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1  | INTRODUC TION

Chimeric antigen receptor- T (CAR- T) cell therapy redirected to a spe-
cific antigen on tumor cells is a promising treatment strategy for re-
lapsed/refractory tumors, which cannot be cured by current standard 
treatments. Chimeric antigen receptor- T cell therapy specific to CD19 
has achieved considerable success in a subset of patients with highly 
refractory B cell tumors,1- 4 and various CAR- T cell products are being 
used for other cancers including solid tumors.5,6 Disialoganglioside 

GD2 is strongly expressed on tumors of neuroectodermal origin, in-
cluding human neuroblastoma (NB) and melanoma, but its expression 
on normal tissues is very weak.7- 9 Therefore, GD2 is a suitable target 
of CAR- T cell therapy of NB. GD2- specific CAR- T (GD2- CAR- T) cells 
have been developed and tested in early clinical trials10- 13; however, 
their effectiveness is limited partly because of exhaustion,14 actively 
hostile tumor microenvironment,15,16 and immune evasion due to the 
expression of immunosuppressive molecules, such as programmed 
cell death 1 ligand (PD- L1), on the surface of tumor cells.17- 20 
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Abstract
Disialoganglioside (GD2)- specific chimeric antigen receptor (CAR)- T cells (GD2- 
CAR- T cells) have been developed and tested in early clinical trials in patients with 
relapsed/refractory neuroblastoma. However, the effectiveness of immunotherapy 
using these cells is limited, and requires improvement. Combined therapy with CAR- T 
cells and molecular targeted drugs could be a promising strategy to enhance the an-
titumor efficacy of CAR T cell immunotherapy. Here, we generated GD2- CAR- T cells 
through piggyBac transposon (PB)- based gene transfer (PB- GD2- CAR- T cells), and 
analyzed the combined effect of these cells and a MEK inhibitor in vitro and in vivo 
on neuroblastoma. Trametinib, a MEK inhibitor, ameliorated the killing efficacy of PB- 
GD2- CAR- T cells in vitro, whereas a combined treatment of the two showed superior 
antitumor efficacy in a murine xenograft model compared to that of PB- GD2- CAR- T 
cell monotherapy, regardless of the mutation status of the MAPK pathway in tumor 
cells. The results presented here provide new insights into the feasibility of combined 
treatment with CAR- T cells and MEK inhibitors in patients with neuroblastoma.
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Therefore, further modification of GD2- CAR- T cells or combined 
therapies with immune checkpoint inhibitors are attractive therapeu-
tic options and have been evaluated in preclinical models and clinical 
trials to increase the efficacy of CAR- T cells.13,21,22

Because relapsed/refractory NB cells accumulate genetic mu-
tations related to the cellular proliferation machinery, molecular- 
targeting therapy to obstruct the essential pathway of malignant 
transformation could be an attractive therapeutic method. One 
promising strategy would be to block the MAPK pathway, consid-
ering that relapsed high- risk NBs show frequent mutations in the 
RAS- MAPK pathway.23 Mitogen- activated protein kinase kinase in-
hibitors have shown promising antitumor efficacy for high- risk NB in 
preclinical models and clinical trials.24- 27

The MEK inhibitors achieved high but short- lived response rates 
for patients with MAPK pathway mutated melanoma.28 By con-
trast, immunotherapies, including those with immune checkpoint 
inhibitors (ICIs), showed lower response rates but more durable re-
sponses.29,30 Recently, it has been shown that combination of MEK 
inhibitors with PD- 1 blockade improves the antitumor activity in 
preclinical models and achieves sustained remission in patients with 
melanoma31,32; such combinations could provide additional treat-
ment options for patients unlikely to have long- lasting responses to 
either mode of therapy alone. Because the immune evasion mech-
anism in tumor cells or in the tumor microenvironment is partially 
regulated by the MAPK pathways in several cancer cells,31,33- 35 we 
hypothesized that inhibition of MAPK signaling pathways would en-
hance the efficacy of CAR- T cell therapy. We developed GD2- CAR- T 
cells by piggyBac transposon (PB)- based gene transfer and evaluated 
whether combination therapy of these cells with MEK inhibitors 
would improve their killing activity against NB.

2  | MATERIAL S AND METHODS

2.1 | Ethics approval and consent to participate

This study was approved by the Institutional Review Board of Kyoto 
Prefectural University of Medicine (approval numbers: 2019- 111 and 
2019- 112). All experiments involving human participants were car-
ried out in accordance with the Declaration of Helsinki guidelines. 
Blood samples from healthy donors were obtained with written 
informed consent using the protocol approved by the Institutional 
Review Board of Kyoto Prefectural University of Medicine (approval 
numbers: ERB- C- 669 and ERB- C- 1406). All animal experiments and 
procedures were approved by the Kyoto Prefectural University of 
Medicine Institutional Review Board (permit no. M30- 140).

2.2 | Tumor cell lines and blood samples

Three human NB cell lines, SK- N- AS (CRL- 2137), SH- SY5Y  
(CRL- 2266), and IMR32 (CRL- 127), were purchased from ATCC.  

The cells were maintained in DMEM (Nacalai Tesque) supplemented 
with 10% FBS (Invitrogen) and 1% penicillin- streptomycin (Cytiva) 
at 37℃ in an atmosphere of 5% CO2. The mutation status of the 
RAS/MEK pathway was determined using the Catalogue of Somatic 
Mutations in Cancer database (http://cancer.sanger.ac.uk/cell_lines) 
or previous reports,24,25,36 and is summarized in Table S1. To obtain 
a single cell- derived GD2- high SK- N- AS cell clone, parent SK- N- AS 
cells were stained with phycoerythrin (PE)- conjugated anti- human 
GD2 Ab (BioLegend), and GD2- high SK- N- AS cells (AS- High) were 
purified by flow cytometry using a Sony SH800S cell sorter (Sony 
Biotechnologies). The AS- High cells were further purified through 
limiting dilution by seeding these cells into 96- well plates at a den-
sity of 0.5 cells/100 µL. After formation, single cell- derived colo-
nies were passaged and expanded for further experiments. AS- High 
and SH- SY5Y cells expressing firefly luciferase (FFluc) (AS- High- 
FFluc and SY5Y- FFLuc, respectively) were obtained by introducing  
PB- based pIRII- FFLuc- puroR- GFP, which encodes the FFLuc gene, 
puromycin resistance gene, and GFP gene, on these cells by elec-
troporation, and subsequent cloning to obtain a single cell- derived 
clone.

Blood samples were obtained from healthy donors, and PBMCs 
were immediately isolated by density gradient centrifugation using 
Lymphocyte Separation Medium 1077 (FUJIFILM Wako Pure 
Chemical Corporation), followed by multiple washes in PBS (Nacalai 
Tesque) for the generation of CAR- T cells. The number of live cells 
was determined using standard Trypan blue staining and Automated 
Cell Counter model R1 (Olympus).

2.3 | Pharmacologic agents

The MEK1/2 inhibitor, trametinib (GSK12021101), and a dual Raf/
MEK inhibitor, CH5126766 (RO5126766), were purchased from 
ChemScene and Selleckchem, respectively. Both these drugs were 
solubilized in DMSO to prepare stock solutions, per the manufac-
turer’s protocol.

2.4 | Plasmid construction

The previously described pCMV- PB plasmid encoding PB trans-
posase37 was artificially synthesized (Mediridge). The pIRII- GD2.
CAR plasmid, encoding the GD2- specific single chain fragment var-
iable (scFv, 14G2a), followed by the short hinge CH2CH3 domain 
of human IgG1, the signaling domain of the CD28 costimulatory 
molecule, and the ζ- signaling domain of the T- cell receptor com-
plex (TCR), was kindly provided by Dr Cliona M. Rooney (Baylor 
College of Medicine) and was subcloned into the pIRII transpo-
son vector backbone (pIRII- GD2- 28z) (Figure 1A).11,12 For in vivo 
experiments, the GD2- 28z construct, lacking the IgG1- CH2CH3 
spacer region, was synthesized and subcloned into the pIRII trans-
poson vector.

http://cancer.sanger.ac.uk/cell_lines
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2.5 | Generation of PB- mediated GD2- CAR- T cells

The CAR transgene was transduced into fresh, unstimulated 
PBMCs using the PB transposon system, as described previ-
ously.38 Briefly, 2 × 107 fresh, unmanipulated PBMCs were elec-
troporated with pCMV- PB (7.5 μg) and pIRII- GD2- 28z (7.5 μg) 
using 4D- Nucleofector and the P3 Primary Cell 4D- Nucleofector 
X kit (program FI- 115; Lonza) on day 0, and cultured in com-
plete culture medium (CCM) consisting of ALyS 705 Medium 
(Cell Science & Technology Institute) supplemented with 5% ar-
tificial serum (Animal- free; Cell Science & Technology Institute), 
interleukin- 7 (IL- 7, 10 ng/mL; Miltenyi Biotec), and IL- 15 (5 ng/mL, 
Miltenyi Biotec) at 37℃ in a humidified incubator with 5% CO2 
atmosphere for 24 hours. Simultaneously, 5 × 106 fresh, unma-
nipulated PBMCs from the same donor were pulsed with 24- well 
plate coated with 0.05 μg/mL of MACS PepTivator AdV5 Hexon, 
CMVpp65, EBNA- 1, and BZLF1, for 30 minutes. Thereafter, these 
cells were UV- irradiated for inactivation, and cocultured with 
CAR- T cells in CCM. On day 7, these cells were transferred to an 
anti- CD3 or anti- CD28 mAb- coated plate, and cultured in CCM for 
48 hours. On day 9, these cells were transferred and expanded in 

G- Rex 6 Multi- Well Cell Culture Plates (Wilson Wolf Corporation) 
until day 14.

2.6 | Flow cytometry

The expression of GD2 on the tumor cell lines was determined 
by staining with PE- conjugated human anti- GD2 Ab (BioLegend). 
Allophycocyanin (APC)- conjugated human anti- PD- L1 and anti- 
human leukocyte antigen (HLA) A, B, C Abs (all from BioLegend) 
were used for the evaluation of PD- L1 and HLA class I on the 
tumor cells, respectively. Cell surface expression of GD2- CAR on 
PB- GD2- CAR- T cells, which has the IgG CH2CH3 spacer region, 
was determined using an FITC- conjugated goat anti- human IgG Fc 
fragment- specific Ab (Merck Millipore), or FITC- conjugated goat 
F(ab′)2 anti- mouse IgG(Fab′)2 Ab (Abcam) for the CAR- T cells lack-
ing the IgG CH2CH3 spacer region. The FITC- conjugated Ab against 
CD45RA, APC- conjugated Abs against CD3, CCR7, PD- 1, and Tim3, 
and Alexa Fluor 647 anti- LAG3 Ab (all from BioLegend) were used 
for characterizing the phenotype of CAR- T cells. Detailed informa-
tion of recombinant proteins and Abs used is provided in Table S2. 

F I G U R E  1   Generation of piggyBac- mediated disialoganglioside GD2- specific chimeric antigen receptor- T (PB- GD2- CAR- T) cells and their 
characteristics. A, Schematics of transposon vector expressing the GD2- CAR construct. IR, inverted repeat; TM, trans membranous domain. 
B, Representative flow cytometry dot plots of the characteristics of PB- GD2- CAR- T cells regarding CAR expression, programmed cell 
death- 1 (PD- 1) expression, and differentiation profiles in CAR- T cells on day 14. APC, allophycocyanin. C, Coculture assay. Neuroblastoma 
and PB- GD2- CAR- T cells were cocultured for 4 days at an effector : target (E:T) ratio of 2:1. The number of live tumor cells (GD2+, CD3− cell 
fraction) were measured by flow cytometry using counting beads (mean ± SD, n = 3). D, Sequential coculture assay. In the first round, SH- 
SY5Y and PB- GD2- CAR- T cells were cocultured for 3 days at an E:T ratio of 2:1. For the second and third cocultures, the same number of 
fresh SH- SY5Y and PB- GD2- CAR- T cells as used in the previous round, were used at the same E:T ratio
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All flow cytometry data were acquired using BD FACS Accuri C6 Plus 
(BD Biosciences) and analyzed using FlowJo Software (Tree Star).

2.7 | Cytotoxicity assay

An in vitro killing assay was carried out using xCELLigence Real Time 
Cell Analysis Technology (ACEA Biosciences). Briefly, after measure-
ment of the background impedance, 1.5 × 104 NB cells were seeded 
onto an E- plate 16 (ACEA Biosciences). Approximately 24 hours after 
seeding, 3 × 104 GD2- CAR- T cells were added in combination with 
trametinib. The real- time impedance was measured for 96 hours and 
presented as the normalized cell index using the xCELLigence RTCA 
DP system and the data were analyzed using xCELLigence RTCA 
Software version 2.0 (ACEA Biosciences).

2.8 | Sequential killing assay

Sequential killing assays were carried out by adding fresh tumor cells 
into CAR- T cells cocultured with tumor cells every 3 days by restor-
ing an effector : target (E:T) ratio of 2:1. Thereafter, the cell mixture 
was collected, stained with PE- conjugated anti- human GD2 Ab and 
APC- conjugated anti- CD3 Ab to identify the NB and T cells, respec-
tively, and mixed with 50 000 CountBright Absolute Counting Beads 
(Thermo Fisher Scientific). The number of live tumor cells (GD2+, 
CD3− cell fraction) was measured by flow cytometry until the num-
ber of counting beads reached 5000.

2.9 | Cytokine release assay

To explore the response of CAR- T cells against the target cells, the 
production of γ- interferon (IFN- γ) and tumor necrosis factor (TNF) 
was measured using a Cytometric Bead Array Kit (BD Biosciences). 
Briefly, tumor cells were cocultured with CAR- T cells at an E:T ratio 
of 2:1. After 48 hours of coculture, the cell culture supernatant was 
collected, and the concentration of cytokines was measured and 
analyzed. Data were acquired on BD Accuri C6 Plus and analyzed 
using the FCAP Array version 3.0 software.

2.10 | Intracellular staining

The phosphorylation of ERK1/2 of CAR- T cells was measured by 
intracellular staining. The CAR- T cells were stimulated with anti-
 CD3/CD28 mAb- coated plates for 48 hours, in the presence of 
trametinib or DMSO, respectively. The cells were then fixed in BD 
Cytofix Fixation Buffer (BD Biosciences), washed and permeabilized 
with BD Phosflow Perm Buffer II (BD Biosciences) according to the 
manufacturer’s protocol, and washed twice with staining buffer. For 
flow cytometry analysis, cells were stained with APC- conjugated 
mouse anti- human CD3 and PE- conjugated mouse anti- ERK1/2 

(pY202/pY204) Ab for 30 minutes in the dark at room temperature. 
Data were acquired on BD Accuri C6 Plus and analyzed using FlowJo 
software.

2.11 | In vivo xenograft NB model

Female, 4- week- old, CB17.Cg- PrkdcscidLyst bg- J/CrlCrlj (SCID Beige) 
mice were purchased from Japan Oriental BioService and housed 
at the Kyoto Prefectural University of Medicine for over 1 week be-
fore the experiment. Food and water were available ad libitum. AS- 
High- FFLuc and SY5Y- FFLuc cells were suspended in a total volume 
100 μL Matrigel Matrix (Corning) to prepare 5 × 106 cells, and subcu-
taneously injected into the dorsal wall of the mice. After tumor inoc-
ulation, the mice were randomized into a nontherapy group (vehicle 
alone), a trametinib monotherapy group, a GD2- CAR- T cell group, 
and a trametinib with CAR- T cell group. Approximately 2 × 106 GD2- 
CAR- T cells were intravenously injected into mice through the tail 
vein. Tumor growth was measured as bioluminescence signal in-
tensity following intraperitoneal injection with D- luciferin (Cayman 
Chemical) and expressed as total flux (p/s) using the IVIS imaging sys-
tem (PerkinElmer). Image analysis and quantification of biolumines-
cence were carried out using Living Image software (PerkinElmer). 
Mice were killed when predefined end- points or euthanasia criteria 
were met in accordance with the Center for Comparative Medicine 
at the Kyoto Prefectural University of Medicine.

2.12 | Statistical analysis

Data are represented as mean ± SD. Statistical significance was de-
fined as P < .05. Two- tailed Student’s t test was used to determine 
the statistical significance of differences between samples. Log- 
rank test was used to compare survival curves obtained using the 
Kaplan- Meier method. Statistical analyses were undertaken using 
the GraphPad Prism 7 software.

3  | RESULTS

3.1 | Generation and characterization of GD2- 
specific CAR- T cells by PB transposon- based gene 
transfer

Unstimulated PBMCs were transfected with the GD2- CAR 
transgene (Figure 1A) and the PB transposase gene using electropo-
ration, and cultured according to the modified expansion protocol 
for PB- CD19- CAR- T cells.38 Thereafter, the phenotypes and the ex-
pression of exhaustion marker on the PB- GD2- CAR- T cells were as-
sessed using flow cytometry. PB- GD2- CAR- T cells were successfully 
generated with a positivity rate of 44.1% ± 6.8% for PB- GD2- CAR 
at day 14 after transfection. Notably, PD- 1 was scarcely expressed 
on PB- GD2- CAR- T cells (3.5% ± 1.1% in CAR- positive T cells), and 
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PB- GD2- CAR- T cells were predominantly (45.6% ± 5.6%) CD45RA/
CCR7 positive (naïve/stem cell memory phenotype) (Figure 1B).

3.2 | Cytotoxicity of PB- GD2- CAR- T cells against 
GD2+ NB cells

The ability of PB- GD2- CAR- T cells to kill tumor cells in coculture as-
says was evaluated. These cells were cocultured with the NB cell 
lines expressing GD2 at different levels, and the number of live 
tumor cells was measured by flow cytometry using counting beads. 
SH- SY5Y and IMR32 cells showed homogeneous expression of GD2; 
however, the expression in SK- N- AS cells was heterogeneous, with 
the cell population ranging from GD2− to GD2- high (Figure S1A). PB- 
GD2- CAR- T cells showed rapid and strong killing activity in these 
three NB cell lines (Figure 1C) but not in the GD2− SK- N- AS popula-
tion (Figure S1B). This suggests that GD2- CAR- T cells have specific 
antitumor effects against GD2+ tumors, and that the resistance of 
GD2- CAR- T cells is attributed to the heterogeneity of GD2 expres-
sion on tumor cells. Single- cell- derived AS- High cells were found to 
be more susceptible to GD2- CAR- T cells but were not eradicated 
with an increase in GD2- low clone, probably because of the immune 
escape due to the downregulation of GD2 (Figure S1C).

The sustained killing activity of PB- GD2- CAR- T cells was evalu-
ated using the serial killing assay. PB- GD2- CAR- T cells showed strong 
and sustained killing activity against SH- SY5Y cells (Figure 1D), even 
after multiple tumor rechallenges without any mitigation of the anti-
tumor efficacy by immune evasion, as is often observed for retrovi-
rally engineered CAR- T cells.39

3.3 | Inhibition of the RAS/MEK pathway 
ameliorates the cytotoxic activity of PB- GD2- CAR- T 
cells in vitro

To investigate the effect of MEK inhibitors on NB cells, we incubated 
three NB cell lines having different mutation status of the MAPK 
pathway (Table S1) in the presence of trametinib, and monitored the 
growth of the cells with an xCELLigence real- time cell analyzer. The 
NRAS- mutated SK- N- AS cells were sensitive to trametinib at 10 nM, 
whereas the RAS- nonmutated IMR32 cells were resistant to it, and 
the other RAS- nonmutated SH- SY5Y line was partially sensitive at 
high concentrations of trametinib (Figure S2A). We also tested an-
other RAS/MEK pathway inhibitor, CH5126766, which affects both 
the Raf and RAS/MEK pathways, against these NB cells. A similar 
sensitivity to the drug according to the mutation status of RAS/MEK 
pathway was observed (Figure S2B). Based on these data and previ-
ous reports,9,36,40,41 we used these drugs at a concentration of 10 or 
100 nM for our in vitro study.

To evaluate the effect of inhibition of the MEK pathway on 
PB- GD2- CAR- T cells, PB- GD2- CAR- T cells were cocultured with 
NB cell lines in the presence of trametinib, and the killing efficacy 
of PB- GD2- CAR- T cells against the NB cells was evaluated. When 

PB- GD2- CAR- T cells were cocultured with NB cells in the pres-
ence of 10 nM trametinib, the killing activity of PB- GD2- CAR- T 
cells was greatly inhibited (Figure 2A), although trametinib did not 
affect the expression of GD2 (Figure S3A) nor PD- L1 (Figure S3B) 
on the tumor cells. The suppression of the killing effect of PB- GD2- 
CAR- T cells was observed immediately after treatment with trame-
tinib (Figure 2B). The other RAS/MEK inhibitor, CH5126766, also 
showed a rapid inhibition of the killing activity of PB- GD2- CAR- T 
cells (Figure S2C). The phosphorylation of ERK1/2, which operate 
downstream in the RAS- ERK signaling pathway and are associated 
with the activation of CAR- T cells, was induced in activated PB- 
GD2- CAR- T cells, whereas ERK1/2 phosphorylation was suppressed 
in the presence of trametinib (Figure 2C). Moreover, the production 
of inflammatory cytokines in PB- GD2- CAR- T cells was also inhibited 
following addition of trametinib (Figure 2D). Coculture of NB and 
PB- GD2- CAR- T cells greatly induced the expression of PD- 1/Tim3/
LAG3 in PB- GD2- CAR- T cells and of PD- L1 in NB cells, indicating the 
activation of immune evasion of NB cells. In contrast, addition of tra-
metinib modestly suppressed the expression of the canonical T cell 
exhaustion markers including PD- 1/Tim3/LAG3 in PB- GD2- CAR- T 
cells, and of PD- L1 in NB cells at low concentrations (Figures 2E and 
S3C). Because CAR- T cells could also induce HLA/TCR- dependent 
cytotoxicity and the downregulation of HLA class I molecules would 
be one of the immune evasion mechanisms, we evaluated the pos-
sible downregulation of HLA class I molecules by trametinib on NB 
tumor cells. The expression of HLA class I molecules on NB cells was 
not affected in the presence of trametinib, which could exclude the 
possibility of immune evasion through the downregulation of HLA 
class I molecules (Figure S4A,B). Notably, trametinib did not sup-
press the proliferation of PB- GD2- CAR- T cells after coculture with 
the tumor cells (Figure 2F). These data indicate that the inhibition of 
the RAS/MAPK pathway in PB- GD2- CAR- T cells reduced the cyto-
toxicity without the induction of canonical T cell exhaustion markers 
in vitro, but did not affect the proliferation of these T cells.

3.4 | In vivo effect of combination therapy with PB- 
GD2- CAR- T cells and trametinib

To verify the antitumor effect of PB- GD2- CAR- T cells and/or 
trametinib against GD2+ tumors in a xenograft model, we engrafted 
AS- High- FFLuc cells into SCID Beige mice by subcutaneous injection. 
After the confirmation of tumor engraftment, mice were divided into 
four experimental groups (Figure 3A). PB- GD2- CAR- T cells were in-
jected into the tail vein, and 1 mg/kg trametinib or vehicle was given 
orally to mice for 7 days. As anticipated, the growth of AS- High- 
FFLuc tumor treated with PB- GD2- CAR- T cells or trametinib was 
delayed, compared with that in control mouse (Figure 3B). However, 
unlike in the in vitro study, the combination of PB- GD2- CAR- T cells 
and trametinib efficiently controlled the growth of tumor and ex-
tended the survival of mice in this group (Figure 3B,C).

To determine the optimal timing of CAR- T cell injection in com-
bination therapy, we additionally compared the proliferation of the 
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simultaneous treatment group injected with PB- GD2- CAR- T cells on 
day 0 at the same time starting trametinib for 7 days (the same ex-
perimental design as in the previous study shown in Figure 3), and 

pretreatment group with trametinib treatment for 7 days before 
CAR- T cell injection (Figure 4A). There was no significant difference 
in survival between the two groups, but the survival in the two groups 
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was extended more than that in the trametinib monotherapy group 
(Figure 4B). We also used the pretreatment strategy against large tu-
mors (approximately 1 × 1010 p/s total flux), and compared the rate 
of total flux change every other week, with or without CAR- T cell 
injection (Figure 4C). In all the mice treated with trametinib alone, tu-
mors regrew until day 21, whereas in mice injected with CAR- T cells 
following pretreatment, tumor regrowth was delayed (Figure 4D).

We also evaluated the antitumor effect of combined therapy in a 
RAS- nonmutated SH- SY5Y tumor xenograft model. SY5Y- FFLuc cells 

were engrafted into SCID Beige mice, and after the confirmation of 
tumor engraftment, these mice were divided into four experimen-
tal groups, same as in the previous experiment (Figures 5A and S5A). 
Interestingly, the effect of the combination therapy with PB- GD2- 
CAR- T cells and trametinib was also observed in SY5Y- FFLuc mice 
(Figures 5B,C and S5B). Taken together, addition of trametinib sup-
pressed the killing activity of CAR- T cells in vitro, and showed synergis-
tic effects with CAR- T cells in vivo, regardless of pre-  or simultaneous 
treatment and the mutation status of the MAPK pathway in tumor cells.

F I G U R E  2   Trametinib inhibits the activity of piggyBac- mediated disialoganglioside GD2- specific chimeric antigen receptor- T (PB- GD2- 
CAR- T) cells in vitro. A, An impedance- based tumor cell killing assay. GD2- positive neuroblastoma cell lines were cocultured with PB- GD2- 
CAR- T cells and/or trametinib (Tram; 10 nM) at an effector : target (E:T) ratio of 2:1 in triplicate. Real- time impedance traces of tumor cells 
without treatment (Tumor alone; red), and tumor cells cocultured with Tram (light green), PB- GD2- CAR- T cells (CAR- T; blue), or PB- GD2- 
CAR- T cells and Tram (CAR- T+Tram; pink) were acquired for 72 h. B, Additional effects of trametinib on the killing activity of PB- GD2- 
CAR- T cells against GD2- high SK- N- AS cells (AS- High). Real- time impedance traces of tumor cells without treatment (red), and tumor cells 
cocultured with PB- GD2- CAR- T cells (blue), PB- GD2- CAR- T cells to which Tram was added at the same time (pink), after 2 h (green), or after 
6 h (light blue) were acquired for 72 h. C, ERK 1/2 phosphorylation in CD3+ T cells after coculture with Tram (100 nM). PB- GD2- CAR- T cells 
were cultured in the presence of Tram or DMSO (control) for 48 h with plate- bound CD3/CD28 Ab. D, Cytokine release assay. Production of 
inflammatory cytokines, γ- interferon (IFN- γ) and tumor necrosis factor (TNF), in PB- GD2- CAR- T cells after 48 h coculture with SH- SY5Y. E, 
Expression of programmed cell death- 1 (PD- 1), Tim3, and LAG3 in PB- GD2- CAR- T cells. PB- GD2- CAR- T cells were cultured for 48 h without 
SH- SY5Y (unstimulated), or with SH- SY5Y in the presence or absence of Tram. F, Additional effects of Tram on the proliferation of PB- GD2- 
CAR- T cells. PB- GD2- CAR- T cells on day 14 were cultured for 96 h in the presence of Tram or DMSO (control) in triplicate. The number of 
CAR- T cells on day 18 was measured by Cell Counter model R1 (Olympus)

F I G U R E  3   Combined therapy of piggyBac- mediated disialoganglioside GD2- specific chimeric antigen receptor- T (PB- GD2- CAR- T) 
cells with trametinib (Tram) delays tumor growth in vivo. A, Schematics of tumor challenge experiments in the xenograft model. After 
AS- High- FFluc tumor engraftment, mice were divided into four experimental groups (n = 5), as indicated. B, Tumor growth was measured 
as bioluminescence signal intensity and expressed as total flux (p/s). The combination treatment group showed a statistically significant 
reduction in tumor growth, measured as the mean total flux at day 43 (*) relative to the PB- GD2- CAR- T cell group. C, Survival curves for 
each treatment group (n = 5). The experiment was carried out twice, and representative results are shown here. *P < .05
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4  | DISCUSSION

In this study, we show that the MEK inhibitor, trametinib, amelio-
rates the killing efficacy of PB- GD2- CAR- T cells in vitro, whereas 
combined treatment with trametinib and PB- GD2- CAR- T cells 
showed superior antitumor efficacy in a murine xenograft model 
compared with PB- GD2- CAR- T cell monotherapy. Notably, this syn-
ergistic effect was also observed in the SH- SY5Y tumor xenograft 
model, which did not have MAPK pathway mutation and was resist-
ant to trametinib, suggesting that the enhancement of the antitu-
mor activity would not be developed by the direct killing activity of 
trametinib, but by the modulation of the immune evasion mecha-
nism, which could impair the function of CAR- T cells. Therefore, this 
study should provide new insights about the feasibility of the com-
bined treatment with CAR- T cells and MEK inhibitors, regardless of 
the mutation status of the MAPK pathway in tumor cells.

The MEK inhibitors have been successfully applied for various 
tumors with MAPK pathway mutations. The first generation MEK 

inhibitor, trametinib, remarkably improved the progression- free and 
overall survival rates among melanoma patients,28 and various ef-
forts have been made to apply MEK inhibitors to other cancers, in-
cluding lung, ovarian, and pancreatic cancers, as a monotherapy or in 
combination with another molecular- targeting drugs.42,43 The com-
bined treatment of MEK inhibitor and ICI or T cell- mediated immu-
notherapy has also been investigated; however, the effect of MEK 
inhibitors on the functioning of T cells in in vitro studies remains con-
troversial.9,41,44 Previous reports revealed that MEK inhibitor is likely 
to inhibit the T- cell effector function in vitro,9 which has limited 
the assessment combinations of MEK inhibitors and immunother-
apies, even though the study lacked in vivo validation in a murine 
xenograft model. In our in vitro experiment, trametinib suppressed 
the phosphorylation of ERK1/2 on activated PB- GD2- CAR- T cells 
and production of IFN- γ and TNF, and completely impaired the an-
titumor activity of PB- GD2- CAR- T cells, consistent with the fact 
that MAPK signaling occurs downstream of T- cell receptor activa-
tion. Additionally, MEK inhibitors could impair the production of 

F I G U R E  4   Pretreatment with trametinib (Tram) synergizes the antitumor effect of piggyBac- mediated disialoganglioside GD2- specific 
chimeric antigen receptor- T (PB- GD2- CAR- T) cells. A, Schematics of tumor challenge experiments in the xenograft model. After AS- 
High- FFluc tumor engraftment, mice were divided into five experimental groups (n = 4), as indicated. B, Survival curves for simultaneous 
treatment and pretreatment groups (n = 4). C, Schematics of tumor challenge experiments in the xenograft model. After AS- High- FFluc 
tumor engraftment and tumor growth, mice were divided into two experimental groups (n = 4), as indicated. D, Total flux change after the 
treatment with or without the injection of PB- GD2- CAR- T cells following Tram treatment for 7 days (n = 4). The experiment was undertaken 
twice, and representative results are shown here. *P < .05. NS, not significant (P > .05)
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cytokines in T cells, whereas the MEK inhibitor did not affect the 
proliferation of PB- GD2- CAR- T cells. In contrast, recent studies 
have reported a synergistic effect of the MEK inhibitor, trame-
tinib, on ICI45 or B7- H3 redirected bispecific Ab, even in an in vitro 
study.44 This controversy could be explained by the fact that trame-
tinib selectively blocked the activation of naive T cells but did not 
suppress effector T cells, which were already activated.45 Because 
the PB- GD2- CAR- T cells used by us showed a dominant fraction of 
naïve/stem cell memory T cells, the function of CAR- T cells was sus-
ceptible for impairment by trametinib, at least in our in vitro study. 
Nevertheless, recent studies have also determined the effectiveness 
of concurrent and sequential combinations of MEK inhibitors and ICI 
or T cell- mediated immunotherapy in murine xenograft models and 
also in clinical trials.44- 46 The precise mechanisms for the synergistic 
effect of MAPK pathway inhibition and ICI or T cell- mediated im-
munotherapy in vivo remain underexplored; however, recent stud-
ies have revealed that MEK inhibitor would augment the infiltration 
of CTLs at tumor sites, potentiate the antitumor function of T cells 
by impairing the activation- induced cell death, and upregulate the 
expression of MHC and PD- L1 on tumor cells,31,47- 49 which high-
light the usefulness of MEK inhibitor in combination with ICI or T 
cell- mediated immunotherapy. However, our in vitro experiments 

revealed that the downregulation of PD- L1 on NB cells by trametinib 
was poorly involved with the mechanisms of enhanced antitumor ef-
fect of PB- GD2- CAR- T cells (Figure S6). Interestingly, recent studies 
have reported that MEK inhibitors transiently block MAPK signaling 
during the initial activation of T cells, and this delays the kinetics of 
T cell activation and cytokine secretion in vitro9,40,47; however, the 
long- term effects of MEK inhibitor on T cell function could not be 
explored in the in vitro experiment. Therefore, the in vitro data of 
short- term exposure of T cells to MEK inhibitor should be carefully 
evaluated and cannot be directly translated in vivo. Moreover, in a 
recent study, it was reported that transient inhibition of CAR signal-
ing by blocking the downstream of TCRζ signaling can enhance the 
in vivo fitness of CAR- T cells by preventing exhaustion.50 Indeed, in 
our murine xenograft model, either the simultaneous or preadmin-
istration of trametinib synergized the antitumor effect of PB- GD2- 
CAR- T cells regardless of the mutation status of the MAPK pathway. 
Although we have not explored the detailed kinetics of PB- GD2- 
CAR- T cells in vivo nor the biology of the tumor microenvironment, 
which are the main limitations of this study, our data should support 
previous observations that trametinib could not only directly inhibit 
tumors with mutated MAPK pathway but it also has some immu-
nomodulatory function that could enhance the efficacy of ICI and  

F I G U R E  5   Combined therapy with piggyBac- mediated disialoganglioside GD2- specific chimeric antigen receptor- T (PB- GD2- CAR- T) cells 
and trametinib delays tumor growth even in MAPK pathway nonmutated tumor mouse. A, Schematics of tumor challenge experiments in 
the xenograft model. After SY5Y- FFluc tumor engraftment, mice were divided into four experimental groups (n = 3), as indicated. B, Tumor 
growth was measured as bioluminescence signal intensity and expressed as total flux (p/s). The combination treatment group showed a 
statistically significant reduction in tumor growth measured as the mean total flux at day 34 (*) relative to the PB- GD2- CAR- T cell group. C, 
Survival curves for each treatment group (n = 3). *P < .05
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T cell- mediated immunotherapy. Taken together, our data support 
the potential for synergy between MAPK pathway inhibition and 
PB- GD2- CAR- T therapy for treatment of NB.

In conclusion, we present the potential synergistic benefits of 
PB- GD2- CAR- T cells and MEK inhibitors for clinical treatment of NB. 
Simultaneous or phased sequential treatment with trametinib en-
hanced the antitumor efficacy of PB- GD2- CAR- T cells regardless of the 
mutation status of the MAPK pathway. The combination of molecular- 
targeted therapy with immunotherapy could complement their modes 
of action, and achieve rapid but sustained tumor control with thera-
peutic synergy. Therefore, the combination of MEK inhibitors with 
CAR- T cell therapy is promising, and clinical studies are warranted to 
test the combination of these therapies in patients with refractory NB.
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