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TCRy461-Engineered offT Cells Exhibit Effective

Antitumor Activity
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T cell engineering with T cell receptors (TCRs) specific for tumors plays an important role in adoptive T cell transfer (ATC) therapy
for cancer. Here, we present a novel strateyy to redirect peripheral blood-derived ofiT cells against tumors via TCR451 yene
tfransduction. The broad-spectrum antitumor activity of TCR31 cells in innate immunity is dependent on CDR351. TCRy451-enyineered
apT cells were prepared by lentiviral transduction and characterized by analyzing in vitro and in vivo cytotoxicity to fumors, ability
of proliferation and cytokine production, and potential role in autoimmunity. Results show that TCR4dT yenes were fransduced
to approximately 36% of polyclonal afT cells. TCRy4d1-enyineered afT cells exhibited effective in vifro TCRys-dependent cytotox-
icity against various fumor cells via the perforin-granzyme pathway. They also showed a strony proliferative capacity and robust
cytokine production. TCRys1-enygineered ofT cells neither expressed mixed TCR dimers nor bound/killed normal cells in vitro.
More important, adoptive fransfer of TCRy451-enyineered ofT cells into nude mice bearing a human HepG2 cell line significantly
suppressed tumor growth. Our results demonstrate a novel role for TCR4S1 in gene therapy and ATC for cancer.
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INTRODUCTION

Adoptive T cell transfer (ACT) is a
promising immunotherapy strategy
for cancer. Chimeric antigen receptor
(CAR)-modified T cells have shown
promise in the treatment of B cell malig-
nancy. (1) However, ACT immunotherapy
for solid tumors faces the challenge of
specificity when targeting tumors. To date,
T cells have frequently been tested as ef-
fector cells for ACT, including tumor infil-
trating lymphocytes (TILs) for metastatic
melanoma (2,3) and T cell receptor (TCR)
gene-engineered T cells for other tumor
types. (4,5) Although Rosenberg’s labo-
ratory found that a mutation in erbb2

interacting protein triggered CD4 + TH1
cell activation and demonstrated a cure
efficacy in ACT, the method is not feasi-
ble, given the high cost and complicated
process. (6) Therefore, our laboratory and
other groups have pursued TCRyd gene
therapy as an alternative approach.
Compared with TCRaf, which is highly
specific for its antigen, TCRyd displays
characteristics of innate immunity, di-
rectly recognizing many stress-induced
antigens in an MHC-independent manner
in the early stages of inflammation and
tumorigenesis. (7) Human y3T cells are
grouped into 2 major subsets, V51 and
V32 T cells. V81 T cells are common in
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mucosa, especially the submucosal areas
of the gastrointestinal, respiratory and
genitourinary tracts. They recognize MHC
class I-related molecules A and B (MICA
and MICB) and UL-16-binding proteins
(ULBPs) expressed at variable levels on
epithelial tumor cells and some leukemias
and lymphomas. V52 T cells belong to a
minor subset of the total T cell pool in the
peripheral blood, responding mainly to
aminobisphosphonates /synthetic phos-
phoantigen. (8) Due to broad-spectrum
tumor recognition of TCRyd, TCRyJ gene
transduction into effector T cells, such
as afT cells, may be an attractive thera-
peutic approach. It appears to resolve the
fundamental problem of tumor targeting
not found in TCRaB. Previous studies by
other groups and our laboratory have
confirmed that TCR y962-transduced offT
cells, or TCRy962-modified peripheral
blood mononuclear cells (PBMCs), me-
diate cytotoxicity against a broad range
of tumor cell lines in vitro and suppress
tumor growth in Daudi or SKOV3 tumor
cell-bearing mice models. (9,10)
Preparing a large number of tumor-
reactive T cells in a short time is a major
challenge for ACT in cancer patients.
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Transduction of tumor antigen-reactive
TCR into T cells is one strategy to
acquire sufficient T cells. Antigen-specific
TCRef-modified CD8 + ofiT cells
display significant antitumor activity.
(11) However, a potential disadvantage
of TCRe-modified ofiT cells is the for-
mation of new mixed TCRs. Specifically,
the introduced TCRa. or TCRp chains can
pair with the endogenous TCRa or TCRpB
chains to generate mixed TCR dimers.
These mixed TCR dimers do not expe-
rience thymic negative selection during
T cell development and elicit an autoim-
mune response. Bendle et al. first noted
that OT-I TCRap-transduced CD8 + T cells
triggered in vivo mispairing-mediated
autoimmunity in C57BL/6 mice. (12) To
prevent this, multiple approaches were
used, including murinized TCR and
cysteine-modified TCR, with y3T cells as
recipient cells transduced with exoge-
nous TCRap. (13,14) TCRa-engineered
y8T cells exhibited no evidence of TCR
mispairing; TCRS or TCRy in y3T cells
did not exchange chains with TCRof.
(15,16) Other approaches, except for
complete knockdown of TCRa and TCRp
chains, reduced but did not completely
prevent mispairing. Nevertheless, other
major drawbacks of TCRafs as genetic
donors include MHC restriction and sin-
gle antigen-peptide recognition, restrict-
ing the application to fewer patients. (17)
Our laboratory previously identified
complementary determining region 3
(CDR3) at a high frequency in TCR&1
chain from TILs in human gastric cancer.
This high-frequency CDR3, termed GTM,
is a critical region for tumor antigen rec-
ognition; its binding to gastric tumors
reached 88.89%. The full-length TCR31
with GTM and TCRy4 chains were ampli-
fied and paired to form TCRy451 receptor.
We confirmed TCRy431-Fc fusion proteins
bind to a large panel of tumor cell lines
and tissues through their TCRs, including
gastric carcinoma BGC823, kidney cancer
G401, lung adenocarcinoma GLC-82, co-
lonic carcinoma HT29 and ovarian cancer
SKOV3. These fusion proteins strongly
bind MICA and ULBP5 in enzyme-linked
immunosorbent assay (ELISA) and surface

plasmon resonance (SPR) assay. (18)
MICA is a stress-inducible cell surface
antigen expressed on epithelial tumors

in lung, colon, prostate, kidney, breast

and ovary carcinomas. (19) Our previous
data demonstrated that TCRy451 has
broad-spectrum tumor recognition. Due
to the high prevalence and diversity of
TCRy451 ligands on malignant cells, we
reasoned that TCRy431 targeting various
ligands as genetic donors to modify ef-
fector cells is a more promising approach
compared with specific single-chain
antibody fragments (scFv) or TCRaf tar-
geting only single antigens. In addition, it
prevented tumor immune escape resulting
from loss or deficiency of single antigens
during tumor progression. Thus, we
propose a promising strategy to redirect
peripheral blood-derived afT cells against
various tumors via a broadly tumor-reactive
TCRy401 gene transfer method.

Here we show for the first time that
TCRy461-engineered afT cells exhibit
significant antitumor activity in vitro and
in vivo. Moreover, TCRy4 d1-engineered
afT cells neither expressed mixed
TCR dimers nor bound /killed normal
cells in vitro. These results indicate that
TCRy461-engineered afT cells are a prom-
ising effector in ACT for cancer therapy.

MATERIALS AND METHODS

Cells

Human tumor cell lines (HepG2,
BGC-803, K562, Raji, fetal liver cells
ccc-HEL-1, adrenal cortical reticular
epithelial cells 1308.1.86, renal epithe-
lial cell line 293T) were obtained from
the American Type Culture Collection
(ATCC). HepG2, BGC-803, ccc-HEL-1,
1308.1.86 and 293T cells were cultured
in Dulbecco’s modified Eagle’s medium
(Gibco, USA) supplemented with 10%
fetal bovine serum (FCS), 100 U/mL
penicillin-streptomycin, 1 mmol/L
L-glutamine and 1 mmol/L sodium pyru-
vate. K562 and Raji cells were maintained
in RPMI-1640 medium (Gibco) supple-
mented with 10% FCS, 100 U/mL penicil-
lin-streptomycin, 1 mmol/L L-glutamine
and 1 mmol/L sodium pyruvate. Human
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PBMC:s, from healthy donors who pro-
vided informed consent, were isolated
by density gradient centrifugation on
Ficoll-Hypaque (TianjinHaoyang, China)
and cultured in RPMI-1640 medium sup-
plemented with 10% FCS and 200 IU/mL
recombinant human interleukin-2 (IL-2).

Construction of Lentiviral Vectors and
Production of Lentiviral Supernatant
The full-length sequence of TCRy4 and
TCRJ1 chains with a tumor antigen—
specific CDR3 region identified from TILs
of gastric carcinoma tissues was been pre-
viously described. (18) Briefly, the V region
of TCRo1 was amplified using cDNA
from the TILs of gastric carcinoma tissues
as a template with Vo1- and Cd1-specific
primers, and subcloned into a pGEM-T
easy vector for sequence analysis. We iden-
tified one high-frequency CDR381-specific
binding to gastric carcinoma tissues as
a critical region (termed GTM). Finally,
full-length TCRo1 with GTM and TCRy4
chains were amplified from cDNA of gas-
tric tumor—derived y3TILs by PCR using
full-length TCR01 and TCRy4 primers
directed at 5'-end region and 3'-end region,
then cloned into pREP9 and pREP?7 vectors
for sequence analysis. After sequence was
identified, especially for GTM, the TCRJ1
and TCRy4 genes were cloned individ-
ually and co-cloned into pCDH vectors
containing the marker genes copGFP
to obtain pCDH-TCR&1, pCDH-TCR y4
and pCDH-TCR461. These recombinant
lentiviral vectors and pCDH vector were
co-transfected into 293T cells with psPAX2
and PMD2.G vectors, respectively, using
Lipofectamine 2000 (Invitrogen, USA).
The lentiviral supernatant was collected,
concentrated and stored at —-80°C.

Generation of afT Cells and Lentiviral
Transfer

The y3T cells of PBMCs were removed
by positive selection using FITC-labeled
y8T-cell-specific immunomagnetic beads
(Miltenyi, Germany). PBMCs without
18T cells were stimulated for 72 h with
anti-CD3 and anti-CD28 in the presence
of 200 IU/mL IL-2. The apT cells were
transfected with TCRy41-lentivirus,



TCR&1-lentivirus, TCRy4-lentivirus and
mock-lentivirus, using 10 ug/mL poly-
brene (Sigma, USA) and then cultured in
RPMI-1640 with 10% FCS plus 400 IU/mL
IL-2 for 7 d. TCRy451, TCR41 and TCRy4
surface molecule staining was performed
separately with anti-human TCRa3-PE
and anti-human TCRy3-APC antibodies
(Biolegend, USA), anti-human V&§1-FITC
antibody (Thermo, USA), and rabbit
anti-human TCRy primary antibody
(Santa Cruz, USA) and goat anti-rabbit
IgG-FITC secondary antibody (ZSGB-bio,
China). Inmunofluorescence was mea-
sured with an Accuri 6 Flow cytometer
and analyzed by BD Accuri C6 software.

Binding of TCRy451-Fc to Tested Cells

TCRy481-Fc was constructed by fusing
the complete extracellular domain of
TCRy431 to the constant region of human
IgG1 (18) and expressed by Sino Biolog-
ical Inc. For flow cytometry: To examine
the binding of TCRy431-Fc with various
cells, including HepG2, BGC-803, K562,
Raji, PBMCs, ccc-HEL-1, 1308.1.86 and
293T cells, the tested cells were individu-
ally incubated with TCRy431-Fc for 60 min
at 4°C. FITC-conjugated goat anti-human
IgG antibody (ZSGB-bio, China) was
added and incubated for 30 min at 4°C;
human IgG-Fc was used as a control.
Immunofluorescence was measured by
an Accuri 6 Flow cytometer (BD, USA)
and analyzed using BD Accuri C6 soft-
ware. Confocal microscopy: Tumor cells
including HepG2, BGC-803, K562 and
Raji were plated on slides with or with-
out polylysine overnight and fixed with
4% cold paraformaldehyde. Fixed cells
were incubated with TCRy431-Fc pro-
tein for 30 min at 4°C. FITC-conjugated
goat anti-human IgG antibody was then
added and incubated for 30 min at 4°C,
human IgG-Fc was used as the control.
Slides were examined with a confocal
laser microscope (Leica, USA).

Cytokine Production and Proliferation
Capacity

Cytokine production: Flow cytometry
was used to determine the expression of
IL-2 and IFN-y in TCR 4 01-engineered

apT cells against target cells including
HepG2, PBMCs, 1308.1.86, ccc-HEL-1
and 293T cells. Effector cells comprised
TCRy401-engineered afT cells, mock-
engineered ofT cells, TCRy401-engineered
opT cells with resting treatment and
mock-engineered afT cells with resting
treatment. Resting effector cells were
cultured in RPMI-1640 medium with
5% FCS for 24 h. PBMCs as target cells
were labeled by carboxyfluorescein
diacetate N-succinimidyl ester (CFSE).
Effector cells were incubated with tar-
get cells at an effector-to-target ratio

of 3:1 in the presence of Brefeldin A
(BFA) (Biosciences, USA) for 8 h. Cells
were fixed and permeabilized with 1 x
cytoFix/cytoPerm buffer (BD, USA)

for 30 min, and then stained with
anti-human IL-2-PE or anti-human IFN-
y-APC (Biolegend, USA) for 30 min in
the dark. Cells were washed with 1X
permeabilization/wash buffer and an-
alyzed on an Accuri 6 flow cytometer.
Flow cytometry data were based on
gating at the effector cell population.
Data analysis was performed with

BD Accuri Cé6 software. Proliferation:
Forty-eight-well plates were treated
with 1 pg/mL anti-TCRyd antibody

for 2 h at 37°C. After washing, 5 X 10°
mock- and TCRy4d1-engineered off T
cells were plated separately in RPMI-
1640 medium with 200 IU/mL IL-2

for 8 h. Cells were then harvested and
stained with anti-human Ki67 PEcy5
(BD, USA) according to the intracel-
lular cytokine staining protocol and
analyzed by flow cytometry.

Cytotoxicity

HepG2, BGC-803, K562, Raji, PBMCs,
1308.1.86, ccc-HEL-1 and 293T as target
cells were added to 96-well plates at
a density of 1 x 10* per well. Trans-
fected effector cells including mock-
and TCRy4d1-engineered apT cells
were incubated with target cells at an
effector-to-target ratio of 10:1 for 6 h;
each condition was plated in triplicate.
The three controls were background
group, spontaneous release group and
maximal release group. We detected
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the cytotoxicity by a lactate dehydro-
genase (LDH) assay, using the Cytotox
96 (Promega, USA) nonradioactive cy-
totoxicity assay reagent kit instructions.
Cytotoxicity was calculated using the
following formula:
(experimental release-
%of  _ spontaneous release)

cytotoxicity — (total release -
spontaneous release)

x 100

Antitumor activity of TCRy461-
engineered ofT cells in vivo. Mice:
Animal experiments were performed
according to the Animal Use Committee
guidelines of the Experiment Animal
Center, Institute of Basic Medical Sci-
ences, Chinese Academy of Medical
Sciences. Athymic BALB/c nu/nu mice
(female, 4-6 wks) were obtained from
the Laboratory Animal Center of the
Chinese National Institute for the Con-
trol of Pharmaceutical and Biological
Products, and housed under specific
pathogen-free condition. Animal tumor
model: To investigate the antitumor
activity of TCRy401-engineered apT
cells in vivo, approximately 2 x 10°
HepG2 cells in 100 pL of PBS was
subcutaneously injected into the rear
right flank of BALB/c nu/nu mice.
After the tumor grew to approxi-
mately 100 mm?, mice bearing HepG2
tumors were randomly divided into
2 groups and intratumorally injected
with TCRy401-engineered afiT cells
(1 X 10°, n = 8) or mock-engineered
apT cells (1 X 10°, n = 8) every 3d a
total of 4 times. Tumors were measured
with an electronic caliper every 3 d,
and the tumor volumes were calculated
using the following formula:

Tumor volume (mm3) = (long diame-
ter, mm) x (short diameter, mm)2 + 2

The tumor growth inhibition ratio (D%)
was estimated according to the following
formula: D% = (Vc - Vt) / Ve x 100%

Ve and Vt represent the means of
tumor volumes of the control and treat-
ment mice, respectively. On the last day
of the experiment, the animals were
euthanized by the cervical vertebra exar-
ticulation method, and the tumors were
excised and photographed.
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Statistical Analysis

Data from the in vitro experiments
are presented as the mean + standard
deviation (SD). Analysis of variance and
independent samples t-test were used
to analyze data. For in vivo experi-
ments, the tumor volume was assessed
by analysis of variance and paired
t-test, and the data are presented as the
mean = SEM. p value < 0.05 is regarded
as significant.

RESULTS

The Lentiviral Vector Efficiently
Transduced TCRy461 into Peripheral
Blood-Derived ofT Cells

We previously identified a high-
frequency CDR3 dominant sequence
(CDR361: CAFLPHADKLIFGKG),
termed GTM, in TCRS1 chain from
TILs in human gastric cancer through
RT-PCR and analysis of a large number
of CDR381 sequences. We confirmed
that the CDR3351 peptide played a cru-
cial role in tumor antigen recognition
and bound to a wide variety of tumor
cell lines and tissues similar to intact
TCRy451. (18) The full-length TCR31
with GTM and TCRy4 chains were am-
plified from ¢cDNA of a gastric tumor—
derived y8TILs by PCR and paired
to form TCRy481 (18) (Figure 1A).
Using the amplified TCR61 and TCRy4
DNAs from pREP9-TCRS1 with GTM
and pREP7-TCRy4, we constructed
pCDH-TCRy461, a lentiviral vector
harboring the TCR&1 and TCRy4 chain
DNAs. The TCRy4 gene was controlled
by the cytomegalovirus (CMV)
promoter (Figure 1B).

To examine whether peripheral blood-
derived afT cells can be lentivirally
engineered with TCRy441, a lentiviral
vector with TCRy4J1 was transduced
into pre-activated peripheral blood—
derived afT cells. TCRy461 expression
was determined by staining with specific
TCRyd and TCRap antibodies. Approx-
imately 36% of polyclonally activated
ofT cells expressed TCRy461 (Figure 1C),
indicating that TCRy4J1s were efficiently
transduced.
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Figure 1. The lentiviral vector efficiently transduced TCRy4451 into peripheral blood-derived
apT cells. (A) Schematic diagram of TCRy431 receptor. The V reyion of TCRST was ampli-
fied using RNA from the y8TILs of gastric carcinoma tissues by RT-PCR. A high-frequency
CDR381 sequence, termed GTM, was identified by sequence analysis. The full-length TCR31
with GTM and TCRy4 chains were amplified from cDNA of one case of gyastric fumor-
derived y3TILs by PCR and paired to form TCRy441. (B) Schematic diagram of the lenti-
viral vector containing the TCRST and TCRy4 genes. The TCRST and TCRy4 yenes were
amplified by PCR and co-cloned info pCDH lentiviral vector. (LTR, long terminal repeats;
CMV, cytomeyalovirus promoter.) (C) The cell-surface expression of TCRy451 in ofT cells.
Peripheral blood-derived afT cells were lentivirally transduced with either mock lentiviral
vectors or lentiviral vectors with TCRy4451, then these cells were separately stained with
APC-conjuygated anti-TCRys and PE-conjuyated anti-TCRaf mAbs and analyzed by flow
cytometry. The percentage of positive cells for each quadrant is indicated. (TCR, T-cell re-
ceptor; CDR, complementary determining region; TIL, fumor-infiltrating lymphocyte.)

TCRy451-engineered ofT cells were
cytotoxic to several tumor cells in vitro.
To assess binding of TCRy451 to tumor
cells in vitro, we determined the binding
capacity of TCRy481-Fc fusion proteins
to various tumor cells by flow cytom-
etry and confocal microscopy. Results
show significant binding activity with
HepG2, BGC-803 and K562 tumor cells,
with binding rates of 94.23%, 91.46% and
72.05%, respectively (Figure 2A and 2B).
No binding was observed in Raji
tumor cells.

LDH assay was performed to assess
the cytolytic capacities of TCRy4J1-
engineered offT cells to tumor cells. We
found significant cytotoxicity to HepG2
(55.78 + 10.39%) and BGC-803 (67.36 +
5.30%) tumor cells, and less activity
against K562 tumor cells (41.33 + 1.28%)

at an effector-to-target ratio of 10:1. In
comparison, mock-engineered oT cells
had significantly less cytotoxicity against
HepG2 22.26 = 12.56% (p = 0.024), BGC-
803 32.56 + 15.01% (p = 0.019) and K562
19.29 + 5.25% (p = 0.002) (Figure 2C).
Raji cells were not lysed and served as
a negative control. We found that the
cytotoxicity of TCRy41-engineered affT
cells was proportionate to the binding
ability of TCRy431-Fc to tumor cells.
This indicates that TCRy4J1-engineered
ofT cells exert cytolytic activity against
HepG2, BGC-803 and K562 tumor cells
in a TCRy481-dependent manner.

Cytotoxicity of TCRy461-engineered
ofT cells to tumor cells is related to
perforin-granzyme. Previous reports
showed that T cells kill tumors through
2 main mechanisms, Fas-FasL and
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Figure 2. Cytotoxicity of TCRy4d1-enyineered ofT cells to tumor cells in vitro. (A) Flow
cytometry profiles of the binding of TCRy451-Fc fusion protein to the fumor cell lines HepG2,
BGC-803, K562 and Raiji. After incubation with TCRy481-Fc, tested cells were stained with
FITC-conjugated goat anfi-human IgG and assessed by flow cytometry. (B) Confocal
images of the bindiny of the TCRy451-Fc fusion protein to the fumor cell lines HepG2,
BGC-803, K562 and Raiji. After incubation with TCRy481-Fc, tested cells were stained
with FITC-conjugated goat anti-human IyG and detected by laser scanning confocal
microscopy. (C) Cytolytic activity of TCRy4d1-enyineered apT cells against tumor cells.
TCRydo1-enygineered afiT cells were incubated with HepG2, BGC-803, K562 and Raji tar-
get cells at an effector-to-target ratio of 10:1 for 6 h. Cytotoxicity was analyzed by the
LDH cytotoxicity detection kit. The data are representative of 3 independent experiments
and expressed as the mean + SD. *, P < 0.05; **, P < 0.01 (ns, no significance). (D) Expres-
sion of FasL and granzyme B in TCRy4d1-engineered afT cells was determined by flow
cytometry. Mock- and TCRy4d1-engineered afT cells were cultured with HepG2 at an
effector-to-target ratio of 10:1 for 6 h, and the cellular surface molecule FasL and infra-
cellular granzyme B were analyzed by flow cytometry. A representative FCM analysis of
cytotoxic molecules is shown. (LDH, lactate dehydrogenase.)
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perforin-granzyme pathways. Fas-FasL is
involved in the transmission of cell death
signaling via binding of Fas molecules
on the tumor cell surface with ligands
on T cells. Perforin-granzyme involves
synergy between perforin and granzyme
molecules released by T cells. Granzyme
B is more abundant, with higher enzyme
activity, compared with other types of
granzymes. (20,21) Thus, we measured
the expression of FasL and granzyme
B by flow cytometry on mock- and
TCRy401-engineered afT cells following
incubation with HepG2 cells for 6 h. We
found no significant difference in FasL
expression between the 2 groups. Results
show that the percentage of TCRy401-
engineered apT cells expressing gran-
zyme B was 40.66%, significantly higher
than the control group (25.66%; Figure 2D).
These data suggest that TCRy451-
engineered afT cells kill tumor cells via
the perforin-granzyme pathway.
TCRy451-engineered ofiT cells
produced cytokines IL-2 and IFN-y
when stimulated by HepG2 tumor
cells. The cytokines IL-2 and IFN-y play
important roles in antitumor activity.
(22,23) We analyzed the IL-2 and IFN-y
expression of resting and nonresting
TCRy461-engineered afT cells and
mock-engineered afT cells by flow cy-
tometry after incubation with HepG2
tumor cells and treatment with BFA for
6 h. Results show that the percentage of
restingTCRy461-engineered afT cells ex-
pressing IL-2 and IFN-y was 30.38% and
31.56%, respectively, higher than control
groups (9.49% and 10.43%, respectively;
Figure 3A). The percentage of non-
resting TCRy401-engineered afT cells
producing IL-2 and IFN-y was 33.66%
and 31.16%, respectively, higher than
the control group (14.63% and 10.78%,
respectively; Figure 3B). Two different
statuses of TCRy4J1-engineered offT
cells produced similar amounts of cyto-
kines. In addition, TCRy41-engineered
ofT cells expressed Ki67, a proliferation
marker, significantly higher than control
after stimulation with anti-ydTCR anti-
body (Figure 3C). These findings indi-
cate that TCRy41-engineered ofT cells
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Figure 3. Cytokine production and proliferative capacity of TCRy451-enyineered ofT cells.
(A) Expression of IL-2 and IFN-y in resting TCRy4d1-enyineered ofT cells. Resting mock- and
TCRy4o I-enyineered ofT cells were incubated with HepG2 at an effector-to-target ratio
of 3:1 for 6 h with BFA, and the expression of infracellular IL-2 and IFN-y was determined
by flow cytometry. (B) Expression of IL-2 and IFN-y in the nonresting TCRy46 1-enyineered
apT cells. The nonresting mock- and TCRy461-enyineered afT cells were incubated with
HepG2 at an effector-to-taryget ratio of 3:1 for 6 h with BFA, and expression of intracellular
IL.-2 and IFN-y was determined by flow cytometry. (C) Expression of intracellular Kié7 in
TCRy4o I-enygineered apT cells. Mock- and TCRy4d 1-enyineered apT cells were stimulated
with plate-bound anti-TCRys for 6 h, and the expression of Ki67 was examined by flow
cytometry. Shown is a representative FCM analysis of cytokines and Ki67. (IL, interleukin;

IFN, interferon; BFA, brefeldin A.)

produce cytokines and proliferate similar
to yoT cells.

TCRy451-engineered offT cells nei-
ther expressed mixed TCR dimers nor
bound/killed normal cells in vitro.
Previous studies have shown that the
TCR receptor is transported to the sur-
face of T cells after the formation of

complete TCR dimers-CD3 complex.
(24) Thus, we transduced TCRy4, or
TCRS1 chains alone, into afT cells and
analyzed surface expression. TCRy461-
engineered afT cells served as a positive
control. We found no TCRy4 or TCR31
expression on the surface of TCRy4- or
TCRo1-engineered afiT cells. In contrast,
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TCRy451 was expressed on the surface of
TCRy401-engineered afT cells (Figure 4A).
These data suggest that the introduced
TCRy4 or TCR31 chains did not pair with
the endogenous TCRa or TCRP chains
to generate mixed TCR dimers. This fea-
ture would be beneficial in reducing the
risk of autoimmunity. We also assessed
the binding activity of TCRy451-Fc and
the cytotoxicity of TCRy41-engineered
opT cells to some normal cells by
flow cytometry and LDH assay. We
found that TCRy481-Fc did not bind to
PBMCs, 1308.1.86, ccc-HEL-1 or 293T cells
(Figure 4B). The cytotoxicity of TCRy451-
engineered apT cells toward PBMCs,
1308.1.86, ccc-HEL-1 and 293T cells was
2.79% + 2.04%, 8.11% = 3.52%, 11.57% +
1.89% and 15.53% + 0.68% at an effector-
to-target ratio of 10:1, respectively,
compared with 4.04% + 0.54% (p = 0.365),
9.10% + 6.14% (p = 0.821), 8.13% =+ 3.17%
(p =0.181) and 15.44% =+ 0.30% (p = 0.850)
of mock-engineered afT cells, respec-
tively (Figure 4C). The cytotoxicity of
TCRy401-engineered afT cells was in
accordance with the binding ability of
TCRy481-Fc to normal cells. We fur-
ther evaluated the ability of mock- or
TCRy401-engineered afT cells to pro-
duce IFN-y in response to normal cells by
flow cytometry. No significant difference
was observed between the 2 groups
(Figure 4D). Taken together, these results
indicate that TCRy401-engineered affT
cells lack an autoimmune response to
several normal cells in vitro.
TCRy451-engineered ofiT cells
displayed antitumor activity in vivo.
To assess the antitumor effect of
TCRy4d1-engineered afT cells in vivo,
mice were subcutaneously injected with
2 x 10° HepG2 cells in the rear right
flank. After the tumor grew to approxi-
mately 100 mm®, mock- and TCRy451-
engineered apT cells were intratumorally
injected into nude mice every 3 d a total
of 4 times. Tumors were measured by
a caliper every 3 d, starting on d 0. The
tumor growth curve and the excised tu-
mors show that TCRy41-engineered offT
cells had significantly higher tumor inhibit-
ing effect compared with the control group
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Figure 4. Defermination of TCRy4 or §1 expression and binding/activity to normal cells of TCRy461-enygineered afT cells. (A) Cell surface
expression of TCRS1 and TCRy4 chains on the TCRJ1- or TCRy-enygineered afiT cells. TCRS1- and TCRyd-enyineered opT cells were sep-
arately stained with anti-human V§1-FITC antibody, and with rabbit anfi-human TCRy primary antibody and goat anti-rabbit IgG-FITC
secondary antibody, and then assessed by flow cytometry. TCRy451 expression on the surface of TCRy4d 1-enyineered opT cells served
as a positive control. (B) Binding of TCRy4381-Fc to normal cells including PBMCs, 1308.1.86, ccc-HEL-1 and 293T cells. After incubation with
TCRy451-Fc, these normal cells were stained with FITC-conjugated gyoat antfi-human IyG and then evaluated by flow cytometry. (C)
Cytotoxicity of TCRy4d1-enyineered ofT cells to PBMCs, 1308.1.86, ccc-HEL-1 and 293T. TCRy4d1-enyineered afT cells were incubated
with these normal cells at an effector-to-target ratio of 10:1 for 6 h, and the cytolytic activity was detected by LDH assay. The data

are representative of 3 independent experiments and expressed as the mean + SD (ns, no significance). (D) Expression of IFN-y in the
TCRy4o I-enygineered apT cells. Mock- and TCRy4d 1-enyineered opT cells were individually incubated with PBMCs, 1308.1.86, ccc-HEL-1
and 293T at an effector-to-taryget ratio of 3:1 for 6 h with BFA, and expression of intracellular IFN-y was determined by flow cytometry.
Shown is a representative FCM analysis of the IFN-y and TCR chains. (PBMC, peripheral blood mononuclear cell.)

(P =0.001; Figures 5A and C). The tumor The tumor growth inhibition ratio was significantly retarded the tumor growth
growth inhibition ratio was calculated, above 60% after d 9 and reached 73.26% of human HepG2 tumor cells in a nude
and its curve is illustrated in Figure 5B. at d 27. TCRy4S1-engineered ofT cells mouse model.
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Figure 5. Antitumor activity of TCRy451-enyineered afT cells in vivo. Mice were subcu-
taneously injected with 2 x 10 HepG2 cells in the rear right flank. When tumor volume
reached approximately 100 mm?, mock- and TCRy451-enyineered ofT cells were injected
infratumorally every 3 d a total of 4 times, and the tumor volume in the right flank of each
mouse was measured every 3 d until 30 d. (A) Mice treated with TCRy4d1-enyineered ofpT
cells exhibited significant suppression of tumor volume compared with mice treated with
mock-enyineered ofT cells (P = 0.001). Black arrows indicate the treatment time; each
point represents the mean + SEM, **, P < 0.01. (B) The tumor growth inhibition ratio was
estimated. (C) Image of the excised tumors in the experiment evaluating the influences of
TCRy4o I-engineered ofT cells on antitumor activity in HepG2 tumor-bearing nude mice.

DISCUSSION

In this study, opT cells were redirected
by lentiviral transduction of the TCRy451
gene to generate effective tumor-reactive
T cells. To date, genetically engineered
T cells have been developed via several

tools to deliver genes into T cells, including
the viral transfection system, electropo-
ration and the transposase system. (25)
Viral methods are common for gene
delivery. We chose the lentiviral trans-
duction system to avoid the drawbacks
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of a retroviral transfection method. First,
lentiviruses mediate the integration of
their genome into the DNA of the host
dividing and nondividing cells, whereas
retroviruses only infect dividing cells.
(26-28) We found that lentiviral vector
efficiently transduced TCRy451 genes
into apT cells. Approximately 36% of
polyclonally activated opT cells were
lentivirally transduced with TCRy401.
Second, lentiviruses have a lower risk of
insertional mutagenesis compared with
retroviruses. Lentiviruses preferentially
concentrate in high gene density regions
and integrate into transcriptional units,
while retroviruses prefer to insert in the
neighborhood of transcription start sites
of active genes. (29-31) Third, lentiviral
vectors are less prone to activate
adjacent genes compared with retroviral
vectors. (32,33)

We used peripheral blood—derived
ofT cells as targets for transduction of
TCRy461 based on several considerations.
First, the efficiency of TCRy431-surface
expression is controlled by formation of
the TCR-CD3 complex, and recognition
signaling of TCRy461 and tumor antigens
is delivered to intracellular structures in
a CD3-dependent manner. CD3 mole-
cules are naturally expressed in the afT
cells. Thus, it is not necessary to redirect
TCRy401-engineered afT cells with the
CD3 gene. (24) Second, transfer of TCRyd
to afT cells, or transfer of TCRe/f to v8T
cells, generates a large quantity of tumor-
reactive T cells without the expression
of mixed TCR dimers, avoiding an au-
toimmune response. (9,17) Therefore,
TCRy4o1-engineered afT cells avoid
the expression of potentially harmful
mixed TCR dimers. Formation of TCR
dimers-CD3 complex is required for TCR
transport to the surface of T cells. Here,
we found that TCR31 and TCRy4 chains
were not expressed on the surface of
TCRO1- and TCRy4-transduced afiT cells,
indicating that the introduced TCR&1
and TCRy4 chains did not pair with en-
dogenous TCRa or TCRP chains, which
could reduce the risk of autoimmunity.
Third, the main aim of the construction
of TCR-modified T cells was to obtain



a sufficient number of tumor-reactive

T cells for cancer immunotherapy. The
ofT cells, as genetic recipients, comprise
42% to 69% of PBMCs and rapidly ex-
pand upon stimulation of anti-CD3 and
anti-CD28 antibodies. We observed that
TCRy401-engineered afT cells signifi-
cantly proliferated upon stimulation of
anti-ydTCR antibody. These data support
our design of using afT cells as the
targets of TCRy461 transduction.

T cells mediate antitumor reactivity
in a TCR-dependent manner, driven by
the binding of TCR with tumor antigen.
Therefore, it is of utmost importance to
screen for T cell receptors with a high
affinity for tumor antigen and a broad
spectrum of tumor recognition. Previ-
ously, we identified a high-frequency
CDR3 sequence in the TCR&1 chain
from TILs in human gastric cancer and
found that this CDR3 was crucial to
antigen recognition. We also found that
TCRy481-Fc fusion proteins had a strong
binding ability to the tumor-associated
antigens MICA and UL-16 binding
protein 5 (ULBP5) via ELISA and SPR
assays. (18) These results suggest that
TCRy481 possess a high affinity to an-
tigen recognition. In addition, multiple
tumor-expressed antigens, such as
MICA, MHC class I chain-related mole-
cules B (MICB) and various ULBPs, are
recognized by the TCR of human V31
T cells and are constitutively expressed
at variable levels on many epithelial
tumor cells and some leukemias and
lymphomas. (19,34,35) We therefore
explored the binding ability of TCRy451
and a variety of tumors, particularly
epithelial tumors. Our previous study
reported that TCRy431 displayed strong
binding to BGC-823, G401, GLC-82,
HT29 and SKOV3 cells and tissues. (18)
In this study, we found consistent results
showing that TCRy431s also significantly
bound other tumor cells, including
HepG2, BGC-803, K562 (Figures 2A
and B). Our results support the notion
that TCRy431 recognizes a large panel of
tumors, especially epithelium-derived
tumors. In summary, TCRy431 has a
broad spectrum of tumor recognition.

Tumor-infiltrating V81 T cells and
peripheral blood—derived V&1 T cells
exerted remarkable cytotoxicity against
epithelium-derived tumors and some
blood-derived tumors, such as renal
carcinoma, colorectal cancer, pancre-
atic cancer and lymphoid leukemia.
(34,36,37) However, the proliferative
capacity and function of Y3 T cells are
significantly impaired in cancer patients.
(38) Thus, TCRy401-engineered afT cells
might be an attractive alternative strat-
egy to kill tumors. Here, we found that
TCRy461-engineered afT cells displayed
striking cytolytic activity against HepG2,
BGC-803 and K562 in a TCRyd-dependent
manner. Importantly, adoptive transfer of
TCRy4é1-engineered afT cells into nude
mice bearing a human HepG2 cell line
significantly suppressed tumor growth.
These findings display a similar effect
when compared with previous reports
showing that TCRy942-modified apT
cells/PBMCs exerted cytotoxicity against
a variety of tumors. (9,10) However, V51
y8T cells reside preferentially in the intes-
tine and in the skin epithelium, and their
V&1 TCRs recognize protein antigens,
notably MICA and ULBP3, which are
generally expressed on epithelial tumor
cells. In contrast, Ty952 cells mainly
appear in the blood and their TCRy952
recognizes phosphoantigens. (39) This
suggests that TCRy4 d1-engineered opfT
cells preferentially kill epithelial tumors
compared with TCRy962-engineered affT
cells/PBMCs.

Furthermore, we showed that the
transduced TCRy4 or TCR&1 chain gene
did not pair with the endogenous TCRa
or TCRP chains to generate new mixed
TCR heterodimers. This is advantageous
in reducing the risk of autoimmunity.
TCRy481 primarily recognizes stress-
induced molecules, such as MICA and
ULBPs. The expression of these stress-
induced molecules is upregulated under
heat shock, viral or mycobacterial infec-
tion, or oxidative stress. (40-42) Expres-
sion of MICA and MICB on epithelial
cells can be stress-induced to regulate
protective responses through the V51
v8 T cells. (43) Thus, cancer patients
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with severe inflammation should avoid
adoptive TCRy401-engineered afT cell
transfer therapy unless inflammation is
eliminated. These stress-induced mol-
ecules are rarely expressed on normal
cells under physiological conditions.
Most normal human tissues do not ex-
press MICA, but glandular and gastric
epithelial cells do, which occurred in the
intracellular location and was not trans-
ported to the cell surface. (44,45) Here, we
show that PBMCs, ccc-HEL-1, 1308.1.86
and 293T normal cells did not induce

any activation of TCRy4d1-engineered
ofT cells in a TCRyd-dependent man-
ner, measured by IFN-y expression and
cytotoxicity. These analyses support the
hypothesis that TCRy41-engineered afT
cells do not attack normal cells through
TCRy451 recognition, implying that
TCRy431 possesses a high specificity for
tumors. Although we cannot preclude
autoimmunity resulting from allolo-
gous TCRap recognition or complicated
human physiological conditions in vivo,
TCRy401-engineered afT cells are a rel-
atively safe strategy for cancer therapy.
Our further research will focus on knock-
down of allologous TCRaf receptors and
in vivo autoimmunity.

TCRy461-engineered afT cells are
effective killer cells that express much
IL-2 and IFN-y upon incubation with
HepG2 cells. IL-2 displays pleiotropic
effects on the immune system, promoting
T cell proliferation and differentiation,
downregulation of IL-2-induced expan-
sion of regulatory T cells, and inhibition
of tumor growth. (46,47) IFN-y secretion
enhances the immunogenicity of tumors
by increasing MHC expression on tumor
cells and TCR recognition of tumor
cells, and inhibits the induction of CD4
+ CD25 + regulatory T cells, providing
a positive feedback loop for antitumor
reactivity. Importantly, IFN-y is beneficial
for the suppression of tumor cells in vivo.
(23,48,49)

The main challenge of this study was
to improve the transduction rate and
expression level of TCRy481 in afT cells.
Previous reports suggested that the cre-
ation of high-avidity TCR-engineered
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T cells was determined by the TCR
cell-surface makeup of T cells, and that
transport of the TCR to the plasma mem-
brane depended on complete assembly
of the TCR/CD3 complex. (24,50) In
TCRy401-engineered afT cells, compe-
tition between TCRy431 and TCRaf for
association with CD3 could restrict their
expression levels on the cell surface.
Thus, the upregulation of TCRy431 cell
surface expression is advantageous in re-
ducing the surface expression of endoge-
nous TCRaf. In summary, the increased
transduction rate and expression level of
TCRy431 in affT cells will enhance the effi-
cacy of TCRy41-engineered ofT cells and
decrease the risk of autoimmunity result-
ing from allologous TCRaf recognition.

CONCLUSION

Our results highlight a novel
TCRyé-engineering ofT cell-effector
ACT therapy for solid tumors, with
safety and strong antitumor efficacy, and
with the clinical potential to treat cancer
patients.

ACKNOWLEDGMENTS

We greatly appreciate Dr Tingting
Sun and Dr Yan Jiang for providing the
lentiviral package system and TCRy401
genes, respectively, and Dr Chunyun
Sun for help with the TCRy451-Fc fusion
protein expression. This study was sup-
ported by the National Program for Key
Basic Research Projects (2013CB530503),
National Natural Science Foundation
of China (81471574), the Mega-Projects
of National Science Research for the
12th Five-Year Plan (2012ZX10001006)
and the graduate innovation fund of
Peking Union Medical College, China
(2013100116). The funders had no role in
study design, data collection and analy-
sis, decision to publish, or preparation of
the manuscript. We thank Dr. Austin Cape
at ASJ Editors for edits and comments.

DISCLOSURE

The authors declare that they have
no competing interests as defined by
Molecular Medicine, or other interests
that might be perceived to influence the

528 | HE ET AL. |

results and discussion reported in this
paper.

REFERENCES

1. Maude SL, et al. (2014) Chimeric antigen receptor
T cells for sustained remissions in leukemia.

N. Engl. ]. Med. 371:1507-17.

2. Rosenberg S, Spiess P, Lafreniere R. (1986) A new
approach to the adoptive immunotherapy of can-
cer with tumor-infiltrating lymphocytes. Science.
233:1318-21.

3. Rosenberg SA, et al. (2011) Durable complete
responses in heavily pretreated patients with
metastatic melanoma using T-cell transfer
immunotherapy. Clin. Cancer Res. 17:4550-7.

4. Ho WY, Blattman JN, Dossett ML, Yee C,
Greenberg PD. (2003) Adoptive immunotherapy:
engineering T cell responses as biologic weapons
for tumor mass destruction. Cancer Cell 3:431-7.

5. Sadelain M, Rivie're I, Brentjens, R. (2003)
Targeting tumours with genetically enhanced
T lymphocytes. Nat. Rev. Cancer. 3:35-45.

6. TranE, et al. (2014) Cancer immunotherapy
based on mutation-specific CD4+ T cells in a
patient with epithelial cancer. Science 344:641-5.

7. Cao W, He W. (2014) The recognition pattern
of gamma/delta T cells. Forties in Biosciences.
10:2676-700.

8. Kabelitz D, Wesch D, He W. (2007) Perspectives
of y3T Cells in Tumor Immunology. Cancer Res.
67:5-8.

9. Marcu-Malina V, et al. (2011) Redirecting
alphabeta T cells against cancer cells by transfer
of a broadly tumor-reactive gammadelta T-cell
receptor. Blood. 118:50-9.

10. Zhao H, Xi X, Cui L, He W. (2012) CDR38-grafted
v982T cells mediate effective antitumor reactivity.
Cell Mol. Immunol. 9:147-54.

11. Hiasa A, et al. (2008) Long-term phenotypic,
functional and genetic stability of cancer-specific
T-cell receptor (TCR) aff genes transduced to
CD8+ T cells. Gene Ther. 15:695-99.

12. Bendle GM, et al. (2010). Lethal graft-versus-host
disease in mouse models of T cell receptor
gene therapy. Nat. Med. 16(5): 565-70, 561p
following 570.

13. Daniel-Meshulam I, Ya’akobi S, Ankri C,
Cohen CJ. (2012). How (specific) would like your
T-cells today? Generating T-cell therapeutic function
through TCR-gene transfer. Front/ Immunol. 3:186.

14. Govers C, Sebestyen Z, Coccoris M, Willemsen RA,
Debets R. (2010). T cell receptor gene therapy:
strategies for optimizing transgenic TCR pairing.
Trends Mol. Med. 16(2): 77-87.

15. Koning F, Maloy WL. (1987) Independent associa-
tion of T cell receptor beta and gamma chains with
CD3 in the same cell. ]. Exp. Med. 166:595-600.

16. Saito T, Hochstenbach F. (1988) Surface expres-
sion of only gamma delta and/or alpha beta
T cell receptor heterodimers by cells with four
(alpha, beta, gamma, delta) functional receptor
chains. ]. Exp. Med. 168:1003-20.

MOL MED 22:519-529, 2016

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Hiasa A, et al. (2009) Rapid a8 TCR-mediated
responses in y3 T cells transduced with
cancer-specific TCR genes. Gene Ther. 16:620-8.
Jiang Y, Guo Y, Xi X, Cui L, He W. (2011)
Flanking V and ] sequences of complementary
determining region 3 of T cell receptor (TCR)
deltal (CDR3deltal) determine the structure

and function of TCRgammad4deltal. | Biol. Chem.
286:25611-19.

Groh V, et al. (1999) Broad tumor-associated
expression and recognition by tumor-derived
gamma delta T cells of MICA and MICB. Proc.
Natl. Acad. Sci. U.S.A. 96:6879-84.

Vignaux F, Golstein P. (1994) Fas-based
lymphocyte-mediated cytotoxicity against
syngeneic activated lymphocytes: a regulatory
pathway? Eur. ]. Immunol. 24:923-7.

Trapani JA. (1995) Target cell apoptosis induced
by cytotoxic T cells and natural killer cells in-
volves synergy between the pore-forming pro-
tein, perforin, and the serine protease, granzyme
B. Aust. N.Z. ]. Med. 25:793-9.

Rosenberg SA. (2014) IL-2: the first effective
immunotherapy for human cancer. J. Immunol.
192:5451-8.

Gao Y, ef al. (2003) Gamma delta T cells provide
an early source of interferon gamma in tumor
immunity. J. Exp. Med. 198:433-42.

Heemskerk MHM, ef al. (2007) Efficiency of T-cell
receptor expression in dual-specific T cells is con-
trolled by the intrinsic qualities of the TCR chains
within the TCR-CD3 complex. Blood. 109:235-43.
Jena, B., G. Dotti, Cooper, L. J. (2010). Redirecting
T-cell specificity by introducing a tumor-specific
chimeric antigen receptor. Blood. 116(7): 1035-44.
Kafri T, Blomer U, Peterson DA, Gage FH,
Verma IM. (1997) Sustained expression of genes
delivered directly into liver and muscle by
lentiviral vectors. Nat. Genet. 17:314-17.

Naldini L, et al. (1996) In vivo gene delivery and
stable transduction of nondividing cells by a
lentiviral vector. Science. 272:263-7.

Nguyen T, Oberholzer J. (2002) Highly efficient
lentiviral vector-mediated transduction of nondi-
viding, fully reimplantable primary hepatocytes.
Mol. Ther. 6:199-209.

Bobisse S, Zanovello P, Rosato A. (2007) T-cell re-
ceptor gene transfer by lentiviral vectors in adop-
tive cell therapy. Expert Opin. Biol. Ther. 7:893-906.
Aiuti A, et al. (2013) Lentiviral hematopoietic
stem cell gene therapy in patients with Wiskott-
Aldrich syndrome. Science. 341:1233151.

Montini E, et al. (2006) Hematopoietic stem cell
gene transfer in a tumor-prone mouse model
uncovers low genotoxicity of lentiviral vector
integration. Nat. Biotechnol. 24:687-96.

Hematti P, et al. (2004) Distinct genomic
integration of MLV and SIV vectors in primate
hematopoietic stem and progenitor cells. PLOS
Biol. 2:e423.

Mitchell RS, et al. (2004) Retroviral DNA
integration: ASLV, HIV, and MLV show distinct
target site preferences. PLOS Biol. 2:E234.



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

Maeurer MJ, Martin D. (1996) Human intestinal
Vdeltal+ lymphocytes recognize tumor cells of
epithelial origin. ]. Exp. Med. 183:1681-96.
Poggi A, Venturino C. (2004) Vdeltal T lym-
phocytes from B-CLL patients recognize
ULBP3 expressed on leukemic B cells and
up-regulated by trans-retinoic acid. Cancer Res.
64:9172-9.

Correia DV, et al. (2011) Differentiation of human
peripheral blood Vdeltal+ T cells expressing
the natural cytotoxicity receptor NKp30 for
recognition of lymphoid leukemia cells. Blood.
118:992-1001.

Choudhary A, et al. (1995) Selective lysis of
autologous tumor cells by recurrent gamma delta
tumor-infiltrating lymphocytes from renal carci-
noma. J. Immunol. 154:3932-40.

Wilhelm M, Kunzmann V. (2003) Gammadelta
T cells for immune therapy of patients with
lymphoid malignancies. Blood. 102:200-06.
Kabelitz D, Kalyan S, Oberg H, Wesch D. (2013)
Human V82 versus non-Vé2 y3 T cells in antitu-
mor immunity. Oncoimmunology. 2:€23304.

Groh V, et al. (1996) Cell stress-regulated human
major histocompatibility complex class I gene
expressed in gastrointestinal epithelium. Proc.
Natl. Acad. Sci. U.S.A. 93:12445-50.

Qi ], Zhang J, Zhang S, Cui L, He W. (2003)
Immobilized MICA could expand human
Vdeltal gammadelta T cells in vitro that dis-
played major histocompatibility complex class

I chain-related A-dependent cytotoxicity to
human epithelial carcinomas. Scand. J. Immunol.
58:211-20.

Yamamoto K, Fujiyama Y. (2001) Oxidative stress
increases MICA and MICB gene expression in
the human colon carcinoma cell line (CaCo-2).
Biochim. Biophys. Acta. 1526:10-12.

Groh V, Steinle A. (1998) Recognition of stress-
induced MHC molecules by intestinal epithelial
gammadelta T cells. Science. 279:1737-40.

. Groh V, et al. (1996) Cell stress-regulated human

major histocompatibility complex class I gene ex-
pressed in gastrointestinal epithelium. Proc. Natl.
Acad. Sci. U.S.A. 93:12445-50.

Hiie S, et al. (2004) A direct role for NKG2D/
MICA interaction in villous atrophy during
celiac disease. Immunity. 21:367-77.

Gong G, et al. (2009) Phosphoantigen-activated

V gamma 2V delta 2 T cells antagonize IL-2-
induced CD4+CD25+Foxp3+ T regulatory cells
in mycobacterial infection. Blood. 113:837-45.
Skrombolas D, Frelinger JG. (2014) Challenges
and developing solutions for increasing the bene-
fits of IL-2 treatment in tumor therapy. Expert Rev
Clin Immunol. 10:207-17.

Seki N, et al. (2002) Tumor-specific CTL kill
murine renal cancer cells using both perforin
and Fas ligand-mediated lysis in vitro, but cause
tumor regression in vivo in the absence of
perforin. J. Immunol. 168:3484-92.

Nishikawa H, et al. (2005) IFN-gamma controls
the generation/activation of CD4+ CD25+

regulatory T cells in antitumor immune response.

J. Immunol. 175:4433-40.

50. Clevers H, Alarcon B, Wileman T, Terhorst C.

(1988) The T cell receptor/CD3 complex: a
dynamic protein ensemble. Annu. Rev. Immunol.
6:629-62.

Cite this article as: He K, et al. (2016) TCRy461-
engineered afT cells exhibit effective antitumor
activity. Mol. Med. 22:519-29.

MOL MED 22:519-529, 2016

RESEARCH ARTICLE

HE ET AL.

529



