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Abstract
Ewing’s sarcoma (ES) is an aggressive cancer primarily affecting children and young adults. Although chimeric

antigen receptor (CAR) T cell therapy has achieved remarkable success in hematologic malignancies, its efficacy
against solid tumors such as ES remains limited. Our previous studies demonstrated the therapeutic potential of GD2
CAR T cells against brain tumors and showed that a truncated GD2 CAR enhances the tumor-targeting ability and

antitumor efficacy of mesenchymal stromal/stem cells against metastatic ES. Here, we further investigated the

therapeutic potential of GD2 CAR T cells in ES, a disease for which effective treatment options remain a significant
unmet medical need. The antitumor activity of GD2 CAR T cells was assessed using different two-dimensional and

three-dimensional in vitro ES models and an in vivo ES xenograft model. GD2 CAR T cells effectively killed ES cells
in both two-dimensional and three-dimensional settings, including an ES cell line displaying low GD2 expression. In

vivo, GD2 CAR T cells efficiently targeted localized ES tumors and counteracted tumor growth. CAR T cells
infiltrated the tumors and were also detected in the blood and spleen of treated mice. Overall, these findings support

the efficacy of GD2 CAR T cells against both in vitro models and a localized in vivo model of ES. These findings
underscore the potential of GD2 CAR T cell-based therapies to improve treatment outcomes in ES and other lethal

GD2-positive malignancies.

Introduction

Ewing’s sarcoma (ES) is an aggressive tumor and the second most common bone or soft-tissue cancer in children and
young adults [1]. Conventional chemotherapy, while offering favorable cure rates for localized ES, is associated with
substantial late effects. Conversely, patients with metastatic or recurrent ES face dismal outcomes, despite receiving
complex treatment regimens that include surgery, radiotherapy, and chemotherapy [2]. There is a critical and urgent
need for novel treatment strategies to improve the quality of cure for localized disease and to enhance survival rates
for metastatic or recurrent ES [3]. Novel agents, that can target resistant clones and deliver drugs more precisely to
minimize side effects, represent promising approaches to be combined with standard treatments.

Our previous works have demonstrated the potential of using a mesenchymal stromal/stem cell (MSC)-based
strategy to counteract localized ES, employing MSCs to deliver the tumor necrosis factor-related apoptosis-inducing
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ligand (TRAIL) [4]. More recently, we enhanced the tumor-targeting capacity of MSC-TRAIL by introducing a
truncated chimeric antigen receptor (tCAR) directed against the disialoganglioside GD2, with the aim of targeting
metastatic disease [5]. CAR-modified T cells have opened new avenues of research, demonstrating therapeutic
success in hematological malignancies [6]. However, clinical responses in solid tumors remain limited, with a few
notable exceptions, such as IL-13Roa2-targeted CAR T cells in glioblastoma and GD2-specific CAR T cells in
pediatric midline gliomas. Larger studies have reported encouraging results with claudin18.2-targeted CAR T cells in
gastrointestinal tumors [7].

Sarcomas have recently emerged as promising targets for engineered T cell therapies, as highlighted by the FDA
approval of the T cell receptor (TCR) gene therapy afamitresgene autoleucel (Tecelra) for unresectable or metastatic
synovial sarcoma [8], a tumor known for its sensitivity to immunomodulation [9]. In contrast, ES is characterized by
poor T lymphocyte infiltration and a low immune-active tumor microenvironment (TME), consistent with its low
tumor mutational burden [10]. Notably, higher numbers of tumor-infiltrating CD8" T cells have been associated with
better prognosis in ES patients, suggesting that enhancing immune cell recruitment, either spontaneously or through
adoptive transfer, may be critical for effective anti-tumor responses [11, 12].

Preclinical CAR T cell studies in ES have explored multiple targets, including vascular endothelial growth factor
receptor 2 (VEGFR?2), insulin-like growth factor 1 receptor (IGF1R), receptor tyrosine kinase-like orphan receptor 1
(ROR1), B7-H3, hepatocellular receptor tyrosine kinase (EphA?2), natural killer group 2D (NKG2D) and GD?2 [13].
Among these, GD2 represents one of the most promising targets due to its high expression on tumor cells, limited
distribution in normal tissues, and accumulating clinical evidence supporting the safety of GD2 CAR T cell therapies
[14-16]. GD2 expression has been consistently reported in ES, both in vitro and in patient-derived tumor samples
across different disease stages, including relapse [17]. Despite encouraging in vitro findings, GD2-targeted CAR T or
NK cell therapies have shown limited efficacy as monotherapies in controlling tumor growth, particularly in meta-
static ES models [17-19]. In this study, we challenged a second-generation GD2.BBz CAR previously used to target
neuroblastoma and GBM [20-22], as well as in its truncated form expressed on MSCs for ES and GBM targeting
[5, 23].

Here, we confirm the potent anti-tumor activity of our CAR T cell product across several in vitro ES models and an
in vivo ES model.

Results
GD2 CAR T cells effectively mediate in vitro anti-tumor activity against ES cells

To assess the effect of GD2 CAR T cells against ES, three ES cell lines displaying different levels of GD2 expression
were selected, as we previously reported [5]. These included the GD2"" TC71, with GD2 expression in 99.7 +0.1%
of cells, the GD2'°" A673 (17.0+10%) and the GD2"Y ' RD-ES (1.5+1%) (Supplementary Fig. 1a). This
approach enabled the evaluation of GD2 CAR T cell response across a spectrum of GD2 expression levels. The anti-
tumor activity of GD2 CAR T cells was first assessed against 2D cultures with ES cell lines. As done with GBM cells
[22], ES cell lines were stably transduced with viral vectors encoding a fluorescent reporter (DsRed or mScarlet)
together with luciferase for tumor cell monitoring. T cells isolated from healthy donor (HD) peripheral blood
mononuclear cells (PBMCs) were engineered with a retroviral vector expressing a second-generation GD2 CAR [20],
with a transduction efficiency of 76.3 +7.7% (Supplementary Fig. 1b). Of the GD2 CAR T cells, 28.0 = 19.0% were
CD4+ and 70.7+19.2% were CD8+, similar to the proportions in GFP T cells (23.8+17.1% CD4+ and
74.2+16.2% CD8+; Supplementary Fig. 1c). NK and NKT cells in the product accounted for 0.5+ 0.4% and
7.4+1.8% in GD2 CAR T cells, and 0.8 £0.3% and 7.1 £ 2.5% in GFP T cells, respectively (Supplementary Fig. 1c¢).
For y8 T cells, the percentages were 2.0+0.6% in GD2 CAR T cells and similarly 2.1+1.1% in GFP T cells
(Supplementary Fig. 1c). GD2 CAR T cells were challenged in co-cultures against tumor cells, testing different time
points of 24, 48 and 72 h, multiple effector-to-target ratios (1:1, 2:1, 5:1 E:T ratios), and using different PBMC donors
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Fig. 1 Representative immunofluorescence images of GD2 CAR T cell co-cultures with ES cell lines. The in vitro impact of
GD2 CAR T cells against ES cell lines, with high (TC71), low (A673), and very low (RD-ES) GD2 expression, was evaluated by
2D co-cultures over 72 h. Tumor cells cultured alone and in co-culture with GFP T cells served as controls. Representative
fluorescence micrographs of TC71 (a), A673 (b), and RD-ES (c¢) (all ES cells in red) with GD2 CAR T cells or GFP T cells (in
green) at 1:1, 2:1, and 5:1 effector-to-target (E:T) ratios at 0, 24, 48, and 72 h of co-culture. Scale bar: 100 um.
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Fig. 2 GD2 expression modulates GD2 CAR T cell cytotoxic activity and cytokine release against Ewing’s sarcoma in 2D
in vitro models. The in vitro cytotoxic activity of GD2 CAR T cells was evaluated against the ES cell lines TC71, A673, and
RD-ES in 2D co-culture assays. Tumor cell viability was assessed by bioluminescence quantification in TC71 (a), A673 (b), and
RD-ES (c) at different effector-to-target (E:T) ratios (1:1, 2:1, and 5:1) over 24, 48, and 72 h. d Granzyme B (GZMB), perforin,
IFNy, and TNFa« levels were assessed in supernatants of co-cultures involving GD2 CAR T cells or control GFP T cells with
TC71, A673, or RD-ES cells at 2:1 E:T ratio at 72 h, and concentrations are reported as pg/mL. For panels (a—c), statistical
analysis was performed using linear mixed-effects models with treatment group, time, and their interaction included as fixed
effects, and donor and sample ID as random intercepts. Models were fitted using restricted maximum likelihood (REML), and
Type III Wald y?2 tests were used to assess fixed effects and interactions. For panel (d), P-values were determined by #-test and
adjusted using the Holm-Siddk method. *p <0.05; **p <0.01; **¥p <0.001; ****p <0.0001. Data are shown as mean + SD.
Number of independent experiments: n = 3 from three different T cell donors, each with six technical replicates (a—c), and n =3
from three different T cell donors, each with three technical replicates (d).

to account for inter-donor variability. GFP T cells were introduced as a control to measure T cells alloreactivity.
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Fig. 3 Representative 3D ES spheroid co-cultures reveal antigen-dependent GD2 CAR T cell activity. Spheroids were
monitored by fluorescence microscopy for T cell infiltration and tumor spheroid disruption at 0, 24, 48, and 72 h of co-culture at
different effector-to-target (E:T) ratios (1:1, 2:1, and 5:1). Untreated spheroids and GFP T cell-treated spheroids served as
controls. Representative fluorescence images of co-cultures between TC71 (a), A673 (b), and RD-ES (c¢) cell lines (in red) and

GD2 CAR T cells and GFP T cells (in green) are shown. Scale bar: 200 um.
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Fig. 4 GD2 expression shapes GD2 CAR T cell anti-tumor activity in 3D ES spheroid models. The in vitro anti-tumor
activity of GD2 CAR T cells was assessed in 3D spheroid co-cultures using the ES cell lines TC71, A673, and RD-ES. Tumor
cell viability was quantified by bioluminescence at 24, 48, and 72 h using different effector-to-target (E:T) ratios (1:1, 2:1, and
5:1) for TC71 (a), A673 (b), and RD-ES (c¢). d Granzyme B (GZMB), perforin, IFNy, and TNFa levels were measured in
supernatants of co-cultures of GD2 CAR T cells or control GFP T cells with TC71, A673, or RD-ES spheroids at a 2:1 E:T ratio
after 72 h, and are reported as pg/mL. For panels (a—c), statistical analysis was performed using linear mixed-effects models with
treatment group, time, and their interaction included as fixed effects, and donor and sample ID as random intercepts. Models
were fitted using restricted maximum likelihood (REML), and Type III Wald »2? tests were used to assess fixed effects and
interactions. For panel (d), P-values were determined by r-test and adjusted using the Holm—Sidak method. *p < 0.05; **p < 0.01;
**%¥p <0.001; ****p <0.0001. Data are shown as mean + SD. Number of independent experiments: #n = 3 from three different T
cell donors, each with six technical replicates (a—c), and n =2 from two different T cell donors, each with three technical
replicates (d).

Fluorescence imaging performed up to 72 h across different E:T ratios revealed distinct patterns of response to GD2
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CAR T cell treatment. Among the three ES models, the GD2"€" TC71 cells displayed the most robust response to
GD2 CAR T cells, with extensive tumor cell clearance and the formation of reactive T cell clusters (Fig. 1a). In
contrast, the GD2'°% A673 cells showed a detectable anti-tumor response predominantly at the highest 2:1 and 5:1
E:T ratios (Fig. 1b), whereas the GD2"™ ¥ RD-ES cells remained largely unaffected, confirming the antigen-
dependent activity of GD2 CAR T cells (Fig. 1c). No comparable cytotoxic effect was observed in GFP T cell control
conditions (Fig. 1).

Tumor cell viability, quantified by bioluminescence signal measurements (Fig. 2a—c), further demonstrated that
GD2 CAR T-mediated cytotoxicity directly correlated with the level of GD2 antigen expressed on the tumor cell
membrane. TC71 cells exhibited the strongest reduction in viability across all tested E:T ratios (Fig. 2a), while A673
cells showed a more modest but significant response at higher effector cell numbers (Fig. 2b). Conversely, the RD-ES
line displayed only a minimal, although statistically significant, cytotoxic response at the highest 5:1 E:T ratio,
consistent with the very low levels of GD2 expression detected in this cell line (Fig. 2c). To further support the potent
antigen-dependent activity of GD2 CAR T cells, we employed an automated single-cell killing assay platform
allowing the evaluation of isolated effector cell cytotoxicity at an extremely low E:T ratio (~1:10). Even under these
highly unfavorable conditions, GD2 CAR T cells induced a significant increase in TC71 cell death within 24 h,
further confirming the strong antigen-dependent killing capability of GD2 CAR T cells (Supplementary Fig. 2).

This antigen-dependent functional activity became even more evident in the cytokine release analysis performed
after 72 h of co-culture at the 2:1 E:T ratio. Supernatants collected from co-cultures generated using three independent
PBMC donors consistently showed increased secretion of Granzyme B, perforin, IFNy, and TNFa in GD2 CAR T
cell conditions compared to GFP T controls, with cytokine levels closely mirroring the degree of GD2 surface
expression and cytotoxic activity observed in each ES cell line (Fig. 2d). Notably, TC71 cells induced the strongest
and most complete effector response, particularly in terms of Granzyme B and IFNy release, whereas A673 cells
elicited an intermediate activation profile consistent with lower GD2 expression. Although RD-ES cells displayed
minimal cytotoxic sensitivity, low but detectable increases in IFNy, and TNFa release were still observed, suggesting
that even very low GD2 surface levels may partially activate GD2 CAR T cells without promoting efficient tumor
killing. Despite expected inter-donor variability, both cytotoxicity and cytokine release profiles demonstrated highly
reproducible and robust GD2-specific CAR T cell activation.

GD2 CAR T cell cytotoxic effect is preserved in 3D ES models

The anti-tumor effect of GD2 CAR T cells was further assessed in 3D spheroid models, taking into account the
enhanced aggressiveness of cells in a 3D environment and the challenges that CAR T cells may face in penetrating
solid tumors [24].

Spheroids generated from the GD2M#" TC71, GD2'°% A673, and GD2"*™ ¥ RD-ES cell lines were challenged with
GD2 CAR T cells and GFP T cell controls at different E:T ratios (1:1, 2:1, and 5:1), and monitored by fluorescence
imaging up to 72 h (Fig. 3). Consistent with the observations obtained in 2D co-cultures, TC71 spheroids displayed
the strongest sensitivity to GD2 CAR T cell treatment (Fig. 3a). GD2 CAR T cells efficiently infiltrated and
progressively disrupted the spheroid architecture even at the lowest 1:1 E:T ratio, leading to a marked reduction in
tumor fluorescence and spheroid integrity over time. Increasing E:T ratios further enhanced the anti-tumor effect, with
near-complete elimination of the spheroid observed at 72 h in the 5:1 condition (Fig. 3a). A673 spheroids exhibited a
delayed but still significant response to GD2 CAR T cells (Fig. 3b). Limited differences between GFP T and GD2
CAR T cells were observed at the 1:1 E:T ratio, whereas a clear GD2 CAR T cell advantage emerged at the 2:1 and
5:1 ratios, particularly at later time points. At 72 h, GD2 CAR T cells markedly disrupted spheroid compactness and
reduced tumor fluorescence intensity, while GFP T-treated spheroids retained a more preserved fluorescent tumor
core (Fig. 3b). Conversely, RD-ES spheroids did not show evident morphological differences between GD2 CAR T
and GFP T-treated conditions throughout the assay, even at the highest 5:1 E:T ratio after 72 h (Fig. 3c).

The qualitative imaging observations were further confirmed by bioluminescence-based viability quantification
(Fig. 4a—). TC71 spheroids showed the strongest reduction in viability across all tested E:T ratios and time points
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Fig. 5 GD2 CAR T cell therapy controls tumor growth and achieves remission in most mice with localized ES model.
a Schematic of in vivo mouse experiments evaluating the anti-tumor efficacy of GD2 CAR T cells in a localized subcutaneous
(sc) ES model. GD2 CAR T cells were administered intra/peri-tumorally four days after tumor cell injection (day 0) and on days
3,7, and 14 after the first CAR T cell dose. The study endpoint was day 20 post-CAR T cell injection. b Tumor bioluminescence
at endpoint was measured using the IVIS Lumina XRMS with Living Image software. Total flux (photons/s; ¢) and tumor
volume (mm?; d) of GD2 CAR T cell-treated (GD2 CAR T), GFP T cell control-treated mice (GFP T), and control animals
(CTR) were monitored by IVIS Lumina XRMS system and calliper measurement, respectively. e Photomicrographs of repre-
sentative tumor samples on day 20 stained for H/E (first row), anti-GD2 antibody to detect GD2-positive tumor cells (second
row), and anti-GFP antibody to visualize GFP-positive adoptively transferred human T cells (third and fourth row; black arrows)
by IHC. Images shown at 20X (fourth row) represent magnified views of the corresponding 10X fields (third row). Spleens were
also stained to detect GFP-positive human T cells (fifth row; black arrows). Scale bars: 100 pm. P-value (*p <0.05) were
calculated by mixed-effects model with a Gamma distribution and a logarithmic link. Data are shown in logarithmic form.
Number of independent experiments n = 1, from one T cell donor. N = 6 mice/group for CTR, and n = 8 mice/group for both
GD2 CAR T and GFP T groups.

(Fig. 4a), whereas A673 spheroids displayed a more moderate, but significant decrease in viability, particularly at
higher E:T ratios and longer co-culture times (Fig. 4b). In contrast, RD-ES spheroids did not show a significant
killing advantage of GD2 CAR T over GFP T cells across the tested conditions (Fig. 4c). At the highest 5:1 E:T ratio,
both GD2 CAR T and GFP T cells induced a comparable reduction in spheroid viability, consistent with an
alloreactive effect.

To further characterize GD2 CAR T cell activation within the 3D model, cytokine release was evaluated after 72 h
of co-culture at the 2:1 E:T ratio (Fig. 4d). In agreement with both imaging and viability data, GD2 CAR T cells co-
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cultured with TC71 and A673 spheroids released significantly higher levels of Granzyme B, perforin, IFNy, and
TNFa compared to GFP T controls, with TC71 spheroids inducing the strongest cytokine response overall. Con-
versely, RD-ES spheroids elicited minimal cytokine production, further supporting the dependence of CAR T
activation and cytotoxic activity on GD2 antigen density.

Collectively, these findings demonstrate that GD2 CAR T cells retain potent and antigen-dependent anti-tumor
activity even in complex 3D ES models, supporting their further evaluation in vivo.

GD2 CAR T cells exert anti-tumor activity in an ES in vivo model

The anti-tumor effect of adoptively transferred GD2 CAR T cells against ES was evaluated in a subcutaneous in vivo
model using the highly GD2-positive TC71 cell line (Fig. 5a). Mice were randomized into three groups, control
(CTR), GFP T, and GD2 CAR T, which were treated with PBS, GFP T cells, and GD2 CAR T cells, respectively.
Upon detection of palpable tumors, mice were treated with four peri/intra-tumoral doses of their assigned treatment
(PBS, GFP T cells, or GD2 CAR T cells) over a period of two weeks. Comparing groups by tumor bioluminescence
at the day 20 endpoint, a superior anti-tumor effect in the GD2 CAR T group was observed, with 5 out of 8 mice
showing no detectable tumor, 1 where tumor growth was controlled and only 2 outliers where mice had escaped
treatment (Fig. 5b). By day 20 after CAR T cell injection, the tumor-related bioluminescence signal significantly
dropped in the GD2 CAR T group (percentage change per day —15.7%, 95% CI. —22.9% to —7.7%, p-value < 0.001,
Fig. 5c). Bioluminescence decreased an average of 15.7% per day. For the CTR and GFP T groups, on average, the
bioluminescence increased by 39.1% (95% CI: 24.6% to 53.7%, p-value < 0.001) per day compared to the GD2 CAR
T group. Overall, with increasing time, the average volume in the GD2 CAR T group did not change significantly
(percentage change per day +3.0%, 95% CI: —1.0% to +7.3%, p-value = 0.110). Conversely, in the CTR group, the
volume increases by 18.5% (95% CI: 12.7-23.4%, p-value < 0.001) more per additional day compared to the GD2
CAR T group. Finally, in the GFP T group, the volume increases by an average of 11.6% (95% CI: 6.2-16.2%, p-
value < 0.001) more per additional day compared to the GD2 CAR T group (Fig. 5d). The GFP T group exhibited a
growth in tumor volume lower than that of the CTR condition: in the CTR, the volume increases on average by 5.8%
(95% CI: 2.0-10.5%, p-value = 0.007) more per day, compared to what is observed in the GFP T group.

GD2 expression was confirmed by IHC on tumor masses collected at the experimental endpoint (Fig. Se), as well
as on tumor cells after tumor dissociation or short-term culture (not shown). High GD2 expression was maintained
across all treatment groups, including tumors from outlier mice that escaped GD2 CAR T cell treatment, with no
significant differences among groups, arguing against tumor antigen loss as a mechanism of resistance in our model.

GFP immunostaining further demonstrated the presence of T cells, including GD2 CAR T cells, within and
surrounding tumor masses, as well as in the spleens (Fig. 5e). Notably, GD2 CAR T cells were also detected in
tumors that escaped CAR T cell treatment, indicating that tumor progression occurred despite CAR T cell infiltration
and persistence within the tumor microenvironment. Collectively, these findings suggest that resistance in escaping
tumors is unlikely to be driven by antigen loss or defective CAR T-cell trafficking, but rather by functional resistance
mechanisms.

Discussion

While CAR T cell therapy has shown remarkable efficacy in treating hematological malignancies, its application to
solid tumors remains in the early stages of development with limited efficacy [6]. This study contributes to assessing
innovative therapeutic strategies in treating ES, a rare tumor that continues to have a poor prognosis, especially in its
metastatic and recurrent forms [3]. Emerging immunotherapies, such as adoptive CAR T cell therapy, hold promise
for opening new research avenues by addressing the scarcity of tumor-specific T cell clones and activating the TME
[25, 26]. The ganglioside GD2 remains an attractive target in ES, especially considering safety data from recently
completed and ongoing early-phase clinical trials on GD2-expressing neuroblastoma and midline gliomas [14, 27].
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These trials underscore the significance of GD2 as a clinically relevant tumor-associated antigen, suggesting its
potential value in the treatment of ES. ES is susceptible to targeted therapies due to its dependence on specific fusion
proteins, primarily the EWS-FLI1 protein, resulting from t(11:22) translocations. However, the translation of inhi-
bitory compounds or oligonucleotides into clinical settings has been hindered by toxicity or low bioavailability,
thereby demanding the exploration of novel therapeutic strategies [28]. Immunologically, ES is characterized as a
cold tumor with minimal immune or inflammatory cell infiltration, due to immune escape, immune privilege, or
immune suppression by the TME [25]. GD2-directed CAR-modified T and NK cells were shown to effectively kill
GD2-expressing ES tumor cells in 2D and 3D models and demonstrated substantial anti-tumor efficacy in a localized
xenograft model of ES in immunodeficient mice [17-19]. Nevertheless, the effectiveness of GD2 CAR T cells as a
monotherapy in ES, especially in metastatic or recurrent forms, remains limited [13].

Importantly, our study does not simply confirm the feasibility of targeting GD2 in ES, which has been previously
reported [17-19], but further extends the characterization of GD2 CAR T cell activity using a distinct second-
generation GD2.BBz CAR construct incorporating a proprietary anti-GD2 scFv (clone 126), different from the
commonly used 14G2a-derived CARs previously investigated in ES models [17, 18, 20]. Our work systematically
evaluates CAR T cell activity across tumor models displaying distinct levels of GD2 expression, including ES cell
lines with high, low, and very low GD2 expression, allowing a direct assessment of the relationship between antigen
density and CAR T cell efficacy.

In our 2D co-cultures, we confirmed the cytotoxic activity of our GD2 CAR T cell product against the GD2"eh
TC71 cells, as well as the GD2'°" A673 line. By fluorescent microscopy, quantification of tumor cell killing and
cytokine release, we observed a superior anti-tumor response of GD2 CAR T cells compared to GFP T cells,
confirming specific activation of lymphocytes after CAR-mediated antigen engagement, coupled with a significant
release of anti-cancer cytotoxic molecules, as we previously demonstrated in GBM [22]. No clear effects resulted
from the co-culture of GD2 CAR T cells and GFP T cells with the GD2"*™ °" RD-ES cell line, further indicating the
selective targeting of GD2-expressing tumor cells by GD2 CAR T cells.

Moving to 3D tumor spheroid models which better emphasize the challenge of targeting a solid tumor [24], GD2
CAR T cells significantly disrupted the TC71 highly GD2-positive spheroid structure and reduced tumor viability,
even at a low E:T ratio. GD2 CAR T cells exhibited anti-tumor activity even against the GD2'° A673 spheroids. The
GD2 CAR-mediated effect was particularly pronounced at the highest E:T ratio, where GD2 CAR T cells completely
eradicated the TC71 and A673 tumor spheroids, respectively.

Importantly, cytokine release analyses performed in both 2D and 3D models showed highly consistent activation
profiles, further supporting the antigen-dependent functional activity of GD2 CAR T cells. Increased secretion of
Granzyme B, perforin, IFNy, and TNFa closely mirrored the degree of GD2 expression and tumor cell killing, with
TC71 models eliciting the strongest effector response, followed by the intermediate GD2'°% A673 cells, while the
GD2"Y ¥ RD-ES model induced only minimal cytokine production. The preservation of this functional activation
profile in 3D spheroids further supports the ability of GD2 CAR T cells to remain active in more complex tumor
settings, that better recapitulate solid tumor architecture.

Further confirmation was obtained in a localized ES in vivo model, where complete regression in most treated mice
was observed following treatment with GD2 CAR T cells. These results align with a previous report [17], although
higher doses of CAR T cells were employed in those investigations and a complete regression was apparently not
obtained. In contrast, mice in the GFP T cell and in the CTR groups showed a steady increase in the tumor mass
instead. This relevant therapeutic benefit underscores the potential of GD2 CAR T cell therapy as a viable approach
for the management of ES. While our approach has a limit in a local intra-tumoral injection, it is in line with emerging
neoadjuvant local strategies applied before local definitive therapy, aiming to reduce tumor size and improve
resectability [29]. Considering the aggressiveness of ES even a local approach may be meaningful also accounting
that our research, extended to evaluating the biodistribution of GD2 CAR T cells post-administration, revealed their
presence within the tumor site, and within a key immunological niche such as the spleen, indicating that a local
injection of CAR T could potentially trigger a broader immunological response, as reported for other settings [30].

Advancing this approach towards a clinical trial in ES will benefit from further study in metastatic and recurrent
models. Previously, strategies employing CAR-modified T or NK cells as a monotherapy have not always succeeded
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in controlling ES models [18, 31, 32]. Ultimately, GD2 CAR T cells in ES may involve synergistic strategies with
other chemotherapeutic and/or immunotherapeutic agents to boost CAR T cell efficacy. Combining GD2 CAR T cell
therapy with an HGF receptor-neutralizing antibody has shown synergistic inhibition of tumor growth in orthotopic
and metastatic disease models, where the antibody contributes to reducing tumor burden creating a more favorable
microenvironment for adoptive cell therapy [31]. This underscores the significance of investigating synergistic or
additive combination approaches with CAR T cell immunotherapy in the context of metastatic and recurrent ES,
which still carries a dismal prognosis. In conclusion, this study validates the efficacy of GD2 CAR T cells in the
treatment of ES, offering the potential to improve outcomes, at least for patients with localized disease.

Methods

Tumor cell culture maintenance and transduction

The human ES cell lines TC71 (RRID: CVCL_2213, DSMZ, Germany) and A673 (kind gift from Dr. Nicola Baldini,
Rizzoli Orthopaedic Institute, Italy) were cultivated in Iscove’s modified Dulbecco’s medium (IMDM, Euroclone,
Italy). RD-ES cell line (RRID: CVCL_2169, ATCC, LGC Standards S.r.l., Italy) was maintained in RPMI 1640
(Gibco, Thermo Fisher Scientific, USA). Media were supplemented with 10% FBS (Carlo Erba Reagents Srl, Italy),
1% L-glutamine (200 mM; BioWhittaker, Lonza, Belgium), and 1% penicillin-streptomycin (10* UI/ml penicillin and
10 mg streptomycin/ml; Carlo Erba Reagents Srl). The TC71 and A673 ES lines were engineered to express a firefly
luciferase transgene using the RediFect™ Red-FLuc-Puromycin Lentiviral Particles (PerkinElmer, USA) and Firefly
Luciferase Lentifect™ Purified Lentiviral Particles (GeneCopoeia, USA), respectively, according to the manu-
facturer’s instructions. Photon emissions from the obtained luciferase-expressing TC71 (TC71 Luc) or A673 (A673
Luc) cells were measured using the IVIS Lumina XRMS (IVIS Lumina XRMS In Vivo Imaging System, Perki-
nElmer) with Living Image software (version 4.3.1, PerkinElmer), which was used to estimate the level of photon
emission per cell. The TC71 and A673 ES lines were transduced by viral particles encoding for DsRed, as published
[5]. The RD-ES cell line was engineered to stably express firefly luciferase and mScarlet using a third-generation
lentiviral system. Briefly, the firefly luciferase and mScarlet transgenes were cloned into a pCCL-PGK-WPRE-based
lentiviral backbone, to generate the bicistronic construct pCCL-PGK-Fluc-P2A-mScarlet-WPRE. The resulting
transfer vector was transiently transfected into HEK293T packaging cells, together with the packaging plasmids,
using GenelJuice (Sigma-Aldrich; #70967) transfection reagent. Conditioned medium containing lentiviral particles
was collected 48 h post-transfection, filtered, snap-frozen, and subsequently used to transduce RD-ES cells seeded in
12-well plates (Corning, Kennebunk, ME, USA) with the addition of 6 ug/mL Polybrene. Transduction efficiency,
measured by flow cytometry as the percentage of mScarlet-positive cells, remained above 99.9%, and therefore
neither cell selection nor sorting was performed. ES cell lines were tested routinely for the absence of mycoplasma
(MycoAlert Mycoplasma Detection Kit and MycoAlert Control Set, Lonza, Switzerland). The authentication of
TC71, A673, and RD-ES cell lines was performed by the Leibniz Institute DSMZ - German Collection of Micro-
organisms and Cell Cultures GmbH.

CAR T cell manufacturing

CAR T cells were generated from peripheral blood mononuclear cells (PBMCs) isolated from anonymized buffy
coats obtained from healthy blood donors (n = 3), as detailed in the Ethics statement. PBMCs were separated by a
density gradient (Lymphoprep, Alere Technologies AS, Norway) and then resuspended in RPMI 1640 (Gibco) with
1% FBS, 1% glutamine and 1% penicillin-streptomycin. Non-adherent cells were pre-stimulated for 48 h in 7 pg/mL
phytohemagglutinin (PHA-M, Sigma-Aldrich; #.8902) at a concentration of 1 x 10° cells/mL in a culture medium
consisting of RPMI 1640 supplemented with 10% heat-inactivated defined FBS (Carlo Erba Reagents Srtl, Italy), 500
UIl/mL recombinant human Interleukin-2 (rhIL-2, Proleukin, Clinigen Healthcare Ltd, UK;). Isolated T lymphocytes
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were transduced using a retroviral vector bearing second-generation anti-GD2 CAR (GD2 CAR; GD2.4-1BB.z)
[20-22] and a Green Fluorescent Protein (GFP) control retroviral vector.

Flow cytometry

The expression of GD2 antigen on isolated tumor cells was assessed by flow cytometry. Primary unconjugated mouse
anti-human GD2 (BD, Franklin Lakes NJ, USA; #554272, 1:20) and a secondary APC-conjugated goat anti-mouse Ig
(APC Goat Anti-Mouse Ig polyclonal multiple adsorptions; BD; #550826, 1:20) were used for GD2 surface
detection. Cells were also stained with the following antibodies for quantification of T cell subsets and memory
phenotypes: iTCR/TCR y/6 (APC, Biolegend, #331212), CD56 (PE, BD, #345812), CD3 (PerCP, BD, #345766 or
FITC, BD, #349201), CD4 (PE, Biolegend, #345769), CD8 (PE-Cy7, Biolegend, #344750), CD45RA (APC, Bio-
legend, #304112), CCR7 (PerCP, Biolegend, #353219). Dilution of all the antibodies was 1:100. The transduction
efficiency of GD2 CAR T and GFP T cells was determined by the percentage of GFP-positive cells. Data were
collected by BD FACSAria III (BD) and BD FACSymphony Al (BD) and analyzed using BD FACSDiva software
(BD) and FlowJo ver. 10.8.2 software (BD).

Cytotoxicity assays in 2D

GD2 CAR T cells or GFP T cells were used as effectors (E) and human ES cell lines as targets (T). In vitro 2D co-
cultures were established in 96-well plates (Corning, Kennebunk, ME, USA) at the effector-to-target (E:T) ratios of
1:1, 2:1, and 5:1. TC71 and A673 cells were seeded at a density of 7000 cells/well, while RD-ES cells were seeded at
10,000 cells/well. After 24 h, effectors were added at the indicated E:T ratios. For imaging purposes, lymphocytes
were stained with calcein AM (0.175 uM; Thermo Fisher) before co-culture, and co-cultures were monitored over
72 hours using APEXVIEW APX100 Benchtop Fluorescence Microscope (Evident Scientific). The tumor biolu-
minescent signal after luciferin (150 ug/mL; XenoLight D-Luciferin-K™ Salt; PerkinElmer) administration was
quantified using the GloMax® Discover plate reader (Promega, Madison, WI, USA) as a measure of tumor cell
viability at 24, 48, and 72 h. Cultures containing the medium alone or 1% Triton X-100 were used as controls,
representing 100% and 0% cell viability, respectively. Average viability was calculated as 100 x (experimental
bioluminescence — 0%  viability = bioluminescence)/(100%  viability =~ bioluminescence — 0%  viability
bioluminescence).

Automated single-cell killing assay

Single-cell killing assay was performed using the VivaCyte® platform (Cellply Srl, Bologna, Italy) with CC-Array®
microfluidic devices (14 independent microchannels, 320 open-microwells/microchannel; 150 um diameter per well).
To support target cell adhesion, lower microchannels were pre-filled with 10:1 PDMS and polymerized in-situ. The
resulting interface was functionalized with 15 pg/mL Fibronectin (Sigma-Aldrich; #F4759).

TC71 or A673 cells were stained with 7 uM CellTracker Blue CMAC (ThermoFisher; #C2110) and automatically
seeded in the VivaCyte platform. After 24 h, GFP T or GD2 CAR T cells were stained with 175 nM Calcein-AM
(ThermoFisher) and loaded into VivaCyte to establish co-cultures at the preferred effector-to-target ratio of 1:10. A
solution of complete medium and propidium iodide (PI, visible in the TRITC band of VivaCyte; ThermoFisher;
#P3566) was introduced in the CC-Array without cell displacement. The device was then maintained at 37 °C, 5%
CO,, and >90% humidity in the VivaCyte platform, with time-lapsed fluorescence imaging performed at 0, 4, 8, 12,
and 24 h.

Images were analyzed via VivaCyte software using a deep learning model for effector cells detection. Single-
effector analysis was performed by identifying microwells containing exactly one effector cell at 0 h; the mean PI
signal intensity was then tracked over time to quantify the target cell death.
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Cytotoxicity assays in 3D spheroid model

In vitro 3D cultures involved the formation of tumor spheroids. TC71, A673, and RD-ES spheroids were obtained by
seeding 20,000 cells/well in a 96-well plate (Sphera Low-Attachment Surface, ThermoFisher). After 24 hours, ES
spheroids were co-cultured with transduced lymphocytes at E:T ratios of 1:1, 2:1, and 5:1 over 3 days. For optical
evaluation, lymphocytes were stained with calcein AM (0.175 pM; ThermoFisher) before co-culture. Co-cultures
were monitored by APEXVIEW APX100 Benchtop Fluorescence Microscope over 72 h. The tumor bioluminescence
was quantified using the GloMax® Discover plate reader (Promega) as a measure of tumor cell viability in the
spheroid. Cultures containing only the medium, either stimulated with luciferin or not, were used as controls,
representing 100% and 0% cell viability, respectively. Average viability was calculated as 100 x (experimental
bioluminescence — 0%  viability =~ bioluminescence)/(100%  viability =~ bioluminescence — 0%  viability
bioluminescence).

ELISA

Supernatants were collected after 72h of co-culture (E:T ratio 2:1) and cytokines (Granzyme B, perforin, IFNy,
TNFa) were quantified by the automated ELISA platform “Simple Plex ELLA” (ProteinSimple, Bio-Techne, Min-
neapolis, MN, USA). Instrument calibration was performed using the in-cartridge factory standard curve, and
supernatant samples were diluted 1:2 in Sample Diluent (ProteinSimple).

In vivo studies

Animal experiments were pursued following approval by the National Ministry of Health and by the local Institu-
tional Animal Care and Use Committee (Prot. N.22/2020-PR year). A total of 22 female and male 8—10-week-old
NSG mice were obtained from Charles River (Charles River Laboratories Italia Srl, Lecco, Italy) and housed under a
12-h light, 12-h dark cycle with no restrictions on food and water. Sample size was estimated using tumor volume as
the primary outcome measure and the software G*Power version 3.1.9.2 (Heinrich-Heine-University, Diisseldorf,
Germany). No criteria were established for the inclusion or exclusion of animals in the study, and all animals were
included in the subsequent analysis. Mice were fed a Teklad global purified rodent diet (2016) (Envigo, Indianapolis,
Indiana, USA) to minimize potential signal interference during imaging analyses. Mycoplasma contamination was
verified in supernatants of inoculated cells prior to in vivo use with a MycoALert Mycoplasma Detection Kit (Lonza
Verviers, Belgium). 2.5 x 10° of TC71 Luc cells suspended into a mixture of 40 uL PBS and 40 uL Corning®Ma-
trigel® (Merck Millipore, CLS354234-1EA) were injected subcutaneously at day —4. Four days after tumor cell
inoculation, the animals were allocated to treatment groups using stratified randomization based on tumor volume and
bioluminescence, ensuring balanced baseline average values and standard deviations for each parameter across
groups. Group allocation was not performed in a blinded fashion. Treatment groups were three: the control group
(CTR, n = 6) received 80 uL. PBS; the GFP T cell group (GFP T, n = 8), and the GD2 CAR T cell group (GD2 CAR
T, n = 8) received multiple (n =4) intra/peri-tumoral injections consisting of 1.25 millions of GFP T cells and GD2
CAR T cells, respectively, at the first injection hit, followed by 2.0 millions for the subsequent three injections. To
minimize potential confounders, animals were housed in separate cages according to their treatment groups after
randomization. During data collection, cages were selected sequentially to analyze one group at a time. Animal
health, weight and tumor volume were measured weekly. Animals were recurrently imaged using the IVIS Lumina
XRMS (PerkinElmer) to detect the bioluminescent signal from TC71 Luc cells. For bioluminescence detection,
12 min after the subcutaneous injection of 150 mg/kg luciferin solution, the animals were anaesthetized with iso-
flurane (Merial, Lione, France) and imaged. Regions of interest were manually drawn around the tumor, and the total
photon flux [p/s] emitted from tumor cells was quantified using Living Image software (PerkinElmer). A few tumor
samples were dissociated to assess GD2 expression on tumor cells by flow cytometry, either immediately after
dissociation or following one week of in vitro culture. Data were not analyzed in a blinded fashion.
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Histology

For detection of GD2 expression, tumor samples were fixed in 4% PFA and washed with PBS before incubation with
30% sucrose PBS solution at 4 °C overnight, or until the tissue sank. Samples were then frozen on dry ice and stored
at —80 °C until use. For cryo-sectioning, samples were placed in pre-labeled base plastic molds partially filled with
frozen tissue matrix (OCT), completely covered with OCT compound, and allowed to solidify at —20 °C. Immu-
nohistochemistry was performed on 8 um-thick frozen sections blocked with 3% BSA (Bovine Serum Albumin) in
PBS for 30 min at room temperature, followed by overnight incubation at +4 °C with a 1:100 dilution of mouse anti-
GD2 primary antibody (BD, #554272) in 1% BSA in PBS. After rinsing, slides were incubated for 1h at room
temperature with an anti-mouse HRP-labeled secondary antibody (ThermoFisher, #31430) diluted 1:100. HRP
activity was revealed using a 3.3 O-diaminobenzidine (DAB)-based kit (Sigma Aldrich, #D3939-1). For detection of
GFP-expressing T cells, tumors were formalin-fixed, paraffin-embedded, and sectioned at 5 um thickness. Sections
were retrieved in citrate buffer (Sigma-Aldrich; #P2308) for 5 min at room temperature and incubated overnight at
4 °C with a primary rabbit anti-GFP antibody (Abcam, #AB290) at a dilution of 1:6000. Slides were then incubated
for 1 hour at room temperature with a biotinylated goat anti-rabbit IgG (H + L) antibody at a dilution of 1:200 (Vector
Laboratories, Burlingame, CA; #BA1000-1.5). Negative controls were processed concurrently by omitting the pri-
mary antibody and incubating with buffer only. Staining was developed using a DAB-based kit (Vector Laboratories;
#SK-4100). All slides were counterstained with Harris hematoxylin (Bio Optica, Milan, Italy). All tumors were also
evaluated by haematoxylin (Bio Optica, Milan, Italy) and eosin (Sigma-Aldrich) staining (H&E). Sections were
examined by Zeiss Axioskop (Zeiss, Oberkochen, Germany) and by Nikon Eclipse Ci-L (Nikon Corporation, Tokyo,
Japan). Photomicrographs were acquired by an AxioCam ICc3 color camera and AxioVision software (Zeiss).

Ethics

PBMCs were isolated from anonymized buffy coats obtained from healthy blood donors. Written informed consent
for study participation, including the secondary use of anonymized residual samples for research purposes, was
obtained from all donors by the providing institution. The use of these human-derived samples was approved by the
Ethical and Institutional Review Board of the University Hospital of Modena (#318/2024_TESS CAR-T). All
methods involving human-derived samples were performed in accordance with the relevant institutional guidelines
and regulations and with the Declaration of Helsinki. All animal studies were conducted in accordance with the
applicable institutional and national guidelines and under protocols approved by the Local Ethical Committee on
Animal Experimentation and the Italian Ministry of Health (authorization no. 22/2020-PR).

Statistics

In vitro bioluminescence viability data were analyzed as repeated measures on the same samples, coming from three
different donors. For each E:T ratio, linear mixed-effects models were fitted to evaluate the effects of treatment group
(GFP T vs GD2 CAR T), time, and their interaction on the outcome variable (viability). Treatment group, time, and
the interaction between group and time were included as fixed effects, whereas random intercepts were included for
both sample and donors ID to account for within sample and repeated measure correlations. Models were fitted using
restricted maximum likelihood (REML). Type III analysis of variance was performed on each mixed model using the
Wald chi-square test to assess the significance of fixed effects and interactions. The obtained results were reported in
terms of regression coefficients (mean differences, MD), with 95% Wald confidence intervals and p-values. The
significance level alpha was set at 0.05. All analyses were carried out using R version 4.3.2 statistical software (The R
Foundation for Statistical Computing).

For pairwise comparisons of cytokine release analyses, Wilcoxon—-Mann—Whitney test was used. If the assump-
tions for parametric tests were met, the T-test was employed. P-values were adjusted using the Holm-Siddk method
to account for multiple arms comparisons. For murine longitudinal analyses, a mixed-effects model with a Gamma
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distribution and a logarithmic link function was estimated to deal with the non-linear association between outcomes
and time. The model includes independent variables arm, time, and their interaction as fixed effects, while subject-
specific intercept and slope terms were included as random effects. Adjusted p-values were considered significant
when below the alpha level of 0.05. Statistical analyses were carried out using R Statistical software (The R
Foundation for Statistical Computing) version 4.2.2 and GraphPad Prism Version 9.5.0 (525) for macOS. Graphs
were created by GraphPad Prism Version 9.5.0 (525) for macOS and Adobe Illustrator 2023, all under a paid license.

Materials availability Materials used in this study are commercially available. Study-specific primary cell material can be
provided upon availability and written request to the corresponding authors and signed material transfer agreement. Data can be
made available upon request to the corresponding authors.

Supplementary information The online version contains supplementary material available at https://doi.org/10.1038/s41419-
026-09268-x.
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