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ABSTRACT
Background  We explored whether the disialoganglioside 
GD2 (GD2) is expressed in small cell lung cancer (SCLC) 
and non-SCLC (NSCLC) and can be targeted by GD2-
specific chimeric antigen receptor (CAR) T cells.
Methods  GD2 expression was evaluated in tumor 
cell lines and tumor biopsies by flow cytometry and 
immunohistochemistry. We used a GD2.CAR that 
coexpress the IL-15 to promote T-cell proliferation and 
persistence, and the inducible caspase 9 gene safety 
switch to ablate GD2.CAR-T cells in case of unforeseen 
toxicity. The antitumor activity of GD2.CAR-T cells was 
evaluated using in vitro cocultures and in xenograft models 
of orthotopic and metastatic tumors. The modulation of 
the GD2 expression in tumor cell lines in response to an 
epigenetic drug was also evaluated.
Results  GD2 was expressed on the cell surface of four 
of fifteen SCLC and NSCLC cell lines (26.7%) tested 
by flow cytometry, and in 39% of SCLC, 72% of lung 
adenocarcinoma and 56% of squamous cell carcinoma 
analyzed by immunohistochemistry. GD2 expression by 
flow cytometry was also found on the cell surface of 
tumor cells freshly isolated from tumor biopsies. GD2.
CAR-T cells exhibited antigen-dependent cytotoxicity in 
vitro and in vivo in xenograft models of GD2-expressing 
lung tumors. Finally, to explore the applicability of this 
approach to antigen low expressing tumors, we showed 
that pretreatment of GD2low/neg lung cancer cell lines with 
the Enhancer of zeste homolog 2 inhibitor tazemetostat 
upregulated GD2 expression at sufficient levels to trigger 
GD2.CAR-T cell cytotoxic activity.
Conclusions  GD2 is a promising target for CAR-T cell 
therapy in lung cancer. Tazemetostat treatment could 
be used to upregulate GD2 expression in tumor cells, 
enhancing their susceptibility to CAR-T cell targeting.

BACKGROUND
Lung cancer is by far the leading cause of 
cancer death among both men and women 
worldwide, and the second most common 
cancer in terms of new cases. The American 
Cancer Society estimates 235,760 new cases 
and 131,880 deaths from lung cancer in the 
USA in 2021.1 Approximately 85% of lung 
cancer cases are non-small cell lung cancer 
(NSCLC), and the remaining 15% are small 

cell lung cancer (SCLC). In the USA, ethnic 
disparities exist with a 15% higher lung 
cancer incidence in African Americans2 3

Although targeted therapies and check-
point inhibitors have improved the outcome 
in lung cancer, the prognosis for most patients 
remains poor. The 5-year survival for localized 
NSCLC is 63%, falling to 35% with regional 
spread, and to 7% with distant spread.4 The 
5-year survival for SCLC is even poorer: 27% 
for localized disease, 16% for regional disease 
and 3% for distant disease.4 The use of check-
point inhibitors has improved outcomes, 
but recent data indicate that loss of HLA 
is a common mechanism of resistance to 
immune-based therapies.5 Newer, more effec-
tive treatments are thus needed.

Chimeric antigen receptor (CAR)-T cells 
have produced promising results in hema-
tologic malignancies.6–8 However, the poten-
tial of CAR-T cells in solid tumors is limited 
by the paucity of targetable antigens unique 
to tumor cells and not shared with normal 
tissues, and by physical and immunosup-
pressive barriers.9 10 The disialoganglioside 
GD2, a non-protein target, is expressed on 
the cell surface of a wide spectrum of human 
cancers of neuroectodermal origin, such as 
neuroblastoma,11 glioma12 and melanoma.13 
Because of its restricted expression in normal 
tissues, GD2 represents an attractive target 
for cancer immunotherapy.14 15 In particular 
GD2.CAR-T cells are actively being investi-
gated in patients with neuroblastoma16–18 and 
melanoma.19

GD2 has been reported to be expressed in 
SCLC20 21 and is associated with tumor cell 
proliferation and invasiveness.22 GD2 is also 
expressed in NSCLC, although more hetero-
geneously.23 Clinical studies of GD2 targeting 
agents in lung cancer have had mixed results. 
While the monoclonal antibody dinutuximab 
did not improve survival when combined 
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with irinotecan, the bispecific T-cell engager AMG757 
was associated with some objective responses.24 25 Thus, 
targeting GD2 may offer an effective therapeutic strategy 
for lung cancer. Here, we sought to explore the antitumor 
activity in vitro and in vivo of optimized GD2.CAR-T cells 
incorporating IL-15 to promote CAR-T cell expansion 
and persistence, and the inducible caspase 9 (iC9) safety 
switch gene to control unforeseen toxicities26 27 in both 
SCLC and NSCLC using cell lines derived from both 
African American and Caucasian patients.

METHODS
Cell lines
SCLC and NSCLC cell lines were obtained from Univer-
sity of North Carolina (UNC) Tissue Culture Facility or 
purchased from American Type Culture Collection and 
UT Southwestern Medical Center. The Ewing’s sarcoma 
cell line RD-ES was obtained from UNC Tissue Culture 
Facility. The neuroblastoma cell line CHLA255 was previ-
ously described.28 Cells were maintained in RPMI 1640 
(Thermo Fisher Scientific) supplemented with 10% fetal 
bovine serum (FBS) (Gemini Bio-Products), 1% peni-
cillin/streptomycin (Thermo Fisher Scientific), and 1% 
GlutaMAX (Thermo Fisher Scientific) in a humidified 
5% CO2 atmosphere at 37°C. RD-ES cells were cultured in 
medium supplemented with 15% FBS. H446 and H2228 
cells were transduced with a retroviral vector encoding 
the GFP-Firefly-Luciferase (GFP-FFluc) gene for tracking 
purposes.29 Cell lines were routinely tested to confirm 
the absence of mycoplasma and for the expression of the 
GD2 antigen by flow cytometry.

Immunohistochemistry of human tissue microarrays
Immunohistochemistry (IHC) was performed by the 
Pathology Service Core at UNC and carried out in the 
Bond fully automated slide staining system (Leica 
Microsystems). After pretreatment (epitope retrieval at 
pH 6.0 in Bond ER1 solution #AR9961, 20 min), non-
specific binding in the tissue samples was blocked with 
10 min incubation with Background Sniper (Biocare 
Medical, BS966M). Slides were then incubated for 1 hour 
with an anti-GD2 antibody (BD Pharmigen, cat# 554272, 
Lot 9115547) as primary antibody at 1:100 dilution. 
Detection was performed using Bond Intense R Detection 
kit (DS9263) supplemented with Novocastra Novolink 
Polymer Detection System (RE7200-K). Positive (staining 
of a neuroblastoma sample) and negative (staining 
without primary antibody) controls were included for 
each run. Stained slides were scanned at 20× magnifica-
tion using the Aperio ScanScope-XT (Aperio Technolo-
gies, Vista, Californnia, USA) and images were uploaded 
to the Aperio eSlideManager database (Leica Biosys-
tems Inc; eSlideManager V.12.4.3.5008) by the Transla-
tional Pathology Laboratory at UNC. Tissue microarray 
(TMA) slide images were digitally segmented into indi-
vidual cores using Aperio TMA lab (Leica Biosystems). 
For whole tissue sections, tumor regions were manually 

annotated on images. All images were analyzed using the 
Aperio Cyto V.2 algorithm. The number and percentage 
of cells with light (1+), medium (2+) and strong (3+) 
nuclei and cytoplasmic staining were determined.

Human lung tumor biopsies
Deidentified lymph node or lung tumor fine-needle aspi-
rates were obtained from patients with lung cancer after 
informed consent under an Institutional Review Board 
(IRB) approved protocol (UNC IRB 14-1755). Tumor 
tissues were classified as soft, medium or tough depending 
on their histological composition, weighed using a preci-
sion balance (Mettler Toledo, ML203E), filtered using 70 
µm cell restrainers (Fisher) and enzymatically digested 
using specific human tumor dissociation kit following 
manufacturer’s instruction (MACS Miltenyi Biotec; 
gentleMACS Octo Dissociator) into single-cell suspen-
sions for subsequent flow cytometry analysis.

Generation of CAR-T cells
The cassette encoding the GD2-specific CAR, the IL-15 
cytokine and the iC9 suicide gene (GD2.CAR) was previ-
ously described.26 As a control vector, the scFv14G2a of 
the GD2.CAR was swapped with the CD19-specific scFv27 
to obtain the CD19-specific CAR encoding IL-15 and the 
iC9 suicide gene (CD19.CAR). Retroviral supernatants 
were prepared as previously reported.29 Briefly, 293 T cells 
were transfected with the retroviral vector, the Peg-Pam-e 
plasmid encoding MoMLV gag-pol, and the RDF plasmid, 
encoding the RD114 envelope, using the GeneJuice 
transfection reagent (Merck Millipore), according to the 
manufacturer’s instruction. Peripheral blood mononu-
clear cells isolated from healthy donors buffy coats (Gulf 
Coast Regional Blood Center, Houston, Texas, USA) by 
Lymphoprep density separation (Fresenius Kabi Norge) 
were activated with immobilized CD3 (Miltenyi Biotec) 
and CD28 (BD Biosciences) mAbs and transduced with 
retroviral supernatants as previously described.30 Cells 
were then expanded in complete medium (45% Hyclone 
RPMI-1640% and 45% Click’s medium,Irvine Scientific), 
10% FBS (Hyclone), 2 mM GlutaMAX, 100 unit/mL of 
Penicillin and 100 mg/mL of streptomycin) with IL-7 
(10 ng/mL; PeproTech) and IL-15 (5 ng/mL; Pepro-
Tech).30 31 On day 12–14, cells were collected for in vitro 
and in vivo experiments.

Coculture experiments
Tumor cells were seeded in 24-well plates at a concen-
tration of 0.25×106 cells/well. T cells were added to the 
culture at effector:target (E:T) ratios of 1:2 or 1:5 without 
the addition of exogenous cytokines. Cells were analyzed 
at day 5 to measure residual tumor cells and T cells by 
flow cytometry, using CD276 and CD3 antibodies, respec-
tively. For each experiment, non-transduced T cells (NT) 
and CD19.CAR-T cells were used as negative controls. 
Supernatants were collected after 24 hours of coculture 
to measure the release of IFNγ and IL-2, and, after 72 
hours, of IL-15, using specific ELISA kits (R&D system) 
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following manufacturer’s instructions. To assess prolifer-
ation, CAR-T cells were labeled with 1.5 mM carboxyflu-
orescein diacetate succinimidyl ester (CFSE; Invitrogen) 
following the manufacturer’s protocol and plated with 
tumor cells at an E:T ratio of 1:1. After 4 days, CFSE dilu-
tion was measured on gated T cells (CD3+ cells) using 
flow cytometry.

Immunophenotyping
Monoclonal antibodies for CD276, CD3, CD19, CD45, 
CD45RA, CCR7, CD54 (ICAM1), CD71, CD326 (epithe-
lial cell adhesion molecule, EpCAM), GD2 (Clone: 
14.G2a) and PD-1 (BD Biosciences) were used. Expres-
sion of the CD19.CAR and GD2.CAR was detected using 
specific anti-idiotype scFv monoclonal antibodies26 27 and 
APC-conjugated goat anti-mouse secondary mAbs (BD 
Biosciences). Cell number was quantified using Count-
Bright Absolute Counting Beads (Thermo Fisher Scien-
tific). Samples were acquired with BD FACSCanto II or 
BD FACSFortessa using the BD Diva software (BD Biosci-
ences). For each sample a minimum of 10 000 events were 
acquired. Data were analyzed using FlowJo V.10.

Treatment of tumor cells with Enhancer of zeste homolog 2 
inhibitor
Tumor cell lines RD-ES, H748 and H1792 were seeded in 
6-well plates at 1×105 cells/well. Tumor cells were treated 
with the EZH2 (Enhancer of zeste homolog 2) inhib-
itor tazemetostat (EPZ-6438, KareBayBiochem, USA) 
dissolved in dimethyl sulfoxide (DMSO) or DMSO alone 
added at a concentration of 1 or 10 µM. RD-ES was used 
as a positive control.32 Cells were incubated at 37°C and 
5% CO2 for 21 days. When medium was changed or cells 
were split, the EZH2 inhibitor was replenished at the same 
concentrations. At days 7, 14 and 21, cells were harvested 
and analyzed for the GD2 expression by flow cytometry.

Xenogeneic mouse models
All mouse experiments were performed in accordance 
with UNC Animal Husbandry and Institutional Animal 
Care and Use Committee (IACUC) guidelines and were 
approved by UNC IACUC. For the lung cancer metastatic 
model, 8–10 weeks old mice (female and male) were 
injected intravenous with FFluc-H446 (1×106) tumor 
cells. Seven days after tumor cell inoculation, either 
CD19.CAR-T cells or GD2.CAR-T cells were injected 
intravenously (2 or 5×106 cells/mouse). Fifty days after 
CAR-T cell treatment, mice received a second intra-
venous infusion of FFluc-H446 (1×106). For the lung 
cancer orthotopic model, 8–10 weeks old mice were 
orthotopically implanted in the lung with either FFluc-
H446 (1×106) or with FFluc-H2228 (0.5×106) tumor cells 
(1:1 mixture of Hank’s Balanced Salt Solution and BD 
Matrigel (BD Biosciences). For the orthotopic injections, 
mice were anesthetized and placed in the right lateral 
recumbency. Following sterile skin preparation, an inci-
sion parallel to the rib cage between ribs 10 and 11 was 
made to visualize the lung through the intact thoracic 

pleura. Cell suspensions were injected directly into the 
lung parenchyma at the left lateral dorsal axillary line. 
After injection, the skin incision was closed using surgery 
clips, and the mice were turned on the left lateral recum-
bency and observed until fully recovered. On day 7 or 14 
after tumor cell inoculation, CD19.CAR-T cells or GD2.
CAR-T cells were injected intravenous (2 or 5×106 cells/
mouse). Mice were bled 21 days after T-cell infusion to 
evaluate T-cell persistence. Tumor growth was monitored 
by bioluminescence imaging (BLI) using the AMI system 
(Ami-HT model, Spectral Instruments Imaging). For all 
in vivo experiments CAR expression in the infused prod-
ucts ranged from 50% to 75% and the T-cell dose was 
adjusted based on CAR expression. Mice were euthanized 
when tumor growth caused discomfort as per veterinari-
an’s recommendation. At the time of euthanasia, blood, 
bone marrow and spleen were isolated and analyzed to 
detect and characterize T cells.

Statistical analysis
ANOVA (one way or two way) with Bonferroni correction 
and the unpaired and nonparametric Mann-Whitney test 
were used for comparison of three or more groups, or 
two groups, respectively. Measurements were summarized 
as mean±SD and experimental sample numbers (n) was 
indicated in the figure legends. Statistical significance was 
defined at p<0.05. Statistical analysis was performed with 
Prism V.9 (GraphPad Software).

RESULTS
Expression of GD2 in human lung cancer cell lines, TMAs and 
primary lung cancer biopsies
We analyzed eight SCLC and seven NSCLC established 
cell lines for GD2 expression by flow cytometry (online 
supplemental figure 1). Two SCLC cell lines (HCC2433 
from an African American patient and H446 from a 
Caucasian patient) and two NSCLC cell lines (H727 from 
a Caucasian patient and H2228 from an individual of 
unspecified ethnicity) showed high GD2 expression for 
a total of 26.7% of the 15 cell lines analyzed (figure 1A). 
The H727 cell line showed the lowest GD2 Mean Fluores-
cence Intensity Ratio (19.1±1.8) (figure 1B). The neuro-
blastoma cell line CHLA-255 and the H2122 lung cancer 
cell line were used as positive and negative controls for 
the GD2 expression, respectively. We developed an IHC 
protocol for GD2 detection and validated the staining 
using primary neuroblastoma samples (figure  1C). We 
applied this protocol to evaluate GD2 expression in SCLC 
(n=80) and NSCLC (n=253) TMAs. NSCLC included both 
lung adenocarcinoma (LUAD) (n=150) and lung squa-
mous cell carcinoma (LUSC) (n=103). GD2 expression 
was found in 39% of SCLC, 72% of LUAD and 56% of 
LUSC (figure 1D). Similar to neuroblastoma, the majority 
of staining in lung cancer tumors was found within the 
cytoplasm, however some lung cancer tumors with weak 
cytoplasmic staining were found to have membranous 
staining. Of SCLC analyzed, 38%, 1.3% and 0.04% of 
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Figure 1  Expression of GD2 in human lung cancer cell lines, tissue microarray (TMA) and single cell suspensions obtained 
from lung cancer biopsies. (A, B) Expression of GD2 in SCLC (HCC2433 and H446) and NSCLC (H727 and H2228) cell lines as 
assessed by flow cytometry. The neuroblastoma cell line CHLA255 and the NSCL cell line H2122 were used as GD2-positive 
and GD2-negative control, respectively. The results are shown as percentages of positive cells (A) and GD2 mean fluorescent 
intensity (MFI) ratio (GD2 MFI/Isotype control MFI) (B). Data represent mean±SD (n=3). (C) Representative IHC for GD2 
expression in human TMA of SCLC and NSCLC including lung adenocarcinoma (LUAD) and lung squamous cell carcinoma 
(LUSC). Slides stained only with the secondary Ab were used as a negative control. Neuroblastoma was used as a positive 
control. Scale bars, 50 µm. (D) GD2 expression scores of the TMAs of SCLC (n=80), LUAD (n=150) and LUSC (n=103). (E) GD2 
expression in cell suspensions obtained from lymph node or lung tumor fine-needle aspirates and assessed by flow cytometry. 
GD2 negative control is illustrated by the left panel. Tumor cells were identified by the expression of the epithelial cell marker 
EpCAM. EpCAM, epithelial cell adhesion molecule; NSCLC, non-small cell lung cancer; SCLC, small cell lung cancer. 
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cells demonstrated light (1+), medium (2+) and strong 
(3+) GD2 cytoplasmic staining, respectively (figure 1D). 
For NSCLC, 56.6%, 6.1% and 0.2% of cells demonstrated 
light (1+), medium (2+) and strong (3+) GD2 cytoplasmic 
staining, respectively (figure 1D). We also analyzed GD2 
expression by flow cytometry in cell suspensions obtained 
from fresh fine needle biopsies of lymph nodes or lung 
tumors of patients. In two samples in which epithelial cells 
were identifiable by the expression of EpCAM, 37.3% and 
20.4% of cells expressed GD2 (figure 1E). Overall, these 
data indicate that GD2 is expressed by both SCLC and 
NSCLC and that it can be detected on the cell surface by 
flow cytometry suggesting that tumor cells can be targeted 
by GD2.CAR-T cells.

GD2.CAR-T cells target GD2+ human lung cancer cell lines in 
vitro
The GD2-specific CAR used to target lung cancer encodes 
the CD28 endodomain, the IL-15 cytokine and the iC9 
(GD2.CAR). The CD19-specific CAR encoding IL-15 
and the iC9 (CD19.CAR) was used as a negative control 
(figure 2A). We generated GD2.CAR-T cells and control 
CD19.CAR-T cells from healthy donors, and both CARs 
were equally expressed (70.3%±4.4% and 61.6%±10.2%, 
respectively) (figure  2B,C). NT, CD19.CAR-T cells and 
GD2.CAR-T cells were tested for antitumor activity in 
coculture experiments against the GD2+ SCLC cell lines 
HCC2433 and H446, and the GD2+ NSCLC cell lines 
H727 and H2228. The GD2– NSCLC cell line H2122 was 
used as a negative control, while the GD2+ neuroblas-
toma cell line CHLA-255 was used as a positive control. 
Only GD2.CAR-T cells completely eliminated GD2+ 
target cells in coculture experiments, as indicated by 
tumor cells remaining in the culture by flow cytometry 
at day 5 of culture (figure 2D,E). The cytolytic activity of 
GD2.CAR-T cells was corroborated by cytokines release 
(IFNγ, IL-2 and IL-15) detected in the culture superna-
tant by ELISA (figure 2F–H) and by T-cell proliferation in 
response to GD2+ target cells, as assessed by CFSE dilution 
(figure 2I,J). No significant tumor elimination, cytokine 
release and T-cell proliferation were observed for control 
T cells or CD19.CAR-T cells. Overall these data indicate 
that GD2.CAR-T cells can proliferate, release proinflam-
matory cytokines and eliminate human lung cancer cell 
lines expressing GD2.

GD2.CAR-T cells target GD2+ lung cancer in orthotopic and 
metastatic xenograft models
To assess the antitumor activity of GD2.CAR-T cells in vivo 
we established SCLC and NSCLC orthotopic and meta-
static models. For the orthotopic models, NOD (non-
obese diabetic) scid gamma (NSG) mice were engrafted 
with the SCLC cell line FFluc-H446 (figure 3A). Tumor 
BLI showed tumor engraftment at day 7, at which time 
mice were treated with CAR-T cells administered via tail 
vein injection (figure  3B). Sequential measurements 
of tumor BLI showed that GD2.CAR-T cells controlled 
tumor growth significantly better than CD19.CAR-T 

cells up to day 98 when the experiment was terminated 
(figure 3B,C). No significant dose effect of GD2.CAR-T 
cells was observed, as tumor control occurred equally in 
mice infused with 2×106 or 5×106 CAR-T cells. However, 
the dose of GD2.CAR-T cell affected the amount of circu-
lating CAR-T cells measured at day 21 after CAR-T cell 
infusion, with circulating T cells being detected at higher 
frequency in mice treated with GD2.CAR-T cells at the 
5×106 dose compared with the 2×106 dose. By pheno-
typic characterization, the majority of the circulating T 
cells were terminally differentiated effectors (TEMRA, 
CCR7-CD45RA+) with a third expressing PD-1. However, 
a subset of T cells remained CCR7+CD45RA+ (7%±4%) 
resembling stem cell memory T cells31 (figure  3D,E). 
At the time of euthanasia, at day 100 post-treatment, T 
cells were still detectable in the blood, bone marrow and 
spleen and were more prominent in mice treated with the 
dose of 5×106 of GD2.CAR-T cells (figure 3F). In a second 
orthotopic tumor model, mice were engrafted in the 
lung with the FFluc-H2228 NSCLC cell line (figure 3G). 
Tumor BLI showed engraftment 14 days after inoculation, 
at which time mice were treated with CAR-T cells adminis-
tered via tail vein injection (figure 3H). Also in this tumor 
model, GD2.CAR-T cells controlled tumor growth signifi-
cantly better than control CD19.CAR-T cells, regardless 
of the GD2.CAR-T cell dose used (figure 3H,I). Also in 
this model, the phenotypic characterization of circu-
lating T cells confirmed the presence of CCR7+CD45RA+ 
in the peripheral blood at day 21 after CAR-T cell infu-
sion (figure  3K). At the time of euthanasia, at day 65 
post-treatment, T cells were still detectable in the blood, 
bone marrow and spleen (figure  3L). When analyzed 
by flow cytometry, all tumors isolated from mice treated 
with CD19.CAR-T cells retained GD2 expression (online 
supplemental figure 2A). In contrast, when we analyzed a 
tumor from a mouse implanted orthotopically with FFluc-
H446 tumor cells that relapsed after treatment with GD2.
CAR-T cells at 2×106 (figure  3B) we observed GD2 loss 
(online supplemental figure 2B).

We next evaluated the in vivo antitumor activity of GD2.
CAR-T cells in a metastatic model of SCLC in which NSG 
mice were inoculated intravenously with the SCLC cell 
line FFluc-H446 (figure 4A). By day 28–35, mice treated 
with control CD19.CAR-T cells, showed high tumor BLI 
signals in the lower abdomen and liver, whereas 9 of the 
10 mice treated with GD2.CAR-T cells remained tumor 
free up to day 49, regardless of the CAR-T cell dose used 
(2×106 or 5×106 cells) (figure  4B,C). Three weeks after 
CAR-T cell infusion only GD2.CAR-T cells were detected 
in the peripheral blood, and more than 65% of T cells 
expressed the GD2.CAR (online supplemental figure 3). 
The phenotypic characterization of circulating T cells 
showed that the majority were CCR7-CD45RA+ and half 
of them expressed PD-1, but a subset of cells remained 
CCR7+CD45RA+ (20.1%±19.8%) (online supplemental 
figure 3). On day 50 after CAR-T cell infusion, no circu-
lating T cells were found in mice treated with CD19.
CAR-T cells, while T cells were detectable in mice treated 
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Figure 2  GD2.CAR-T cells target GD2+ human lung cancer cell lines in vitro. (A) Schematic representation of retroviral vectors 
encoding the GD2-specific CAR with the CD28 endodomain, IL-15 cytokine and iCaspase-9 (GD2.CAR) and the CD19-specific 
CAR with IL-15 cytokine and iCaspase-9 (CD19.CAR) which was used as a control. (B) Flow cytometry histograms showing 
CAR expression for one representative experiment. Expression is represented relative to non transduced control T cells (NT). 
(C) Summary of the CAR expression at day 6 and day 13 after T-cell activation. Data represent mean±SD (n=9). (D, E) Lung 
cancer cell lines were cocultured with NT, CD19.CAR-T cells or GD2.CAR-T cells at the T-cell to tumor cell ratio of 1 to 5. On 
day 5, tumor cells (CD276+) and T cells (CD3+) were enumerated by flow cytometry. The neuroblastoma cell line CHLA255 was 
used as GD2+ control. Representative flow-cytometry plots (D) and quantification of residual tumor cells (E) are illustrated. 
Data represent mean±SD (n=6). (F–H). Summary of IFNγ (F) and IL-2 (G) released by NT, CD19.CAR-T cells or GD2.CAR-T cells 
in supernatants after 24 hours, and of IL-15 after 72 hours (H), of coculture with the indicated tumor cell lines as measured 
by specific ELISAs. Data represent mean±SD (n=4–6, **p<0.01; ****p<0.0001, GD2.CAR vs CD19.CAR). (I, J). Representative 
CFSE dilution of CFSE-labeled NT, CD19.CAR-T cells or GD2.CAR-T cells cocultured with the GD2+ tumor cell line H446 or the 
GD2- tumor cell line H2122 for 4 days at 1 to 1 ratio and analyzed by flow cytometry (I). CFSE dilution was measured relative to 
CFSE-labeled NT. Summary of the CFSE dilution assays (J). Data represent mean±SD (n=6, ****p<0.0001, GD2.CAR vs CD19.
CAR). CAR, chimeric antigen receptor; CFSE, carboxyfluorescein diacetate succinimidyl ester.
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Figure 3  GD2.CAR-T cells target GD2+ SCLC and NSCLC in orthotopic xenograft models. (A) Schematic representation of 
the SCLC orthotopic xenograft model. Mice were injected into the lung with FFluc-H446 (1×106) tumor cells. Seven days after 
tumor cell inoculation, either CD19.CAR-T cells or GD2.CAR-T cells were injected intravenously (2 or 5×106 cells/mouse). 
(B, C) Representative bioluminescence images (BLI) (B) and BLI kinetics (C) of the FFluc-H446 tumor growth in the SCLC 
orthotopic model described in (A); (n=5), ****p<0.0001, GD2.CAR (2×106 cells) vs CD19.CAR and GD2.CAR (5×106 cells) vs 
CD19.CAR). (D, E) Quantification (CD45+CD3+) (D) and phenotype (E) of T cells in peripheral blood samples collected 21 days 
after infusion in the SCLC orthotopic model described in (A); (n=5), ***p<0.001, GD2.CAR (5×106 cells) vs CD19.CAR and GD2.
CAR (5×106 cells) vs GD2.CAR (2×106 cells). (F) Quantification of T cells (CD45+CD3+) in blood, bone marrow and spleen at 
the time of euthanasia (100 days after CAR-T cell infusion); (n=4), *p<0.05, GD2.CAR (5×106 cells) vs GD2.CAR (2×106 cells). 
(G) Schematic representation of the NSCLC orthotopic xenograft model. Mice were injected into the lung with FFluc-H2228 
(0.5×106) tumor cells. Fourteen days after tumor cell inoculation, either CD19.CAR-T cells or GD2.CAR-CAR-T cells were 
injected intravenous (2 or 5×106 cells/mouse). (H, I) Representative BLI (H) and BLI kinetics (I) of the FFluc-H2228 tumor growth 
in the NSCLC orthotopic model described in (G) ; (n=4–5), ****p<0.0001, GD2.CAR (2×106 cells) vs CD19.CAR and GD2.CAR 
(5×106 cells) vs CD19.CAR). (J, K) Quantification of the T cells (CD45+CD3+) (J) and their phenotype (K) in peripheral blood 
samples collected 21 days after CAR-T cells in the NSCLC orthotopic model described in (G). (L) Quantification of T cells 
(CD45+CD3+) in blood, bone marrow and spleen at the time of euthanasia (65 days after CAR-T cell infusion). Data illustrated are 
representative of two independent experiments for each model. CAR, chimeric antigen receptor; NSCLC, non-small cell lung 
cancer; NSG, NOD (non-obese diabetic) scid gamma; SCLC, small cell lung cancer. 
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Figure 4  GD2.CAR-T cells target GD2+ SCLC in metastatic xenograft model. (A) Schematic representation of the SCLC 
metastatic xenograft model. Mice were injected intravenous with FFluc-H446 (1×106) tumor cells. Seven days after tumor cell 
inoculation, either CD19.CAR-T cells or GD2.CAR-T cells were injected intravenously (2 or 5×106 cells/mouse). Tumor free mice 
at day 50 received tumor rechallenge by inoculating FFluc-H446 (1×106) tumor cells. At the time of the tumor re-challenge two 
mice were used as control to show engraftment of the tumor cells used for the rechallenge. (B, C) Representative BLI images 
(B) and BLI kinetics (C) of the FFluc-H446 tumor growth; (n=3–5) ****p<0.0001, GD2.CAR (2×106 cells) vs CD19.CAR and 
GD2.CAR (5×106 cells) vs CD19.CAR. Arrow indicates the time in which tumor rechallenge was performed. (D) Quantification 
of circulating T cells (CD45+CD3+) at day 40 after CAR-T cell infusion. Quantification (CD45+CD3+) (E) and phenotypic 
characterization (F) of T cells in blood, bone marrow and spleen at the time of euthanasia at day 95 after CAR-T cell treatment; 
(n=4–5), *p<0.05, GD2.CAR (5×106 cells) vs GD2.CAR (2×106 cells). BLI, bioluminescence imaging; CAR, chimeric antigen 
receptor; NSG, NOD (non-obese diabetic) scid gamma; SCLC, small cell lung cancer.
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with GD2.CAR-T at the dose of 5×106 cells (figure 4D). 
Mice showing tumor control, were re-challenged with 
FFluc-H446 cells on day 50. GD2.CAR-T cells continued 
to control tumor growth, since mice remained tumor free 
up to 90 days after treatment. At the time of euthanasia, 
at day 95 post-treatment, T cells were still detectable in 
the blood, bone marrow and spleen and more prominent 
in mice treated with GD2.CAR-T at the dose of 5×106 and 
having received the tumor re-challenge (figure 4E). The 
phenotypic characterization of circulating T cells of this 
group showed that the cells exhibited effector-memory 
markers and 79.8%±9.1% expressed PD-1 (figure  4F). 
We attempted to establish a metastatic model using the 
NSCLC H2228 tumor cell line, but most of the mice 
experienced cardiac arrest immediately after the intrave-
nous inoculation of the tumor cells likely due to the large 
size of these cells. Overall, these data indicate that GD2.
CAR-T cells can control tumor growth of lung cancer in 
both orthotopic and metastatic models and that these 
cells are protective against tumor rechallenge.

Inhibition of EZH2 in GD2low/neg lung cancer cell lines increases 
GD2 expression
Due to the heterogeneous expression of GD2 in lung 
cancer, we sought to determine the effect of the EZH2 
inhibitor tazemetostat on lung cancer since it upregu-
lates GD2 expression in Ewing sarcoma cell lines.32 We 
cultured the GD2low/neg SCLC cell line H748 and the 
NSCLC cell line H1792 with tazemetostat at 1 or 10 µM, 
respectively, or equivalent volumes of control DMSO 
(figure  5A). The Ewing sarcoma cell line RD-ES was 
used as a positive control. Both H748 and H1792 cell 
lines showed increased GD2 expression after 21 days of 
exposure to tazemetostat (from 8% to 70% and from 
6% to 34%, respectively) (figure  5A). Lung cancer cell 
lines pretreated with tazemetostat or DMSO for 21 days 
were then cocultured with either CD19.CAR-T cells or 
GD2.CAR-T cells at the T-cell to tumor cell ratio of 1 to 
2. Lung cancer cell lines pretreated with tazemetostat 
became sensitive to GD2.CAR-T cell cytotoxicity in cocul-
ture experiments, as shown by the reduction of tumor 
cells remaining at day 5 of coculture by flow cytometry 
(figure  5B). Cytolytic activity of GD2.CAR-T cells was 
corroborated by cytokine release (IFNγ and IL-2) in the 
culture supernatant (figure 5C,D) and by T-cell prolifer-
ation (figure  5E,F), as assessed by CFSE dilution assay. 
Overall these data indicate that tazemetostat can promote 
GD2 upregulation in lung cancer cells and enhance their 
susceptibility to the cytotoxic effects of CAR-T cells.

DISCUSSION
Due to its restricted expression in normal tissues, GD2 
offers an attractive target for cancer immunotherapy 
using CAR engineered immune cells in neuroblastoma 
(NCT00085930, NCT03721068)17 33 and melanoma 
(NCT02107963).19 Here, we report that GD2.CAR-T cells 

promote antitumor activity in vitro and in vivo in both 
SCLC and NSCLC models.

Adoptive antitumor immunotherapy using T cells seeks 
to provide long-term tumor control. Sustainable anti-
tumor activity of infused T cells is directly correlated with 
their proliferation and persistence in vivo, which depend 
on the differentiation and exhaustion profile of T cells.34 
Incorporation of the IL-15 cytokine within the CAR 
construct produces an enrichment of cells with ‘memory‘ 
and ‘stem-cell’ like phenotypes, and provides enhanced 
antigen-independent expansion and persistence in tumor 
sites and improved antitumor activity.26 35

The disialoganglioside GD2, a non-protein target, is 
expressed on the cell surface of a wide spectrum of human 
cancers.14 GD2 has been previously described as expressed 
in a majority of human SCLC tumors.20 21 However, limited 
information are available on the expression of GD2 by 
NSCLC tumors. Our IHC analysis of human NSCLC TMAs is 
the first to demonstrate that both LUAD and LUSC express 
the GD2 antigen. We screened SCLC and NSCLC cell lines 
derived from Caucasian and African American individuals 
and verified the expression of GD2. We then showed that 
both SCLC and NSCLC cell lines can be targeted in vitro 
and in vivo by GD2.CAR-T cells. In orthotopic lung cancer 
models of both SCLC and NSCLC, GD2.CAR-T cells, deliv-
ered intravenously, effectively exhibited antitumor activity. 
Similar effective antitumor activity was observed in a 
disseminated tumor model. Because our construct contains 
a gene encoding for IL-15, the persistence of CAR-T cells 
in vivo was sustained, and promoted antitumor activity in 
tumor rechallenge experiments, as previously observed 
with another tumor type.26

When targeting a single antigen, tumor antigen hetero-
geneity is a potential resistance mechanism as low or nega-
tive subsets of tumor cells are expected to escape CAR-T cell 
targeting. Assessment of GD2 expression in biopsies from 
patient-derived lung cancer samples identified some degree 
of heterogeneity. Furthermore, we recently reported in a 
model of neuroblastoma that tumor escape can occur when 
tumor cells express low levels of GD2.36 Recent efforts have 
been directed into exploring pharmaceutical strategies to 
increase antigen expression.37 For example, in neuroblas-
toma GD2, although uniformly expressed, can be further 
upregulated in vitro in the presence of the HDAC inhib-
itor vorinostat.38 Using an alternative epigenetic modulator, 
Kailayangiri et al32 showed that GD2-low/negative Ewing 
sarcoma cells increased their GD2 surface expression to 
levels susceptible for effective antigen-specific activation of 
GD2.CAR-T cells. For the first time, we here show that in 
GD2low/neg SCLC and NSCLC cell lines, GD2 can be upreg-
ulated after exposure to the EZH2 inhibitor tazemetostat in 
vitro, making these lung tumor cells sensitive to GD2.CAR-T 
cells. However, tumor cells required long-term treatment 
with tazemetostat to modulate GD2 expression, limiting 
our capacity to test the combination of tazemetostat and 
CAR-T cells in vivo. Nevertheless, the proposed therapeutic 
strategy should be feasible in patients since epigenetic 
regulators are clinically available. The combination of GD2.
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Figure 5  Upregulation of GD2 expression by EZH2 inhibition in GD2low/neg lung cancer cell lines makes them sensitive to GD2.
CAR-T cell therapy. (A) GD2 expression on the cell surface of the SCLC cell line H748 and NSCLC cell line H1792 cultured with 
tazemetostat at 1 or 10 µM, respectively, or equivalent volumes of DMSO for 7 days (upper panel) and for 21 days (lower panel). 
The Ewing sarcoma cell line RD-ES was used as a positive control. The results are shown as percentages of positive cells and 
MFI of GD2 (GD2 MFI/isotype control MFI). (B) Lung cancer cell lines pretreated with tazemetostat or DMSO for 21 days were 
cocultured with either CD19.CAR-T cells or GD2.CAR-T cells at the T-cell to tumor cell ratio of 1 to 2. On day 5, tumor cells 
(CD276+) and T cells (CD3+) were enumerated by flow cytometry. The Ewing’s sarcoma cell line RD-ES was used as a positive 
control. Quantification of residual tumor cells are illustrated. Data represent mean±SD (n=3, *p<0.05; ***p<0.001, tazemetostat 
vs DMSO pretreatment). (C, D) Summary of IFNγ (C) and IL-2 (D) released by GD2.CAR-T cells in the culture supernatant 
after 24 hours of coculture with the tumor cell lines as measured by ELISA. Data represent mean±SD (n=3, *p<0.05; **p<0.01; 
****p<0.0001, tazemetostat vs DMSO pretreatment). (E) Representative CFSE dilution of CFSE-labeled GD2.CAR-T cells 
cocultured with tumor cell lines pretreated with tazemetostat or DMSO, for 4 days at 1 to 1 ratio analyzed by flow cytometry. 
(F) The percentages of CFSE dilution were measured relative to CFSE-labeled NT. Summary of CFSE-dilution assays. data 
represent mean±SD (n=3, *p<0.05; **p<0.01, tazemetostat vs DMSO pretreatment). CAR, chimeric antigen receptor; CFSE, 
carboxyfluorescein diacetate succinimidyl ester; DMSO, dimethyl sulfoxide; EZH2, Enhancer of zeste homolog 2; FSC, forward 
scatter; MFI, mean fluorescent intensity; NSCLC, non-small cell lung cancer; NT, non-transduced T cells; SCLC, small cell lung 
cancer.
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CAR-T cell therapy with selected epigenetic modulators 
deserves further preclinical investigation in lung cancers in 
an effort to minimize antigen escape in the context of this 
disease.

In conclusion, we demonstrated that our optimized 
GD2.CAR-T cells have excellent antitumor activity in vitro 
and in vivo in both SCLC and NSCLC tumor models. Our 
preclinical data open further venues for the clinical use 
of GD2-specific CAR-T cells as an immunotherapeutic 
strategy for GD2-expressing lung cancer.
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