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Abstract
T-cell receptor (TCR)-based adoptive therapy employs genetically modified lymphocytes that are directed against
specific tumor markers. This therapeutic modality requires a structured and integrated process that involves patient
screening (e.g., for HLA-A*02:01 and specific tumor targets), leukapheresis, generation of transduced TCR product,
lymphodepletion, and infusion of the TCR-based adoptive therapy. In this review, we summarize the current technol‑
ogy and early clinical development of TCR-based therapy in patients with solid tumors. The challenges of TCR-based
therapy include those associated with TCR product manufacturing, patient selection, and preparation with lymphode‑
pletion. Overcoming these challenges, and those posed by the immunosuppressive microenvironment, as well as
developing next-generation strategies is essential to improving the efficacy and safety of TCR-based therapies. Opti‑
mization of technology to generate TCR product, treatment administration, and patient monitoring for adverse events
is needed. The implementation of novel TCR strategies will require expansion of the TCR approach to patients with
HLA haplotypes beyond HLA-A*02:01 and the discovery of novel tumor markers that are expressed in more patients
and tumor types. Ongoing clinical trials will determine the ultimate role of TCR-based therapy in patients with solid
tumors.
Keywords: Adoptive T-cell receptor-based therapy, Human leukocyte antigen typing, Biomarker screening,
Lymphodepletion, Clinical trials, Solid tumors
Background
Immunotherapy has significantly improved the outcomes of patients with selected tumor types. Adoptive
cell therapy (ACT), which uses genetically engineered
human lymphocytes, is increasingly being investigated
in patients with hematologic malignancies and solid
tumors.
ACT, through the infusion of ex vivo-activated autologous or allogeneic T-cells, with or without other agents
that combat T-cell inhibition in the tumor microenvironment, can overcome the limitations of some current
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immunotherapies. Extensive libraries of T-cell epitopes
are being constructed to address the needs of as many
patients with cancer as possible with increasingly customized approaches [1]. Two general approaches to ACT
are being developed. Chimeric antigen receptor (CAR)
technology (now available in marketed products) uses
an artificial receptor introduced into the immune effector cells to recognize tumor cell surface proteins. In contrast, T-cell receptor (TCR)-engineered effector cells
use a naturally occurring (or minimally modified) TCR
to develop T-cell-based adoptive T-cell therapy (Fig. 1).
This approach has been selected for its ability to recognize tumor-specific epitopes presented by the major histocompatibility complex (MHC) molecules on the tumor
cell surface (Fig. 2). The latter strategy has a potentially
broader applicability, as there are far more tumor-specific
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Fig. 1 Schematic view of TCR-based adoptive T-cell therapy. (1) Patient’s screening starts with HLA typing. If HLA is A*02:01 type, a tumor biopsy
is performed (2) to screen the tumor tissue for the expression of the targeted antigen (3), followed by leukapheresis (4). PBMCs from patient
leukapheresis are isolated and pre-activated using anti-CD3 and -CD28 antibodies (5). A target-specific TCR is isolated from a healthy donor,
characterized, and modified (6). A lentiviral vector is constructed and used to transfer the target-specific TCR in the T-cells (7). The activated PBMCs
are transduced with a lentiviral vector encoding the target-specific TCR (8). Transduced T-cells are expanded to large numbers in 3–5 days and
are frozen (9). Upon completion of the release testing, the T-cells are ready to be infused (10). Patients are typically treated with lymphodepletion,
followed by T-cell product infusion, followed by low-dose interleukin 2. Patients are monitored for as long as 15 years to observe for delayed adverse
events following exposure to the investigational gene therapy product

sequences within a cell and presented in the MHC than
there are tumor-specific proteins on the surface. These
intracellular cancer targets are only accessible by TCRbased approaches and not by CAR-based approaches.
ACT can in principle utilize a variety of effector cells,
but it is most commonly based on T-cells or natural killer
(NK) cells derived from the patient and genetically modified. Regardless of the approach, several clinical trials
have demonstrated remarkable responses to ACT [2].
In this review, we focus on TCR-based therapy, specifically its technical development and clinical implementation including candidate TCR identification/
characterization, target antigen screening, individual
patient product manufacturing, patient lymphodepletion,

and subsequent treatment. This review summarizes the
lines of investigation and products that are currently
being developed by biotechnology companies to treat
solid tumors using TCR-based therapies. Comparisons of CAR- and TCR-based therapies and the functions of tumor targets used for TCR-based therapy and
tumor types associated with their overexpression are also
reviewed.
Mechanisms of action

Most immunotherapies fail because they are unable to
deliver an effective pool of anti-tumor effector cells and/
or because the effector cells mobilized are inhibited by
tumor-associated factors. TCR-based ACT overcomes
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Fig. 2 Schematic view of MHC class I and MHC class II molecules. MHC class I and class II molecules have high levels of polymorphism; a similar
three-dimensional structure; a genetic location within one locus; and a similar function in presenting peptides to the immune system. MHC class I
molecules present peptides at the cell surface to CD8 + T-cells, whereas MHC class II molecules present peptides to CD4 + T-cells that are derived
from proteins degraded in the endocytic pathway. MHC class II molecules are primarily expressed by professional antigen-presenting cells (APCs),
such as dendritic cells, macrophages, and B cells, and are conditionally expressed by other cell types. The transmembrane α- and β-chains of MHC
class II molecules are assembled in the ER and associate with the invariant chain (Ii). The resulting Ii-MHC class II complex is transported to a late
endosomal compartment termed the MHC class II compartment (MIIC). Here, the variant chain is digested, leaving a residual class II-associated Ii
peptide (CLIP) in the peptide-binding groove of the MHC class II heterodimer. In the MIIC, MHC class II molecules require the chaperone HLA-DM
to facilitate the exchange of the CLIP fragment for a specific peptide derived from a protein degraded in the endosomal pathway. MHC class
II molecules are then transported to the plasma membrane to present their peptide cargo to CD4 + T-cells. In B cells, a modifier of HLA-DM is
expressed called HLA-DO, and this protein associates with HLA-DM and restricts HLA-DM activity to more acidic compartments, thus modulating
peptide binding to MHC class II molecules

the first of these barriers by the ex vivo manufacture of
up to billions of activated lymphocytes with known selectivity and potency. The majority of TCR structures are
heterodimers comprised of α- and β-chains that are covalently linked via a disulfide bond between the conserved
cysteine residues located within the constant region of
each chain [3]. Neither TCR chain has intrinsic signaling capacity, and activation requires interaction between
the TCR and other accessory signaling molecules. A non‐
covalent oligomeric complex comprised of TCR and CD3
signaling molecules (CD3ζ, CD3δε, and CD3γε) initiates
signaling activity on binding a cognate peptide MHC
complex on the target cell and enables antigen-specific
tumor cell lysis [3, 4].
Class I MHC complexes present cleaved peptides
generated primarily from intracellular proteins [5] and
thereby have the potential to present fragments of normal proteins, tumor-specific mutated proteins, or aberrantly transcribed cancer-associated differentiation
antigens [e.g., melanoma antigen gene (MAGE), New

York esophageal squamous cell carcinoma (NY-ESO)]
[6–8]. For any given peptide-MHC target selected for its
cancer specificity, multiple TCRs can be identified and an
optimal TCR selected. Having done so, it is not as easy to
identify all the other peptide MHC complex in which the
selected TCR also binds. The ability of the newly introduced therapeutic TCRs to recognize more than one peptide-MHC complex and even multiple peptides within
a specified MHC can potentially lead to “off-target” and
“off-tumor” effects. The diversity of peptides potentially
recognized by one TCR and the possibility of normal tissue injury is partly, but not completely, addressed by preclinical screening of candidate TCRs [9–11] (Fig. 1).
TCRs expressed by CD8 + T-cells recognize a common peptide antigen consisting of 8‐11 amino acid
residues in complex with MHC class I molecules [12].
Other CD4 or CD8 co-receptors expressed by T-cells
bind to the conserved motifs in the MHC molecule and
stabilize TCR/MHC interactions without direct interaction with the presented peptide [13, 14]. The repertoire
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of T-cells that interact with tumor-associated antigens
is vast, although many TCR-peptide MHC interactions
are of low affinity [15]. TCRs can respond to a low density of molecules on a target cell. While the optimum
density is unknown, TCRs have been shown to induce
antigen‐specific cytokine release in response to as few
as one peptide/MHC complex [16, 17].
The strength of the TCR affinity for peptide and MHC
complexes determines the activation of lymphocytes. It
has been shown that the immune response to foreign
antigens is dominated by CD8(+) T-cells with higher
peptide reactivity, which has implications for T-cell
repertoire diversity and autoimmunity [18].
There are two general approaches to ACT. Historically, therapeutic lymphocytes were produced by the
ex vivo expansion of autologous T-cells harvested from
the tumor (e.g., tumor-infiltrating lymphocytes [TILs])
or from peripheral blood mononuclear cells (PBMCs).
This approach yields a T-cell product that reflects the
naturally occurring repertoire of TCRs and is infused as
a largely unmodified product, although it is recognized
that the ex vivo culture conditions may enhance its performance. The principal limitation of this approach is
that it is unclear whether the TCRs will be able to efficiently kill tumor cells, as they may be of low affinity or
have other unfavorable biochemical properties. A more
recently developed approach features the ex vivo expansion of anti-tumor T lymphocytes after they have been
genetically modified by the ex vivo insertion of genes
encoding carefully selected TCRs of known specificity
and affinity [19]. In the latter case, autologous peripheral blood lymphocytes are genetically engineered to
express a novel TCR (or CAR) that recognizes specific
tumor antigens [20]. The selection of and design of the
receptor (if modified), as well as the vector methodology, has been greatly refined with successive generations of experimental products.
For the development of safe and effective TCR-based
adoptive therapy, the selection of the antigen and the
cognate TCR are of vital importance. Target antigens
should be selectively expressed in tumors and not (or
only at very low levels) expressed in normal tissues.
Consequently, a specific and selective TCR with sufficient target affinity and minimal cross-reactivity against
other peptides is needed [21]. In addition, an effective
and robust T-cell transduction and expansion process
must be developed that allows the reliable delivery of a
potent and safe immunotherapy product to the patient.
The transduction efficiency is of paramount importance, as there is significant patient-to-patient variation
in the number of T-cells collected for manufacture of
the ACT product.
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Tumor characteristics

The tumor mutational burden is a rough indicator of the
likelihood of a tumor-specific somatic mutation leading to immune-mediated tumor eradication, but this
often fails to occur even in tumors with Mis-Match
Repair deficiency (MMR deficiency) or high microsatellite instability (MSI) both of which can lead to 10 to 100
times as many somatic mutations. Immune check points
account for part of the lack of spontaneous responses to
such neoantigens, as revealed by the increased clinical
responses seen when immune check point inhibitors are
used as therapeutic agents. However, neoantigen quantity
appears to be less important than neoantigen quality in
determining response to immunotherapies. Specifically,
the efficiency of neoantigen presentation to T-cells determines the efficiency of T-cell activation. Additionally,
approximately 40–90% of human tumors are MHC class I
deficient, a feature associated with an invasive, metastatic
tumor phenotype [22]. MHC-I-positive tumor clones are
highly immunogenic, whereas MHC-I-negative variants
have low immunogenicity [23]. This raises the unfortunate possibility of selectively killing the MHC-positive
cells while leaving intact the MHC-negative tumor cells.
Tumor neoantigens (derived from tumor somatic mutations or aberrant mRNA processing) are peptides that are
absent from normal human tissues and potentially recognized by TCRs if presented by MHC molecules [24–27].
Neoantigens thus are important targets in tumor-specific
T-cell-mediated antitumor immune response and other
cancer immunotherapies [28]. Sources of neoantigens
include somatic gene mutations, variant RNA splicing,
and derivatives of embryo-fetal proteins (not expressed
in normal adult tissues) [28].
Optimization of TCR‑based therapy

TCRs must be selected on the basis of being unlikely to
have cross-reactivity with structurally similar peptide
antigens expressed by normal tissue [11]. While the TCR
must have high specificity for the appropriate MHC-peptide complex (currently most typically HLA-A*02:01), it
does not necessarily have to be isolated from an individual with the same MHC profile as the intended patient.
The nature of the interaction between TCRs and their
ligands, the strength of this interaction, and the environment (e.g., including, but not limited to, presence of
PD-1-PD-L1 interactions) determine the response of
the T-cell. Challenges with heterotopic expression of an
introduced novel TCR includes cross pairing of α- and
β-TCR chains from the introduced TCR with those of the
endogenous TCR. Such cross-pairing carries the potential risk of mixed dimer formation giving rise to a new
TCRs with unpredictable specificity. In addition, there
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is competition for cellular resources when a new TCR is
introduced. Unlike an introduced CAR, the newly introduced “therapeutic” TCRs compete with the endogenous
TCR for the accessory CD3 signaling proteins. The αβ
TCR proteins associate with the CD3γε–CD3δε–CD3ζζ
signaling hexamer. This octameric complex determines
T-cell activation and responses to antigens. The introduction of new α- and β-TCR proteins, without the silencing
of expression of the endogenous α- and β-TCR proteins,
could disrupt the stoichiometry required for efficient
assembly of an active TCR-CD3 complex.
Lymphodepletion regimen

The rationale for including lymphodepleting chemotherapy prior to infusion of T-cell products is based on
the following three assumptions: (a) genetically modified T-cells risk being recognized as non-self; therefore,
eradication of the preexisting immune reactive cells will
promote the survival of the transfused T-cells; (b) lymphodepletion imposes normal organ stress to facilitate
release of interleukins and other growth stimulatory factors to promote the expansion and proliferation of the
transfused T-cells; (c) if fludarabine is included in the
regimen, it appears that it favors the interaction of antigen-presenting cells with T-cells, leading to enhanced
T-cell response.
There is no consensus as to what is the optimal lymphodepletion regimen at this time and randomized studies with different schedules have not been conducted. As
the engraftment and persistence of transferred T-cells
depends on the lymphodepletion regimen [29–31], published studies have used radiation therapy (XRT)-based
lymphodepletion regimens with XRT doses. In a study
in melanoma, non-myeloablative chemotherapy was
combined with low-dose (2 GY) or high-dose (12 GY)
total body irradiation (TBI) [30, 32]. Although high-dose
TBI had significant benefit, it was also associated with
risks, including severe and prolonged myelosuppression
and development of secondary tumors. Additionally, in
patients who underwent allogeneic stem cell transplantation, emerging data suggest that chemotherapy alone
is as effective as chemotherapy plus TBI, but not associated with the long-term complications of TBI. Therefore, borrowing strength from these data, many groups
elected to use chemotherapy alone (without TBI) as the
basis for non-myeloablative lymphodepletion. Fludarabine and cyclophosphamide (FC) combination regimens
have become somewhat of a standard for TIL trials and
in ACT trials using TCR-engineered T-cells, although
there is wide variation in the doses of fludarabine and
cyclophosphamide used. Remarkable clinical effects
were reported from trials using this regimen, but it is
also associated with substantial toxicities [33, 34]. For
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therapy with autologous ex vivo-expanded non-engineered T-cells, as in the ACTolog IMA101-101 trial [1],
no standard regimen has been established and no major
differences in clinical responses have been reported/
observed using different regimens. The lack of discernable differences, however, could be explained by the small
numbers of patients with a variety of different heavily
pre-treated malignancies in those studies, which would
easily obfuscate the contribution of an optimized lymphodepletion (LD) regimen to treatment outcome.
Among the LD regimens used at The University of
Texas MD Anderson Cancer Center, the modified FC
(mFC) LD regimen used in the IMA101-101 trial [1] is a
version of the FC regimen that is expected to lead to lymphodepletion comparable to that of the “standard” FC but
with a more favorable safety profile. This mFC is building
on the mechanistic model cell line studies of Yamauchi
et al. [35] and Valdez and Andersson [36]. In the design of
this program, it was hypothesized that FC would benefit
from being optimized for both the timing and sequencing
of the two drugs to achieve synergistic cell kill/lymphodepletion but without excessive normal organ toxicity. Further, fludarabine has a very long half-life, which raises a
need for at least two to three rest days after completion
of the chemotherapy so that the infused T-cells will not
be inadvertently killed off by fludarabine still in the circulation, something found detrimental to patients receiving a cord-blood transplant after analogous conditioning
therapy. Additionally, any renal impairment that would
further delay fludarabine clearance needs to be taken into
consideration [37, 38]. Finally, it has been suggested that
FC may alter antigen presentation, improving the interaction between the tumor antigens and the transferred
T-cells, further strengthening the case for optimizing the
dose and timing of the lymphodepletion regimen [29].
In reference to using XRT/TBI for lymphodepletion
and given the previous observations of the benefit of TBI,
one can speculate that incorporation of stereotactic XRT
to treat suitable tumors would not only allow for intensive
radiation to local tumor sites, but it might also improve
T-cell homing and the antitumor efficacy of the T-cell
product. Aside from delivering a very high, targeted XRT
dose, stereotactic XRT can be administered over just
a few days, similar to the aforementioned reported TBI
dose(s) [30, 32] that were found to elicit excellent antitumor responses when followed by T-cell therapy. Thus, the
benefit of a highly cytoreductive, focused XRT program
could be combined with the benefits of the T-cell program, analogous to the situation with standard-dose FC
related above.
A different approach has been proposed by June and
colleagues, who recently suggested replacing standard chemotherapy agents for lymphodepletion with
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intratumoral injections of adenovirus to facilitate T-cell
homing and expansion in selected tumor types expressing mesothelin (personal communication, Dr. Carl June,
October 2020).
Cells used for TCR
αβT‑cells and γδT‑cells

The dynamic responses of T-cells to pathogens and
tumor cells are mediated through the diversity of their
individual TCRs. The majority of TCRs expressed by
CD8 + T-cells are composed of an α- and a β-chain (αβTcells). Activation of αβT-cells depends on specific tumor
antigen expression, derived from proteins expressed in
cancer cells and presented in a defined HLA molecule
[39]. A small subset of CD8 + T-cells (1–10%) express
TCRs composed of γ- and δ-chains (γδT-cells) [40, 41].
γδT-cells are distinct from αβT-cells in antigen recognition, activation, development of an antigen-specific
repertoire, and effector function [42, 43]. The precise
mechanisms by which γδT-cells function are unclear but
involve production of interferon-γ (IFN‐γ) and tumor
necrosis factor (TNF). Release of IL-17 by γδT-cells in
concert with chemotherapeutic drugs has been reported
to induce immunogenic cell death [42, 44].
Most cellular engineering approaches have been
applied to αβT-cells derived from peripheral blood [45–
47]. The transfer of a new α’β’ TCR gene construct into
an αβT-cell is associated with the risk of TCR chain mispairing (e.g., α’β or αβ’ TCRs), unless the endogenous αand β-chains are suppressed [48]. Mis-pairing may lead
to self-reactive TCR clone generation and off-target toxicity [49]. Using murine constant regions or altering the
arrangement of cysteines in the transferred TCRs may
decrease mis-pairing [50]. γδT-cells exhibit innate and
adaptive immune properties and can be used as the substrate for insertion of αβ T chains [41]. The use of γδTcells for TCR engineering may overcome the mis-pairing
issue because the endogenous γ and δ TCR chains cannot mis-pair with transfected α or β proteins. γδT-cells
can be modified using engineering techniques similar to
those used for modifying αβT-cells. However, the γδTcells may be more effective owing to their innate-like
tumor recognition and killing [45]. Engineered γδTcells were shown to produce more IFN-γ and TNF-α
than CD8 + αβT-cells expressing the same TCR and had
equivalent cytotoxicity against autologous adenovirusinfected dendritic cells [51].
αβT-cell immune systems cannot be transferred
between individuals unless all of the HLA molecules
are precisely matched. Transferring γδT-cell immune
systems between individuals may be less restricted and
allow the use of γδT-cells from normal volunteers who
would serve as “universal donors.”[42] The practical
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advantage is the avoidance of patient-specific leukapheresis to collect T-cells and patient-specific manufacturing using autologous cells. Allogeneic γδT-cells
could, in principle, be an “off the shelf ” product with
one donor providing a T-cell product for multiple
patients, decreasing cost and time significantly.
NK cells

NK cells may also be used in TCR-based therapy to
overcome the challenge of mis-pairing [52]. NK cells
are naturally cytotoxic against cancer and virusinfected cells and are not restricted by MHC [53–55].
Inserting TCR complexes into NK cell lines leads to the
MHC-restricted, antigen-specific killing of tumor cells
in vitro and in vivo [52]. NK cells genetically modified with TCRs have demonstrated the capability to
recognize and kill tumor cells [56]. Clinical trials with
allogeneic and autologous NK cell infusions demonstrated minimal side effects and encouraging antitumor
responses [57]. Genetically modified NK cells targeting
tumor-associated antigens through the expression of
TCRs [58] have also shown encouraging results in clinical studies [59].
Adjunctive therapy

Interleukin 2 (IL-2) has been widely used in immunotherapy trials and in ACT studies. IL-2 was first developed as
single-agent therapy for metastatic melanoma, kidney
cancer, and non-Hodgkin lymphoma, where it shows
some benefit in eliciting anti-tumor immune responses
(50% tumor reduction in 15–20% of patients), presumably by activating T lymphocytes [60, 61]. However, when
high-dose IL-2 was administered together with TILs,
objective tumor regression could be observed in 34% of
patients who were refractory to single-agent IL-2 treatment [62]. High-dose (600,000 to 720,000 IU/kg every
8 h) and low-dose (0.5 to 2 × 106/m2 per day) IL-2 have
been widely applied in TIL and other ACT trials, and its
administration is associated with increased T-cell persistence [63, 64]. However, treatment with high-dose IL-2
often results in life-threatening toxicities. In many trials,
lymphostimulation with low-dose IL-2 is used to minimize IL-2-related toxicities while supporting long-term
persistence of the T-cell transplant. The requirement of
administering IL-2 after T-cell infusion in patients who
participate in ACT trials may depend on the manufacturing system (with or without IL-2). It can be speculated
that the effect of IL-2 during manufacturing T-cells could
lead to cellular dependence on IL-2 after cell infusion.
This could impact the in vivo expansion of infused cells
driven by the administered IL-2.
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Comparison between TCR and CAR T‑cell therapies

Understanding the differences between the CAR- and
TCR-engineered T-cell receptor structures may aid in
the appreciation of the associated functional differences (Fig. 3). Such distinctions account for specific
treatment-associated toxicity profiles as well as provide context for expected responses. CAR T-cells were
pioneered for B-cell leukemias and lymphomas and are
less well developed for solid tumors. TCR T-cells may
prove to be a more effective option for solid tumors
where intracellular antigens presented in MHC (not
recognizable by CAR T-cells) can differentiate cancer cells from normal tissues. A comparison between
TCR T-cells and CAR T-cells is summarized in Table 1.
Table 1 also includes CD3-directed bispecific antibodies and TCRs in the comparison. This promising class
of drugs is engineered for dual binding to either MHC
peptides or surface proteins and glycans and redirect
endogenous T-cells to kill target cells leading to polyclonal expansion of T-cells.
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CARs structurally are composed of specifically engineered extracellular and intracellular components to
mimic a true TCR, with each component critical to the
function of the engineered anti-tumor CAR T-cell. An
extracellular antibody-like domain is composed of a
single-chain variable fragment (consisting of one variable heavy chain fragment fused to a variable light chain
fragment) [65, 66] and serves to bind a specific epitope
on a malignant cell surface protein and trigger intracellular signaling leading to T-cell activation, mediated by the
intracellular T-cell-activating domain of the CAR (most
commonly engineered as CD3ζ motifs) [67]. Potentiation
of T-cell activation and survival of CAR T-cells are further enhanced by the addition of costimulatory domains
to the intracellular portion of the CAR T-cell. Such
domains (derived from CD28, 4-1BB, and ICOS [68]
co-stimulatory molecules) promote the maintenance of
active CAR T-cell proliferation following the initial infusion, ensuring continued effector cytotoxic anti-tumor
activity.

Fig. 3 Schematic view of TCR and CAR structures. a TCR and CD3 molecules form a non-covalent TCR/CD3 receptor complex on the T-cell surface
that recognizes and binds to an antigen peptide presented by MHC. b Transgenic CAR expressed on the surface of the T-cell recognizes a protein
target (surface antigen) on the tumor cell c. A bispecific antibody (e.g., CD3 antigen bispecific protein) can bind to different antigens presented by
MHC and/or d. A protein target on the surface of the tumor cell can be recognized by the TCR/CD3 complex
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Table 1 Comparison between TCR-T, CAR-T, and CD3-directed bispecific antibodies and TCRs
Modified TCR expressed on T-cells,
NK cells, and other cells

CAR expressed on T-cells, NK cells,
and other cells

CD3-directed bispecific antibodies
and TCRs

Constructs

Native or minimally engineered native
TCR delivered via biologic vector

Artificial receptor complex delivered by Antibody-like construct engineered for
a biologic vector
dual binding

Targets

MHC peptides derived from intracel‑
lular proteins

Surface proteins and glycans

Either MHC peptides or surface proteins
and glycans

Manufacturing

Ex vivo gene transfer into autologous
T-cells or NK cells, “personalized” for
each patient

Ex vivo gene transfer into autologous
T-cells or NK cells, “personalized” for
each patient

“Off-the-shelf” conventional protein

Mechanism of action

Binds and kills target cells leading to
limited clonal expansion of T-cells

Binds and kills target cells leading to
extensive clonal expansion of T-cells

Redirects endogenous T-cells to bind and
kill target cells leading to polyclonal
expansion of T-cells

Dosing

Single or limited doses

Single or limited doses

Repetitive dosing

Availability

Experimental basis only

Experimental and commercially avail‑
able products

Experimental and commercially available
products

Unique facets

Small patient populations for any single Limited number of suitable potential
construct
targets

Complex drug protein design needed to
achieve optimal binding characteristics

Safety

Modest cytokine release syndrome due Extensive cytokine release syndrome
to limited proliferation
due to extensive cell proliferation

Cytokine release syndrome easily man‑
aged by adjusting dose and infusion
rate

Mechanism of resistance Loss of target, loss of IFNγ signaling

Loss of target, loss of IFNγ signaling

Loss of target; loss of target fucosylation

CARchimeric antigen receptor, IFNγ interferon gamma, MHC major histocompatibility complex, NK natural killer, TCRT-cell receptors. References [20, 108]

In contrast, TCR-engineered T-cells differ structurally
from CAR T-cells in that they use naturally occurring
(or minimally modified) TCRs, lack co-stimulatory functions, and recognize peptide motifs bound to MHC [69]
(Fig. 3).
One practical limitation is that TCR-transfected
T-cell use is restricted to MHC proteins of certain HLA
alleles—most frequently HLA-A*02:01—in clinical trials, as this is the most common HLA haplotype [70].
As a result, trial eligibility and future clinical utility
will be restricted to patients whose HLA type has been
“mapped” to a suitable MHC-presented antigen and for
which there is a suitable TCR.
To date, CAR T-cells have demonstrated significant
utility and are the basis of two approved therapeutics, tisagenleucel [71, 72], and axicabtagene ciloleucel [73, 74],
which are limited to patients with hematologic malignancies expressing CD19 [75]. The first-generation CAR
T-cell therapies capitalized on the unique restriction of
CD19 expression to normal and malignant B-cells. There
are very few lineage-specific surface protein markers similar to CD19 that can be used as targets in solid tumors.
Because CARs harbor an extracellular antibody domain
for T-cell antigen recognition, CAR T-cells can bind only
to proteins expressed at the T-cell surface [73, 76, 77].
Lack of expression of antigens like CD19 intended for
recognition by CAR T-cells has been associated with lack
of response to these therapies [78].
Differences in toxicity profiles are also distinguishing features of CAR T-cells and TCR T-cells. Both have

toxicities resulting from cancer-specific T-cell engagement (e.g., cytokine release syndrome). Alternatively,
“on-target, off-tumor” toxicity occurs when the target
antigens are expressed on non-malignant cells. This varies with the specificity of the CAR or TCR [79]. Depending on the specific CAR being employed, B-cell aplasia
(generally limited to CARs binding CD19, CD20, and
CD22) [80], cytokine release syndrome (on-target inflammation associated with IL-6-mediated T-cell activation)
[81, 82], and central nervous system toxicity [82, 83] have
been observed with CAR T-cells. Dermal, ocular, oto-,
and cardiac toxicities are serious adverse outcomes that
have been reported in patients receiving TCR T-cells [84,
85]. Toxicities associated with both CAR T-cell and TCR
T-cell therapy can be serious and potentially life-threatening, and patients receiving these adoptive T-cell therapies require close observation by experienced providers
in order to ensure prompt recognition and management
of toxicities.
A major shortcoming of CAR-T cells is that they only
target surface protein antigens, which are commonly not
expressed on solid tumors. However, in addition to surface antigens, TCRs can target the commonly expressed
intracellular antigens of solid tumors. Thus, TCRs offer
an improved/expanded ability to address a wider variety of malignant diseases. Regarding the costs of these
treatments, the TCR-transduced T-cell therapies are still
investigational, and therefore, they are partially covered
by the sponsors of the ongoing clinical trials. Therefore, their total cost cannot be compared to that of the
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FDA-approved CAR T-cell therapies. It is plausible that
there would be substantially lower costs associated with
the use of TCR-transduced T-cell therapies, as the manufacturing component is less arduous [86].
Description and comparison of biotechnological
approaches

ACT has expanded from a largely academic topic of
investigation to becoming a focus of intense pharmaceutical company research and investment. Table 2 (as
of August 2020) summarizes lines of investigation and
products that are being developed by companies to treat
solid tumors using TCR-based genetic modification of
immune effector cells. Adaptimmune is currently developing four TCR-based adoptive therapy products primarily targeting MAGE and alpha-fetoprotein (AFP) peptide
antigens expressed in solid cancers. The therapeutic indications include synovial carcinoma, hepatocellular carcinoma, non-small cell lung cancer (NSCLC), melanoma,
and head and neck cancer. Bluebird Bio is advancing
products that target the polyomavirus viral oncoprotein
in patients with Merkel cell carcinoma; and in collaboration with Medigene is developing T-cell products that
target MAGE-A4-expressing tumor cells. Immatics currently has three ACTengine® adoptive T-cell therapy programs in clinical development addressing patients with
several solid tumor indications, including, but not limited to, head and neck squamous cell carcinoma, squamous NSCLC, hepatocellular carcinoma, uterine cancer,
ovarian cancer, melanoma, and subtypes of sarcoma
(Table 2): IMA201 targeting MAGE-A4 or MAGE-A8
antigen expressed in various solid tumors, IMA202 specific for MAGE-A1 in diverse solid cancers, and IMA203
targeting a PRAME antigen expressed in a broad range of
solid tumors. Juno, a subsidiary of Bristol-Myers Squibb,
is developing JTCR016, which targets WT1, focusing on
NSCLC and mesothelioma. TCR2 therapeutics is developing TC-210, a mesothelin-targeted therapy for ovarian cancer, NSCLC, and cholangiocarcinoma. Tmunity
has its H3.3K27M TCR program that focuses on patients
with diffuse intrinsic pontine glioma. TScan therapeutics is developing the TCR TSC200 pipeline program
targeting solid tumors. And, finally, Ziopharm is moving forward with its “Sleeping Beauty” TCR-T technology programs targeting NY-ESO-1 antigens in patients
with multiple solid tumors. Tumor markers used for
TCR-based therapy, their functions, and the tumor types
associated with their overexpression are listed in Table 3
(as of August 2020). Collectively, the breadth of the
approaches being taken will provide ample opportunity
to elucidate the role of TCR-based therapies in anticancer therapy and focus on developing those with the greatest potential.
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Clinical trials and patient outcomes

Adoptive T-cell therapy in selected studies is associated
with high rates of durable complete response (CR) in
patients with hematologic malignancies, even those with
refractory disease [72, 73, 77]. Promising results have
been reported with TILs in metastatic melanoma [33,
87–89], nasopharyngeal cancer [90], and cervical carcinoma [91]. The results of a comprehensive search of the
National Institutes of Health (NIH) clinical trials database for engineered TCR-based therapies in solid tumors
are presented in Table 4, and the key published clinical
results from several companies and institutions are discussed in this section. Most published ACT trials use
TCRs directed toward lineage-specific antigens, such as
gp100 or Melan-A/MART-1, that may also be expressed
by normal tissues at low levels. Alternatively, in other
ACT trials a limited number of validated cancer germline
antigens such as MAGE-A3 and NY-ESO-1, which are
expressed in tumors, have been evaluated [92, 93].
Clinical proof of concept has already been demonstrated for TCR-engineered, autologous T-cell therapy
in multiple myeloma, [94] melanoma [95–97], and other
solid malignancies [98, 99]. Some investigators demonstrated that adoptive transfer of NY-ESO-1c259 T-cells in
42 patients with synovial sarcoma (NCT01343043) was
associated with an objective response rate of 35.7% (15
patients; CR 1; PR 14) by RECIST [100]. Prolonged persistence and functionality of these adoptively transferred
T-cells was associated with prolonged responses in some
patients [101].
Encouraging results have been reported in patients
with metastatic HPV16-positive cancers treated with
autologous genetically engineered T-cells expressing a
TCR directed against HPV16E6, demonstrating objective
responses and a favorable adverse events profile [102]
(NCT02280811). TCR2 therapeutics has used a unique
TCR fusion construct (TRuC) platform without the need
for HLA matching. This approach could make TCR therapies accessible to patients regardless of HLA type and is
currently being tested in a phase I clinical trial in patients
with advanced solid tumors (NCT03907852).
Challenges and opportunities

The sequence of events necessary to provide TCR-based
adoptive therapy to a specific patient are complex and
require a structured and integrated process. This process includes the screening of patients (for HLA typing
and identification of the targeted tumor antigen); the
evaluation of patient suitability for lymphodepletion;
the isolation by leukapheresis of effector cells (e.g., lymphocytes); and the generation, expansion, infusion of the
TCR-based adoptive therapy. Optimization of technology
and treatment administration is required at every step

ADP-A2M4 SPEAR T-cells

ADP-A2M4CD8 SPEAR T-cell

ADP-A2M10 T-cell

ADP-A2AFP SPEAR T-cell

MCC1 TCR

Adaptimmune

Adaptimmune

Adaptimmune

Adaptimmune

Bluebird Bio

Bluebird Bio/Medigene MAGE-A4 TCR

TCR program(s) (investigational)

Company/institution

MAGE-A4

MCPyV

AFP

MAGE-A10

MAGE-A4

MAGE-A4

Target

Table 2 Pipeline development: TCR-based therapy programs and their targets

Solid Tumors/Melanoma

Merkel cell carcinoma

Hepatocellular Carcinoma

NSCLC, Melanoma, Bladder, Head and Neck

Solid Tumors

Synovial Sarcoma

Indication(s)

Autologous human T lymphocytes transduced
with MAGE-A4 as a co-receptor-independent
TCR. After isolation, transduction, expansion,
and reintroduction, MAGE-A4-specific TCR
gene-transduced T lymphocytes bind to
tumor cells expressing MAGE-A4. Effect‑
ing mechanism both inhibiting growth and
increased cell death for MAGE-A4-expressing
tumor cells. MAGE-A4 is overexpressed by a
variety of cancer cell types

Autologous CD4 + and CD62L-expressing
CD8 + T-cells expressing the high affinity
T-cell receptor (TCR) A2-MCC1, specific for the
human leucocyte antigen (HLA)-A02-restricted
Merkel cell polyomavirus (MCPyV; MCV) viral
oncoprotein. Final product is a cytotoxic
T-lymphocyte (CTL) that targets tumor cells
expressing the MCPyV viral oncoprotein.
MCPyV viral oncoprotein is highly expressed in
Merkel cell carcinoma (MCC) caused by MCPyV

TCR (ADP-A2AFP) in SPEAR T-cell product which
targets alpha-fetoprotein (AFP). Currently
in Phase I clinical trial for the treatment of
patients with hepatocellular carcinoma (liver
cancer)

TCR (ADP-A2M10) targeting MAGE-A10 with
potential ability to bind target peptides from
multiple cancer types

TCR (ADP-A2M4CD8) which also expresses the
CD8α co-receptor alongside the engineered
TCR that targets MAGE-A4. Preclinical data indi‑
cate that co-expression of CD8α may broaden
the immune response against solid tumors
and increase antitumor activity by leveraging
CD4 + cells into CD8 + killer or cytotoxic T-cells
while retaining their CD4 + helper function

TCR (ADP-A2M4) targeting metastatic or inoper‑
able (advanced) Synovial Sarcoma or MRCLS
who have received prior chemotherapy
and whose tumor expresses the MAGE-A4
tumor antigen. Evaluating urothelial (bladder)
cancers, melanoma, head and neck cancer,
ovarian cancer, NSCLC, esophageal cancer,
gastric cancers, synovial sarcoma, and Myxoid
Round Cell Liposarcoma (MRCLS). Adapted to
mixed solid tumors secondary studies

Key features
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TCR program(s) (investigational)

KITE-718

KITE-439

KITE-439

IMA201-101

IMA202-101

IMA203-101

JTCR016

TC-210

Company/institution

Kite/Gilead Sciences

Kite/Gilead Sciences

Kite/Gilead Sciences

Immatics

Immatics

Immatics

Juno

TCR2 Therapeutics

Table 2 (continued)
Indication(s)

Mesothelin

WT1

PRAME

MAGE-A1

MAGE-A4/8

HPV16hat HOV

HPV16 E6 and HPV16 E7

Ovarian Cancer, NSCLC, MPM, Cholangiocar‑
cinoma

Stage III/IV NSCLC
Mesothelioma

Solid Tumors

Solid Tumors

Solid Tumors

Solid Tumors/Advanced Cancers

Solid Tumors/Advanced Cancers

MAGE-A3 and/or MAGE-A6 Solid Tumors/Advanced Cancers

Target

TCR-based adoptive therapy which targets
mesothelin-positive solid tumors. Mesothelin
is highly expressed in solid tumors and has a
correlation with poor prognosis and tumori‑
genesis

Autologous CD8 + T-cells genetically-modified
to express a high affinity WT1-specific T-cell
receptor targeting tumors in patients with
stage III-IV non-small cell lung cancer (NSCLC)
or mesothelioma

ACTengine IMA203 genetically engineered
T-cells (TCR-T) targeting PRAME in patients
with a broad range of solid tumor types,
including uterine cancer, ovarian cancer,
melanoma, subtypes of sarcoma, squamous
NSCLC and others

ACTengine IMA202 genetically engineered
T-cells (TCR-T) targeting MAGEA1 in patients
with diverse solid tumors, including squamous
NSCLC, hepatocellular carcinoma (HCC) and
others

ACTengine IMA201 genetically engineered
T-cells (TCR-T) targeting MAGE-A4 or MAGE-A8
in patients with various solid tumors, includ‑
ing HNSCC, squamous NSCLC, subtypes of
sarcoma and other solid tumor indications

Genetically modified T-cells which target cells
that express HPV16 + solid tumors in patients
with relapsed or refractory disease after at
least 1 line of therapy that included systemic
chemotherapy and not amenable to locore‑
gional definitive therapy

Genetically modified T-cells which target cells
that express HPV16 + solid tumors in patients
with relapsed or refractory disease after at
least 1 line of therapy that included systemic
chemotherapy and not amenable to locore‑
gional definitive therapy

Genetically modified T-cells which target tumor
cells that express MAGE-A3 and/or MAGE-A6
in patients with solid tumors with relapsed or
refractory disease after a systemic standard of
care treatment

Key features
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H3.3K27M TCR

Sleeping Beauty TCR-T Targeting Neoantigens NY-ESO-1
Personalized TCR-T
(3 programs)

Tmunity

Ziopharm

H3.3K27M

NY-ESO-1

NY-ESO-1 TCR-T
Triple Knockout TCR (NYCE)

Tmunity

Target

TCR program(s) (investigational)

Company/institution

Table 2 (continued)

Multiple Solid Tumors

Diffuse intrinsic pontine glioma

Melanoma/Synovial Sarcoma

Indication(s)

Genetically modified TCR therapies that target
neoantigens. Sleeping Beauty’s non-viral
(transposon/transposase) gene transfer system
is suited for developing genetically modified
TCR therapies that target neoantigens because
of its very rapid manufacturing capability

Human T-cells transduced with a TCR that
specifically targets the H3.3.K27M epitope and
kills HLA-A2 + H3.3.K27M + glioma cells both
in vitro and in vivo

TCR-based adoptive therapy (NYCE) targeting
NY-ESO-1 with designated target-binding
capacity in melanoma and synovial sarcoma
tumor types

Key features
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Table 3 Selected tumor markers used for TCR-based therapy, function, and tumor types associated with their overexpression
Marker

Abbreviation

Function

Tumors associated with overexpression

AFP

Alpha Fetoprotein

Fetal development [109]—binds metals,
fatty acids, and bilirubin

Hepatocellular carcinoma [110], testicular
cancer [111]

H3.3K27M

Histone H3 trimethylation

Histone protein associated with aberrant
chromatin compaction and silencing of
tumor suppressor genes [112]

Prostate cancer [113], diffuse intrinsic pontine
glioma [114]

HPV-16 E6

Human Papilloma Virus-16 E6

Oncoprotein that disrupts p53 function

Head/neck [115], cervix [116], anal canal [117]

HPV-16 E7

Human Papilloma Virus-16 E7

Oncoprotein that disrupts pRB function

Head/neck [115], cervix [116], anal canal [117]

MAGE-A1

Melanoma-associated antigen 1

Embryonic development, transcriptional
regulation [118]

Non-small cell lung carcinoma [119]

MAGE-A3

Melanoma-associated antigen 3

Enhancement of E3 ubiquitin ligase activity
[120]

Non-small cell lung carcinoma, melanoma
[121], urothelial [122]

MAGE-A4

Melanoma-associated antigen 4

Embryonic development [123]

Non-small cell lung carcinoma [124], urothe‑
lial [125]

MAGE-A6

Melanoma-associated antigen 6

Enhancement of E3 ubiquitin ligase activity
[126]

Breast [127], gastric [128]

MAGE-A8

Melanoma-associated antigen 8

Embryonic development [129]

Melanoma [130], urothelial [131]

MAGE-A10

Melanoma-associated antigen 10

Embryonic development [129]

Non-small cell lung carcinoma, melanoma,
urothelial [132]

MCPyVs

Merkel cell polyoma virus (MCV oncopro‑
tein)

Oncovirus integrates into infected cells

Merkel cell carcinoma [133]

Mesothelin –

Cellular adhesion [134]

Mesothelioma [135], ovarian [136], pancreatic
[137]

NY-ESO-1

Cancer/testis antigen 1

Embryonal development [138]

Melanoma [139], breast [140], ovarian [141],
non-small cell lung carcinoma [142]

PRAME

Preferentially expressed antigen in mela‑
noma

Transcriptional repressor

Melanoma [143], head/neck [144], osteosar‑
coma [145]

WT-1

Wilms tumor 1

Urogenital development [146]

Kidney [147], breast [148], leukemia [149]

of the process for successful TCR-based adoptive T-cell
therapy (Fig. 1). Pharmacological and pharmacodynamic
aspects of lymphodepletion should be considered. This
sequence of events can take several weeks, making it
inaccessible for many patients needing immediate therapy. In some cases, a bridging therapy can be used until
the TCR therapeutic is available. The infusion and monitoring of patients for this therapy also has considerable
complexity, as it may require the coordinated application of a lymphodepletion regimen, the TCR product,
IL-2, supportive care, and close monitoring for cytokine
release syndrome, which itself requires specific interventions (Fig. 1). The future of these personalized therapies
requires making the products more efficient and generally applicable in routine patient care (Table 5).
An ongoing limitation of many of the current studies is the need to restrict enrollment to HLA-A*02:01positive patients. This HLA haplotype is prevalent in
Caucasian (~ 40%) and Native American populations,
yet not as common in other populations. Broadening
these therapies to multiple HLA genotypes and subtypes
will increase availability to a wider range of patients. To
achieve this, new TCRs are currently being developed for
a broad range of HLA haplotypes by several investigators.

More importantly, TCR therapy is directed against specific tumor markers, with variable prevalence in selected
tumor types. Discovery of novel tumor markers that are
expressed in more patients and tumor types is needed
to offer this strategy to more patients with solid tumors.
Unfortunately, even with targetable antigens/markers,
there are secondary lines of defense for solid tumors,
such as altered cellular penetration and challenges related
to the persistence of TCRs and to the tumor microenvironment itself, all of which need to be addressed for
this treatment to become widely applicable going forward. The role of targeting the tumor microenvironment
in addition to the malignant cells for tumor control has
been previously highlighted [103, 104].
Currently, lymphodepletion is accomplished with
chemotherapy (e.g., FC), as research findings support
that lymphodepletion enhances treatment efficacy (by
providing a favorable immune environment). Yet, lymphodepleting conditioning needs further optimization to
make it safer and more broadly applicable.
Overall, genetically modified cell therapies are more
arduous to administer and are associated with significant
long-term risks. Consequently, the FDA has implemented
stringent rules in clinical trials of genetically modified
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Table 4 Selected TCR-based clinical trials for solid tumors
Sponsors/institutions

Indication

Treatment/target

Countries (# of sites)

NCT trial number

Adaptimmune

Solid tumors

MAGE-A4c1032T-cells

USA/Canada (9)

NCT03132922

Adaptimmune

Solid tumors

ADP-A2M4CD8 cells

USA/Belgium/Canada/Spain
(16)

NCT04044859

Adaptimmune

Synovial sarcoma/myxoid
liposarcoma

ADP-A2M4 cells

USA/France/Spain/UK (25)

NCT04044768

Adaptimmune

HCC

AFPc332T-cells

USA/France/Spain/UK (20)

NCT03132792

Adaptimmune

Solid tumors

MAGE A10c796T-cells

USA/Canada/Spain (11)

NCT02989064

Adaptimmune

Ovarian cancer

NYESO-1c259T-cells

USA (5)

NCT01567891

c259

Adaptimmune

Melanoma

NY-ESO-1

USA (2)

NCT01350401

Adaptimmune

NSCLC

MAGE A10c796T-cells

USA/Canada/Spain/UK (19)

NCT02592577

Adaptimmune

Urothelial cancer, melanoma,
head and neck cancer,
urothelial carcinoma

MAGE A10c796T-cells

USA/Canada/Spain (11)

NCT02989064

Bellicum Pharmaceuticals

AML, myelodysplastic syn‑
drome, uveal melanoma

BPX-701 (PRAME-TCR) infusion

USA (3)

NCT02743611

FHCRC

NSCLC, mesothelioma

WT1-TCRc4 gene-transduced
CD8-positive Tcm/Tn Lym‑
phocytes

USA (1)

NCT02408016

FHCRC

Merkel cell cancer

FH-MCVA2TCR T-cells (MCPyVSpecific TCRs)

USA (1)

NCT03747484

GlaxoSmithKline

Neoplasms

Anti-NY-ESO-1/LAGE-1a infu‑
sion

USA (25)

NCT03709706

GlaxoSmithKline

Synovial sarcoma

NY-ESO-1c259 transduced T-cell
infusion

USA (8)

NCT01343043

GlaxoSmithKline

Solid tumors

GSK3377794 (NY-ESO-1
specific TCR engineered)
infusion

USA/Canada/Spain/UK (15)

NCT03967223

Sponsors/institutions

Disease

T-cells

Treatment/target
c259

Countries (# of sites)

NCT trial number

GlaxoSmithKline

NSCLC

NY-ESO-1

T-cells

USA (3)

NCT02588612

GlaxoSmithKline

Myxoid/round cell liposar‑
coma

NY-ESO-1c259T-cells

USA (6)

NCT02992743

Immatics

Solid tumors

MAGEA4/8T-cells (IMA201)

USA (3)

NCT03247309

Immatics

Solid tumors

MAGE-A1 T-cells (IMA202)

USA/Germany (6)

NCT03441100

Immatics

Solid tumors

PRAME T-cells (IMA203)

USA/Germany (6)

NCT03686124

Kite/Gilead Sciences

Solid tumors

KITE-718 (genetically modi‑
fied MAGE-A3/A6 TCR
transduced autologous
T-cells) Infusion

USA (12)

NCT03139370

Kite/Gilead Sciences

HPV16 + cancers

E7 T-cell infusion (KITE-439)

USA (8)

NCT03912831

GI cancers

Anti-KRAS G12D mTCR PBL
infusion

USA (1)

NCT03745326

NCI/NIH CC

GI cancers

Anti-KRAS G12V mTCR PBL
infusion

USA (1)

NCT03190941

NCI/NIH CC

Breast, cervical, renal, mela‑
noma, bladder cancer

Anti-MAGE-A3 infusion

USA (1)

NCT02153905

NCI/NIH CC

Cervical, renal, urothelial,
melanoma, breast cancer

Anti-MAGE-A3-DP4 infusion

USA (1)

NCT02111850

NCI/NIH CC

Melanoma

Anti-MART-1 F5 infusion

USA (1)

NCT00706992

NCI/NIH CC

Melanoma or other cancers
overexpressing p53

Anti-p53 infusion

USA (1)

NCT00393029

NCI/NIH CC

HPV + Cancers|Vulvar
Neoplasms

HPV-16 E7 (E7 TCR) infusion

USA (1)

NCT02858310

NCI/NIH CC

HPV16 + Oropharyngeal
Neoplasms

E7 TCR T-cells

USA (1)

NCT04015336; NCT04044950

NCI/NIH CC

HPV-Associated Cancers

Anti HPV E6 cells

USA (1)

NCT02280811

NCI/NIH CC
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Table 4 (continued)
Sponsors/institutions

Disease

Treatment/target

Countries (# of sites)

NCT trial number

NCI/NIH CC

Melanoma

Anti-gp100:154–162 TCR TIL
or PBL

USA (1)

NCT00509496

NCI/NIH CC

Metastatic Cancers

PG13-MAGE-A3 TCR9W11
(anti-MAGE-A3/12 TCR)
PBL

USA (1)

NCT01273181

NCI/NIH CC

Melanoma

Anti-gp100:154 TCR PBL and USA (1)
anti-MART-1 F5 TCR PBL

NCT00923195

PACT Pharma, Inc

Solid Tumors

NeoTCR-P1 T-cells

USA (6)

NCT03970382

Shenzhen Second People’s
Hospital

Multiple
Myeloma|Metastatic Solid
Cancers

Anti-NY-ESO-1 infusion

USA (1)

NCT02457650

Sun Yat-sen University

NPC (HLA-A2; HLA-A11,
HLA-A24)

EBV LMP2 antigen-specific
TCR T-cell infusion

China (1)

NCT03925896

Sun Yat-sen University

Sarcoma

TAEST16001 (NY-ESO-1-spe‑
cific TCR) cells

China (1)

NCT03462316

Xinqiao Hospital of Chong‑
qing

Solid Tumors

HPV E6-specific TCR-T-cells

China (1)

NCT03578406

Zhujiang Hospital

Solid Tumors

TAEST16001 (NY-ESO-1-spe‑
cific TCR) infusion

China (1)

NCT03159585

Guangzhou Institute of
Respiratory Disease

NSCLC

NY-ESO-1-specific TCR-Tcells

China (1)

NCT03029273

Roswell Park Cancer Institute Solid Tumors

NY-ESO-1 CD4-TCR
CD34 + HSC on day 0;
NY-ESO-1-specific CD8positive T lymphocytes IV
between days 7 and 21

USA (1)

NCT03691376

Albert Einstein College of
Medicine

Solid Tumors

Anti-ESO (cancer/test anti‑
gen) mTCR-transduced
cells

USA (1)

NCT02774291

TCR2 Therapeutics

Solid Tumors

TC-210 T-cells

USA (5)

NCT03907852

FHCRCFred Hutchinson Cancer Research Center, NCI/NIH CC National Cancer Institute/National Institutes of Health Clinical Center, AML acute myeloid leukemia, GI
gastrointestinal, HCC hepatocellular carcinoma, NPC nasopharyngeal carcinoma, NSCLC non-small cell lung cancer

cell therapies (i.e., 15-year follow-up for monitoring the
effects of genetic modifications). Due to the personalized nature of developing TCR therapy, several inherent
technical challenges are associated with the quality and
procurement of lymphocytes (from leukapheresis) and
with the manufacturing and processing of the final TCR
product. Advances in technology and standardization of
lymphocyte manufacturing may increase the success rate
of TCR therapy. The implementation of TCR therapy will
require a shortened time to manufacture TCR products
and decreased overall cost associated with the administration of TCR therapy. Additionally, since centralized
production of T-cell products is expensive, it is plausible
that smaller production facilities could be generated on a
franchise-like basis where vectors and cell culture materials are supplied to the local T-cell production sites. In
this direction, “bioreactors” (i.e., smaller contained production units) are being investigated in clinical trials
[105, 106]. Theoretically, this expansion of TCR therapies
may increase the success rate, yet it will require the training of highly specialized personnel, the establishment of

Good Manufacturing Practices-certified facilities, and
conformation to the same stringent FDA regulations that
surround the production of TCR products.
It is essential to conquer the obstacles associated with
the manufacturing and administration of TCR therapy,
including those challenges posed by the immunosuppressive microenvironment in solid tumors, as well
as to develop next-generation strategies designed to
improve the efficacy and safety of TCR therapies [107].
Although current TCR therapies have the potential to
cure selected patients who meet the criteria to receive
these treatments, given that MHC-I is downregulated/
deficient in 40–90% of patients, these treatments may
not be suitable or efficacious for the majority of patients
with solid tumors. TCRs are promising because there
are more cancer antigens available inside the cells than
on the surface, e.g., CAR-T cells can only target surface
antigens, whereas engineered TCR-T cells will recognize and attack intracellular tumor-related antigens.
These two approaches complement each other. Ongoing and future clinical trials will determine the role

Standard conditioning method supporting enhancement of
engraftment and persistence of modified transferred T-cells
Present manufacturing methodology centralizes the preparation
of TCR-based adoptive therapy at a core center to be subse‑
quently returned and administered to the patient
Current regulatory guidance recommends patient follow-up for
15 years to screen for untoward long-term effects

Naturally occurring, tumor‐reactive T-cells might have poor
efficacy because of the expression of low‐affinity TCRs

Immune checkpoint inhibitors, such as PD-1/PD-L1 and CTLA-4
along with other treatment modalities have been widely con‑
sidered in the engineered TCR clinical trials

Pre-Infusion Lymphodepletion

Centralized Manufacturing/Processing Center

Protracted Patient Follow-Up

Screening for optimal TCR affinity

Combination with checkpoint blockade

Approaches interfere with these inhibitory receptors are being
tested to further enhance the antitumor activity of engineered
T-cells [152–155]. Checkpoint inhibition could, if administered
before T-cell harvest, may facilitate the T-cells to be used for ACT
product manufacture. This type of treatment could potentially
be used to improve the quality of ex vivo expanded T-cell immu‑
notherapy [156]. However, increasing upregulated expression of
inhibitory receptors may limit the anti-tumor response by T-cell
exhaustion

High affinity T-cells specific for candidate tumor antigens that are
non-mutated self-antigens are likely candidates for such negative
selection. Various strategies have been developed to enhance
the affinity and the functional avidity of TCRs targeting tumor
antigens. However, affinity‐enhanced TCRs might increase the
risk of autoimmunity [150, 151]

Innovate post-administration safety assessments to efficiently
monitor patients as well pioneering pre-infusion translational
research studies that demonstrate the safety longevity of
genetically-modified cells

Project to create regional or hospital-based centers where the
extraction, modification, and infusion of the T-cell product occurs
at the same location

Fine tune and adapt the use of lymphodepletion agents to maxi‑
mize immunocompetence and clinical benefit

Augment and enhance the manufacturing, development, and
delivery logistics processes to reduce the autologous extractionto-infusion time frame

Utilize bioinformatics technologies to develop predictive
algorithms to identify effective target patient populations and
tractable tumor antigens that enhance on-target, on-tumor
immunocompetent responses and attenuate on-target offtumor untoward effects

Current median times from leukapheresis to product delivery is
2–3 weeks

Translational retroactive studies focusing on correlating data to
identify suitable tumor antigens that are unique to a specific
cancer and activate the immune response

Identification and Selection of Target Antigens

Develop new techniques to transcend current biopsy logistics and
costs. Consider emerging circulating tumor cell techniques to
identify target antigens

Temporal window from leukapheresis to product delivery

Costly and invasive tumor biopsy step needed to screen tumor
tissue for confirmed expression of the targeted antigen

Histological Biomarker Analyses

Broadening these therapies to multiple HLA genotypes and
subtypes will increase the inclusivity and availability to a wider
range of patients

Advance apheresis techniques and improve autologous procedure
technologies by enriching and activating T-cell subpopulations
as the starting material

Therapies inclusive only to HLA-A*02:01 positive patients.
Serotype is highly prevalent in Caucasian and native American
populations yet low in other races and ethnicities

HLA Subtype Compatibility (HLA-A*02:01)

Opportunities/resolution

Leukapheresis Techniques and Manufacturing Starting Material Current process is to extract and isolate PBMCs via standard
apheresis techniques and utilized as the initial material for
genetic modification

Current status

Challenges

Table 5 Challenges, opportunities, and future directions
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The CRISPR-engineered T-cells may facilitate recognition of tumor CRISPR-Cas9 technology was used in an example as a synthetic,
cells by deleting the endogenous TCRs and PD-1 to reduce
cancer specific TCR transgene (NY-ESO-1) to facilitate recogni‑
T-cell exhaustion
tion of tumor cells by the engineered T-cells. T-cells expressing
NY-ESO-1 and lacking PD-1 and endogenous TCR have sustained
in vivo expansion and persistence in a pilot phase I trial, suggest‑
ing additional tumor antigens may be required to see full tumor
response [157]

TCR-edited T-cells

Opportunities/resolution

Current status

Challenges

Table 5 (continued)
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of TCR therapy in the armamentarium of therapeutic
strategies against cancer.

Declarations

Conclusion
TCR-based adoptive cell therapies are currently being
tested in a variety of advanced cancers with the results
to date indicating that the technology is presumptively
safe and prospectively efficacious. Such therapies will
likely complement, not replace CAR-T-based therapies as their distinct attributes will further address
unique aspects associated with the diverse solid tumor
landscape. Many challenges need to be addressed to
fully exploit TCR-based therapies, including those
associated with TCR product manufacturing, patient
selection, patient preparation with lymphodepletion,
administration of treatment and monitoring of adverse
events. Overcoming these challenges, and those posed
by the immunosuppressive tumor microenvironment,
as well as developing next-generation strategies are
essential for improving the efficacy, safety and widespread applicability of TCR-based therapies. Ongoing
and future clinical trials will determine the role of TCR
therapy in patients with solid tumors.
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