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Abstract Cytokine-activated T cells (CATs) can be easily expanded and are widely applied to cancer
immunotherapy. However, the good efficacy of CATs is rarely reported in clinical applications because CATs
have no or very low antigen specificity. The low-efficacy problem can be resolved using T cell antigen receptor-
engineered CAT (TCR-CAT). Herein, we demonstrate that NY-ESO-1157–165 HLA-A*02:01-specific high-affinity
TCR (HAT)-transduced CATs can specifically kill cancer cells with good efficacy. With low micromolar range
dissociation equilibrium constants, HAT-transduced CATs showed good specificity with no off-target killing.
Furthermore, the high-affinity TCR-CATs delivered significantly better activation and cytotoxicity than the
equivalent TCR-engineered T cells (TCR-Ts) in terms of interferon-g and granzyme B production and in vitro
cancer cell killing ability. TCR-CAT may be a very good alternative to the expensive TCR-T, which is considered
an effective personalized cyto-immunotherapy.
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Introduction

Genetically engineered T cells have produced promising
and exciting results for cancer immunotherapy in clinical
trials [1–3]. MART-1-specific wild-type T cell antigen
receptor (TCR)-transduced autologous T cells have
demonstrated a noticeable clinical benefit for treating
metastatic melanoma [1]. However, wild-type TCRs have
low, suboptimal affinity for their target (dissociation
equilibrium constant, KD = 1–100 mmol/L) [4,5] under
tumor escaping conditions. T cells expressing high-affinity
TCR (HAT) are eliminated during the development in the
thymus for the prevention of autoimmunity [6]. However,
artificially engineered HAT can enhance T cell-capturing
antigens and the ability to kill target cells in vitro and in
vivo [7]. HAT-transduced T cells (TCR-T) delivered a
remarkable objective clinical response for treating mye-
loma [3,8,9], synovial cell sarcomas, and melanoma [10]
with no evidence of severe adverse events [3,8,9]; this
treatment, however, is very expensive. Thus, ex vivo
expansion of less costly cytokine-induced effector cells,

which constitute a heterogeneous lymphocyte population,
from peripheral blood mononuclear cells (PBMCs) with
anti-CD3 monoclonal antibody (mAb) (OKT3), interlue-
kin (IL)-2, and interferon (IFN)-g has been attempted
[11,12]. Phenotypically, such a cell mixture is dominated
by a large CD8+ T cell population. Therefore, we refer to
these kinds of cells as cytokine-activated T cells (CATs).
The cancer cell killing efficacy of these cells was positively
correlated with the quantity of CAT applied in many
previous investigations [13]. Obtaining a sufficient number
of effector cells is a critical step in the successful
application of CAT-based immunotherapy. Fortunately,
CAT can be easily expanded ex vivo by over 1000-fold
after 2–3 weeks of culture [14–17].
CATs are considered the ideal cells to treat cancer [18].

Based on the ClinicalTrials.gov database (http://www.
clinicaltrials.gov), the therapeutic potential of CAT has
been broadly explored in clinical trials for both hemato-
logic malignancies and solid tumors. Attractive outcomes
of improved overall survival and life quality have been
observed with minor side effects for patients with cancer
[19]. However, the current efficacy of CAT treatment is
unable to meet the needs of cancer medical care in clinical
practice as these cells have minimal specificity for cancer.
Thus, increasing the number of antigen-specific effector
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cells in the cell population can enhance treatment
effectiveness.
Reliable antigen targets are essential for conferring

CATs with antigen specificity for clinical applications.
Clinical trials have been carried out with TCR-T for
targeting tumor antigens, such as MART-1, CEA, gp100,
NY-ESO-1, and MAGE-A3 [20]. The NY-ESO-1 antigen
is an immunogenic cancer testis antigen that is expressed in
many cancer cells from 10%–50% of metastatic melano-
mas, breast, prostate, thyroid, and ovarian cancers, and
80% of synovial cell sarcomas [21–24]. TCR-T therapy for
the HLA*A02:01-restricted NY-ESO-1157–165 peptide
epitope has been shown to be effective and safe when it
is targeted with HAT variants.
Herein, we investigated whether CATs expressing HAT

can enhance the immune response against tumor cells.
Specifically, we studied the activation and killing effi-
ciency of HAT-transduced CATs with various KDs. CATs
were transduced with the wild-type HLA-A*02:01-
restricted, NY-ESO-1157–165-specific 1G4 TCR (KD = 32
mmol/L), and four HAT variants of this TCR that bound
with high affinity (KD = 1.07 mmol/L, 84 nmol/L, 5 nmol/L,
and 26 pmol/L). Our results demonstrated that the optimal
affinity TCR had a KD in the micromolar range, and that
TCR-transduced CAT exhibited better activation and
cancer cell killing than TCR-transduced T cells in parallel
assays.

Materials and methods

Cell lines

The antigen NY-ESO-1157–165 and HLA-A*02:01 double
positive cells were the human tumor lines A375, Mel624,
and U266-B1. The antigen NY-ESO-1157–165-negative and
HLA-A2 positive cells were the melanoma line Mel526
and lung carcinoma line NCI-H1650. A375, U266-B1, and
NCI-H1650 were purchased from the American Type
Culture Collection. Mel624 and Mel526 were gifts from
Prof. Cassin Yee’s laboratory. In addition, we also obtained
human erythroleukemic cells (K562) transfected with
HLA*A02:01 and NY-ESO-1 from Xiangxue Life
Sciences Ltd. All tumor cell lines were checked with
HLA typing (BFR Gene Diagnostics, Beijing, China) and
mRNA expression (Nanostring, Guangzhou, China). The
Mel624, U266-B1, Mel526, and NCI-H1650 cells were
maintained in RPMI 1640 (GIBCO Life Technologies,
Shanghai, China) supplemented with 10% fetal bovine
serum (FBS) (GIBCO Life Technologies). The A375 was
maintained in Dulbecco’s modified Eagle medium
(DMEM, GIBCO Life Technologies) supplemented with
10% FBS. The T2 cell line (human lymphoblast) was
maintained in RPMI 1640 culture medium supplemented
with 10% FBS. The 293T cell line is a human embryonic

kidney cell, which was cultured in DMEM supplemented
as described previously.

Lentivirus vector construction and viral production

The high-affinity HLA-A2/NY-ESO-1-specific TCR genes
(HATs), namely, 1.07 mmol/L, 84 nmol/L, 5 nmol/L,
26 pmol/L, and wild-type 32 mmol/L were constructed as
described previously [8,25]. For lentiviral particle produc-
tion, the desired TCR α and β chain genes were cloned into
a lentiviral vector pGZ178. The 293T cells were
transduced with the following constructs: packaging
construct (RRE), Rev Expression plasmid (REV), envel-
ope construct (pG2M.D), and the lentiviral vector contain-
ing TCR genes. The culture medium was refreshed every
7–8 h after transduction, and the supernatant was collected
twice and filtered through 0.45 mm membranes at 48 and
72 h. The supernatant was concentrated by ultracentrifuga-
tion (50 kDa centrifugal filter units; Merck kGaA,
Germany) at 4000 � g at 4 °C for 20 min and stored at
– 80 °C. To determine the titration of lentiviral particles,
1.5 � 104 Jurkat cells were seeded into each well of 96-
well U-bottom plates (Corning, NY, USA) with 10-fold
serial dilutions ranging from 10–2 to 10–7 of the lentiviral
stock and incubated for 72 h at 37 °C in 5% CO2. The TCR
expression was detected by staining the cells with anti-
human TCR Vβ13.1 (FITC, Biolegend) or NY-ESO-1
tetramer (APC). The calculation of lentiviral titration was
performed as described previously [26,27].

Preparation of CAT and T cells

Human peripheral blood was obtained from healthy donors
at Guangzhou Blood Center (Guangzhou, Guangdong,
China). PBMCs were isolated from buffy coats by means of
LymphoprepTM density gradient centrifugation (Axis-Shield
PoC AS, Oslo, Norway). The PBMCs used in this study
were HLA-A2+ and analyzed by staining with HLA-A2
mAb (FITC, Biolegend). The CATs were generated as
described previously [28]. Briefly, 5 � 106 cells/mL
PBMCs were cultured in AIM-V medium (supplemented
with 10% heat-inactivated FBS) and 1000 U/mL IFN-g
(PeproTech Inc., Beijing, China) for 24 h. The cells were
activated with 100 ng/mL CD3 mAb (clone OKT3;
Biolegend), 50 µg/mL RetroNectin (TAKARA), and
500 U/mL of IL-2 (Beijing Forring Bio-Pharmaceutical,
Beijing, China). Fresh medium containing IL-2 (500 U/mL)
was used to replace half of the culture medium every 3 d.
Phenotypic analyses were performed weekly (Fig. 1A-a).
To prepare T cells, isolated 1 � 106 PBMCs (HLA-A2+)

were activated with 100 U/mL IL-2 and 200 ng/mL CD3/
CD28 mAb microbeads (GIBCO Life Technologies)
according to the manufacturer’s instructions. Fresh
medium containing IL-2 (100 U/mL) was used to replace
half of the culture medium every 3 d (Fig. 1A-b).
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Fig. 1 Expansion of CAT or T cells and phenotypes of high-affinity TCR-transduced CAT (TCR-CAT) cells or T cells (TCR-T).
(A) Time line of cell expansion, transduction, and functional test. a) CAT cells. PBMCs from consented healthy donors were initially
stimulated with IFN-g (day 0), followed by addition of CD3 mAb (day 1). b) T cells. PBMCs from consented healthy donors were
activated with CD3/CD28 microbeads. IL-2 was supplemented every 3 d. Other details are provided in the Materials and methods section.
(B) Efficiency of cell expression of 1G4 HAT in CAT cells. The expression levels of TCR in CAT cells were confirmed by flow cytometry
by staining the cells with anti-human TCR vβ13.1 or NY-ESO-1 tetramer.
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Generation of NY-ESO-1 specific TCR gene-trans-
duced CAT and T cells

For transduction of CATs with the HATs, 1 � 106 cells of
activated CATs were transduced with lentiviral particles
with a multiplicity of infection of 5 (5 MOI) in the presence
of polybrene (8 mg/mL), and transduction was repeated
once after 72 h. The positive HAT expression on CATwas
determined by staining with antihuman TCR vβ13.1 or
NY-ESO-1 tetramer 3 d after the last lentiviral particle
transduction.
To prepare TCR-T, 1 � 106 cells of the activated T cells

were transduced with lentiviral particles as mentioned
above in the TCR-CAT cell transduction. To compare the
functional activities of TCR-CAT and TCR-T cells
transduced with TCR-1.07 µmol/L, cells showing positive
HATexpression of TCR-CATand TCR-Twere detected by
staining with antimouse TCR β chain (APC) (Biolegend)
3 d after the last lentiviral particle transduction. CAT and
TCR-CATs were expanded for approximately 2–3 weeks,
whereas T and TCR-T cells were expanded for approxi-
mately 2 weeks.

Cell phenotyping by flow cytometry

Multicolor flow cytometry gating was applied to analyze
the expression of cell surface molecules. CATs were
labeled with various conjugated mAbs (FITC, PE, PC7,
and APC) to detect the following surface markers: CD3,
CD8, CD4, and CD56 (Biolegend). Briefly, 1 � 106 cells
were resuspended in 100 mL of washing buffer (PBS+ 2%
FBS) and stained with the antibodies in the dark at 4 °C for
20 min. The cells were washed twice with washing buffer
before and after cell staining. The cells were analyzed
with Guava easyCyte HT (EMD Millipore Cooperation,
USA).

Enzyme-linked immunospot (ELISPOT) assay

An ELISPOT assay was performed according to the
manufacturer’s instructions (BD Biosciences, Bio-
Techne). Briefly, 96-well flat-bottomed plates were pre-
coated with primary antibodies specific for IFN-g or
granzyme B at a 5 mg/mL concentration. The effectors
were plated at a final concentration of 2 � 103 cells per
well in duplicates in the presence of 2 � 104 target cells.

To detect TCR dependence and HLA restriction, TCR-
blocking experiments were performed as follows. Tumor
target cells were pre-incubated with 20 mg/mL (final
concentration) high-affinity soluble 1G4 TCR (KD = 26
pmol/L) for 30 min at room temperature. For HLA class I
blocking, the experiments were performed as described
previously [28]. The plate was washed with culture
medium (AIM-V+ 10% FBS), and the culture medium
was added as the blocking solution at room temperature for
2 h. The plate was washed, and a biotinylated secondary
antibody was added after 24 h. The plate was incubated for
2 h and washed. Buffer containing streptavidin-horseradish
peroxidase was added and incubated for 1 h. After
additional washes, the 3-amino-9-ethylcarbazole substrate
was added, and incubation was performed at room
temperature for 3–5 min (AEC Substrate Kit; Sigma-
Aldrich). The reaction was stopped by addition of water,
and the plate was air-dried and analyzed using an
ELISPOT reader (AID Elispot Reader, Germany).

Cytotoxicity assay

The cytotoxicity activity of transduced high-affinity TCR-
CATs was assessed by CytoTox 96® Non-Radioactive
Cytotoxicity Assay (Promega, Madison, USA) according
to the manufacturer’s instructions. The effector cells were
prepared in fresh medium and cultured with a constant
number of 2 � 104 target cells. The serial effector to target
ratios (E:T) used were 5:1, 1:1, and 1:2. The effector cells
and target cells were seeded into 96-well U-bottom plates
(Corning, NY, USA). To study TCR dependence, tumor
targets were pre-incubated with 20 mg/mL of the high-
affinity soluble 1G4 TCR (used as mentioned above) for
30 min at room temperature, followed by coculture with
the effectors at an E:T ratio of 5:1. Control groups were set
up to measure effector molecule release and spontaneous
release (only effector/target cells added), maximum release
(target cells added with 20 mL 10 � lysis buffer), and
medium background (no cells added). After co-incubation
at 37 °C for 24 h, culture plates were centrifuged, and
50 mL of supernatant was carefully transferred into flat
bottom plates, and 50 µL of CytoTox 96® reagent was
added. The mixed solution was kept in the dark to protect it
from light and then incubated for 30 min at room
temperature. Killing efficacy was calculated using the
following formula:

% Cytotoxicity ¼ Experimental –Effector Spontaneous –Target  Spontaneous

Target Maximum –Target  Spontaneous
� 100

Assays with peptide-pulsed cells

To study the antigen specific recognition by high-affinity
TCR expression on CATs, T2 cells were pulsed with the

C9V variant of NY-ESO-1157–165 peptide (SLLMWITQV)
or an irrelevant SAGE-1 peptide VFSTVPPAFI at
concentrations ranging from 10–6 mol/L to 10–11 mol/L
for 30 min, followed by plating out at a concentration of
2 � 104 cells per well with 2 � 103 effector cells (E:T =
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1:10) for the ELISPOTassay and 1 � 105 effector cells (E:
T = 5:1) for the lactate dehydrogenase (LDH) assay.
Detection of cytokine release and cytotoxicity was
performed as described above.

CD107a degranulation assay

To study the activation and degranulation of TCR-CAT,
various high-affinity TCR-transduced CAT (TCR-CAT) or
nontransduced CAT (NT-CAT) cells were cocultured with
2 � 104 target cells at an E:T ratio of 1:1 and incubated for
16 h at 37 °C in 5% CO2. Cells were washed with washing
buffer solution (2% FBS+ PBS) and stained with an anti-
lysosomal-associated membrane protein-1 (anti-CD107a)-
PE conjugated antibody (BD Pharmingen) and an anti-
human CD3-APC conjugated antibody (Biolegend). The
percentage of CD107a positive cells was electronically
gated according to the light-scattering properties and
analyzed with Guava easyCyte HT.

IncuCyte apoptosis assay

We performed apoptosis assay by using IncuCyte
ZOOMTM (Essen BioScience, MI, USA) according to the
manufacturer’s instructions. Briefly, target cells were
seeded at an appropriate density (7 � 103 cells/well) in a
96-well plate (black, clear bottom with tissue culture
treatment) (Corning, NY, USA) and incubated at 37 °C
overnight. The cell plates were then incubated with the
effector cells at E:T ratios of 5:1, 1:1, and 1:5. YOYO-3
Iodide (Invitrogen, Willow Creek Rd, USA) was added at a
final concentration of one in ten thousands (1/10 000).
Images were taken every 2 h, and the numbers of apoptotic
cells per square millimeter were quantified using the
CellPlayer 96-well Kinetic.

Statistical analyses

Statistical analyses were performed with the unpaired two-
tailed Student’s t-test by using Prism software, version 6.0
(GraphPad Software, San Diego, CA, USA). Differences
were considered statistically significantat P < 0.05.

Results

Expansion of high-affinity TCR (HAT)-redirected CAT

To redirect CATs by 1G4 HAT, the cells were transduced
twice with lentiviral particles on days 2 and 3 (Fig. 1A-a).
The cells were further cultured for expansion for 14–21 d
in the presence of IL-2. 1G4 TCR positive cells were
detected on day 7 after transduction. CAT transduction
with the wild-type 1G4 TCR (KD = 32 µmol/L) and
various HATs (KDs = 1.07 µmol/L, 84 nmol/L, 5 nmol/L,

and 26 pmol/L) resulted in TCRVβ13.1-positive cell
populations of 52%, 51%, 42%, 32%, and 51%, respec-
tively. The NY-ESO-1 tetramer staining showed popula-
tions of 28%, 50%, 27%, 57%, and 55%, respectively, for
these TCR-CATs (Fig. 1B). TCR-CATs expanded by
200 � 10-fold, compared with the 800 � 20-fold expan-
sion of NT-CATs at the end of the 21-day culture period
(data not shown).
We also examined whether the transduction of TCR-

CAT can affect the cell phenotype. We checked the
phenotypic markers of CD8, CD3, CD4, and CD56 on NT-
CAT and TCR-CATs every week. As shown in Supple-
mentary Fig. 1, co-expression frequency of the CD3+/
CD8+ T cell population was 78.85% � 3.13% for NT-
CAT and 72.84% � 5.30% for TCR-CAT, whereas that of
the CD3+/CD56+ cell population was 14.64% � 8.67%
for NT-CAT and 17.00% � 9.47% for TCR-CAT. The
proportions of CD8+ and CD56+ cells were expanded over
21 days. The CD8+ T cell populations were slightly
increased from 70% to 86% for NT-CAT and from 71% to
83% for TCR-CAT. The CD56+ proportion increased from
5% to 30% for NT-CAT and from 5% to 34% for TCR-
CAT. By contrast, the proportion of CD4+ T cells
decreased from 55.33% to ~10.46% for NT-CAT and
from 46.51% to 18.41% for TCR-CAT. These results
suggested that transduction with lentiviral constructs had
no effect on the phenotype of CATs.

Antigen specificity of TCR-CAT

To determine whether TCR-redirected CATs were antigen-
specific, we investigated their activity against peptide-
pulsed T2 cells by using ELISPOT and LDH assays. T2
cells were pulsed with the NY-ESO-1157–165 (SLLMWIT-
QV) peptide or an irrelevant SAGE-1 peptide VFSTV-
PPAFI and used as stimulators for TCR-CAT and NT-
CATs. TCR-CATs with KDs of 32 mmol/L, 1.07 mmol/L,
and 84 nmol/L specifically expressed large amounts of
IFN-g in response to T2 cells presenting cognate peptide
while remaining inert to those presenting the VFSTV-
PPAFI control peptide (Fig. 2A). However, the other two
TCR-CATs, namely, 5 nmol/L and 26 pmol/L, showed
nonspecific activation in response to control peptide-
pulsed T2 cells, suggesting that they might respond to
HLA A2 presenting self-peptides in accordance with
previous findings [29].
Similar outcomes were observed in the cytotoxicity

assays, whereas 32 mmol/L, 1.07 mmol/L, and 84 nmol/L
TCR-CATs demonstrated a higher level of specific pulsed
T2 killing than NT-CATs (Fig. 2B). By contrast, TCR
affinity with a low nanomolar KD, such as 5 nmol/L or
26 pmol/L, conferred the CATs with nonspecific killing
ability against both the NY-ESO-1 and irrelevant SAGE-1
peptide-pulsed T2 cells.
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Fig. 2 Antigen-specific recognition by high-affinity TCRs expressed on CAT cells. (A) Cytokine release assay. A total of 2 � 103 transduced TCR-
CAT (32 µmol/L, 1.07 µmol/L, 84 nmol/L, 5 nmol/L, and 26 pmol/L) or nontransduced CAT (NT-CAT) cells were cocultured with peptide-pulsed T2
cells at an E:T ratio of 1:10 for 20 h. The amount of peptide loaded on T2 cells was in serial concentrations of antigen NY-ESO-1157–165
(SLLMWITQV) peptide or an irrelevant peptide SAGE-1 VFSTVPPAFI. (B) Cytotoxicity assays. The effector cells were cocultured with peptide-
pulsed T2 cells at serial concentration of the NY-ESO-1 peptide or the irrelevant peptide SAGE-1 for 20 h. The E:T ratio is 5:1 with the constant
number of target cells (2 � 104). Data shown are mean � standard deviation (SD) of three representative tests.



Roles of various HATs in redirecting CAT against
cancer cell lines

We analyzed the functions of transduced TCR-CAT and
NT-CAT cells against NY-ESO-1+ tumor cells by using
ELISPOT assays. The TCR-CATs secreted more IFN-g
and granzyme B than the NT-CATs by using A375 or
Mel624 (HLA-A2+/NY-ESO-1+) as the target cells
(Fig. 3A and 3B). Three TCR-CATs, namely, 32 mmol/L,
1.07 mmol/L, and 84 nmol/L, showed good activities
against A375 and Mel624 tumor cells but not against
Mel526 (HLA-A2+/NY-ESO-1–) and NCI-H1650
(HLA-A2+/NY-ESO-1–) cells. However, the other two
TCR-CATs, namely, 5 nmol/L and 26 pmol/L, showed
activities against all target cells. Using antigen-over-
expressed K562 cells (human erythroleukemic cells
transfected with HLA*A02:01 and NY-ESO-1), TCR-
CATs showed significantly better activity against
these cells compared with NT-CATs although K562 can
be naturally killed by CATs, i.e., NT-CATs (Fig. 3C and
3D).
LDH assays were used to measure cytotoxicity. Similar

to the cell-activation assay results, TCR-CATs demon-
strated significantly better killing ability than NT-CAT
against A375 and Mel624 at all E:T ratios (Fig. 3E).
Importantly, the cytotoxicity of TCR-CATs 32 mmol/L,
1.07 mmol/L, and 84 nmol/L were specific for A375 and
Mel624 tumor cells. By contrast, the other two TCR-CATs,
5 nmol/L and 26 pmol/L, showed significant killing ability
against all tested cells including the negative controls of
NCI-H1650 and Mel526. These results indicated that the
TCR-CATs expressing super high affinity TCRs might
exhibit significant cross-reactivity with self-peptides pre-
sented by HLA-A2.

Degranulation of TCR-CATs

Although the granzyme B releasing assay might provide a
good indication of the degranulation ability of TCR-CATs,
we investigated the mechanism further by measuring the
expression of the degranulation marker CD107a that is
known to be a surrogate marker of CD8 T cell killing [30].
A significant difference was observed in the proportion of
CD107a expression between TCR-CAT and NT-CAT
(Fig. 4). The 1.07 mmol/L TCR-CAT showed better
CD107a expression than the wild-type 32 mmol/L TCR-
CATand the high-affinity 84 nmol/LTCR-CAT. This result
was in good agreement with the IFN-g and granzyme B
secretion results and cell killing ability reported above.
These findings suggest that CD107a as a marker of TCR-
CAT activation plays a central role in the cell-mediated
lysis of target cells.

Enhancement of the antitumor activities of TCR-CAT
is TCR-dependent

To examine whether the enhanced antitumor activities of
TCR-CATwere related to the transduced TCR, we used the
soluble HAT to compete the binding of the target cell
antigen by the membrane-anchored TCR on the CAT.
Tumor cells U266-B1 and A375 (HLA-A2+/NY-ESO-1+)
and Mel526 (HLA-A2+/NY-ESO-1–) were used as targets
for the assays. Higher level IFN-g productions of TCR-CAT
were observed by incubating the T cells with U266-B1 and
A375 target cells without soluble HAT pre-incubation,
compared with NT-CAT. After the pHLA of the target cells
was blocked by the soluble HAT, TCR-CAT showed a
significant reduction in IFN-g spots in response to U266-B1
and A375 (Fig. 5A). A TCR-CAT cytotoxicity LDH assay
also revealed similar patterns to the ELISPOT results. The
specific lysis was significantly reduced when the antigens of
U266-B1 and A375 target cells were blocked with the
soluble HAT (Fig. 5B). However, HAT blocking had no
effect on the function of NT-CAT. To further investigate
whether the increased cytotoxicity and cytokine release of
TCR-CAT was HLA-dependent, we treated the tumor cells
with W6/32 mAb (HLA class I mAb) or an isotype control
(IgG2a). The production of IFN-g/granzyme B by the TCR-
CAT was reduced by the antibody blocking class-I on the
cells similar to the NY-ESO-1+/HLA-A2+ tumor cell lysis,
compared with unblocked antigen binding of target cells
(Supplementary Fig. 2).

Kinetics of TCR-CAT-mediated cancer cell death

The kinetics of TCR-CAT-mediated cancer cell death was
investigated using an IncuCyte apoptosis assay. A375
(HLA-A2+/NY-ESO-1+) and NCI-H1650 (HLA-A2+/NY-
ESO-1–) tumor cell lines were cocultured with TCR-CAT
or NT-CAT effector cells at 37 °C. First, we investigated
the killing kinetic of the tumor cell lines by TCR-CAT at
E:T ratios of 5:1, 1:1, and 1:5. Our results indicated that
different E:T ratios had significant effects on the killing
kinetics for antigen-positive target cells (A375) (Supple-
mentary Fig. 3). Further investigation was carried out on
HATs of 32 mmol/L, 1.07 mmol/L, and 84 nmol/L-
transduced CAT and NT-CAT with an E:T ratio of 5:1.
TCR-CAT started killing A375 cells at approximately 12–
16 h after the co-incubation period. By contrast, weak
killing of A375 cells by NT-CAT was observed only at
approximately 48 h (Fig. 6A). No significant killing was
observed in NCI-H1650 (Fig. 6B). These results were
consistent with those of the cytokine release and LDH
assays, in which 84 nmol/L TCR-CAT showed less
efficient killing of A375.
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Fig. 3 Functions of high-affinity TCRs (1G4 HATs) redirected CAT cell against testis antigens on cancer cells. The enhanced T cell activation was
detected after 1G4 HATs transfected CAT cells with the tumor cells at an E:T ratio of 1:10 by ELISPOT assays. (A and C) IFN-g release;
(B and D) Granzyme B release. Nontransduced CAT (NT-CAT) cells and transduced-1G4 TCRs (32 µmol/L, 1.07 µmol/L, 84 nmol/L, 5 nmol/L, and
26 pmol/L) CAT cells were stimulated with target cells A375 (HLA-A2+/NY-ESO-1+), Mel624 (HLA-A2+/NY-ESO-1+), Mel526 (HLA-A2+/NY-
ESO-1–), NCI-H1650 (HLA-A2+/NY-ESO-1–), and K562 (HLA-A2+/NY-ESO-1+). (E) Enhanced cytotoxicity of TCR-CAT for target cells. The
cytotoxic activities were detected by LDH assay at various E:T ratios of 5:1, 1:1 or 1:2. The target cells A375, Mel624, NCI-H1650, and Mel526 were
pre-incubated with effector cells (NT-CAT or TCR-CAT) for 20 h with the constant number of target cells (2 � 104). Data shown are mean � SD of
three representative tests. Asterisks (*) indicate statistical significance (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001) of TCR-CAT
compared with NT-CAT.
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TCR-CAT demonstrated better killing function than
the equivalent TCR-T

We compared the functional activity of TCR-CAT with
TCR transduced peripheral blood mononuclear cells
(TCR-T) by using ELISPOT and LDH assays. The TCR
1.07 mmol/L was used to transduce CAT and T cells
(preparation of CAT and T cells described in the Materials
and methods section), and the transduction efficiencies of
TCR-CAT and TCR-T were 31% (n = 3) and 44% (n = 3),
respectively.
TCR-CATexerted markedly enhanced in vitro antitumor

activity compared with TCR-T cells. In the cytokine
release assay, IFN-g production was significantly
increased by TCR-CAT-targeting A375 (P < 0.001) and
Mel624 (P < 0.01), compared with TCR-T (Fig. 7A).
Similarly, a significant increase was observed in granzyme
B release from TCR-CAT compared with TCR-T against
A375 and Mel624 (P < 0.05) (Fig. 7B). Similar to the
cytokine release assay, TCR-CAT demonstrated signifi-
cantly enhancement of in vitro cytotoxicity for A375 and
Mel624 (P < 0.01) compared with TCR-T (Fig. 7C). No
significant difference was observed for TCR-CAT or TCR-

T against negative target cells (Mel526 and NCI-H1650) in
either the cytokine release or the cytotoxicity assays. These
results were supported by the images taken in real time by
InCucyte assay (Supplementary Fig. 4). TCR-CAT
demonstrated rapid and early killing of the target cells
(A375) compared with TCR-T cells. After 16 h of
incubation, many apoptotic cells were seen in TCR-CAT,
whereas TCR-T remained unchanged. The images taken at
36 h showed that 100% of the target cells had been killed
by TCR-CAT, whereas many viable target cells were still
observed in the TCR-Tcell assay. No killing of targets cells
was observed in NT-CAT or nontransduced-T cells. In the
case of targeting negative control cell NCI-H1650, no
significant difference was observed in any of the groups
(data not shown). These results suggest that TCR-CAT had
stronger T cell-mediated tumor cell killing ability com-
pared with TCR-T cells.

Discussion

In this study, we investigated the antitumor activity of
CATs modified by TCR with various affinities for targeting

Fig. 4 CD107a expression of activated TCR-CAT cells. Nontransduced-CAT (NT-CAT) and TCR-CAT (32 µmol/L, 1.07 µmol/L, and 84 nmol/L)
cells were stimulated with HLA-A2+/NY-ESO-1+ target cells of A375 or Mel624 and HLA-A2+/NY-ESO-1– cells of Mel526 or NCI-H1650 at E:T
ratio of 1:1 for 16 h with the constant number of target cells (2 � 104). Percentages of CD107a positive cell population were gated electronically in the
channel CD107a (PE) with CD3 (APC). Data shown are mean � SD of three representative tests. Asterisks (*) indicate statistical significance
(* P < 0.05; ** P < 0.01; *** P < 0.001) of TCR-CAT compared with NT-CAT.
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HLA-A*02:01-restricted cancer/testis antigen NY-ESO-
1157–165. CATs consist of a heterogeneous population of
polyclonal CD3+/CD56– T lymphocytes and CD3+/
CD56+ NKT phenotype with high proliferation but with
low cytotoxicity, which is able to mediate HLA-unrest-
ricted cytotoxic activity against a broad range of tumors
[14,28,31]. The easiness and safety of expanding CATs
over a short period [32] are important factors to consider in
clinical trials of cancer immunotherapy, as clearly demon-
strated by our data showing that CATs expanded
approximately 800-fold within 3 weeks of culture. Few
clinical trials with genetically modified CATs have been
reported. The establishment of standard protocols may be
beneficial to prevent tumor relapse with a reduced risk of

graft-versus-host-disease for immunotherapy. Further-
more, the exact mechanisms by which CATs induce
tumor recognition and targeted cytotoxicity are not fully
understood. A previous study by using variants of the 1G4
TCR specific for NY-ESO-1 to modify T cells showed that
CD8+ T cells transduced with intermediate- and high-
affinity TCR variants demonstrated specific antigen
recognition, whereas increasing affinity resulted in non-
specific recognition [30]. Modified-CD4+ T cells with
those variant TCR affinities also increased the reactivity to
the target cells [8]. However, optimal TCR affinities in
CD4+ T cells are known to be higher than in CD8+ T cells
[4].
The present work demonstrated that CATs engineered

Fig. 5 Enhanced TCR-CAT killing tumor target cells was attenuated by soluble 1G4 HAT. The HLA-A2+/NY-ESO-1+ target cells of U266-B1 or
A375 and HLA-A2+/NY-ESO-1– cells of Mel526 were pre-incubated with a final concentration of 20 µg/mL of soluble 1G4 HAT (KD of 26 pmol/L)
for 30 min, followed by coculture with 2 � 103 of CAT cells or TCR-CAT (1.07 µmol/L) and TCR-CAT (32 µmol/L) cells at E:T = 1:10 for 20 h
(ELISPOT assay (A)), or with 1 � 105 of the cells at E:T = 5:1 for 20 h (LDH assay (B)). Data shown are mean � SD of three representative tests.
Asterisks (*) indicate statistical significance (*P < 0.05; **P < 0.01; ***P < 0.001) of soluble 1G4 HAT unblocked (black bar) compared with
blocked antigen binding on the cells (gray bar).
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with low micromolar KD TCR show specific recognition of
the cancer antigen NY-ESO-1 with good cancer-killing
efficacy. Our data showed that CAT engineered with
32 mmol/L, 1.07 mmol/L, and 84 nmol/LTCRs specifically
recognized HLA-A2+/NY-ESO-1+ Ag tumor target cells in
cytotoxicity, cytokine release, and real-time apoptosis
assays. As shown in Fig. 3E, the lysis of TCR-CATs
32 mmol/L, 1.07 mmol/L, and 84 nmol/L was specific for
tumor target cells (HLA-A2+/NY-ESO-1+). Notably, the
cytotoxic activity of 1.07 mmol/L TCR showed signifi-
cantly better killing ability than 32 mmol/L and 84 nmol/L
of TCRs at all E:T ratios. However, 84 nmol/L TCR-
transduced CAT showed only a weak ability to kill tumor
targets. In contrast to cells transduced with moderate
affinity-enhanced TCRs, those with an excessive increase
in TCR affinity killed both positive target cells (HLA-A2+/
NY-ESO-1+) and negative target cells (HLA-A2+/NY-
ESO-1–) in accordance with previous findings [33]. High-
affinity TCRs may allow CATs to respond to target cells
bearing a low level of cognate peptide.
A previous report also compared the activities of CATs

and T cells stimulated with anti-CD3/CD28 microbeads

stimulated against myelomonocytic leukemia [34] and
demonstrated that CATs had superior cytotoxicity. We
compared the activities of TCR-CAT and TCR-T against
melanoma tumor cells. Interestingly, the cytotoxicity and
cytokine release experiments proved that high-affinity
TCR-modified CAT exhibited significantly superior cyto-
toxicity against melanoma cell lines. The difference in
cytotoxicity or cytokine release between TCR-CAT and
TCR-T cells was significant after 14 d of culture. The
highly mixed population of T cells could be an important
reason behind the superior cytotoxicity of TCR-CATs over
TCR-T cells. TCR-CATs also started to kill target cells
earlier (observed at 16 h) than the TCR-T cells and
achieved a 100% kill rate over a 48 h monitoring
experiment. A few fundamental differences between
TCR-CAT and TCR-T cells could be explained by the
higher proportion of CD8+ cells in TCR-CATs than in
TCR-T cells [35]. The non-HLA-restricted CAT-mediated
cytotoxicity of allogeneic targets may also contribute to the
enhancement of cancer cell killing efficacy [35]. CATs
modified with a micromolar affinity TCR may show
promise in clinical trials for cancer immunotherapy.

Fig. 6 TCR-CATcells targeted cancer cell killing measured in real time. A total of 7 � 103 of targeted cells A375 (HLA-A2+/NY-ESO-1+) or NCI-
H1650 (HLA-A2+/NY-ESO-1–) were incubated overnight, followed by cocultured with nontransduced CAT (NT-CAT) or TCR-CAT cells
(32 µmol/L, 1.07 µmol/L, and 84 nmol/L) at E:T ratio of 5:1 for 48 h. Images were taken at intervals of 2 h. (A) A375 (antigen positive cells). (B) NCI-
H1650 (antigen negative cells). Data shown are mean � SD of three representative tests.
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