174(7):4415–23.

44. Willemsen RA, et al. Grafting primary human T lymphocytes with cancer-specific
chimeric single chain and two chain TCR. Gene Ther. 2000;7(16):1369–77.

45. Morgan RA, et al. High efficiency TCR gene transfer into primary human
lymphocytes affords avid recognition of melanoma tumor antigen
glycoprotein 100 and does not alter the recognition of autologous
melanoma antigens. J Immunol. 2003;171(6):3287–95.

46. Schaft N, et al. Peptide fine specificity of anti-glycoprotein 100 CTL is
preserved following transfer of engineered TCRαβ genes into primary
human T lymphocytes. J Immunol. 2003;170(4):2186–94.

47. Cohen CJ, et al. Recognition of fresh human tumor by human peripheral
blood lymphocytes transduced with a bicistronic retroviral vector encoding
a murine anti-p53 TCR. J Immunol. 2005;175(9):5799–808.

48. Scholten KBJ, et al. Preservation and redirection of HPV16E7-specific T
cell receptors for immunotherapy of cervical cancer. Clin Immunol.
2005;114(2):119–29.

49. Heemskerk MHM, et al. Redirection of antileukemic reactivity of peripheral T
lymphocytes using gene transfer of minor histocompatibility antigen HA-2-
specific T-cell receptor complexes expressing a conserved alpha joining
region. Blood. 2003;102(10):3530–40.

50. Mommaas B, et al. Adult and cord blood T cells can acquire HA-1
specificity through HA-1 T-cell receptor gene transfer. Haematologica.
2005;90(10):1415–21.

51. Ivanov R, et al. UTY-specific TCR-transfer generates potential graft-versus-
leukaemia effector T cells. Br J Haematol. 2005;129(3):392–402.

52. Ivanov R, et al. T cell receptor-transgenic primary T cells as a tool for
discovery of leukaemia-associated antigens. Clin Exp Immunol. 2006;
143(1):78–84.

53. Roszkowski JJ, et al. Simultaneous generation of CD8<sup>+</sup> and
CD4<sup>+</sup> melanoma-reactive T cells by retroviral-mediated
transfer of a single T-cell receptor. Cancer Res. 2005;65(4):1570–6.

54. van der Veken LT, et al. HLA class II restricted T-cell receptor gene transfer
generates CD4+ T cells with helper activity as well as cytotoxic capacity.
Gene Ther. 2005;12(23):1686–95.

55. Aarnoudse CA, et al. TCR reconstitution in Jurkat reporter cells facilitates the
identification of novel tumor antigens by cDNA expression cloning. Int J
Cancer. 2002;99(1):7–13.

56. Tsuji T, et al. Generation of tumor-specific, HLA class I–restricted human Th1
and Tc1 cells by cell engineering with tumor peptide–specific T-cell
receptor genes. Blood. 2005;106(2):470–6.

57. Xue S-A, et al. Elimination of human leukemia cells in <em>NOD/SCID</
em> mice by <em>WT1-TCR</em> gene–transduced human T cells. Blood.
2005;106(9):3062–7.

58. Engels B, et al. Redirecting human T lymphocytes toward renal cell
carcinoma specificity by retroviral transfer of T cell receptor genes. Hum
Gene Ther. 2005;16(7):799–810.

59. Tahara H, et al. Reconstitution of CD8<sup>+</sup> T cells by retroviral
transfer of the TCR αβ-chain genes isolated from a clonally expanded P815-
infiltrating lymphocyte. J Immunol. 2003;171(4):2154–60.

60. Parkhurst MR, et al. Characterization of genetically modified T-cell receptors
that recognize the CEA:691-699 peptide in the context of HLA-A2.1 on
human colorectal cancer cells. Clin Cancer Res. 2009;15(1):169–80.

61. Voss RH, Kuball J, Theobald M. Designing TCR for cancer immunotherapy.
Methods Mol Med. 2005;109:229–56.

62. Derbinski J, et al. Promiscuous gene expression in medullary thymic
epithelial cells mirrors the peripheral self. Nat Immunol. 2001;2(11):1032–9.

63. Aleksic M, et al. Different affinity windows for virus and cancer-specific T-cell
receptors: Implications for therapeutic strategies. Eur J Immunol. 2012;
42(12):3174–9.

64. Gallegos AM, Bevan MJ. Central tolerance: good but imperfect. Immunol
Rev. 2006;209:290–6.

65. Öhlén C, et al. Expression of a tolerizing tumor antigen in peripheral tissue does not
preclude recovery of high-affinity CD8<sup>+</sup> T cells or CTL
immunotherapy of tumors expressing the antigen. J Immunol. 2001;166(4):2863–70.

66. Johnson LA, et al. Gene transfer of tumor-reactive TCR confers both high
avidity and tumor reactivity to nonreactive peripheral blood mononuclear
cells and tumor-infiltrating lymphocytes. J Immunol. 2006;177(9):6548–59.

67. Davis JL, et al. Development of human anti-murine T-cell receptor
antibodies in both responding and nonresponding patients enrolled in TCR
gene therapy trials. Clin Cancer Res. 2010;16(23):5852–61.

68. Holler PD, et al. In vitro evolution of a T cell receptor with high affinity for
peptide/MHC. Proc Natl Acad Sci U S A. 2000;97(10):5387–92.

69. Kessels HW, et al. Changing T cell specificity by retroviral T cell receptor
display. Proc Natl Acad Sci U S A. 2000;97(26):14578–83.

70. Li Y, et al. Directed evolution of human T-cell receptors with picomolar
affinities by phage display. Nat Biotechnol. 2005;23(3):349–54.

71. Karpanen T, Olweus J. T-cell receptor gene therapy – ready to go viral? Mol
Oncol. 2015;9(10):2019–42.

72. van Loenen MM, et al. Mixed T cell receptor dimers harbor potentially
harmful neoreactivity. Proc Natl Acad Sci U S A. 2010;107(24):10972–7.

73. Bendle GM, et al. Lethal graft-versus-host disease in mouse models of T cell
receptor gene therapy. Nat Med. 2010;16(5):565–70 1p following 570.

74. Cohen CJ, et al. Enhanced antitumor activity of murine-human hybrid T-cell
receptor (TCR) in human lymphocytes is associated with improved pairing
and TCR/CD3 stability. Cancer Res. 2006;66(17):8878–86.

75. Kuball J, et al. Facilitating matched pairing and expression of TCR chains
introduced into human T cells. Blood. 2007;109(6):2331–8.

He et al. Journal of Hematology & Oncology          (2019) 12:139 Page 15 of 17



76. Voss R-H, et al. Molecular design of the Cαβ interface favors specific pairing
of introduced TCRαβ in human T cells. J Immunol. 2008;180(1):391–401.

77. Chung S, et al. Functional three-domain single-chain T-cell receptors. Proc
Natl Acad Sci. 1994;91(26):12654–8.

78. Govers C, et al. TCRs genetically linked to CD28 and CD3ε do not mispair
with endogenous TCR chains and mediate enhanced T cell persistence and
anti-melanoma activity. J Immunol. 2014;193(10):5315–26.

79. Okamoto S, et al. Improved expression and reactivity of transduced tumor-
specific TCRs in human lymphocytes by specific silencing of endogenous
TCR. Cancer Res. 2009;69(23):9003–11.

80. Ochi T, et al. Novel adoptive T-cell immunotherapy using a WT1-specific
TCR vector encoding silencers for endogenous TCRs shows marked
antileukemia reactivity and safety. Blood. 2011;118(6):1495–503.

81. Provasi E, et al. Editing T cell specificity towards leukemia by zinc finger
nucleases and lentiviral gene transfer. Nat Med. 2012;18:807.

82. Torikai H, et al. A foundation for universal T-cell based immunotherapy: T
cells engineered to express a CD19-specific chimeric-antigen-receptor and
eliminate expression of endogenous TCR. Blood. 2012;119(24):5697–705.

83. Berdien B, et al. TALEN-mediated editing of endogenous T-cell receptors
facilitates efficient reprogramming of T lymphocytes by lentiviral gene
transfer. Gene Ther. 2014;21:539.

84. Legut M, et al. CRISPR-mediated TCR replacement generates superior
anticancer transgenic T cells. Blood. 2018;131(3):311–22.

85. Yang L, et al. Generation of functional antigen-specific T cells in defined
genetic backgrounds by retrovirus-mediated expression of TCR cDNAs in
hematopoietic precursor cells. Proc Natl Acad Sci U S A. 2002;99(9):6204–9.

86. van der Veken LT, et al. αβ T-cell receptor engineered γδ T cells mediate
effective antileukemic reactivity. Cancer Res. 2006;66(6):3331–7.

87. Rosenberg SA. Of mice, not men: no evidence for graft-versus-host disease
in humans receiving T-cell receptor–transduced autologous T cells. Mol
Ther. 2010;18(10):1744–5.

88. Bunse M, et al. RNAi-mediated TCR knockdown prevents autoimmunity in
mice caused by mixed TCR dimers following TCR gene transfer. Mol Ther.
2014;22(11):1983–91.

89. Tashiro H, Brenner MK. Immunotherapy against cancer-related viruses. Cell
Res. 2017;27(1):59–73.

90. Nayersina R, et al. HLA A2 restricted cytotoxic T lymphocyte responses to
multiple hepatitis B surface antigen epitopes during hepatitis B virus
infection. J Immunol. 1993;150(10):4659–71.

91. Mizukoshi E, et al. Cellular immune responses to the hepatitis B virus
polymerase. J Immunol. 2004;173(9):5863–71.

92. Ressing ME, et al. Differential binding of viral peptides to HLA-A2 alleles.
Implications for human papillomavirus type 16 E7 peptide-based
vaccination against cervical carcinoma. Eur J Immunol. 1999;29(4):1292–303.

93. Robbins PF, et al. A mutated beta-catenin gene encodes a melanoma-
specific antigen recognized by tumor infiltrating lymphocytes. J Exp Med.
1996;183(3):1185–92.

94. Echchakir H, et al. A point mutation in the alpha-actinin-4 gene generates
an antigenic peptide recognized by autologous cytolytic T lymphocytes on
a human lung carcinoma. Cancer Res. 2001;61(10):4078–83.

95. Gaudin C, et al. A hsp70-2 mutation recognized by CTL on a human renal
cell carcinoma. J Immunol. 1999;162(3):1730–8.

96. De Backer O, et al. Characterization of the GAGE genes that are expressed in
various human cancers and in normal testis. Cancer Res. 1999;59(13):3157–65.

97. Chomez P, et al. An overview of the MAGE gene family with the
identification of all human members of the family. Cancer Res. 2001;
61(14):5544–51.

98. Brichard V, et al. The tyrosinase gene codes for an antigen recognized by
autologous cytolytic T lymphocytes on HLA-A2 melanomas. J Exp Med.
1993;178(2):489–95.

99. Duffy MJ. Carcinoembryonic antigen as a marker for colorectal cancer: is it
clinically useful? Clin Chem. 2001;47(4):624–30.

100. Luo GG, J.-h.J. Ou. Oncogenic viruses and cancer. Virol Sin. 2015;30(2):83–4.
101. Jamal-Hanjani M, et al. Translational implications of tumor heterogeneity.

Clin Cancer Res. 2015;21(6):1258–66.
102. Schumacher TN, Scheper W, Kvistborg P. Cancer neoantigens. Annu Rev

Immunol. 2019;37(1):173–200.
103. Morgan RA, et al. Cancer regression in patients after transfer of genetically

engineered lymphocytes. Science. 2006;314(5796):126–9.
104. Therasse P, et al. New guidelines to evaluate the response to treatment in

solid tumors. J Natl Cancer Inst. 2000;92(3):205–16.

105. Johnson LA, et al. Gene therapy with human and mouse T-cell receptors
mediates cancer regression and targets normal tissues expressing cognate
antigen. Blood. 2009;114(3):535–46.

106. Chodon T, et al. Adoptive transfer of MART-1 T-cell receptor transgenic
lymphocytes and dendritic cell vaccination in patients with metastatic
melanoma. Clin Cancer Res. 2014;20(9):2457–65.

107. Yang S, et al. Development of optimal bicistronic lentiviral vectors facilitates
high-level TCR gene expression and robust tumor cell recognition. Gene
Ther. 2008;15(21):1411–23.

108. Robbins PF, et al. Tumor regression in patients with metastatic synovial cell
sarcoma and melanoma using genetically engineered lymphocytes reactive
with NY-ESO-1. J Clin Oncol. 2011;29(7):917–24.

109. Chen YT, et al. A testicular antigen aberrantly expressed in human cancers
detected by autologous antibody screening. Proc Natl Acad Sci U S A. 1997;
94(5):1914–8.

110. van Baren N, et al. Genes encoding tumor-specific antigens are expressed in
human myeloma cells. Blood. 1999;94(4):1156–64.

111. van Rhee F, et al. NY-ESO-1 is highly expressed in poor-prognosis multiple
myeloma and induces spontaneous humoral and cellular immune
responses. Blood. 2005;105(10):3939–44.

112. Jungbluth AA, et al. Monophasic and biphasic synovial sarcomas
abundantly express cancer/testis antigen NY-ESO-1 but not MAGE-A1 or
CT7. Int J Cancer. 2001;94(2):252–6.

113. Parkhurst MR, et al. T cells targeting carcinoembryonic antigen can mediate
regression of metastatic colorectal cancer but induce severe transient colitis.
Mol Ther. 2011;19(3):620–6.

114. Morgan RA, et al. Cancer regression and neurological toxicity following anti-
MAGE-A3 TCR gene therapy. J Immunother. 2013;36(2):133–51.

115. Kageyama S, et al. Adoptive transfer of MAGE-A4 T-cell receptor gene-
transduced lymphocytes in patients with recurrent esophageal cancer. Clin
Cancer Res. 2015;21(10):2268–77.

116. Robbins PF, et al. A pilot trial using lymphocytes genetically engineered
with an NY-ESO-1-reactive T-cell receptor: long-term follow-up and
correlates with response. Clin Cancer Res. 2015;21(5):1019–27.

117. Rapoport AP, et al. NY-ESO-1-specific TCR-engineered T cells mediate sustained
antigen-specific antitumor effects in myeloma. Nat Med. 2015;21(8):914–21.

118. Tawara I, et al. Safety and persistence of WT1-specific T-cell receptor gene
−transduced lymphocytes in patients with AML and MDS. Blood. 2017;
130(18):1985–94.

119. Linette GP, et al. Cardiovascular toxicity and titin cross-reactivity of affinity-
enhanced T cells in myeloma and melanoma. Blood. 2013;122(6):863–71.

120. Cameron BJ, et al. Identification of a titin-derived HLA-A1-presented peptide
as a cross-reactive target for engineered MAGE A3-directed T cells. Sci
Transl Med. 2013;5(197):197ra103.

121. Liddy N, et al. Monoclonal TCR-redirected tumor cell killing. Nat Med. 2012;
18(6):980–7.

122. Boulter JM, et al. Stable, soluble T-cell receptor molecules for crystallization
and therapeutics. Protein Eng. 2003;16(9):707–11.

123. Withoff S, et al. Bi-specific antibody therapy for the treatment of cancer.
Curr Opin Mol Ther. 2001;3(1):53–62.

124. McCormack E, et al. Bi-specific TCR-anti CD3 redirected T-cell targeting of
NY-ESO-1- and LAGE-1-positive tumors. Cancer Immunol Immunother. 2013;
62(4):773–85.

125. Bossi G, et al. ImmTAC-redirected tumour cell killing induces and
potentiates antigen cross-presentation by dendritic cells. Cancer Immunol
Immunother. 2014;63(5):437–48.

126. Boudousquie C, et al. Polyfunctional response by ImmTAC (IMCgp100)
redirected CD8(+) and CD4(+) T cells. Immunology. 2017;152(3):425–38.

127. Card KF, et al. A soluble single-chain T-cell receptor IL-2 fusion protein
retains MHC-restricted peptide specificity and IL-2 bioactivity. Cancer
Immunol Immunother. 2004;53(4):345–57.

128. Belmont HJ, et al. Potent antitumor activity of a tumor-specific soluble TCR/
IL-2 fusion protein. Clin Immunol. 2006;121(1):29–39.

129. Wen J, et al. Targeting activity of a TCR/IL-2 fusion protein against
established tumors. Cancer Immunol Immunother. 2008;57(12):1781–94.

130. Fishman MN, et al. Phase I trial of ALT-801, an interleukin-2/T-cell receptor
fusion protein targeting p53 (aa264–272)/HLA-A*0201 complex, in patients
with advanced malignancies. Clin Cancer Res. 2011;17(24):7765–75.

131. Mosquera LA, et al. In vitro and in vivo characterization of a novel
antibody-like single-chain TCR human IgG1 fusion protein. J Immunol.
2005;174(7):4381–8.

He et al. Journal of Hematology & Oncology          (2019) 12:139 Page 16 of 17



132. Weidle UH, Georges G, Tiefenthaler G. TCR-MHC/peptide interaction:
prospects for new anti-tumoral agents. Cancer Genomics Proteomics. 2014;
11(6):267–77.

133. Zhu X, et al. Visualization of p53<sub>264–272</sub>/HLA-A*0201
complexes naturally presented on tumor cell surface by a multimeric
soluble single-chain T cell receptor. J Immunol. 2006;176(5):3223–32.

134. Sykulev Y, et al. Evidence that a single peptide–MHC complex on a target
cell can elicit a cytolytic T cell response. Immunity. 1996;4(6):565–71.

135. Huang J, et al. A single peptide-major histocompatibility complex
ligand triggers digital cytokine secretion in CD4+ T cells. Immunity.
2013;39(5):846–57.

136. Irvine DJ, et al. Direct observation of ligand recognition by T cells. Nature.
2002;419(6909):845–9.

137. Weber S, et al. Specific low-affinity recognition of major
histocompatibility complex plus peptide by soluble T-cell receptor.
Nature. 1992;356(6372):793–6.

138. Watanabe K, et al. Target antigen density governs the efficacy of anti–CD20-
CD28-CD3 ζ chimeric antigen receptor–modified effector CD8<sup>+
</sup> T cells. J Immunol. 2015;194(3):911–20.

139. Stone JD, et al. A sensitivity scale for targeting T cells with chimeric antigen
receptors (CARs) and bispecific T-cell Engagers (BiTEs). OncoImmunology.
2012;1(6):863–73.

140. Morgan RA, et al. Case report of a serious adverse event following the
administration of T cells transduced with a chimeric antigen receptor
recognizing ERBB2. Mol Ther. 2010;18(4):843–51.

141. Kawakami Y, et al. Cloning of the gene coding for a shared human
melanoma antigen recognized by autologous T cells infiltrating into tumor.
Proc Natl Acad Sci. 1994;91(9):3515–9.

142. Kawakami Y, et al. Identification of a human melanoma antigen recognized
by tumor-infiltrating lymphocytes associated with in vivo tumor rejection.
Proc Natl Acad Sci. 1994;91(14):6458–62.

143. Uslu U, et al. Combining a chimeric antigen receptor and a conventional T-
cell receptor to generate T cells expressing two additional receptors
(TETARs) for a multi-hit immunotherapy of melanoma. Exp Dermatol. 2016;
25(11):872–9.

144. Miller AM, et al. Leveraging TCR affinity in adoptive immunotherapy against
shared tumor/self-antigens. Cancer Immun Res. 2019;7(1):40–9.

145. Solal-Céligny P. Safety of rituximab maintenance therapy in follicular
lymphomas. Leuk Res. 2006;30:S16–21.

146. Hofmann O, et al. Genome-wide analysis of cancer/testis gene expression.
Proc Natl Acad Sci U S A. 2008;105(51):20422–7.

147. van der Bruggen P, et al. A gene encoding an antigen recognized by
cytolytic T lymphocytes on a human melanoma. Science. 1991;
254(5038):1643–7.

148. Groeper C, et al. Cancer/testis antigen expression and specific cytotoxic T
lymphocyte responses in non small cell lung cancer. Int J Cancer. 2007;
120(2):337–43.

149. Brichard VG, Lejeune D. Cancer immunotherapy targeting tumour-specific
antigens: towards a new therapy for minimal residual disease. Expert Opin
Biol Ther. 2008;8(7):951–68.

150. Feng Y, Gao J, Yang M. When MAGE meets RING: insights into biological
functions of MAGE proteins. Protein Cell. 2011;2(1):7–12.

151. Monte M, et al. MAGE-A tumor antigens target p53 transactivation function
through histone deacetylase recruitment and confer resistance to
chemotherapeutic agents. Proc Natl Acad Sci U S A. 2006;103(30):11160–5.

152. Kim J, et al. The clinical significance of MAGEA3 expression in pancreatic
cancer. Int J Cancer. 2006;118(9):2269–75.

153. Suyama T, et al. Expression of cancer/testis antigens in prostate cancer is
associated with disease progression. Prostate. 2010;70(16):1778–87.

154. Seok J, et al. Genomic responses in mouse models poorly mimic human
inflammatory diseases. Proc Natl Acad Sci. 2013;110(9):3507–12.

155. Bos R, et al. Balancing between antitumor efficacy and autoimmune
pathology in T-cell–mediated targeting of carcinoembryonic antigen.
Cancer Res. 2008;68(20):8446–55.

156. Palmer DC, et al. Effective tumor treatment targeting a melanoma/
melanocyte-associated antigen triggers severe ocular autoimmunity. Proc
Natl Acad Sci. 2008;105(23):8061–6.

157. Barrett DM, et al. Treatment of advanced leukemia in mice with mRNA
engineered T cells. Hum Gene Ther. 2011;22(12):1575–86.

158. Foster JB, Barrett DM, Kariko K. The emerging role of in vitro-transcribed
mRNA in adoptive T cell immunotherapy. Mol Ther. 2019;27(4):747–56.

159. Li J, et al. Chimeric antigen receptor T cell (CAR-T) immunotherapy for solid
tumors: lessons learned and strategies for moving forward. J Hematol
Oncol. 2018;11(1):22.

160. Gattinoni L, et al. A human memory T cell subset with stem cell–like
properties. Nat Med. 2011;17:1290.

161. Gattinoni L, et al. T memory stem cells in health and disease. Nat Med.
2017;23(1):18–27.

162. Perez-Diez A, et al. CD4 cells can be more efficient at tumor rejection than
CD8 cells. Blood. 2007;109(12):5346–54.

163. Wang D, et al. Glioblastoma-targeted CD4+ CAR T cells mediate superior
antitumor activity. JCI Insight. 2018;3(10):e99048.

164. Vatakis DN, et al. Introduction of exogenous T-cell receptors into human
hematopoietic progenitors results in exclusion of endogenous T-cell
receptor expression. Mol Ther. 2013;21(5):1055–63.

165. Lei F, et al. <em>In vivo</em> programming of tumor antigen-specific T
lymphocytes from pluripotent stem cells to promote cancer
immunosurveillance. Cancer Res. 2011;71(14):4742–7.

166. Zeh HJ, et al. High avidity CTLs for two self-antigens demonstrate superior
in vitro and in vivo antitumor efficacy. J Immunol. 1999;162(2):989–94.

167. Derby M, et al. High-avidity CTL exploit two complementary mechanisms to
provide better protection against viral infection than low-avidity CTL. J
Immunol. 2001;166(3):1690–7.

168. Labrecque N, et al. How much tcr does a t cell need? Immunity. 2001;
15(1):71–82.

169. Presotto D, et al. Fine-tuning of optimal TCR signaling in tumor-redirected
CD8 T cells by distinct TCR affinity-mediated mechanisms. Front Immunol.
2017;8:1564.

170. Zhong S, et al. T-cell receptor affinity and avidity defines antitumor
response and autoimmunity in T-cell immunotherapy. Proc Natl Acad Sci.
2013;110(17):6973–8.

171. Martinez RJ, Evavold BD. Lower affinity T cells are critical components and
active participants of the immune response. Front Immunol. 2015;6:468.

172. Schmid DA, et al. Evidence for a TCR affinity threshold delimiting maximal
CD8 T cell function. J Immunol. 2010;184(9):4936–46.

173. Zehn D, Lee SY, Bevan MJ. Complete but curtailed T-cell response to very
low-affinity antigen. Nature. 2009;458(7235):211–4.

174. Hebeisen M, et al. SHP-1 phosphatase activity counteracts increased T cell
receptor affinity. J Clin Invest. 2013;123(3):1044–56.

175. Wong SBJ, Bos R, Sherman LA. Tumor-specific CD4<sup>+</sup> T cells
render the tumor environment permissive for infiltration by low-avidity
CD8<sup>+</sup> T cells. J Immunol. 2008;180(5):3122–31.

176. Morgan DJ, et al. Activation of low avidity CTL specific for a self
epitope results in tumor rejection but not autoimmunity. J Immunol.
1998;160(2):643–51.

177. Garrido F, et al. The urgent need to recover MHC class I in cancers for
effective immunotherapy. Curr Opin Immunol. 2016;39:44–51.

178. Garrido F, Cabrera T, Aptsiauri N. “Hard” and “soft” lesions underlying the
HLA class I alterations in cancer cells: Implications for immunotherapy. Int J
Cancer. 2010;127(2):249–56.

179. Liu B, Song Y, Liu D. Recent development in clinical applications of PD-
1 and PD-L1 antibodies for cancer immunotherapy. J Hematol Oncol.
2017;10(1):174.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

He et al. Journal of Hematology & Oncology          (2019) 12:139 Page 17 of 17


	Abstract
	Introduction
	TCR constructs and signaling pathways
	Pre-clinical studies of TCR-T therapy
	Clinical studies of TCR-T immunotherapy
	The toxicity of TCR-T immunotherapy
	Other types of immunotherapies targeting the TCR-peptide/MHC
	ImmTAC
	TCR-fusion proteins
	scTCR/multimers

	Comparisons among TCR-based immunotherapy strategies and other immunotherapy strategies
	Strategies to overcome the toxicity of TCR-based immunotherapy
	First: the proper selection of TCR-targeted antigens
	Second: more complete safety screenings for TCR-based immunotherapy
	Third: methods to transduce the TCR into T cells, cell number, and phenotypes
	Fourth: the optimization of generated TCR-T cell affinities

	Conclusion
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

