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Abstract

Background: Disialoganglioside (GD2) is a tumor-associated antigen that is highly expressed in various neuroectodermal cancers, in-
cluding melanoma. While chimeric antigen receptor (CAR) T-cell immunotherapy has demonstrated remarkable success in treating
hematologic neoplasms, the identification of suitable targets remains a major obstacle in translating this approach to solid tumors. Meth-
ods: Peripheral blood T lymphocytes from six healthy donors were used to generate GD2-specific CART cells via retroviral transduction.
The resulting GD2.CAR T cells were characterized by NanoString transcriptome profiling, flow cytometry with hierarchical stochastic
neighbor embedding (HSNE) dimensionality reduction, and in vitro cytotoxicity assays against GD2+ and GD2− melanoma cell lines.
In vivo experiments were also performed using GD2+ xenograft models and a single intratumoral dose of 8 × 106 GD2.CAR T cells.
Result: The GD2.CAR T cell population exhibited a predominantly naive phenotype (CD8+CD40L+CD69‒CD107a+4-1BB+FasL+)
and effective anti-tumor mechanisms involving the granzyme A/B axis, the Fas/FasL axis, and cytokine release. Transcriptome analysis
revealed transduction-related effects on proliferation and a shift towards an effector phenotype during early co-culture with tumor cells,
accompanied by upregulation of interferon-gamma (IFN-γ) and cytokine signaling genes. GD2.CAR T cells demonstrated robust cyto-
toxicity against GD2+ melanoma cells in vitro, while significant in vivo tumor control was observed in xenograft models. Conclusion:
GD2.CAR T cells demonstrate potent anti-tumor activity against melanoma in vitro and in vivo, highlighting their therapeutic potential
and warranting further clinical investigation.
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1. Introduction

Melanoma is a common and aggressive cancer type
originating from melanocytes and notorious for its rapid
metastasis [1,2]. Although surgery, chemotherapy, and ra-
diation remain first-line therapies, melanoma often devel-
ops resistance, and prognosis worsens at later stages [3].
Immunotherapy is a promising method that employs natu-
ral defense mechanisms to treat tumors. Adoptive cell ther-
apy is effective in the treatment of metastatic melanoma
[4], but lacks specificity in targeting tumor cells. To ad-
dress this limitation, chimeric antigen receptor (CAR) T-
cell therapy has been developed. Genetically engineered
CAR T cells can recognize tumors in a non-major histo-
compatibility complex (MHC)-restricted manner without
co-stimulation [5]. As a result, CAR T cells are an off-the-
shelf T cell product capable of targeting specific antigens
for tumor elimination. Nonetheless, the application of CAR

T-cell therapy has significant challenges in an immunosup-
pressive tumor microenvironment (TME) characterized by
molecular, cellular, and metabolic profiles that could lead
to T cell exhaustion and dysfunction [6].

The selection of a tumor-specific surface antigen that
is highly expressed on tumor cells but minimally expressed
on normal cells is critical for effective CAR T-cell therapy.
This is essential for achieving optimal treatment outcomes
and minimizing negative side effects. Disialoganglioside
(GD2) is overexpressed in melanoma but shows limited ex-
pression in normal tissues [7,8]. Increased GD2 expres-
sion on melanoma cells may be associated with metastasis
[9] and the malignant phenotype of melanoma [10]. Struc-
turally, GD2 is a glycolipid expressed on the cell surface,
making it a suitable target for recognition by antibodies or
chimeric antigen receptors. In addition, GD2 has shown po-
tential as a target for the development of CAR T-cell thera-
pies against melanoma [11].
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Preclinical studies have shown that GD2.CAR T cells,
either alone or in combinationwith other therapeutic agents,
can efficiently eliminate melanoma cells in vitro and sup-
press tumor growth in vivo [12–15]. However, a phase
I clinical trial of GD2.CAR T cells demonstrated limited
expansion and persistence, with T cells exhibiting an ex-
hausted phenotype in metastatic melanoma patients, as ev-
idenced by ex vivo analysis of peripheral blood samples af-
ter infusion [16]. This approach requires the development
of novel methods to enhance the design of the CAR con-
struct. Moreover, further investigations are required into
the impact of the TME on CAR T cells.

In the present study, we have built upon our pre-
vious observation of antitumor activity with melanoma-
associated antigen family A4 (MAGE-A4)-specific T-cell
receptor (TCR)-like CAR T cells and NewYork esophageal
squamous cell carcinoma 1 (NY-ESO-1)-specific TCR-
engineered T cells [17,18] to evaluate the therapeutic po-
tential of GD2-specific CAR T cell therapy. We utilized a
previously optimized retroviral construct encoding a GD2-
specific single-chain variable fragment (scFv) derived from
a modified mAb 220-51, fused to human CD28 and CD3ζ
intracellular signaling domains, and incorporating a se-
quence encoding the glucocorticoid-induced tumor necro-
sis factor receptor (TNFR) family-related protein ligand
(GITRL) [19]. This construct was designed to enhance an-
titumor activity, based on accumulating evidence that stim-
ulation of GITR with GITRL increases TCR-induced T cell
proliferation and cytokine production, reduces the thresh-
old for CD28 co-stimulation in effector CD8+ T cells, and
preserves T cells from anti-CD3-induced apoptosis [19,20].
Accordingly, we generated GD2-specific CAR T cells via
retroviral transduction in order to further characterize their
phenotype, in vitro function, and in vivo inhibition of tu-
mor growth. The resulting GD2.CAR T cell phenotype was
assessed using hierarchical stochastic neighbor embedding
(HSNE) analysis. We also assessed the functional proper-
ties of these cells, including cytokine production and cy-
totoxic activity against melanoma cell lines in vitro and
in a xenograft model. Furthermore, we investigated the
early-stage transcriptomic changes that occur in GD2.CAR
T cells upon interaction with tumor cell lines, paying partic-
ular attention to alterations in T cell memory differentiation.

2. Material and Methods
2.1 Donors

The study was carried out in accordance with the
guidelines of the Declaration of Helsinki and was approved
by the local ethics committee of the Research Institute of
Fundamental and Clinical Immunology (protocol #139 on
May 30, 2022). Healthy blood donors (n = 6 males, age
27.33 ± 1.63 years [mean ± standard error of the mean
(SEM)]) were recruited between June and December 2022.
All donors met standard requirements for blood donation,
showed no evidence of acute infection or prior blood trans-
fusion, and provided written informed consent.

2.2 Cell Lines
The human melanoma cell line SK-MEL-37 (RRID:

CVCL_3878) and patient-derived cell lines S6 and V9were
provided by Professor H. Shiku (Mie University Gradu-
ate School of Medicine, Japan). The local ethics com-
mittee of the Research Institute of Fundamental and Clin-
ical Immunology approved the use of patient-derived cell
lines S6 and V9 in this study (protocol #139 on May 30,
2022). All cell lines (SK-MEL-37, S6, and V9) tested neg-
ative for Mycoplasma (Cat. #MR004, Evrogen, Moscow,
Russia), and the SK-MEL-37 cell line was validated by
short tandem repeat (STR) profiling. To ensure the iden-
tity of the cell lines used, the S6 and V9 patient-derived
cell lines were validated using light microscopy to con-
firm characteristic melanoma morphology (pleomorphism,
large nuclei, variable cytoplasm, and the presence/absence
of melanin pigment). Cells were cultured in RPMI-1640
medium supplemented with 10% fetal bovine serum (Cat.
#RM10832-500ML, HiMedia, Maharashtra, India), 2 mM
L-glutamine (Cat. #1383, Biolot, Saint Petersburg, Rus-
sia), 5 × 10−5 mM β-mercaptoethanol (Cat. #M3148,
Sigma-Aldrich, Saint-Louis, MO, USA), 25 mM HEPES
(Cat. #1261, Biolot, Saint Petersburg, Russia), 80 µg/mL
gentamicin (Cat. #A011p, PanEco, Moscow, Russia), and
100 µg/mL ampicillin (Cat. #260317, Sintez, Kurgan, Rus-
sia). Cells were seeded into flasks at a concentration of
50–75 × 103 cells/mL until they reached the log phase of
growth. They were then detached using trypsin-versene so-
lution (Trypsin: Cat. #1225, Biolot, Saint Petersburg, Rus-
sia; Versene: Cat. #1232, Biolot, Saint Petersburg, Rus-
sia) for experimental use. GD2 expression on SK-MEL-
37, S6, and V9 was assessed using flow cytometry with
mAb 14.G2a (Cat. #357304, BioLegend, San Diego, CA,
USA) according to the manufacturer’s recommendations
and analyzed on an Attune NxT flow cytometer (Thermo
Fisher Scientific, Waltham, MA, USA) (SK-MEL-37 and
S6: GD2-positive; V9: GD2-negative).

2.3 Retroviral Particles
A gamma-retroviral vector encoding a GD2-specific

CAR was provided by Professor H. Shiku. The struc-
ture of the pGD2 transfer Moloney murine leukemia virus
(MMLV) plasmid is shown in Fig. 1.

2.4 Generation of CAR T Cells and Retroviral
Transduction

CART cells were generated by isolating PBMCs from
healthy adult donors using Ficoll-Urografin (Cat. #17-
1440-03, PanEco, Moscow, Russia) density gradient cen-
trifugation and washed twice with PBS (Cat. #1247, Biolot,
Saint Petersburg, Russia). Proliferation was stimulated by
coating 12-well plates (TPP, Trasadingen, Schaffhausen,
Switzerland) with 25 µg/mL RetroNectin (Cat. #T100B,
Takara Bio, Kyoto, Japan) and 5 µg/mL anti-CD3 anti-
bodies (Cat. #300465, Biolegend, San Diego, CA, USA).
PBMCs were then plated at 0.5× 106 cells/mL in 2 mLGT-
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Fig. 1. Schematic representation showing the structure of the pGD2 transfer MMLV plasmid, and the in vitro and in vivo ex-
periments. The CAR construct includes GD2-specific scFv from a modified mAb 220-51, as well as the human signaling endodomains
CD28 (transmembrane and intracellular domain) and ξ-chain. GD2.CAR T cells express GITRL, which affects cells through autocrine
or paracrine stimulation. CAR, chimeric antigen receptor; GD2, disialoganglioside; MMLV, Moloney murine leukemia virus; IL-2,
interleukin-2. Created with Biorender.com.

T551 medium (Cat. #WK551s, Takara Bio, Kyoto, Japan)
supplemented with 300 U/mL interleukin-2 (IL-2) (Cat.
#011022, Roncoleukin, Biotech, Saint Petersburg, Russia)
and 0.6% group AB human serum. Half of the medium
was replaced with fresh medium on days 2 and 3 supple-
mented with 300 U/mL IL-2. For retroviral transduction,
retrovirus was diluted in PBS with 2% human serum albu-
min (Cat. #T160516, Microgen, Tomsk, Russia) and 5%
glucose-citrate buffer, then added to RetroNectin-coated
24-well plates (25 µg/mL RetroNectin). Plates were cen-
trifuged at 32 °C and 2000×g for 2 h (JouanMR 23i, Saint-
Herblain, Nantes, France). After removing supernatant and
washing twice with PBS containing 2% albumin, the ac-
tivated PBMCs (1.5–2 × 105 cells/well) were transduced
with CAR for 10 min under centrifugation at 1000 ×g at
32 °C. The next day, these cells were transduced a second
time. After 6–8 h, cells were transferred to 6-well plates
(TPP, Trasadingen, Schaffhausen, Switzerland) with GT-
T551 medium and 300 U/mL IL-2, and cultured at 37 °C
and 5% CO2. Transduced T cells were collected on days 9–
10 for analysis (transduction efficiency and phenotyping),
and used for in vitro cytotoxicity assays or in vivo experi-
ments on day 11. To validate the generated CART cells, the
identity of these cells was confirmed by flow cytometry (as-
sessing T lymphocyte markers [CD3, CD4, and CD8] and

GD2-specific CAR) and light microscopy (assessing char-
acteristic lymphocyte morphology: small size [7–10 µm
in diameter], high nuclear-to-cytoplasmic ratio, round nu-
cleus, scant cytoplasm).

2.5 In Vitro Co-Culture Experiments

Tumor cells (SK-MEL-37, S6, and V9) were seeded
at 4–5 × 103 cells/well in 96-well plates (TPP, Trasadin-
gen, Schaffhausen, Switzerland) one day before co-culture
with transduced or non-transduced T cells (effector to tar-
get ratio of 5:1) in fresh RPMI-1640 medium without ex-
ogenous cytokines. After 4–6 h of co-culture, T cells were
collected for flow cytometry analysis of antigen-dependent
activation and cytotoxicity markers. After 48 h co-culture
of transduced or non-transduced T cells with GD2-positive
SK-MEL-37 tumor cells, supernatants were collected and
frozen for subsequent cytokine measurements. Cytotox-
icity was assessed by measuring lactate dehydrogenase
(LDH) activity in the conditioned medium of transduced T
cells and tumor lines SK-MEL-37, S6, and V9 after 6–8 h.

2.6 Flow Cytometry and Transduction Efficiency

Flow cytometric analysis was performed using the fol-
lowing monoclonal antibodies (all from Biolegend, San
Diego, CA, USA): CD3 (clone HIT3a), CD4 (clone
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RPA-T4), CD8 (clone SK1), CD45RA (clone HI100),
CD62L (clone DREG-56), CD137 (4-1BB) (clone 4B4-
1), CD154 (CD40L) (clone 24-31), CD69 (clone FN50),
CD178 (FasL) (clone NOK-1), CD107a (clone H4A3),
CD366 (TIM-3) (clone F38-2E2), CD279 (PD-1) (clone
EH12.2H7), and GD2 (clone 14G2a). These were
conjugated with phycoerythrin (PE), PE-Cy7, peridinin-
chlorophyll-protein complex (PerCP)-Cy5.5, allophyco-
cyanin (APC)-Cy7, Alexa Fluor (AF) 647, AF488, AF700,
Brilliant Violet (BV) 421, BV570, BV647, and BV711.
Antibodies were used according to the manufacturer’s rec-
ommendations, and FMO controls established negative
gates. Transduction efficiency was assessed using biotin-
SP-AffiniPure F(ab’)2-fragment-specific goat anti-mouse
IgG (1:1000, Cat. #115-066-072, Jackson ImmunoRe-
search, West Grove, PA, USA) for the detection of GD2-
CAR. Cells were stained by incubating with antibodies (1
to 1000 dilution) for 20 minutes at room temperature in the
dark. After washing, streptavidin-PE (1 to 600 dilution)
(1:600, Cat. #405203, Biolegend, San Diego, CA, USA),
anti-CD3, and Zombie Aqua Dye (1:100, Cat. #423101,
Biolegend, San Diego, CA, USA) were added to determine
the population of CAR T cells and their viability. Stained
cells were washed in PBS with 0.1% NaN3 and analyzed
on an Attune NxT flow cytometer. Non-transduced cells
served as controls.

2.7 HSNE Dimensionality Reduction and Clustering
Analysis

Flow cytometry data analysis was performed using
a combination of software tools. Cells were gated using
Attune NxT software (version 3.2.1, Thermo Fisher Sci-
entific, Waltham, MA, USA) to exclude debris, doublets,
and dead cells, and to identify CD3+ and transduced cells
(Supplementary Fig. 1). The resulting .fcs files were con-
verted to .csv format using custom Python (version 3.13,
Wilmington, DE, USA) code via Jupyter Notebooks (ver-
sion 6.5.4, Austin, TX, USA). Subsequently, the .csv files
were arcsinh-transformed and fdaNorm-normalized using
an R script [21] and exported as .fcs files. HSNE di-
mensionality reduction was performed using the Cytosplore
app [22] on cytotoxic and activation markers (CD4, CD8,
CD40L, CD69, 107a, 4-1BB, and FasL), and T cell memory
and exhaustion markers (CD8, CD45RA, CD62L, CD69,
PD-1, and TIM-3). Subsequently, GraphPad Prism (version
9.4.1, GraphPad Prism Software, San Diego, CA, USA)
was used to export cell frequencies per cluster and visualize
them as box plots.

2.8 Cytokine Production Assay
Cytokine concentrations in supernatant were mea-

sured using the LEGENDplex™ Human CD8/NK Panel
(13-plex) and Filter Plate Kit (Cat. #740267, Biolegend,
San Diego, CA, USA) according to the manufacturer’s rec-
ommendations. Cytokines were subsequently classified
based on their respective concentration levels.

2.9 LDH Cytotoxicity Assay
Cytotoxicity was assessed by measuring LDH re-

lease in cell culture supernatants using a CytoTox 96 Non-
Radioactive Cytotoxicity Assay (Cat. #G1780, Promega
Corporation, Madison, WI, USA) according to the man-
ufacturer’s recommendations. This assay measures LDH
activity via a 30-minute enzymatic reaction that converts
tetrazolium salt INT into red formazan product. The ab-
sorbance of the resulting color was measured using a Var-
ioskan plate reader (Thermo Fisher Scientific, Waltham,
MA, USA). Color intensity correlated with the number of
lysed cells.

2.10 Magnetic Separation of CAR T Cells
For gene expression analysis, transduced T cells were

isolated using a two-step magnetic sorting procedure. First,
cells were incubated with F(ab’)2-fragment-specific goat
anti-mouse IgG antibodies for 20 minutes in cold Versene
solution containing 0.5% bovine serum albumin, labeled
with MojoSort™ Streptavidin Nanobeads (Cat. #480016,
Biolegend, San Diego, CA, USA) at a ratio of 10 µL an-
tibodies/beads per 10 × 106 cells, and then positively se-
lected using a MojoSort™ Magnet (Cat. #480019, Biole-
gend, San Diego, CA, USA). After resting for 16–17 h in
culture medium supplemented with 300 U/mL IL-2, the
purified T cells were co-cultured with GD2-positive SK-
MEL-37 tumor cells at an effector-to-target ratio of 5:1 for
2 h to activate gene expression of the immune response. Fi-
nally, transduced T cells were sorted again by positive se-
lection using MojoSort™ Human CD45 Nanobeads (Cat.
#480029, Biolegend, SanDiego, CA, USA) to ensure a pure
CAR T cell population. Cell viability, assessed by trypan
blue staining using a Countess 3 Automated Cell Counter
(Thermo Fisher Scientific, Waltham, MA, USA), was con-
sistently >92%.

2.11 RNA Extraction
Total RNA was extracted from 3–6 × 105 cells using

the Total RNA Purification Plus Kit (Cat. #48400, Nor-
gen Biotek, Thorold, ON, Canada) according to the manu-
facturer’s recommendations. RNA concentration and qual-
ity were assessed using a Nanodrop 2000 spectrophotome-
ter (Thermo Fisher Scientific, Waltham, MA, USA). Total
RNA was frozen at –80 °C until further analysis.

2.12 NanoString Gene Expression Analysis
Gene expression analysis was performed using the

NanoString nCounter SPRINT Profiler system with 100 ng
of total RNA per sample (n = 6). The nCounter Human
Immunology v2 panel, comprising 579 genes (Cat. #XT-
CSO-HIM2-12, NanoString, Seattle, WA, USA), was used
to analyze RNA samples on the NanoString Sprint instru-
ment (NanoString, Seattle, WA, USA). Samples were hy-
bridized according to themanufacturer’s recommendations.
Normalization and quality control were performed using
nSolver 4, incorporating synthetic positive controls and the
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15 housekeeping genes included in the panel. To remove
non-expressing genes, a background threshold was applied
to the normalized data, defined as: (mean of all NEG con-
trols) + 2× (SD of all NEG controls) + (mean of the POS_E
controls). Gene Set Enrichment Analysis was performed
using GSEApy [23].

2.13 In Vivo Experiment
To determine the anti-tumor efficacy of transduced T

cells in vivo, 8-week-old male or female non-obese dia-
betic (NOD)/Rag1-null/Il2rγ-null (NRG) mice (NOD.Cg-
Rag1tm1Mom Il2rgtm1Wjl/SzIcgn) (Center for Collective Us-
age SPF-vivarium, Institute of Cytology and Genetics,
Siberian Branch of the Russian Academy of Sciences,
Novosibirsk, Russia) were injected subcutaneously in the
right scapula region with 5 × 106 SK-MEL-37 cells in 100
µL culture medium. When tumors reached approximately
80–100 mm3, mice were divided into a control group (in-
tratumoral injection of 8 × 106 activated non-transduced
T cells in 100 µL RPMI-1640 medium), an experimental
group (intratumoral injection of 8 × 106 GD2.CAR T cells
in 100 µL RPMI-1640 medium), and an untreated group
(n = 8 per group). Tumor growth was monitored every 2–
3 days using calipers, and tumor volume was calculated
as: volume = 0.52 × width2 × length. Mice were main-
tained under specific-pathogen-free (SPF) conditions with
a 12-h light-dark cycle, and their health monitored regu-
larly. Euthanasia was performed using CO2 overdose (3
L/min fill rate, resulting in approximately 30% CO2 con-
centration) followed by cervical dislocation, as indicated by
clinical signs of disease (e.g., not eating, lack of activity,
abnormal grooming behavior, hunched posture), excessive
weight loss (>15% over one week), or tumor size reaching
approximately 2000 mm3. The research was conducted at
the Center for Genetic Resources of Laboratory Animals,
Institute of Cytology and Genetics, Siberian Branch of the
Russian Academy of Sciences, and approved by the local
ethics committee of the Research Institute of Fundamental
and Clinical Immunology (protocol #139 onMay 30, 2022)
as per the European Community Directive (86/609/EEC)
and humane treatment standards.

2.14 Statistical Analysis
Data are presented as frequencies, percentages, or

mean ± SEM. The Shapiro–Wilk test was used to as-
sess normality. Statistical significance between transduced
and non-transduced cells was determined using GraphPad
Prism 9.4.1, with one-way or two-way ANOVA followed
by t-test, Dunnett’s test, or Tukey’s test. LDH cytotoxicity
was analyzed using one-way ANOVA with Dunnett’s test
for multiple comparisons. Differential gene expression and
cytokine production were analyzed using multiple t-tests
with FDR-adjusted p-values < 0.05. Animal experiments
were analyzed using two-way ANOVA with Tukey’s test
for multiple comparisons. All p-values and n numbers are
reported in the figure legends. A p-value < 0.05 was con-
sidered statistically significant.

3. Results
3.1 Detection of GD2 Expression in Melanoma, and
GD2.CAR T Cell Transduction Efficiency

Three human melanoma cell lines (SK-MEL-37, S6,
and V9) were analyzed for surface expression of GD2 by
flow cytometry using mAb 14.G2a. The SK-MEL-37 and
S6 cell lines showed high GD2 expression (89.4% and
85.1%, respectively). The V9 cell line was used as a nega-
tive control due to its low GD2 expression (2.3%) and anti-
gen density on the cell surface.

The second-generation CAR construct containing
GD2-specific scFv from a modified mAb 220-51 [19] and
human signaling endodomains CD28 and CD3ζ, was trans-
duced into activated T lymphocytes using retroviral vectors
(Fig. 1). Seven days after transduction, we assessed GD2-
specific CAR expression by flow cytometry and observed
68.2 ± 3.5% (n = 6, mean ± SEM) GD2.CAR+ T cells. In
order to provide strong co-stimulation and a potential syn-
ergistic effect of CD28 signaling in T cell activation [20], T
lymphocytes were also genetically engineered to co-express
the GITRL with CAR, as demonstrated in a recent study
[19].

3.2 Subsets of GD2.CAR T Cells and Markers of Cell
Exhaustion After Transduction

To further evaluate the signature of GD2.CAR T cell
memory subpopulation changes, flow cytometry andHSNE
analysis were used to assess marker expression accord-
ing to T cell memory subsets immediately after transduc-
tion and before co-culture with the tumor cells. CAR T
cells were classified into four differentiation subsets based
on CD45RA and CD62L expression: naive/stem memory
T cells (Tn/scm, CD62L+CD45RA+), central memory T
cells (Tcm, CD62L+CD45RA‒), effector memory T cells
(Tem, CD62L‒CD45RA‒), and late effectormemory T cells
(Temra, CD62L‒CD45RA+) [24]. HSNE analysis (Fig. 2)
revealed the CD8+ GD2.CART cell population wasmainly
composed of Tn/scm cells, with only small percentages of
Tcm and Temra cells observed (Supplementary Fig. 2).

Expression of the cell exhaustion markers pro-
grammed cell death protein 1 (PD-1) and T-cell im-
munoglobulin and mucin domain-containing protein 3
(TIM-3) was also evaluated. In general, the GD2.CAR T
cell population did not show signs of exhaustion. How-
ever, a correlation was observed between the expression of
CD45RA and CD62L markers and the expression of TIM-3
and PD-1 markers. The expression of cell exhaustion mark-
ers gradually increased as the cells differentiate into Tcm
cells, and decreased in Temra cells (Fig. 2). It was pre-
viously reported that the increase in CD69 level is likely
a manifestation of the basal level of activation by CAR-
mediated tonic signaling [25]. Our transduction protocol
resulted in a population of CD69‒ CAR T cells, indicating
the potential absence of tonic signaling. Meanwhile, only
a low proportion of CD69+ T cells was observed (Fig. 2).
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Fig. 2. HSNE analysis of the expression of T cell memory and activation/exhaustion markers in CD8+ GD2.CAR T cells. Single-
cell level HSNE dot plots show the expression of T cell memory (CD62L, CD45RA) and activation/exhaustion (PD-1, TIM-3) markers
by CD8+ GD2.CAR T cells after transduction. The color scale represents the level of expression for arcsinh transformation phenotypic
markers, where violet color indicates low expression and yellow color indicates high expression. The clusters are color-coded based
on the heat map (n = 5). HSNE, hierarchical stochastic neighbor embedding; PD-1, programmed cell death protein 1; TIM-3, T-cell
immunoglobulin and mucin domain-containing protein 3.

Furthermore, the CD69 marker is expressed only when an
effector cell recognizes an antigen [26].

3.3 Transcriptome Profile of GD2.CAR T Cells Associated
With the Tn/scm Phenotype

To investigate how retroviral transduction affects
the expression of genes related to phenotypic signatures
(Fig. 3), we used NanoString technology to compare the
transcriptome profiles of transduced and non-transduced
cells. After transduction, GD2.CAR T cells showed up-
regulation of genes associated with the CD8 Tn cell differ-
entiation signature, including CD8A, CD8B, SELL, IL7R,
CD45RA [27], and IL2RG [28], as well as genes asso-
ciated with the CD8 Tscm/cm cell differentiation signa-
ture, such as FAS and CD45RO [27]. Upregulation of
the CD40LG gene, which is canonically expressed on
CD4+ T cells, was also observed in CAR+ cells [29]. In
contrast, transduced cells showed downregulation of CD4
Treg-associated genes, includingCD4, FOXP3, IL2RA, and
CTLA4-TM [27]. It is worth noting that retroviral trans-
duction had an impact on T cell proliferation, whereas anti-
CD3-primed non-transduced cells showed upregulation of
genes related to T cell activation, such as TNFRSF4 and
TNFRSF9 [30]. Furthermore, GD2.CAR T cells showed
increased expression of the HAVCR2 gene within the T cell
exhaustion signature, whereas non-transduced cells showed
increased expression of the LAG3 gene.

3.4 Immune Characteristics of GD2.CAR T Cell
Transcriptome Profile in the Early Stages of Interaction
With GD2-Positive Melanoma Cells

Using NanoString technology, we performed differ-
ential gene analysis of GD2.CAR T cells before and after
co-culture with SK-MEL-37 cells. Because our aim was to
examine changes in gene expression linked to the immune
response before and after co-culture with tumor cells, we
selected the Human Immunology v2 panel for this study.
CAR+ cells were first magnetically sorted from the gen-
eral cell population and then stimulated with IL-2 for 16–
17 h. GD2.CAR T cells were then cultured with tumor cells
for 2 h to activate key genes that regulate the immune re-
sponse. These cells were then separated fromGD2-positive
SK-MEL-37 cells using CD45-positive magnetic sorting to
remove any contamination with tumor cells.

Although the interaction between GD2.CAR T cells
and tumor cells was short, alterations were detected in sev-
eral genes (Supplementary Table 1) encoding co-signaling
molecules, cytokines, and chemokines that affect the im-
mune response (Fig. 4A).

Signatures for chemokines (CCL2, CCL20, CCL3,
CCL4, CXCL1, CXCL10, CXCL11, and CXCL2), cytokines
and their receptors (CSF1, CSF2, IL13, IL13RA1, IL1A,
IL1B, IL1RAP, IL6, IL8, and IFNG) were found after co-
culture with the tumor cell line. In contrast, a decrease in
the expression of chemokine receptor genes (CCR1, CCR2,
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Fig. 3. Differential gene expression in transduced versus non-transduced T cells related to the Tn/scm phenotype. (A) The volcano
plot shows significantly up- and down-regulated genes. Violet color indicates up-regulated genes in transduced cells, while green color
indicates down-regulated genes in non-transduced cells. q-values < 0.005 (dotted line on the y-axis) and log2 (fold-change) >0.847 or
log2 (fold-change)<–0.847 (dotted lines on the x-axis) were considered to be significant. (B) The heat map indicates z-score normalized
gene expression of transduced and non-transduced T cells. The color scale represents the level of expression for each gene (blue color
indicates low expression, yellow color indicates high expression).

CCR5, CCR7, CCRL2, CX3CR1, CXCR3, CXCR4, and
CXCR6) was observed, as well as that of cytokine recep-
tors and their component genes (IL10RA, IL12RB1, IL21R,
IL2RG, IL4R, and IL7R).We also observed a decrease in the
expression of genes associated with the Tem cell differen-
tiation signature, including CCR7, CD27, CD28, CD45RA,
CD45RB, CX3CR1, IL7R, LEF1, and TCF7 [27]. Further-
more, increased expression of the CTNNB1 [31,32] and
BCL6 [33] genes and decreased expression of the LAIR1
[34] and SELPLG [35] genes are also signatures of Tem
cell differentiation. Regarding the effector function of T
cells, increased expression of genes associated with activa-
tionwas observed, including TNFRSF9 [30] andMHC class
II genes (HLA-DMA, HLA-DMB, HLA-DPA1, HLA-DPB1,
HLA-DQA1, HLA-DRA, HLA-DRB1, and HLA-DRB3), as
well as genes associated with migration (IL6, IL6ST, SELE,
and ICAM1) [36]. We also observed upregulation of TRAF1
gene expression, which is involved in downstream signal-
ing of 4-1BB [37] or GITR [38]. Upregulation of EGR2
gene expression was also observed, which promotes differ-
entiation toward Tem cells and regulation of the exhausted
transcriptional state [39], as well as improved survival and
proliferation [40]. However, the expression of genes encod-
ing effector molecules (GZMA,GZMK, and PRF1) and sig-

naling molecules (LCK and ZAP70) essential for the initi-
ation of TCR signaling were downregulated [41]. Notably,
after co-culture of GD2.CAR T cells with tumor cells, de-
creases were observed in signatures associated with T cell
dysfunction, including expression of the HAVCR2, CISH
[42,43], CD244 and SLAMF7 [44] genes, as well as T cell
death genes (BAX, BCL2, CASP1, and CASP8) [45,46].

The up-regulated genes (Supplementary Table 2)
were enriched by gene set enrichment analysis (GSEA) [23]
using ontology biological process terms. GSEA analysis re-
vealed that the top three pathways were associated with the
cytokine-mediated signaling pathway, cellular response to
interferon-gamma, and interferon-gamma-mediated signal-
ing pathways (Fig. 4B). In contrast, genes associated with
T cell proliferation and cytokine production were not sig-
nificantly expressed during early stages of the CAR T cell-
tumor interaction.

3.5 GD2.CAR T Cells are Predominantly CD8+ T Cells
With a Cytotoxic Phenotype

To investigate the potential application of CAR T
cells as effector cells against melanoma, we evaluated
the expression of surface activation and cytotoxicity
markers (CD69, 4-1BB or CD137, CD107a, FasL, and
CD40L) following 4–6 h of co-culture with GD2-positive
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Fig. 4. Comprehensive analysis of gene expression, signaling, and phenotype in GD2.CAR T cells following co-culture with a
melanoma cell line. (A) The volcano plot shows differentially expressed genes in GD2.CAR T cells before and after co-culture with
SK-MEL-37 cells. Green color indicates up-regulated genes, while violet color indicates down-regulated genes. q-values < 0.005
(dotted line on the y-axis) and log2 (fold-change) >0.847 or log2 (fold-change) <–0.847 (dotted lines on the x-axis) were considered to
be significant. (B) A GSEA bubble plots show Gene Ontology Biological Process terms that were significantly enriched in up-regulated
genes in the GD2.CAR T cells. The bubble size indicates the percentage of genes involved in the respective biological process or
pathway. The color represents the corrected p-value of the enriched pathway (q-values < 0.000001). The top pathways involved in
biological processes are shown on the x-axis. (C) Single-cell level HSNE dot plots show the expression of activation and cytotoxicity
markers (CD69, 4-1BB, CD107a, FasL, and CD40L) by CD8+ GD2.CAR T cells after 4–6 h of co-culture with SK-MEL-37 cells. The
color scale represents the level of expression for arcsinh transformation cytotoxic markers, where violet color indicates low expression
and yellow color indicates high expression. The clusters are color-coded based on the heat map (n = 6).

tumor cell lines. This duration is sufficient to induce
expression of the markers. Using a panel of antibodies, we
analyzed the flow cytometry data from the GD2.CAR T
cells using HSNE dimensionality reduction after arcsinh
transformation with automated cofactors. Data were
normalized using fdaNorm to correct for batch effects
and ensure data integrity. HSNE analysis identified four
GD2.CAR T cell subpopulations (Fig. 4C). The predom-
inant population was CD8+CD40L+CD69‒CD107a+4-
1BB+FasL+ T cells, suggesting cytotoxic function
(Supplementary Fig. 3). Smaller populations of
CD8+CD40L+CD69‒CD107a+4-1BB+FasL‒ and
CD4+CD40L+CD69‒CD107a‒4-1BB+FasL+ T cells
with similar proportions were also observed, as well as
a minor population of CD8+CD40L+CD69‒CD107a+4-
1BB‒FasL+ T cells (Supplementary Fig. 3).

3.6 GD2.CAR T Cells Show Specific and Efficient
Cytotoxicity Against GD2-Positive Melanoma Cells In
Vitro

The LDH release assay was employed to assess the
cytotoxic activity of GD2.CAR T cells against melanoma
tumor cell lines expressing the GD2 antigen. CAR T cells
were co-cultured at an effector-to-target ratio of 5:1 for 6–
8 h with tumor cells that expressed GD2 (SK-MEL-37 and
S6), or did not express GD2 (V9) (Fig. 5). This ratio and co-
culture duration were based on the manufacturer’s protocol
and optimized for reliable results in the LDH release assay.
Significant differences in GD2-specific anti-tumor cytotox-
icity, as measured by LDH release, were observed after co-
culture with the GD2-expressing SK-MEL-37 and S6 tu-
mor cell lines. Importantly, no significant differences in cy-
totoxicity were observed between the SK-MEL-37 and S6
cell lines. These results demonstrate the efficacy and speci-
ficity of GD2.CAR-T cells in targeting GD2-expressing
melanoma cells.
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Fig. 5. GD2.CAR T cell cytotoxicity against melanoma cell lines. Box plots show LDH release, a measure of cytotoxicity, following
6–8 h co-culture of GD2.CAR T cells with GD2-positive SK-MEL-37 (89.4% GD2 expression), S6 (85.1% GD2 expression) and GD2-
negative V9 (2.3% GD2 expression) melanoma cell lines at a 5:1 effector-to-target ratio (n = 6). Asterisks indicate significant p-values
as follows: ****p< 0.0001, one-way ANOVA with Dunnett’s test for multiple comparisons. These results indicate the strong cytotoxic
activity of CAR T cells against GD2-positive cell lines. LDH, lactate dehydrogenase; ANOVA, analysis of variance.

3.7 GD2.CAR T Cells Secrete Cytokines in Response to
Co-Culture With GD2-Positive Melanoma Cells

Cytokine release from transduced and non-transduced
T cells was assessed 48 h after contact with a GD2+ target
at an effector-to-target ratio of 5:1. The LEGENDplex™
Human CD8/NK panel was used to simultaneously ana-
lyze cytokines, including IL-2, IL-6, and IL-17, and effec-
tor molecules, including granzyme A, granzyme B, gran-
ulysin, perforin, and sFasL, in the cell co-culture super-
natants. Compared to non-transduced T cells, GD2.CAR
T cells tended to secrete more pro-inflammatory cytokines
and effector molecules (Fig. 6). No statistically significant
differences between non-transduced cells and GD2.CAR T
cells were observed for the levels of perforin, granulysin,
IL-2, and IL-6 in the culture medium. However, signif-
icant increases were observed in the levels of granzymes
A/B, IFN-γ, and sFasL secreted by GD2.CAR T cells. IL-
4, IL-10, and sFas were not detected in the supernatants of
GD2.CAR and non-transduced T cells.

3.8 GD2.CAR T Cells Inhibit the Growth of GD2-Positive
Melanoma in a Xenograft Model

We next evaluated the antitumor efficacy of gener-
ated GD2.CAR T cells against GD2-positive tumors in a

xenograft model by inoculating SK-MEL-37 cells (5× 106
cells per mouse) into NRG mice via subcutaneous injec-
tion. When the tumor volume reached 80–100mm3, tumor-
bearing mice were randomized to receive a single intra-
tumoral injection of either 8 × 106 GD2.CAR T cells or
8 × 106 anti-CD3-primed non-transduced T cells. Tumor
growth was monitored by caliper measurements. Local in-
tratumoral injection was chosen as the route for T cell ad-
ministration based on the efficacy demonstrated in a pre-
clinical study with locally injected CAR T cells [13]. Three
weeks into the experiment, the tumor volume increased
rapidly in untreated mice and in mice that received non-
transduced T cells (Fig. 7). At 35 days after intratumoral
administration of GD2.CAR T cells, a significant reduction
in tumor size was observed compared to both the control
group and the intact group.

4. Discussion
In this study, we comprehensively analyzed the phe-

notypic and functional characteristics of GD2.CAR T
cells containing CD28 and CD3ζ endodomains, alongside
GITRL secretion. The differentiation state of CAR T cells
is critical in determining the efficacy of tumor therapy [47].
In particular, the immunophenotypes of Tn, Tcm and Tem
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Fig. 6. Cytokine response of GD2.CAR T cells to co-culture with SK-MEL-37. (A) The volcano plot shows fold-changes in cy-
tokine levels in co-culture supernatants of GD2.CAR T cells (green dots indicate significance) with SK-MEL-37 cells (compared to
non-transduced T cells). The x-axis values represent log2 (fold-change), and the y-axis values represent ‒log10 of q-values. The q-values
indicate FDR-adjusted p-values for multiple t-tests. The upper right quadrant indicates statistically significant results (q-value < 0.05).
(B) The heat map shows the average log FCs of cytokine levels (pg/mL) for both transduced and non-transduced cells. The color scale
represents cytokine levels (blue color indicates low concentration, yellow color indicates high concentration).

cells are preferred for adaptive therapy because of their an-
titumor efficacy, survival and proliferation [48]. Our op-
timized protocol resulted in GD2.CAR T cells comprised
mainly of naive CD62L+CD45RA+ T cells. Transcrip-
tional analysis revealed that retroviral transduction affects
the proliferative potential of CAR+ cells, as confirmed by
the frequency of the Tn cell population. The majority of
CAR+ cells belonged to the subpopulation of CD8+ T
cells expressing CD107a, FasL, 4-1BB, and CD40L mark-
ers, indicating activation and cytotoxicity. In addition, the
GD2.CAR T cell population contains a small percentage
of CD4+ T cells that express effector molecules, such as
CD40L, 4-1BB, and FasL. Recent research suggests that
CD4+ CAR T cells can enhance antitumor activity and
maintain the immune response against tumors [49,50]. Af-
ter transduction, the expression of genes associated with
the regulation of Treg cells is downregulated. Therefore,
the generated population of CD4+ CAR T cells may con-
tribute to antitumor immunity. The FasL marker showed
higher expression compared to the CD107a marker, while
the PRF1 gene was downregulated. No statistically signif-
icant differences in perforin secretion were found between
transduced and non-transduced T cells. Nevertheless, due
to synergistic or additive effects between degranulation and
ligand-based lytic pathways, FasL has been shown to pro-
mote lytic activity even when degranulation is poor or dif-
ficult in CAR T cells [51]. Furthermore, we did not ob-
serve expression of the early activation marker CD69 on

GD2.CAR T cells. CD69 protein expression can be de-
tected 2–3 h after activation, whereas transcriptional ex-
pression of the CD69 gene decreases after 4–6 h [26]. We
propose that an off-the-shelf, activated cell product of CAR
T cells would have either a low level of CD69 expression or
none at all. In addition, the generated GD2.CAR T cells did
not express the CD69 marker after transduction, suggesting
a lack of basal activation by CAR-mediated tonic signal-
ing [25]. Moreover, a recent study has shown that CD69‒
CAR T cells have increased proliferation and downregu-
lated expression of surface markers associated with dys-
function [52].

The CD137 receptor serves as a T cell activation
marker and is expressed on the cell surface after CD3 or
CD28 stimulation [53]. This results in the activation of
intracellular signaling through TRAF-mediated activation
of NF-kB and MAPK, leading to increased cell survival
and enhanced effector functions. We found that early co-
culture of GD2.CAR T cells with tumor cells results in up-
regulation of TRAF1 and TNFRSF9 gene expression, sug-
gesting that antigenic stimulation of CARs or the GITR-
GITRL interaction[38,54] may enhance signaling. The
GITR-GITRL interaction has a dual effect on the CD3+ T
cell population, as it can promote the generation of both
Treg cells and cytotoxic CD8+ T cells [55]. Nevertheless,
we observed downregulation of TGFB1 and TGFBR1 gene
expression, which control development of the Treg cell pop-
ulation [56,57]. Therefore, we suggest that GITRL pro-
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Fig. 7. Antitumor efficacy of GD2.CAR T cells in vivo. SK-MEL-37 cells were subcutaneously inoculated into NRGmice (n = 24) at a
dose of 5× 106 cells per mouse. Once the tumor size reached 80–100 mm3, non-transduced T cells were injected into the control group,
while GD2.CAR T cells were injected into the experimental group at a dose of 8 × 106 cells per mouse. Results are presented as the
mean tumor volume (mm3) ± SEM. Asterisks indicate significant differences between GD2.CAR T cell-treated and untreated groups,
with p-values indicated as follows: *p< 0.05, ***p< 0.001, ****p< 0.0001; grids indicate significant differences between GD2.CAR
T cell and non-transduced T cell-treated groups, with p-values indicated as follows: #p < 0.05, ##p < 0.0001, two-way ANOVA with
Tukey’s test for multiple comparisons. NRG, non-obese diabetic (NOD)/Rag1-null/Il2rγ-null (NOD.Cg-Rag1tm1Mom Il2rgtm1Wjl/SzIcgn);
SEM, standard error of the mean.

motes the development of effector CD8+ T cells, as evi-
denced by the increased expression and secretion of inflam-
matory cytokines, alongside the absence of detectable IL-
10. Furthermore, previous research has shown that forced
expression of GITRL in CAR T cells resulted in increased
IFN-γ production [19]. We also observed upregulation of
IFNG gene expression and activation of IFN-γ-mediated
signaling pathways, which may indicate a GITR-GITRL in-
teraction within the CAR T cell population. ZAP70 and
LCK genes, which encode TCR signaling proteins [58],
were also found to be downregulated. Since CAR T cells
have a modified TCR, the expression of these genes may
differ from the canonical TCR pathway compared to non-
transduced T cells [59].

It is well known that cytotoxic CD8+ CAR T cells
exert antitumor effects through several underlying mecha-
nisms, including the perforin-granzyme axis, the Fas-FasL

axis, and cytokine secretion [51]. The GD2.CART cells we
generated have significant cytotoxic efficacy and the abil-
ity to express FasL and the degranulation marker CD107a
on their cell surface, as well as the secretion of effector
molecules such as granzyme A/B, the pro-inflammatory
cytokine IFN-γ, and the soluble form of FasL. The pro-
duction of IL-6 and IFN-γ by CAR T cells is a double-
edged sword, as these cytokines contribute significantly to
the development of cytokine release syndrome [60]. Com-
pared to previous studies with 4-1BB-CD3ζ [61], CD28-
OX40-CD3ζ [62], and TRUCK CD28-4-1BB-CD3ζ [63]
GD2.CAR T cells, our CD28-CD3ζ-GITRL GD2.CAR T
cells demonstrate a safer and more moderate cytokine pro-
file. In addition, our CAR T cells can secrete a greater
amount of granzymes relative to other effector molecules
and cytokines. Moreover, our in vivo experiments revealed
a safety profile with no observed toxicity.
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A pattern of granzyme A, granzyme B, and perforin
secretion was observed, consistent with the functional dif-
ferentiation of memory T cells. Effector molecules secreted
by the GD2.CAR T cells were in the order of GrmA <

GrmB< Per, indicating cell differentiation towards effector
or effector memory [64]. In addition, transcriptional analy-
sis revealed a signature of memory phenotype change. We
also observed downregulation ofGZMA,GZMK, and PRF1
gene expression without a signature of cell exhaustion.
Furthermore, cytokine analysis demonstrated the ability of
GD2.CAR T cells to efficiently produce proteins. Thus,
the results indicate an early phenotypic shift of GD2.CAR
T cells towards Tem cells during their initial interaction
with tumors, with no evidence of functional aberration. On
the other hand, stimulation of GD2.CAR T cells with anti-
CD3/CD28 and IL-2 could promote the accumulation of ef-
fector molecules in granules [65], which may explain the
observed upregulation of effector molecules before interac-
tion with tumors. Expression of the IFNG gene was also up-
regulated. Memory effector T cells exhibit a greater capac-
ity for IFN-γ release compared to central memory T cells
[66], suggesting the possible acquisition of a cytotoxic ef-
fector phenotype by CAR T cells after co-culture with tu-
mors. Additionally, prior research has demonstrated that
induction of GITR ligand expression on CAR T cells re-
sults in enhanced production of IFN-γ.

Several features of the transcriptome of GD2.CAR T
cells were identified following their initial interaction with
GD2-positive tumor cell lines. Specifically, chemokine sig-
natures were detected in CAR T cells, suggesting a T cell
chemokine response to an antigen [67]. We propose that
one of the key steps in early CAR T cell-tumor interac-
tion is the recruitment of other effector cells to the site
of the lesion. A recent study showed that expression of
chemokine and cytokine receptor genes is upregulated fol-
lowing anti-CD3/CD28 and IL-2 stimulation [68]. How-
ever, we found these genes were downregulated in CAR
T cells after co-culture with tumor. Therefore, the in-
corporation of chemokine receptors into CAR T cell con-
structs may be a promising approach for further research
[69]. GSEA analysis revealed the involvement of cytokine-
mediated signaling pathways, cellular response to IFN-γ,
and IFN-γ-mediated signaling pathways during early stages
of the GD2.CAR T cell interaction with melanoma, possi-
bly contributing to antitumor immunity. We also observed
that GD2.CAR T cells could efficiently kill tumor cells in
vitro and effectively control tumor growth in vivo, thus con-
firming the cytotoxic potential of transduced cells.

In summary, our findings provide robust preclinical
evidence for the potential of GD2-specific CAR T cells as
a therapeutic strategy for melanoma. Although it has pro-
vided valuable insights, our in vivo study was limited to
a xenograft model utilizing a single tumor cell line (SK-
MEL-37). Therefore, it is important to acknowledge this
model cannot fully replicate the complexity of the human
TME, nor the heterogeneity of human melanoma. Success-

ful clinical translation will require further investigations to
overcome these limitations. Future research should priori-
tize strategies for increasing themigration of CART cells to
the tumor site, improving their resistance to inhibitory sig-
nals within the TME, and promoting the development of a
long-lived memory phenotype. Additional studies employ-
ing a broader range of melanomamodels, including patient-
derived xenografts and those evaluating systemic delivery,
will be crucial for assessing long-term efficacy and safety,
thus paving the way for clinical trials.

5. Conclusion
GD2-specific CAR T cells generated and character-

ized using advanced techniques showed potent in vitro and
in vivo antitumor activity against melanoma. The pheno-
typic and functional characteristics of these cells, including
a naive-to-effector transition and strong cytotoxic potential,
highlight their potential as an effective therapeutic strategy
warranting further clinical development.
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