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Abstract

Background: Chimeric antigen receptor (CAR)-engineered T cells have demonstrated promising clinical efficacy in
patients with B cell lymphoma. However, the application of CAR-T cell therapy in the treatment of other solid tumors
has been limited. We incorporated 4-1BB into the anti-GD2 CAR-T cells to test their cytotoxicity in melanoma in vitro
and in vivo. Moreover, we reported the expression of ganglioside GD2 in non-Caucasian melanoma populations for the
first time, thus providing a basis for future clinical research.

Methods: This study included tumor samples from 288 melanoma patients at the Peking University Cancer Hospital &
Institute. Clinical data were collected. Immunohistochemical assays using antibodies against ganglioside GD2 were
performed on formalin-fixed, paraffin-embedded specimens. The ability of ganglioside GD2 CAR-T cells to kill ganglioside
GD2" melanoma cells was evaluated in vitro and in a patient-derived xenograft (PDX) model.

Results: Among the 288 samples, 49.3% of cases (142/288) demonstrated positive staining with ganglioside GD2. The
median survival time in patients exhibiting ganglioside GD2 expression was significantly shorter than that in patients
without ganglioside GD2 expression (31 vs. 47.1 months, P < 0.001). In the present study, CAR was constructed using a
GD2-specific scFv (14.G2a), T cell receptor CD3C chain, and the CD137 (4-1BB) costimulatory motif. In addition, the GD2.
BBC CAR-T cells demonstrated specific lysis of ganglioside GD2-expressing melanoma cells in vitro. In two PDX models,
mice that received intravenous or local intratumor injections of GD2.BB{ CAR-T cells experienced rapid tumor regression.

Conclusions: These data demonstrate that the rate of GD2 expression in Chinese patients is 49.3%. GD2.BB{ CAR-T cells
can both efficiently lyse melanoma in a GD2-specific manner and release Th1 cytokines in an antigen-dependent manner
in vitro and in vivo. Anti-GD2/4-1BB CAR-T cells represent a clinically appealing treatment strategy for Chinese melanoma
patients exhibiting GD2 expression and provide a basis for future studies of the clinical application of immunotherapy for
melanoma.
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Background

Chimeric antigen receptor (CAR)-engineered T cells have
demonstrated significant promising clinical efficacy in pa-
tients with hematologic malignancies [1, 2]. The complete
response (CR) rate of CD19-specific CAR-T clinical trials
ranges from 50 to 90% [2, 3]. The success of this therapy
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relies on the genetic addition of synthetic CARs to T cells,
which enable them to target tumor cells in a major
histocompatibility complex (MHC)-unrestricted manner.
Despite recent successes in this field, the application of
CAR-T cell therapy for the treatment of other solid
tumors has remained challenging, largely due to the lack
of appropriate tumor-specific antigens [4, 5] and insuffi-
cient localization and persistence of CAR-T cells [6, 7].
Thus, the identification of precise tumor-specific antigens
and the appropriate construction and design of CARs are
vital for this immunotherapy.
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GD2 gangliosides are sialic acid-containing glycosphin-
golipids that play a role in signal transduction, cell-cell
recognition, cell proliferation, cell migration, and tumor
cell metastasis [8, 9]. Ganglioside GD2 is overexpressed
on several solid tumors, including melanoma,
neuroblastoma, Ewing’s sarcoma, and even some mesen-
chymal stem cells [10, 11]. Due to its high level of expres-
sion in tumors and restricted expression in normal tissues,
GD2 is a good target for cancer therapy [12, 13]. Based on
its immunogenicity, therapeutic functions, oncogenicity,
and other factors, GD2 is a very attractive target and was
ranked 12th among the most important cancer antigens by
the National Cancer Institute pilot program [14]. Anti-
GD2 monoclonal antibodies were approved by the Food
Drug and Administration (FDA) for the treatment of
neuroblastoma in March 2017 [15]. In a phase I study, the
murine IgG3 monoclonal antibody (MoAb) 3F8, which
specifically targets ganglioside GD2, was intravenously
administered to patients with neuroblastoma or melanoma.
Antitumor responses occurred in 7 out of 17 patients,
which ranged from complete clinical remissions to mixed
responses, and the response rate of the melanoma was 4/9
[16]. Moreover, ganglioside GD2 chimeric antigen receptor
T cells have already been studied in patients with
neuroblastoma in a phase I clinical trial, which indicated
that anti-GD2 CAR-T cells are safe and mediate modest
antitumor activity [17].

Previous studies have shown that anti-GD2 CAR-T
cells in which the CD28 and OX40 endodomains have
been incorporated exhibit antitumor activity on melan-
oma in vitro and in vivo [18]. However, research has
demonstrated that CD28 co-stimulation could augment
T cell exhaustion, which is a major factor limiting antitu-
mor responses in the stimulation of chronic antigens
[19-21], whereas 4-1BB co-stimulation could ameliorate
this situation [22]. The secretion of cytokines and the
proliferative ability of exhausted T cells are decreased as
apoptosis, and immune-related inhibitory receptors are
increased [23]. Moreover, it has been confirmed that
early T cell exhaustion is the primary factor limiting the
cytotoxic activity of CAR-T cells [22].

Hence, we generated GD2 CAR-T cells incorporated
with 4-1BB to test their cytotoxic activity in melanoma in
vitro and in vivo. Moreover, we reported the expression
levels of ganglioside GD2 in non-Caucasian melanoma
populations for the first time, which provided a basis for
future clinical research.

Methods

Patients and tissue samples

This study included lesion samples from 288 melanoma
patients who visited the Peking University Cancer Hospital
between November 2009 and November 2016. Written
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informed consent was obtained from all patients. All diag-
noses of melanoma were confirmed histopathologically.
Clinical data, including age, sex, American joint committee
on cancer (AJCC) M stage, thickness, ulceration, metasta-
sis, and overall survival (OS, follow-up persisted until
March 2017, lost to follow-up or death), were collected.
This study was approved by the Medical Ethics Committee
of the Beijing Cancer Hospital & Institute and was con-
ducted in accordance with the Declaration of Helsinki. The
datasets used and/or analyzed during the current study are
available from the corresponding author upon request.

Immunohistochemistry

Formalin-fixed, paraffin-embedded (FFPE) tissue sections
were examined by immunohistochemistry (IHC) using the
monoclonal mouse anti-human ganglioside GD2 antibody
14.G2a (Santa Cruz, sc-53831). A standard Strept-avidin
horseradish immunoperoxidase method was used for
human Ganglioside GD2 staining. Primary antibodies
were diluted in buffer containing 10% normal goat serum.
The tissue sections were deparaffinized with Xylene for
30 min and rehydrated in decreasing concentrations of
ethanol. Endogenous peroxidases were blocked with 30%
H,0, diluted in phosphate-buffered saline (PBS) for
15 min. For antigen retrieval, slides were heated in a
pressure cooker in EDTA (pH 8.5) for 2 min and 30 s,
followed by cooling to room temperature (RT) in the same
buffer. For antigen blocking, the slides were blocked with
normal goat serum with 1 h. After washing, slides were
incubated with the primary antibody overnight at 4 °C
(dilution 1:25). Three 5-min washes in buffer were
conducted after each incubation. The slides were then
incubated with the secondary antibody, anti-rabbit/mouse
antibody (DAKO) (30 min at RT), followed by staining
with AEC for 5-30 min at RT until coloration was
achieved, counterstaining with hematoxylin followed by
staining, and sealing with water-soluble encapsulating agent.
Staining intensity and percentage were independently scored
by three pathologists as 0, 1, or 2 (“0” as negative, and “1”
and “2” as positive).

Cell lines and primary cell culture

The 293T, SK-MEL-5 (catalog no. HTB-70), and
WM-266-4 (catalog no. CRL-1676) cell lines were
obtained from the American Type Culture Collection
(ATCC). A875 (catalog no. ZY-H405) melanoma cell lines
were purchased from Zeye Biotechnology Company
(Shanghai, China). HMV-II melanoma cell lines were a gift
from Dr. Xu (Abramson Cancer Center of the University
of Pennsylvania, Philadelphia, PA). The mucosal melan-
oma GAK cell lines (catalog no. JCRB0180) was purchased
from the Japanese Collection of Research Bioresources
Cell Bank (JCRB). The 293T, A875, SK-MEL-5, and
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WM-266-4 cells were maintained in Dulbecco’s Modified
Eagle Medium (DMEM, Invitrogen) supplemented with
10% FBS, 100 Ul/ml penicillin, and 100 pg/ml strepto-
mycin. HMV-II cells were maintained in F-10 (Invitrogen),
and GAK cells were maintained in F-12 (Invitrogen)
supplemented with 10% FBS, 100 Ul/ml penicillin, and
100 pg/ml streptomycin.

The MMYC-3 (mucosal primary melanoma cell),
MMYC-7 (mucosal primary melanoma cell), and AMYC-5
(acral primary melanoma cell) cell lines were derived from
a patient-derived xenograft (PDX) model. The tumor tissue
was minced into 1-mm? fragments and resuspended in
30 ml of DMEM containing 50x collagenase IV
(Invitrogen) and 1x DNase (Takara, Kusatsu, Japan). After
a 2-h incubation at 37 °C, the suspensions were collected
and slowly transferred onto a 15-ml Histopaque (Sigma, St.
Louis, MO), and then, the interface cell fraction was
collected after centrifugation. The cells were then
maintained in serum-free stem cell medium supplemented
with growth factors at 37 °C in 5% CO..

Construction of the anti-GD2 CAR

The chimeric GD2/CAR is composed of GD2 scFv and a
4-1BB-CD3( expression cassette that was designed and
synthesized by the GeneChem Biotechnology Company
(Shanghai, China), as shown in Fig. 3a. The GD2 scFv
was derived from a high-affinity 14.G2a monoclonal
antibody. The 4-1BB-CD3( expression cassette contains
the hinge and transmembrane (TM) region of CD8a.
GD2 scFv and 4-1BB-CD3( were connected in-frame by
overlap PCR. The generated GD2/CAR was verified by
DNA sequencing and cloned into the BamHI sites of a
lentiviral vector (Genechem Biotechnology, China); the
resultant product was named GD2.BB({ CAR. The
specific structure of the viral vector is shown in
Additional file 1: Figure S1. The intracellular domain of
the CARs has the self-cleaving 2A peptide connected to
an EGFP green fluorescent label. The sequences of all
PCR primers are available upon request.

Transduction of lentiviral GD2/CAR

After informed consent was obtained from normal vol-
unteers, peripheral blood mononuclear cells (PBMCs)
were isolated by Ficoll-Paque PLUS. T cells were trans-
fected with an Easy-T kit from GeneChem. Briefly,
isolated T cells/PBMCs were activated on a plate pre-
coated with S buffer (EASY-T cell infection activation
kit, catalog no. LCR6018, GeneChem) at a concentration
of 0.5x10° cells/ml in complete TexMACS media
(Miltenyi) supplemented with 5% human serum and
300 IU IL-2 (Mitenyi). Two days later, the stimulated T
cells were washed and resuspended at 0.5 x 10° cells/mL
with Trans B buffer (EASY-T cell infection activation kit,
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catalog no. LCR6018, GeneChem). CAR-encoding lenti-
virus (GD2.BB{ CAR) was thawed and added into the
cells (virus titer: 2 x 108TU/ml, MOI = 3). The cells were
seeded onto plates that had been coated for 2 h with
Trans A buffer (EASY-T cell infection activation Kkit,
catalog no. LCR6018, GeneChem). Then, the transduced
T cells were cultured at 37 °C and 5% CO, and expanded
to maintain a cell concentration of 0.5-1 x 106 cells/ml.

Flow cytometry

FITC-, PE-, or perCP-conjugated anti-CD3, CD4, CDS8,
CD25, PD-1, TIM-3, LAG-3 monoclonal antibodies, and
PE Annexin V apoptosis detection kit were used to stain
lymphocytes (all from BD Bioscience), whereas the anti-
GD2 mAb (Santa Cruz) was used to label melanoma
cells. A GD2 isotype antibody (Santa Cruz) was used as
a negative control for the detection of GD2 expression.
The proliferation of GD2.BB{ CAR and non-transduced
T cells in the presence of tumor cells was evaluated by
fluorescence-activated cell sorting (FACS) analysis after
labeling the T cells with using the CellTrace™ Far Red
Cell Proliferation Kit (Invitrogen).

Cytotoxicity assays

The cytotoxic activity of the GD2.BB{ CAR and non--
transduced CAR-transduced T cells was evaluated using
the CytoTox 96° Non-Radioactive Cytotoxicity Assay
(Promega). We evaluated lactate dehydrogenase (LDH)
release at 4 and 24 h in culture with effector-to-target
(E:T) ratios of 40:1, 20:1, 10:1, and 5:1.

Co-culture experiments

GD2.BB{ CAR and non-transduced T cells were plated
at 1 x 10° cells per well on a 96-well plate at a 20:1 ratio
with 293T, SK-MEL-5, HMV-II, and GAK cells.
Interleukin-2 (IL-2), interleukin-4 (IL-4), interleukin-5
(IL-5), interleukin-10 (IL-10), tumor necrosis factor
(TNF-a), and interferon-y (IFN-y) cytokine release after
24 h of culture was measured using the cytometric bead
array (CBA) human Thl1/Th2 cytokine kit (BD
Bioscience).

GD2.BB{ CAR and non-transduced T cells labeled by
CellTrace™ Far Red were plated at 5 x 105 cells per well
on a 12-well plate at a 20:1 ratio with 293 T, WM-266-4,
HMV-II, and GAK cells, and the percent of GD2.BB{
CAR and non-transduced T cells was evaluated by FACS
analysis after 72 h of co-culture.

The in vivo antitumor activity of GD2/CAR-T cells in a PDX
model

The PDX model was established by subcutaneously in-
oculating the fragments of patient-derived melanoma tis-
sues (MMYC-3 and AMYC-5) into 6-week-old NOD/
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SCID (non-obese diabetic and severe combined im-
munodeficiency) female mice (4—6 weeks old; 18-22 g).
The specific information on the construction of PDX
mouse model as previously described [24].

When the tumor volume reached approximately
250 mm?® in approximately 30—35 days after tumor frag-
ment inoculation, the mice were divided into five groups
(4 in each group), injected with 1x10” T cells/100 pl
(GD2.BB{ CAR-T cells, non-CAR-T cells or control
phosphate-buffered saline (PBS)) either systemically via
the tail vein (i.v.) or locally to the tumor mass (i.t.) on
days 0, 7, 14, and 21. Tumor growth was subsequently
measured with calipers, and the tumor volume was cal-
culated wusing the following formula: volume =
length x width 2/2. When the tumor size reached ap-
proximately 2000 mm?, the mice were sacrificed. All ani-
mal care and experimental procedures were carried out
in accordance with Animal Care Ethics and were ap-
proved by the Medical Ethics Committee of the Beijing
Cancer Hospital & Institute.

Statistical analysis

Statistical evaluation was conducted with IBM SPSS
statistical software (version 20.0). The t test was used to
analyze mean values for normally distributed continuous
variables, whereas the Mann-Whitney U test was used
to compare mean values for abnormally distributed con-
tinuous variables. The correlations between the GD2 ex-
pression status and clinical parameters were evaluated
by the chi-square test or Fisher’s exact test. OS curves
were estimated using the Kaplan-Meier method.
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Log-rank tests were used to estimate the statistical sig-
nificance between the time-dependent outcomes of OS.
For all statistical tests, P<0.05 (two-tailed test) was
considered statistically significant.

Results

Correlation of GD2 expression with clinicopathological
features

We analyzed the expression of GD2 by immunohisto-
chemistry, as shown in Fig. 1a. Among the 288 samples,
49.3% of the cases (142/288) demonstrated positive
staining for ganglioside GD2, with a score of 1 for GD2
expression in 101 cases and a score of 2 for GD2 expres-
sion in 41 cases. The expression of ganglioside GD2 was
relatively more frequent in acral (50.0%) and mucosal
(56.3%) melanoma than in chronic sun-induced damage
(CSD) (14.3%) and non-chronic sun-induced damage
(non-CSD) (33.3%) melanoma, as shown in Table 1. We
use fixed pellets of WM-266-4 (GD2") cells as positive
staining tissue sections and 293T(GD2") cells as negative
tissue sections, data shown in Additional file 2: Figure
S2A, representative photomicrographs of 20 melanoma
cases are shown on Additional file 2: Figure S2B.

The median survival time in patients exhibiting gan-
glioside GD2 expression was significantly shorter than
that in patients without ganglioside GD2 expression (31
vs. 47.1 months, P<0.001, Fig. 1b). Statistically signifi-
cant differences in ganglioside GD2 expression were ob-
served between primary melanoma and metastatic
melanoma (36.8 vs. 58.9%, P <0.001). We also observed
that GD2 expression was significantly associated with

—— GD2- (n=146)
—— GD2+ (n=142)
P<0.001

GD2 expression with the overall survival of melanoma patients (P < 0.05)
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Fig. 1 Correlation of GD2 expression with clinicopathological features. a Representative images of melanoma tumor cells with varying staining intensity
and varying percentages of GD2-positive tumor cells (scored 0-3). A, score 0; B, score 1; and C, score 2. b Kaplan-Meier curves showing the correlation of
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Table 1 GD2 expression in melanoma

Melanoma Number of Number of cases with GD2
subtypes cases expression

Acral 134 67 (50.0)

Mucosal 71 40 (56.3)

CSD 14 2 (143)

Non-CSD 27 9(333)

Unknown primary 42 24 (57.1)

Total 288 142 (49.3)

CSD melanomas on skin with chronic sun-induced damage, non-CSD
melanomas on skin without chronic sun-induced damage

the tumor, node, and metastasis (TNM) stage (P < 0.05).
The data are shown in Table 2.

Univariate Cox analysis determined that the hazard
ratios (HR) for patients with GD2 expression was 1.961
(95% CI, 1.334—2.883; P=0.001). Therefore, GD2 ex-
pression together with TNM stage and metastasis may
be of prognostic significance for melanoma patients, and
melanoma patients with GD2 expression may be at
higher risk of death, as shown in Table 3. Factors found
to be significant by univariate analysis were subjected to
multivariate Cox proportional hazards analysis. In the
multivariate Cox analysis, TNM stage, metastasis (HR =
2.405; 95% confidence interval (CI)=1.592-3.633, P<
0.0001) and GD2 expression (HR=1.547; 95% CI=
1.032-2.317, P=0.035) were identified as independent
prognostic factors for OS in Chinese melanoma patients,
as shown in Table 3.

Expression of GD2 in melanoma cell lines

We utilized three primary melanoma cell lines derived
from tumor tissue of the established PDX model, two
mucosal melanoma cell lines, and three nonacral cu-
taneous melanoma cell lines in present study. GD2
expression in the melanoma cells was verified by
FACS and varied between 3.1 and 99.9%, as shown in
Fig. 2. Melanoma-associated chondroitin sulfate pro-
teoglycan (MCSP) expression in the three primary
melanoma cell lines was evaluated by FACS to inves-
tigate the presence of melanoma cells in the primary
melanoma cell lines. All three primary melanoma cell
lines expressed MCSP in various degrees, and the
data are shown in Additional file 3: Figure S3.

GD2.BB{ CAR-T cells were successfully modified by lentiviral
GD2/CAR

The construction of lentiviral GD2/CAR is shown in
Fig. 3a. After 4 days of lentiviral GD2/CAR transduction,
the purity of CD3" T cells was above 90% under the T
cell expansion and activation culture system with CD3/
CD28 and IL2. The surface expression of GD2/CAR
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Table 2 Correlation of GD2 expression to clinicopathologic
factors of Chinese melanoma patients

Clinico pathologic feature  GD2+ (%) GD2—- (%) P value®
Age (year)
Median (range) 527135 51.1+£152 0.348
Gender n (%)
Male 69 (48.6) 74 (50.7) 0.722
Female 73 (51.4) 72 (49.3)
Ulceration n (%)
Yes 82 (57.7) 84 (57.5) 0.971
No 60 (42.3) 62 (42.5)
Thickness
Median (range) 3.5 (0.5,20.0) 3.7 (0.5,19.5) 0.581
TNM stage n (%)
1 (16) 535 11(7.5) 0.003
I1(109) 41 (289) 68 (46.6)
I1(92) 55 (38.7) 37 (253)
IV (71) 41 (289) 30 (20.5)
Metastasis
Yes 96 (67.6) 67 (45.9) < 0.0001
No 46 (324) 79 (54.1)
Primary site
Acral (134) 67 (47.2) 67 (45.9) 0.017
Mucosal (71) 40 (28.2) 31 (21.2)
CSD (14) 2(14) 12 (82)
Non-CSD (27) 9 (6.3) 18 (12.3)
Unknown primary (42) 24 (16.9) 18 (12.3)
Survival (months)
Median (95% Cl) 31 (34.1,60.1) 471 (21.340.7) < 0.0001

For evaluation of age, the two independent sample t test or one-way ANOVA
was used. For evaluation of gender, ulceration, and TNM stage, the chi-square
tests or Fisher's exact tests were used. For evaluation of thickness, Mann-Whitney
U tests were used. For evaluation of OS time, Log-rank tests were used

on the T cells was confirmed by FACS using anti-i-
diotypic antibody 1A7 raised against anti-GD2 mAb
14G2a, as shown in Fig. 3b. GD2/CAR expression,
which is representative of GD2.BB{ CAR-T cells,
reached 70% among the CD3" T cells. The overall
transduction efficiency of CAR-T cell production is
shown in Fig. 3c. After selecting for CAR" T cells,
the GD2.BB{ CAR-T cells consisted of 49.8% CD8" T
cells and 40.1% CD4" T cells, as shown in Fig. 3d.
We also evaluated activation marker CD25 expression in
GD2.BB({ CAR-T cells. Compared with non-transduced T
cell, GD2.BB{ CAR-T cells showed high levels of overacti-
vation 9 days after initial activation, as shown in Fig. 3e.
The exhaustion markers of GD2.BB{ CAR-T cells 9 days
after initial activation were lower than 30%, data shown in
Fig. 3f. Only a small fraction of GD2.BB{ CAR-T cells
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Table 3 Cox regression analysis of GD2 expression and
clinicopathologic factors with overall survival

Factors Group HR (95% Cl) P value
Univariate analysis
Age > 60 vs. <60 1.08 0.693
(0.736-1.585)
Gender Male vs. female  1.005 0.98
(0.702-1.438)
Ulceration Yes vs. no 1218 0.297
(0.841-1.763)
Thickness >2vs. <2 mm 1526 0.163
(0.843-2.76)
TNM stage LIEvs. LIV 2.757 < 0.0001
(1.852-4.105)
Metastasis Yes vs. no 2.757 < 0.0001
(1.852-4.105)
GD2 expression GD2+ vs. GD2™ 1961 0.001
(1.334-2.883)
Multivariate analysis
GD2 expression GD2+ vs. GD2™ 1547 0.035
(1.032-2317)
TNM stage (metastasis) LIl vs. I, IV 2.405 < 0.0001
(yes vs. no) (1.592-3.633)

Cl confidence interval

expressed the indicated central memory T (Tcm) pheno-
types 9 days after initial activation (CD45RO*CD62L
"CCR7", 31.33% +7.97%), which was significantly larger
than the corresponding population of non-transduced T
cells (P < 0.05), data shown in Fig. 3g.

GD2.BB({ CAR-T cells demonstrated specific and efficient
cytotoxicity against GD2-expressing melanoma cells

The LDH release assay was used to determine the ability
of GD2.BB({ CAR-T cells to recognize and kill melanoma
cells in eight melanoma cell lines possessing varying GD2
expression levels. After 4 h of co-culture, the LDH release
assays showed that the cytotoxicity of GD2.BB{ CAR-T
cells correlated with the level of GD2 expression, as shown
in Fig. 4a. Moreover, a robust improvement in the cyto-
toxicity of the GD2.BB({ CAR-T cells against the GD2-
expressing melanoma cells was accompanied by an in-
crease in the E:T ratio. Significantly different GD2 specific
antitumor activity was observed at each E:T ratio between
GD2.BB{ CAR-T cells and control non-transduced T cells
(P<0.05). In contrast, GD2.BB{ CAR-T cells had little
antitumor activity against the GD2-negative tumor
cell lines 293T, A875 (3.1% GD2-expressing cells) and
MMYC-7 (10.2% GD2-expressing cells) (P <0.05).
This result demonstrates the specificity and efficiency
of GD2.BB({ CAR-T cells against GD2-expressing
melanoma cells.
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GD2.BB( CAR-T cells secrete cytokines upon co-culture
with GD2-expressing melanoma cells

A cytokine release assay was performed to detect whether
GD2.BB{ CAR-T cells were functionally activated when
co-cultured with a GD2" target. A substantial amount of
IL2, TNF-a, and IFN-y was released by GD2.BB{ CAR-T
cells and was associated with the quantity of GD2 expres-
sion on the melanoma cells, as shown in Fig. 4b. In con-
trast, the release of IL2, TNF-a, and IFN-y remained
unchanged in non-transduced T cells group or 293 T cells
group. Consistent with previous research, the GD2.BB{
CAR-T cells could be activated and could exert effector
cell functions in a GD2-dependent manner; moreover,
4-1BB co-stimulation enhances the production of Thl
cytokines [25]. Furthermore, we also detected the release
of Th2 cytokines, include IL-4, IL-5, and IL-10. Among
three cell lines group, only the GD2.BB{ CAR-T cells of
WM-266-4 group release a significantly higher IL-4, IL-5,
and IL-10 than control group (P<0.05), as shown in
Additional file 4: Figure S4.

The activation, exhaustion, and clonal expansion
characteristic of GD2.BB{ CAR-T cells in vitro
We investigated whether the proliferation of GD2.BB{
CAR-T cells could be stimulated by co-culture with GD2*
melanoma cells. As shown in Fig. 5a, GD2.BB{ CAR-T cell
exhibit significant proliferation when stimulated by
GD2"eM  cells (WM-266-4 cells). In contrast, when
GD2.BB{ CAR-T cells were co-cultured with GD2"egtve
cells (293T), GD2'¥ cells (GAK), GD2™*"** cells (HMV-
II) the CAR-T cell exhibited no proliferative activity.
Recent research has indicated that GD2-specific
CAR-T cells undergo activation induced cell death fol-
lowing antigenic stimulation [26, 27]. We performed a
“stress test” assay with GD2.BB{ CAR-T cells under
repeated stimulation onto GD2-cells (293T), and GD2*
melanoma cells (HMV-1I, GAK, WM-266-4) every 24 h in
vitro, as shown in Fig. 5b. At each transfer, we evaluated
the CAR-T cell population via viability and activation
markers (CD25), and the dead cells were analyzed by
Annexin V and 7-AAD staining. We did not observe sig-
nificant CAR-T cell death with each stimulation.

GD2.BB{ CAR-T cells inhibited the growth of GD2-expressing
melanoma cells and exhibit persistence in PDX models

We developed a PDX model by inoculating MMYC-3
and AMYC-5 tissue into NOD/SCID mice. The tumor
volume of mice treated with PBS or non-transduced T
cells increased rapidly. In contrast, mice receiving i.v. or
i.t. injections of GD2.BB{ CAR-T cells experienced rapid
tumor regression, which confirmed the potent antitumor
activity of GD2.BB{ CAR-T cells in vivo (P<0.05), as
shown in Fig. 6a. The representative image of the
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tumor is shown in Additional file 5: Figure S5. The Recent clinical trials have shown that compared with
cytotoxic efficacy of GD2.BB{ CAR-T cells when those incorporating CD28 co-stimulatory domains,
delivered via i.t. injection was higher than that when CD19 CAR-T cells incorporating 4-1BB co-stimulatory
delivered via iv. injection. domains exhibit prolonged persistence [28, 29]. We
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sought to evaluate the persistence of CAR-T cells. After
adoptive transfer of 10’ T cells 8 and 15 days, the quan-
tification of GD2.BB{ CAR-T cells was higher than that
of non-transduced T cell in vivo, as shown in Fig. 6b.
Exhausted T cells demonstrate limited persistence in
vivo, so we evaluated the expression of exhaustion
marker of GD2.BB{ CAR-T cells 15 days after adoptive
transfer of 10" T cells, the expression of PD-1, LAG-3,
and TIM-3 was lower than 25%, as shown in Fig. 6¢c. We
also measured the quantification of T cells within the
spleens and tumors 15 days after adoptive transfer of 10
T cells, which was significantly higher in the GD2.BB{

CAR-T cells groups than in the non-transduced group,
as shown in Fig. 6d, e. The GD2 expression of tumors
on 15 days after adoptive transfer of 10’ T cells was eval-
uated by FACS. Compared with control group, the GD2
expression of the tumor in GD2.BB{ CAR-T cells group
declined to blow 10%, as shown in Fig. 6f.

Discussion

Melanoma is a highly aggressive skin cancer, and several
immune-related therapies have been approved by the US
FDA for its treatment, including interleukin 2 (IL-2),
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interferon-a (IFN-a), cytotoxic T cell-stimulating cytokine
(CTLA-4) and programmed cell death protein 1 (PD-1)
blocking antibodies [30], all of which target T cell activa-
tion. Adoptive cell therapy (ACT) is an alternative im-
munotherapy for melanoma, and its primary mechanism
is T cell activation. While earlier clinical research mainly
focused on ACT for tumor-infiltrating lymphocytes (TILs)
[31], efforts have recently been diverted to the generation
of T cells with T cell receptors (TCRs) specific for tumor-
associated antigens (TAAs), including NY-ESO-1 [32] and

MART-1 [33]. The TCRs recognize antigens presented by
MHC molecules, which limit the number of patients eli-
gible for this immunotherapy, whereas CAR-T cells are ac-
tivated upon recognizing unprocessed structures on the
surface of the target in an MHC-independent manner
[34]. Due to advantages in stable antigen identification,
the reduction of immunosuppressive tumor microenvi-
ronments and treatment toxicities, and the prevention of
antigen escape, CAR-T cells have been widely explored
and applied as a cancer therapy [35, 36].
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GD2 is overexpressed in melanoma, neuroblastoma,
and small-cell lung cancer, but its expression is limited
in normal tissues [37]; therefore, targeting GD2 could
reduce the incidence rate of toxicity associated with off-
target or on-target/off-target effects. In our study, the
rate of GD2 expression is 49.3% among 288 cases. The
expression of ganglioside GD2 is more frequent in acral
and mucosal melanoma than in CSD and non-CSD
subtypes, which are the major melanoma subtypes in
Caucasian cohorts [38]. Due to the small sample size
of CSD and non-CSD melanoma subtypes, statistical
biases may be produced. The higher expression of
ganglioside GD2 in metastatic melanoma compared to
primary melanoma was consistent with the notion
that GD2 expression is related to increased metastatic
potential [39]. Moreover, our study demonstrates that
the expression of GD2 is significantly associated with

poor prognosis. Hence, GD2 is an attractive target for
CAR-T therapy.

Clinical trials of anti-GD2 monoclonal antibodies
have demonstrated that the agent could significantly
improve the survival of neuroblastoma patients [40],
but for melanoma patients, the benefits are limited
due to the varying GD2 expression levels in melan-
oma (usually lower), which influence the capacity to
bind with anti-GD2 monoclonal antibodies. However,
several studies have indicated the CAR-T cells could
induce complete cytotoxic responses to tumor cells
despite the low expression of target antigen [18, 41].
Our study also shows that GD2.BB{ CAR-T cells
could lyse GD2+ melanoma (27.4-99.9% GD2 expres-
sion), including melanoma cells with low GD2 expression.
Antibodies possessing multiple antibody-derived binding
domains on their cell surface exhibited improved cytotoxic
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Fig. 6 In vivo antitumor activity of GD2/CAR-T cells. a MMYC-3 and AMYC-5 patient-derived xenografts received different treatments: group A, PBS
(iv.); group B, non-transduced T cells (i.v.);,group C, non-transduced T cells (i.t); group D, GD2BB{ CAR-T cells (i.v.); and group E, GD2.BB{ CAR cells (i.t).
The results are expressed as the mean tumor volume (mm3) £ SD with n=5 for all groups. b Quantification of T cells within the blood on eight and
15 days after adoptive transfer into mice: group B, non-transduced T cells (i.v.);group C, non-transduced T cells (i.t); group D, GD2.BBC CAR-T cells (i.v.);
and group E, GD2.BBC CAR cells (i.t.). ¢ Exhaustion marker expression of GD2.BB{ CAR-T cells on day 14 after adoptive transfer of T cells: group B, non—
transduced T cells (i.v.);group C, non-transduced T cells (i.t); group D, GD2.BB{ CAR-T cells (i.v); and group E, GD2.BBC CAR cells (it.). d Quantification of
T cells within the spleen and tumor 15 days after adoptive transfer of T cells in MMYC-3: group B, non-transduced T cells (i.v.);,group C, non-transduced
T cells (it); group D, GD2.BBC CAR-T cells (i.v.); and group E, GD2.BBC CAR cells (i.t.). @ Quantification of T cells within the spleen and tumor 15 days after
adoptive transfer of T cells in AMYC-5: group B, non-transduced T cells (i.v.); group C, non-transduced T cells (i.t); group D, GD2.BBC CAR-T cells (i.v.);
and group E, GD2.BBL CAR cells (i.t). f The GD2 expression of tumors on 15 days after adoptive transfer of 10" T cells: group B, non-transduced T cells
(iv.); group C, non-transduced T cells (i.t); group D, GD2.BBL CAR-T cells (i.v.); and group E, GD2BBC CAR cells (it.). *P < 0.05 by Student's t test

ability compared to bivalent antibodies in solution, and
thus, CAR-T cells exhibit superior cytolytic activity
compared to antibodies [42].

Similar with most malignancies, melanoma cells lack the
expression of T cell costimulatory molecules, which could
trigger the complete activation of T lymphocytes against
TAAs via their native or chimeric receptors. To activate
the effector function and prolong the persistence of T cells,
we introduced the CD137 (4-1BB) costimulatory signaling
domain into the GD2 chimeric receptor. CD137 belongs to
the TNF receptor family, which is essential for the prolifer-
ation and survival of T cells, particularly for memory T cell
responses [43, 44]. A previous study indicated that the
adoptive transfer of tumor-specific T cells co-stimulated ex
vivo with 4-1BBL exhibited increased persistence and anti-
tumor activity in vivo [45]. Our study also demonstrated
that GD2.BB{ CAR-T cells could undergo clonal expansion
when co-cultured with GD2* melanoma cell lines. T cell
exhaustion is a major factor restricting the efficacy of
CAR-T therapies, and 4-1BB could ameliorate exhaustion
by reducing the expression of known exhaustion-related
genes and by modulating metabolic, apoptosis, and hyp-
oxia pathways [22]. Several clinical trials have demon-
strated that CAR-T cells harboring the 4-1BB
costimulatory domain exhibit longer persistence than those
harboring the CD28 costimulatory domain [46—48]. More-
over, the 4-1BB costimulatory signaling domain could
endow T cells with superior proliferative potential, more
potent antitumor activity and a Thl-based cytokine profile
[25]. In the present study, we show that GD2.BB{ CAR-T
cells could preferentially secrete high levels of Thl cyto-
kines, including IL-2, TNF-a, and IFN-y, upon encounter-
ing a tumor cell and exert strong antitumor activity in
vitro. Moreover, the GD2.BB{ CAR-T cells exhibit persist-
ence in vivo.

In our study, we investigate the performance of CAR-
T therapy using CD3" T cells instead of purified CD8"
cytotoxic lymphocytes (CTLs) because CD4" T cells have
been confirmed to increase the function of CD8" T cells
[49]. The results of our PDX model experiments demon-
strate that CD3" T cells transduced with GD2.BB{ CAR
show higher cytotoxicity than the non-transduced T

cells, which consists with previous research findings that
adoptive transfer of mixed populations of antigen-
specific CD8" T cells and CD4" T cells promotes overall
antitumor immunity. With regard to the administration
route of T cells, both locally intratumor injection and
venous injection lead to tumor regression, which con-
firms the capacity of CAR-T cells to circulate, traffic to
the tumor, and perform cytotoxic ability. Although ven-
ous injections are favorable in clinical applications due
to the ease of administration and the efficacy displayed
in the preclinical model, several preclinical, and clinical
studies have demonstrated the effectiveness of locally
injected CAR-T cells [49-51]. Our study suggests that
local delivery of T cells for solid tumor may lead to a
promising therapeutic efficacy, which may partly due to
increased transmission of T cells to the tumor and to
provide a favorable E/T ratio. However, local delivery of
T cells may not be suitable for tumors with multiple
metastatic.

There are some limitations and potential perspectives
in our study. In present study, the GD2.BB{ CAR-T cells
could expand when stimulated by GD2"&" cell
(WM-266-4 cells), whereas fail to expand in response to
GD2"" (GAK), GD2™e%2* (HMV-II). In previous study,
the GPC3-4-1BB-CAR-T cells exhibit proliferation when
stimulated by GPC3-positive cell in vitro [52]. Moreover,
the GD2-CD28-OX40-CAR-T cells could expand when
stimulated by GD2-positive cell [53]. The association be-
tween the proliferation of CAR-T cell and quantity of
GD2 expression on the co-cultured target cells remain
unknown, which need further study to verify.

Conclusions

Our study demonstrated that GD2.BB{ CAR-T cells can
efficiently lyse melanoma in a GD2-specific manner and
release Thl cytokines in an antigen-dependent manner.
Anti-GD2/4-1BB CAR-T cells represent a clinically ap-
pealing treatment strategy for Chinese melanoma patients
with GD2 expression, thus providing a basis for additional
studies in the clinical application of immunotherapy for
melanoma.
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293T(GD2-). (B) Representative photomicrograph of 20 melanoma cases.
(TIFF 21902 kb)

Additional file 3: Figure S3. Expression of MCSP in primary melanoma
cell lines. (TIFF 1807 kb)

Additional file 4: Figure S4. Th2 cytokine release of GD2/CAR-T cells.
Non-transduced T cells and GD2.BB{ CAR-T cells were co-cultured (ratio
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were GD2-negative (293T) or were 27.4% GD2-positive (GAK) and were
47.3% GD2-positive (HMV-II) or exhibited high (WM-266-4) levels of
GD2-positive cells. Culture supernatant was collected 24 h later, and the
production of IL-4, IL-5, and IL-10 were measured using a CBA assay. The
results are presented as the mean and SD from experiments that were
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Additional file 5: Figure S5. Image of a representative tumor in the
PDX models in which GD2.BB{ CAR-T cells inhibited the growth of
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duced T cells (i.v.); group C, non-transduced T cells (i.t); group D, GD2.BBC
CAR-T cells (i.v.); and group E, GD2.BBC CAR cells (i.t.). (TIFF 8545 kb)

Abbreviations

ACT: Adoptive cell therapy; AEC: 3-Amino-9-ethylcarbazole; AJCC: American
joint committee on cancer; ATCC: American Type Culture Collection;

CAR: Chimeric antigen receptor; CBA: Cytometric bead array; CR: Complete
response; CSD: Chronic sun-induced damage; CTLA-4: Cytotoxic T
cell-stimulating cytokine; CTLs: CD8™ cytotoxic lymphocytes;

DMEM: Dulbecco’s Modified Eagle Medium; FACS: Fluorescence-activated cell
sorting; FDA: Food Drug and Administration; FFPE: Formalin-fixed,
paraffin-embedded; HR: Hazard ratios; IFN-a: Interferon-a; IFN-y: Interferon-y;
IHC: Immunohistochemistry; IL-10: Interleukin-10; IL-2: Interleukin-2;

IL-4: Interleukin-4; IL-5: Interleukin-5; MCSP: Melanoma-associated chondroitin
sulfate proteoglycan; MHC: Major histocompatibility complex;

MoAb: Monoclonal antibody; non-CSD: Non-chronic sun-induced damage;
OS: Overall survival; PD-1: Programmed cell death protein 1;

PDX: Patient-derived xenograft; SD: Standard deviation; TAAs: Specific for
tumor-associated antigens; TCRs: T cell receptors; TILs: Tumor-infiltrating
lymphocytes; TM: Transmembrane; TNF-c: Tumor necrosis factor;

TNM: Tumor, node, and metastasis

Acknowledgements

We would like to thank Yicon Biomedical Technology Inc. (Beijing, China) for
PDX model experiments. We would like to thank American Journal Experts
(AJE) for English language editing.

Funding

This work was supported by grants from the Major State Basic Research
Development Program of China (2013CB911004), National Natural Science
Foundation of China (81672696, 81772912), Beijing Municipal Natural Science
Foundation (7152033), Beijing Baigianwan Talents Project, Beijing Municipal
Administration of Hospitals Clinical medicine Development of special
funding support (ZYLX201603), and Beijing Municipal Science & Technology
Commission (Z151100003915074).

Availability of data and materials
The datasets and material used and/or analyzed during the current study are
available from the corresponding author upon request.

Authors’ contributions

YJY performed most of the molecular and cellular experiments and drafted
the manuscript. YH and WXW performed the immunohistochemical assays
and flow cytometry. YJY and XLW participated vivo experiments in PDX
model. CZH, SXN, SL, and CCL carried out the collection of clinical data. DJ
and MM accomplished statistical analysis. KY and GJ designed the research
and wrote the manuscript. All authors read and approved the manuscript.

Page 13 of 15

Ethics approval and consent to participate

All procedures performed in studies involving human participants were in
accordance with the ethical standards of the Medical Ethics Committee of
the Beijing Cancer Hospital & Institute and with the Helsinki declaration and
its later amendments or comparable ethical standards. For this type of study,
formal consent is not required. All animal care and experimental procedures
were carried out in accordance with Animal Care Ethics and were approved
by the Medical Ethics Committee of the Beijing Cancer Hospital & Institute.

Consent for publication
This is not applicable for this study.

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

Publisher’s Note

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

Received: 14 July 2017 Accepted: 26 December 2017
Published online: 03 January 2018

References

1. Chimeric Antigen Receptor-Modified T Cells in Chronic Lymphoid Leukemia.
Chimeric antigen receptor-modified T cells for acute lymphoid leukemia:
chimeric antigen receptor T cells for sustained remissions in leukemia. N
Engl J Med. 2016,374:998.

2. Kochenderfer JN, Dudley ME, Kassim SH, Somerville RP, Carpenter RO,
Stetler-Stevenson M, Yang JC, Phan GQ, Hughes MS, Sherry RM, Raffeld M,
Feldman S, Lu L, Li YF, Ngo LT, Goy A, Feldman T, Spaner DE, Wang ML,
Chen CC, Kranick SM, Nath A, Nathan DA, Morton KE, Toomey MA,
Rosenberg SA. Chemotherapy-refractory diffuse large B-cell lymphoma and
indolent B-cell malignancies can be effectively treated with autologous T
cells expressing an anti-CD19 chimeric antigen receptor. Journal of clinical
oncology : official journal of the American Society of Clinical Oncology.
2015;33:540-9.

3. Maude SL, Frey N, Shaw PA, Aplenc R, Barrett DM, Bunin NJ, Chew A,
Gonzalez VE, Zheng Z, Lacey SF, Mahnke YD, Melenhorst JJ, Rheingold SR,
Shen A, Teachey DT, Levine BL, June CH, Porter DL, Grupp SA. Chimeric
antigen receptor T cells for sustained remissions in leukemia. N Engl J Med.
2014;371:1507-17.

4. Lamers CH, Sleijfer S, Vulto AG, Kruit WH, Kliffen M, Debets R, Gratama JW,
Stoter G, Oosterwijk E. Treatment of metastatic renal cell carcinoma with
autologous T-lymphocytes genetically retargeted against carbonic
anhydrase IX: first clinical experience. Journal of clinical oncology : official
journal of the American Society of Clinical Oncology. 2006;24:e20-2.

5 YuS LiA LiuQLiT Yuan X, Han X, Wu K. Chimeric antigen receptor T
cells: a novel therapy for solid tumors. J Hematol Oncol. 2017;10:78.

6. Robbins PF, Dudley ME, Wunderlich J, El-Gamil M, Li YF, Zhou J, Huang J,
Powell DJ Jr, Rosenberg SA. Cutting edge: persistence of transferred
lymphocyte clonotypes correlates with cancer regression in patients
receiving cell transfer therapy. J Immunol. 2004;173:7125-30.

7. Kowolik CM, Topp MS, Gonzalez S, Pfeiffer T, Olivares S, Gonzalez N, Smith
DD, Forman SJ, Jensen MC, Cooper LJ. CD28 costimulation provided
through a CD19-specific chimeric antigen receptor enhances in vivo
persistence and antitumor efficacy of adoptively transferred T cells. Cancer
Res. 2006;66:10995-1004.

8. Julien S, Bobowski M, Steenackers A, Le Bourhis X, Delannoy P. How do
gangliosides regulate RTKs signaling? Cell. 2013;2:751-67.

9. Ravindranath MH, Muthugounder S, Presser N. Ganglioside signatures of
primary and nodal metastatic melanoma cell lines from the same patient.
Melanoma Res. 2008;18:47-55.

10.  Martinez C, Hofmann TJ, Marino R, Dominici M, Horwitz EM. Human bone
marrow mesenchymal stromal cells express the neural ganglioside GD2: a
novel surface marker for the identification of MSCs. Blood. 2007;109:4245-8.

11. Suzuki M, Cheung NK: Disialoganglioside GD2 as a therapeutic target for
human diseases. Expert Opin Ther Targets. 2015;19:349-62.

12. Kailayangiri S, Altvater B, Meltzer J, Pscherer S, Luecke A, Dierkes C, Titze U,
Leuchte K, Landmeier S, Hotfilder M, Dirksen U, Hardes J, Gosheger G,
Juergens H, Rossig C. The ganglioside antigen G(D2) is surface-expressed in


dx.doi.org/10.1186/s13045-017-0548-2
dx.doi.org/10.1186/s13045-017-0548-2
dx.doi.org/10.1186/s13045-017-0548-2
dx.doi.org/10.1186/s13045-017-0548-2
dx.doi.org/10.1186/s13045-017-0548-2

Yu et al. Journal of Hematology & Oncology (2018) 11:1

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

Ewing sarcoma and allows for MHC-independent immune targeting. Br J
Cancer. 2012;106:1123-33.

Tsuchida T, Saxton RE, Morton DL, Irie RF. Gangliosides of human
melanoma. Cancer. 1989,63:1166-74.

Cheever MA, Allison JP, Ferris AS, Finn OJ, Hastings BM, Hecht TT, Mellman |,
Prindiville SA, Viner JL, Weiner LM, Matrisian LM. The prioritization of cancer
antigens: a national cancer institute pilot project for the acceleration of
translational research. Clinical cancer research : an official journal of the
American Association for Cancer Research. 2009;15:5323-37.

Yu AL, Gilman AL, Ozkaynak MF, London WB, Kreissman SG, Chen HX, Smith
M, Anderson B, Villablanca JG, Matthay KK, Shimada H, Grupp SA, Seeger R,
Reynolds CP, Buxton A, Reisfeld RA, Gillies SD, Cohn SL, Maris JM, Sondel
PM. Anti-GD2 antibody with GM-CSF, interleukin-2, and isotretinoin for
neuroblastoma. N Engl J Med. 2010;363:1324-34.

Cheung NK, Lazarus H, Miraldi FD, Abramowsky CR, Kallick S, Saarinen UM,
Spitzer T, Strandjord SE, Coccia PF, Berger NA. Ganglioside GD2 specific
monoclonal antibody 3F8: a phase | study in patients with neuroblastoma
and malignant melanoma. Journal of clinical oncology : official journal of
the American Society of Clinical Oncology. 1987;5:1430-40.

Louis CU, Savoldo B, Dotti G, Pule M, Yvon E, Myers GD, Rossig C, Russell HY,
Diouf O, Liu E, Liu H, Wu MF, Gee AP, Mei Z, Rooney CM, Heslop HE, Brenner
MK. Antitumor activity and long-term fate of chimeric antigen
receptor-positive T cells in patients with neuroblastoma. Blood. 2011;1186050-6.
Yvon E, Del Vecchio M, Savoldo B, Hoyos V, Dutour A, Anichini A, Dotti G,
Brenner MK. Immunotherapy of metastatic melanoma using genetically
engineered GD2-specific T cells. Clinical cancer research : an official journal
of the American Association for Cancer Research. 2009;15:5852-60.

Baitsch L, Baumgaertner P, Devevre E, Raghav SK, Legat A, Barba L,
Wieckowski S, Bouzourene H, Deplancke B, Romero P, Rufer N, Speiser DE.
Exhaustion of tumor-specific CD8(+) T cells in metastases from melanoma
patients. J Clin Invest. 2011;121:2350-60.

Zhou Q, Munger ME, Veenstra RG, Weigel BJ, Hirashima M, Munn DH,
Murphy WJ, Azuma M, Anderson AC, Kuchroo VK, Blazar BR. Coexpression of
Tim-3 and PD-1 identifies a CD8+ T-cell exhaustion phenotype in mice with
disseminated acute myelogenous leukemia. Blood. 2011;117:4501-10.

Woo SR, Turnis ME, Goldberg MV, Bankoti J, Selby M, Nirschl CJ, Bettini ML,
Gravano DM, Vogel P, Liu CL, Tangsombatvisit S, Grosso JF, Netto G,
Smeltzer MP, Chaux A, Utz PJ, Workman CJ, Pardoll DM, Korman AJ, Drake
CG, Vignali DA. Immune inhibitory molecules LAG-3 and PD-1 synergistically
regulate T-cell function to promote tumoral immune escape. Cancer Res.
2012,72:917-27.

Long AH, Haso WM, Shern JF, Wanhainen KM, Murgai M, Ingaramo M,
Smith JP, Walker AJ, Kohler ME, Venkateshwara VR, Kaplan RN, Patterson GH,
Fry TJ, Orentas RJ, Mackall CL. 4-1BB costimulation ameliorates T cell
exhaustion induced by tonic signaling of chimeric antigen receptors. Nat
Med. 2015;21:581-90.

Wherry EJ. T cell exhaustion. Nat Immunol. 2011;12:492-9.

Kong Y, Sheng X, Wu X, Yan J, Ma M, Yu J, Si'L, Chi Z, Cui C, Dai J, Li Y, Yu H, Xu
T, Tang H, Tang B, Mao L, Lian B, Wang X, Yan X, Li S, Guo J. Frequent genetic
aberrations in the CDK4 pathway in acral melanoma indicate the potential for
CDK4/6 inhibitors in targeted therapy. Clinical cancer research : an official journal
of the American Association for Cancer Research. 2017,23:6946-57.

Li W, Guo L, Rathi P, Marinova E, Gao X, Wu MF, Liu H, Dotti G, Gottschalk S,
Metelitsa LS, Heczey A. Redirecting T cells to glypican-3 with 4-1BB zeta
chimeric antigen receptors results in Th1 polarization and potent antitumor
activity. Hum Gene Ther. 2016;28(5):437-48.

Gargett T, Yu W, Dotti G, Yvon ES, Christo SN, Hayball JD, Lewis ID, Brenner
MK, Brown MP. GD2-specific CAR T cells undergo potent activation and
deletion following antigen encounter but can be protected from activation-
induced cell death by PD-1 blockade. Molecular therapy : the journal of the
American Society of Gene Therapy. 2016;24:1135-49.

Hoseini SS, Dobrenkov K, Pankov D, Xu XL, Cheung NK. Bispecific antibody
does not induce T-cell death mediated by chimeric antigen receptor
against disialoganglioside GD2. Oncoimmunology. 2017;6:21320625.

Grupp SA, Kalos M, Barrett D, Aplenc R, Porter DL, Rheingold SR, Teachey
DT, Chew A, Hauck B, Wright JF, Milone MC, Levine BL, June CH. Chimeric
antigen receptor-modified T cells for acute lymphoid leukemia. N Engl J
Med. 2013;368:1509-18.

Davila ML, Riviere |, Wang X, Bartido S, Park J, Curran K, Chung SS, Stefanski
J, Borquez-Ojeda O, Olszewska M, Qu J, Wasielewska T, He Q, Fink M,
Shinglot H, Youssif M, Satter M, Wang Y, Hosey J, Quintanilla H, Halton E,

30.

31

32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

45.

Page 14 of 15

Bernal Y, Bouhassira DC, Arcila ME, Gonen M, Roboz GJ, Maslak P, Douer D,
Frattini MG, Giralt S, Sadelain M, Brentjens R. Efficacy and toxicity
management of 19-28z CAR T cell therapy in B cell acute lymphoblastic
leukemia. Sci Transl Med. 2014;6:224ra225.

Merhavi-Shoham E, Itzhaki O, Markel G, Schachter J, Besser MJ. Adoptive cell
therapy for metastatic melanoma. Cancer journal (Sudbury, Mass). 2017;23:
48-53.

Radvanyi LG, Bernatchez C, Zhang M, Fox PS, Miller P, Chacon J, Wu R, Lizee
G, Mahoney S, Alvarado G, Glass M, Johnson VE, JD MM, Shpall E, Prieto V,
Papadopoulos N, Kim K, Homsi J, Bedikian A, Hwu WJ, Patel S, Ross MI, Lee
JE, Gershenwald JE, Lucci A, Royal R, Cormier JN, Davies MA, Mansaray R,
Fulbright OJ, Toth C, Ramachandran R, Wardell S, Gonzalez A, Hwu P.
Specific lymphocyte subsets predict response to adoptive cell therapy using
expanded autologous tumor-infiltrating lymphocytes in metastatic
melanoma patients. Clinical cancer research : an official journal of the
American Association for Cancer Research. 2012;18:6758-70.

Robbins PF, Kassim SH, Tran TL, Crystal JS, Morgan RA, Feldman SA, Yang JC,
Dudley ME, Wunderlich JR, Sherry RM, Kammula US, Hughes MS, Restifo NP,
Raffeld M, Lee CC, Li YF, El-Gamil M, Rosenberg SA. A pilot trial using
lymphocytes genetically engineered with an NY-ESO-1-reactive T-cell
receptor: long-term follow-up and correlates with response. Clinical cancer
research : an official journal of the American Association for Cancer
Research. 2015;21:1019-27.

Johnson LA, Morgan RA, Dudley ME, Cassard L, Yang JC, Hughes MS,
Kammula US, Royal RE, Sherry RM, Wunderlich JR, Lee CC, Restifo NP,
Schwarz SL, Cogdill AP, Bishop RJ, Kim H, Brewer CC, Rudy SF, VanWaes C,
Davis JL, Mathur A, Ripley RT, Nathan DA, Laurencot CM, Rosenberg SA.
Gene therapy with human and mouse T-cell receptors mediates cancer
regression and targets normal tissues expressing cognate antigen. Blood.
2009;114:535-46.

Wilkins O, Keeler AM, Flotte TR. CAR T-cell therapy: progress and prospects.
Human gene therapy methods. 2017,28:61-6.

Sadelain M, Riviere I, Riddell S. Therapeutic T cell engineering. Nature. 2017;
545:423-31.

Wang Z, Wu Z, Liu Y, Han W. New development in CAR-T cell therapy. J
Hematol Oncol. 2017;10:53.

Hersey P, Jamal O, Henderson C, Zardawi |, D'Alessandro G. Expression of
the gangliosides GM3, GD3 and GD2 in tissue sections of normal skin, naevi,
primary and metastatic melanoma. International journal of cancer Journal
international du cancer. 198841:336-43.

Balch CM, Buzaid AC, Soong SJ, Atkins MB, Cascinelli N, Coit DG, Fleming ID,
Gershenwald JE, Houghton A Jr, Kirkwood JM, McMasters KM, Mihm MF,
Morton DL, Reintgen DS, Ross MI, Sober A, Thompson JA, Thompson JF.
Final version of the American Joint Committee on Cancer staging system
for cutaneous melanoma. Journal of clinical oncology : official journal of the
American Society of Clinical Oncology. 2001;19:3635-48.

Hakomori S. Tumor-associated carbohydrate antigens defining tumor
malignancy: basis for development of anti-cancer vaccines. Adv Exp Med
Biol. 2001;491:369-402.

Cheung NK, Cheung 1Y, Kushner BH, Ostrovnaya |, Chamberlain E, Kramer K,
Modak S. Murine anti-GD2 monoclonal antibody 3F8 combined with
granulocyte-macrophage colony-stimulating factor and 13-cis-retinoic acid
in high-risk patients with stage 4 neuroblastoma in first remission. Journal
of clinical oncology : official journal of the American Society of Clinical
Oncology. 2012,30:3264-70.

Vera J, Savoldo B, Vigouroux S, Biagi E, Pule M, Rossig C, Wu J, Heslop HE,
Rooney CM, Brenner MK, Dotti G. T lymphocytes redirected against the
kappa light chain of human immunoglobulin efficiently kill mature B
lymphocyte-derived malignant cells. Blood. 2006;108:3890-7.

Weijtens ME, Hart EH, Bolhuis RL. Functional balance between T cell
chimeric receptor density and tumor associated antigen density: CTL
mediated cytolysis and lymphokine production. Gene Ther. 2000;7:35-42.
Shuford WW, Klussman K, Tritchler DD, Loo DT, Chalupny J, Siadak AW,
Brown TJ, Emswiler J, Raecho H, Larsen CP, Pearson TC, Ledbetter JA, Aruffo
A, Mittler RS. 4-1BB costimulatory signals preferentially induce CD8+ T cell
proliferation and lead to the ampilification in vivo of cytotoxic T cell
responses. J Exp Med. 1997;186:47-55.

Takahashi C, Mittler RS, Vella AT. Cutting edge: 4-1BB is a bona fide CD8 T
cell survival signal. J Immunol. 1999;162:5037-40.

Yi KH, Nechushtan H, Bowers WJ, Walker GR, Zhang Y, Pham DG, Podack ER,
Federoff HJ, Tolba KA, Rosenblatt JD. Adoptively transferred tumor-specific T



Yu et al. Journal of Hematology & Oncology (2018) 11:1

46.

47.

48.

49.

50.

51.

52.

53.

cells stimulated ex vivo using herpes simplex virus amplicons encoding
4-1BBL persist in the host and show antitumor activity in vivo. Cancer Res.
2007;,67:10027-37.

Brentjens RJ, Davila ML, Riviere |, Park J, Wang X, Cowell LG, Bartido S,
Stefanski J, Taylor C, Olszewska M, Borquez-Ojeda O, Qu J, Wasielewska T,
He Q, Bernal Y, Rijo IV, Hedvat C, Kobos R, Curran K, Steinherz P, Jurcic J,
Rosenblat T, Maslak P, Frattini M, Sadelain M. CD19-targeted T cells rapidly
induce molecular remissions in adults with chemotherapy-refractory acute
lymphoblastic leukemia. Sci Transl Med. 2013;5:177ra138.

Lee DW, Kochenderfer JN, Stetler-Stevenson M, Cui YK, Delbrook C, Feldman
SA, Fry TJ, Orentas R, Sabatino M, Shah NN, Steinberg SM, Stroncek D,
Tschernia N, Yuan C, Zhang H, Zhang L, Rosenberg SA, Wayne AS, Mackall
CL. T cells expressing CD19 chimeric antigen receptors for acute
lymphoblastic leukaemia in children and young adults: a phase 1 dose-
escalation trial. Lancet (London, England). 2015;385:517-28.

Kochenderfer JN, Dudley ME, Feldman SA, Wilson WH, Spaner DE, Maric |,
Stetler-Stevenson M, Phan GQ, Hughes MS, Sherry RM, Yang JC, Kammula
US, Devillier L, Carpenter R, Nathan DA, Morgan RA, Laurencot C, Rosenberg
SA. B-cell depletion and remissions of malignancy along with cytokine-
associated toxicity in a clinical trial of anti-CD19 chimeric-antigen-receptor-
transduced T cells. Blood. 2012;119:2709-20.

Shen CJ, Yang YX, Han EQ, Cao N, Wang YF, Wang Y, Zhao YY, Zhao LM, Cui
J, Gupta P, Wong AJ, Han SY. Chimeric antigen receptor containing ICOS
signaling domain mediates specific and efficient antitumor effect of T cells
against EGFRVIIl expressing glioma. J Hematol Oncol. 2013,6:33.

Song DG, Ye Q, Carpenito C, Poussin M, Wang LP, Ji C, Figini M, June CH,
Coukos G, Powell DJ Jr. In vivo persistence, tumor localization, and
antitumor activity of CAR-engineered T cells is enhanced by costimulatory
signaling through CD137 (4-1BB). Cancer Res. 2011;71:4617-27.

Katz SC, Point GR, Cunetta M, Thorn M, Guha P, Espat NJ, Boutros C, Hanna
N, Junghans RP. Regional CAR-T cell infusions for peritoneal carcinomatosis
are superior to systemic delivery. Cancer Gene Ther. 2016;23:142-8.

Li W, Guo L, Rathi P, Marinova E, Gao X, Wu MF, Liu H, Dotti G, Gottschalk S,
Metelitsa LS, Heczey A. Redirecting T cells to glypican-3 with 4-1BB zeta
chimeric antigen receptors results in Th1 polarization and potent antitumor
activity. Hum Gene Ther. 2017;28:437-48.

Pule MA, Straathof KC, Dotti G, Heslop HE, Rooney CM, Brenner MK. A
chimeric T cell antigen receptor that augments cytokine release and
supports clonal expansion of primary human T cells. Molecular therapy : the
journal of the American Society of Gene Therapy. 2005;12:933-41.

Page 15 of 15

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

* Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolVled Central




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Patients and tissue samples
	Immunohistochemistry
	Cell lines and primary cell culture
	Construction of the anti-GD2 CAR
	Transduction of lentiviral GD2/CAR
	Flow cytometry
	Cytotoxicity assays
	Co-culture experiments
	The in vivo antitumor activity of GD2/CAR-T cells in a PDX model
	Statistical analysis

	Results
	Correlation of GD2 expression with clinicopathological features
	Expression of GD2 in melanoma cell lines
	GD2.BBζ CAR-T cells were successfully modified by lentiviral GD2/CAR
	GD2.BBζ CAR-T cells demonstrated specific and efficient cytotoxicity against GD2-expressing melanoma cells
	GD2.BBζ CAR-T cells secrete cytokines upon co-culture with GD2-expressing melanoma cells
	The activation, exhaustion, and clonal expansion characteristic of GD2.BBζ CAR-T cells in vitro
	GD2.BBζ CAR-T cells inhibited the growth of GD2-expressing melanoma cells and exhibit persistence in PDX models

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	References

