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Abstract 

Sarcomas are rare, mesenchymal tumors, representing about 10–15% of all childhood cancers. GD2 is a suitable target 
for chimeric antigen receptor (CAR) T-cell therapy due to its overexpression in several solid tumors. In this preclinical 
study, we investigated the potential use of iCasp9.2A.GD2.CAR-CD28.4–1BBζ (CAR.GD2) T-cells as a treatment option 
for patients who have GD2-positive sarcomas and we sought to identify factors shaping hostile tumor microenvi-
ronment in this setting. GD2 expression was evaluated by flow-cytometry on primary tumor biopsies of pediatric 
sarcoma patients. GD2 expression in sarcoma cells was also evaluated in response to an enhancer of zeste homolog 
2 (EZH2) inhibitor (Tazemetostat). The antitumor activity of CAR.GD2 T-cells was evaluated both in vitro and in vivo 
preclinical models of orthotopic and/or metastatic soft-tissue and bone sarcomas. GD2 expression was detected 
in 55% of the primary tumors. Notably, the Osteosarcoma and Alveolar Rhabdomyosarcomas subtypes exhibited 
the highest GD2 expression levels, while Ewing sarcoma showed the lowest. CAR.GD2 T-cells show a significant tumor 
control both in vitro and in vivo models of GD2-expressing tumors. Pretreatment with an EZH2 inhibitor (Tazemeto-
stat) upregulating GD2 expression, sensitizes GD2dim sarcoma cells to CAR.GD2 T-cells cytotoxic activity. Moreover, 
in mouse models of disseminated Rhabdomyosarcomas and orthotopic Osteosarcoma, CAR.GD2 T-cells showed 
both a vigorous anti-tumor activity and long-term persistence as compared to un-transduced T-cells. The presence 
of immunosuppressive murine myeloid-derived suppressor (MDSC) cells significantly reduces long-term anti-tumour 
activity of infused CAR.GD2 T-cells. Tumor-derived G-CSF was found to be one of the key factors driving expansion 
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of immunosuppressive murine and human MDSC, thus indirectly limiting the efficacy of CAR.GD2 T-cells. Our pre-
clinical data strongly suggest that CAR.GD2 T-cells hold promise as a potential therapeutic option for the treatment 
of patients with GD2-positive sarcomas. Strategies to tackle hostile immunosuppressive MDSC are desirable to opti-
mize CAR.GD2 T-cell activity.

Keywords  GD2, Chimeric antigen receptor (CAR), Sarcoma, ICasp9.2A.GD2.CAR-CD28.4–1BBζ, CAR.GD2 T-cells, EZH2 
inhibitor, Myeloid-derived suppressor cells, CXCL8, G-CSF

Introduction
Sarcomas are rare mesenchymal neoplasia that include a 
variety of bone and soft-tissue tumors, affecting all ages; 
they are relatively more common in pediatric patients, 
accounting for 10–15% of childhood cancers [1].

In children and adolescents, the most common sarco-
mas include Osteosarcoma (OS), Rhabdomyosarcoma 
(RMS), Ewing’s sarcoma (EWS) and the rare desmoplas-
tic small round cell tumors (DSRCT), while leiomyo-
sarcomas and liposarcomas, typically present in older 
patients [2]. Despite their rarity, sarcomas represent 
a significant cause of childhood mortality, accounting 
for approximately 13% of cancer-related deaths in indi-
viduals aged 0–19 years [3]. Furthermore, despite many 
efforts to identify targeted therapies, such as the uti-
lization of tyrosine kinase inhibitors in the treatment 
of patients with soft-tissue and bone sarcomas, or the 
administration of intensive chemotherapy and/or radia-
tion, followed by surgical intervention, clinical outcomes 
have not shown significant improvement over the last 
years for these patients. Thus, there is an urgent, unmet 
need to develop and validate novel treatment strategies 
to improve sarcoma patient outcomes [4].

Chimeric antigen receptor (CAR) T-cell immunother-
apy stands out as one of the most promising approach for 
tumor treatment. Nevertheless, the identification of suit-
able antigens to target tumor cells is a crucial and chal-
lenging step in the successful development of CAR T-cell 
therapy for sarcomas.

Numerous antigens have been evaluated as potential 
target for adoptive therapy with CAR T-cells in sarcoma 
models, including alkaline phosphatase (ALP) in OS 
preclinical model [5], fibroblast growth factor receptor 
4 (FGFR4) in RMS [6], and B7-H3 (CD276) in pediat-
ric sarcoma [7]. However, to date, only few clinical trials 
employing CAR T-cells has been reported for sarcoma 
patients, targeting specifically HER2 antigen [8, 9], epi-
dermal growth factor (EGFR), the cancer/testis antigen 
NY-ESO-1, B7-H3 antigen, glypican 3 (GPC3) [10] and, 
more recently, the disialoganglioside GD2 antigen [11].

Indeed, Kaczanowska et al. recently conducted a Phase 
I trial (NCT02107963) of GD2 CAR T-cells (GD2-CAR.
OX40.28.z.iC9), demonstrating the feasibility and safety 
of the approach in children and young adults with OS 

and neuroblastoma (NBL). Despite the difference in the 
CAR design as compared to our own construct tested in 
NBL [12, 13], the performed correlative studies clearly 
showed the relevance of cytokine and myeloid cell signal-
ing in influencing patient’s response to CAR.GD2 T-cells 
and highly correlating with the transient clinical response 
observed [11].

GD2 is a tumor-associated carbohydrate antigen, 
reported to be overexpressed in several solid tumors, 
including NBL [14], melanoma [15], diffuse midline glio-
mas [16, 17], medulloblastoma [18], small cell lung cancer 
(SCLC) [19], breast cancer [20], retinoblastoma [21] and 
DSRCT [22], OS, EWS [23] and RMS [24]. The β−1,4-N-
Acetyl-Galactosaminyltransferase 1 (B4GALNT1) gene 
encodes a key enzyme (GD2-synthase enzyme) that cat-
alyzes the transfer of N-acetylgalactosamine into GM3 
and GD3 via a beta-1,4 bond, resulting in the synthesis 
of GM2 and GD2 gangliosides. High B4GALNT1 expres-
sion is often associated to tumorigenesis and both the 
prognosis of multiple types of tumors [25] and the over-
expression of the GD2 in tumor cells is linked to high 
expression of GD2-synthase enzyme [26].

GD2 is normally expressed during fetal development 
and is highly restricted to the central nervous system in 
healthy adults, with low levels of expression on periph-
eral nerves and skin melanocytes [27].

Recently, we carried out an academic phase I/II clini-
cal trial using our academic, third-generation iCasp9.2A.
GD2.CAR-CD28.4–1BBζ T-cells (hereafter CAR.GD2 
T-cells), incorporating CD28 and 4-1BB as costimula-
tory domains and the suicide gene inducible caspase-9, as 
safety switch [12], to treat patients with relapsed/refrac-
tory and/or high-risk NBL (ClinicalTrials.gov Identifier: 
NCT03373097). A total of 27 children with heavily pre-
treated NBL were enrolled in the trial, seventeen children 
had a response to the treatment (overall response rate, 
63%) [13]. Based on these outstanding results, we investi-
gated if we could translate our therapeutic approach also 
to GD2 positive (GD2 +) sarcoma patients and, thus, we 
focused our preclinical investigations to test the efficacy 
of CAR.GD2 T-cells, in the context of sarcoma tumours. 
We found that CAR.GD2 T-cells demonstrated signifi-
cant cytotoxic activity against GD2-positive sarcoma cell 
lines, this effect being closely correlated to the level of 
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target antigen expression. In this context, the inhibition 
of Enhancer of zeste homolog 2 (EZH2) with Tazemeto-
stat has been demonstrated to restore the expression of 
sialyltransferase GD3 synthase (GD3S; ST8SIA1), thereby 
potentially re-establishing GD2 expression in several can-
cers, including EWS [28], SCLC and non-SCLC (NSCLC) 
[29], NBL [30] and medulloblastoma [18]. Based on these 
findings, we aimed to investigate whether EZH2 inhibi-
tion could also effectively upregulate GD2 expression in 
RMS and OS cells, addressing the challenge of low GD2 
expression in these malignancies. Lastly, we have also 
observed that tumor microenvironment (TME) is sig-
nificantly shaped by soluble factors produced by sarcoma 
cells.

Tumor-derived CXCL8 was reported to be a potent 
chemotactic factor for neutrophils, myeloid-derived sup-
pressor cells (MDSCs) and monocytes, which are consid-
ered immunosuppressive components in the TME [31].

In addition to these cell types, regulatory T-cells 
(Tregs) and tumor-associated macrophages (TAMs) 
also play significant roles in fostering an environment 
that impairs anti-tumor immunity. Collectively, these 
cells form a complex network that not only supports 
tumor growth and facilitates immune evasion, but may 
also negatively impact the therapeutic efficacy of CAR.
GD2 T-cells. Addressing the interactions among cancer 
and these immunosuppressive components is essential 
for enhancing the effectiveness of immunotherapeutic 
strategies.

In the context of OS, CXCL8 and IL-6 mediate meta-
static tropism of tumor cells to lung [31–33]. Granu-
locyte colony-stimulating factor (G-CSF) is a cytokine 
involved in maturation and mobilization of bone marrow 
neutrophils [34]. It has been reported to be a critical reg-
ulator of migration, proliferation and function of MDSCs 
in colitis-associated cancer [35]. Additionally, it fosters 
the long-term survival of tumor stem cells and contrib-
utes to the overall proliferation and migration of tumor 
cells [36].

In this work, we initially wondered if knockout of the 
CXCL8 gene in OS cell line could reduce murine immu-
nosuppressive TME. Our preclinical xenograft mouse 
model of OS seems to exclude the direct involvement 
of CXCL8 in favoring the expansion of murine MDSC. 
Unexpectedly, only G-CSF was found to be directly 
involved in murine MDSC expansion in OS xenograft 
model. Additionally, it induced a notable expansion of 
human MDSC in in vitro models.

Overall, these findings contribute to better understand-
ing the mechanisms underlying resistance to therapy and 
may help identify subgroups of sarcoma patients who 
are most likely to benefit from a therapeutic approach 
involving CAR.GD2 T-cells, considering the complexity 

of the tumor microenvironment and the challenges asso-
ciated with overcoming immune suppression, especially 
in certain types of sarcomas.

Results
B4GALNT1 expression negatively affects overall survival 
of pediatric sarcoma patients
We initially performed a bioinformatic analysis, using the 
Xena Genome Browser exploration tool and examined 
multiple public databases, including TGCA and GTEX 
dataset, to explore mRNA expression of B4GALNT1 in 
solid tumors. This analysis revealed a significant overex-
pression of B4GALNT1 in various solid tumors, includ-
ing bladder cancer, breast cancer, cholangiocarcinoma, 
colon adenocarcinoma, esophageal carcinoma, head & 
neck carcinoma, kidney clear cell carcinoma, liver hepa-
tocellular carcinoma, lung adenocarcinoma, lung squa-
mous carcinoma, NBL, paraganglioma and sarcoma, 
as compared to the healthy tissues (p ≤ 0.05) (Fig.  1A). 
Based on these preliminary results, we further evalu-
ated B4GALNT1 expression on Oncogenomic pediatric 
sarcoma dataset, TGCA and GTEX datasets, observing a 
significant GD2-synthase overexpression in OS patients’ 
group, compared to healthy tissues (Fig. 1B). A correla-
tion between high B4GALNT1 mRNA expression and 
reduced overall survival was found in OS (p = 0.0002) 
(Fig.  1C, left graph), RMS (p = 0.036) (Fig.  1C, mid-
dle graph) and EWS patients (p = 0.025) (Fig.  1C, right 
graph).

These findings underscore the potential role of 
B4GALNT1 as a prognostic biomarker in pediatric sar-
comas, highlighting its relevance in the context of tumor 
progression and patient survival.

GD2 antigen is expressed with high variability in primary 
sarcoma biopsies
To investigate whether pediatric sarcoma could be a 
suitable target for CAR.GD2 T-cell therapy, we prospec-
tively assessed GD2 expression on fresh tumor biopsies 
obtained from 64 sarcoma patients who were referred 
to our Institution. The flow-cytometry analysis con-
ducted on the tumor tissues revealed positive expres-
sion of GD2 in 54.7% (35 out of 64) of the analyzed 
samples (Fig.  1D). When we stratified sarcoma samples 
according to their histotype, we found GD2 positiv-
ity in the following proportions: 54.5% (12/22) of OS 
patients; 85.7% (6/7) of alveolar RMS (ARMS) patients; 
57.1% (8/14) of embryonal RMS (ERMS) patients, 33.3% 
(6/18) of EWS patients and 100% (3/3) of the DSRCT 
subgroup. The percentage of CD45 negative GD2 posi-
tive (CD45negGD2 +) cells ranged from 1.4 to 92.3% in 
OS samples (average 17.2% ± 25.6%), from 1 to 70% in 
ARMS samples (average 28.8% ± 23.5%) and from 2 to 
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99% in DSRCT (average 64.87% ± 49.07%). A lower per-
centage of CD45negGD2 + cells was detected in ERMS 
(average 2.3% ± 1.1%, range from 1.0 to 3.42%) and EWS 
sarcomas (average 15.0% ± 31.4%, range from 1 to 79%). 
As negative controls, we assessed the expression of GD2 
on peripheral blood mononuclear cells (PBMC) from 
both sarcoma patients and/or healthy donors (GD2: 
0.13% ± 0.28%). The gating strategy employed to identify 
GD2-positive cells in sarcoma patient biopsies is detailed 
in Supplemental Fig.  1A. Additionally, a representative 
FACS plot for both the bone and soft tissue sarcoma sub-
groups is presented in Supplemental Fig. 1B. The median 
fluorescence intensity (MFI) for GD2 expression was 
higher on tissue biopsies of OS (6,425 ± 9,810) and ARMS 
(17,785 ± 16,100), DSRCT (17,264 ± 20,537) than on those 
of EWS (1,972 ± 1,334), ERMS (2,319 ± 2982), or PBMC 
samples (128 ± 252) (Fig. 1E).

Overall, our findings indicate that a significant pro-
portion of pediatric sarcomas express the GD2 anti-
gen, although expression levels are highly variable. This 
underscores the importance of characterizing patient 
biopsies to assess potential eligibility for targeted therapy 
with CAR.GD2 T-cells.

GD2 antigen expression in human sarcoma cell lines 
recapitulates the variability found in primary samples.
To select the most relevant cellular models for sarcoma in 
which to test the activity of CAR T-cells targeting GD2, 
the expression of this target antigen was also assessed on 
13 sarcoma cell lines, including MG-63, 143B, U-2OS, 
HOS and SAOS-2 (OS), RD and CT10 (ERMS), SCMC, 
RH4, RH41 and RH30 (ARMS), and A673 and SK-ES-1 
(EWS) cell lines (Fig. 2 and Supplemental Fig. 2).

Fig. 1  GD2-synthase (B4GALNT1) mRNA gene expression profile in solid tumours. A Box plot depicting B4GALNT1 expression across cancers 
and healthy tissues. Data of TGCA and GTEX datasets showed expression level of B4GALNT1 in both normal tissues (green) and tumor patients 
with solid tumours (red). B B4GALNT1 expression on paediatric sarcoma cancer (Oncogenomics dataset—probe 206435_at) compared to Healthy 
Tissue (HT) control. C Kaplan–Meier analysis for overall survival in OS (TARGET dataset), RMS (ITCC dataset) and for Ewing’s sarcoma (EWS) (Dirksen 
dataset) for B4GALNT1 mRNA expression. The percentage of GD2 positive cells D and GD2 MFI E on paediatric sarcoma tissues, evaluated by FACS 
analysis, compared to PBMC negative control. Two-way Anova was used as multi comparison test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p-value = 
< 0.0001
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Among them, three cell lines showed high GD2 
expression (i.e. a negligible, less than 3%, percentage of 
GD2 negative cells), such as MG-63, 143B, and U-2OS 
(Fig. 2A). In contrast, HOS (Fig. 2A), RD, CT10 (Fig. 2B), 
RH4, RH41, RH30 (Fig.  2C), A-673 and SK-ES-1 
(Fig. 2D), exhibited a significant proportion of GD2-neg-
ative cells.

These findings highlight that the cellular sarcoma mod-
els applied in our study are able to recapitulate the vari-
ability in GD2 expression observed in the clinical setting.

CAR.GD2 T‑cells eradicate GD2‑positive sarcoma tumor 
cells in vitro
We aimed at evaluating the preclinical efficacy of target-
ing sarcoma tumors using third-generation CAR.GD2 
T-cells, which incorporates the costimulatory domains 
of CD28 and 4.1BB and the suicide gene inducible 

caspase-9, as safety switch [12]. These gene-modified 
Tcells have been previously tested preclinically in NBL 
[12, 37, 38], H3K27M-mutated diffuse midline gliomas 
[17] and medulloblastoma [18] models. Additionally, 
CAR.GD2 T-cells have been already clinically validated 
in a phase I/II clinical trial for the treatment of patients 
with high-risk, relapsed/refractory NBL [13, 39].

In particular, in  vitro antitumor activity of GD2.CAR 
T-cells on sarcoma tumor models was assessed by per-
forming 5-day long-term co-culture assays, in a 1:1 
Effector: Target (E:T) ratio using all sarcoma cell lines 
independently from GD2 expression (Fig.  2). As antici-
pated, CAR.GD2 T-cells completely eradicated all cell 
lines with high GD2 expression (i.e. cell lines with a neg-
ligible percentage of GD2 negative cells), such as MG-63, 
143B, and U-2OS (Fig.  2A). In contrast, tumors with a 
significant proportion of GD2-negative cells, including 

Fig. 2  In vitro anti-tumor activity of CAR.GD2 T-cells correlates to GD2 expression on human sarcoma cell lines. (A, top panel) Expression of GD2 
in human osteosarcoma (OS) cell lines (143B, MG-63, U-2OS, HOS and SAOS-2); (B, top panel) in embryonal rhabdomyosarcoma (ERMS) cell lines 
(RD, CT10); (C, top panel) in ARMS cell lines (SCMC, RH4, RH41 and RH30); (D, top panel) in Ewing Sarcoma cell lines (SK-ES-1, A-673) as assessed 
by flow cytometry. The Isotype control was run for each tumor cell line (white). Five-day co-cultures were performed in 6 to 16 independent 
experiments, in which GFP + OS (A, bottom panel), ERMS (B, bottom panel) and ARMS (C, bottom panel), Ewing (D, bottom panel) cell lines were 
co-cultured with NT T or CAR.GD2 T-cells at the effector-target (E: T) ratio of 1:1. Paired t-Test was used as comparison test. *p < 0.05, **p < 0.01, 
****p-value = < 0.0001
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HOS (Fig. 2A), RH4, RH41 (Fig. 2C), A-673 and SK-ES-1 
(Fig.  2D), exhibited only marginal control by CAR.GD2 
T-cells. However, this tumor control was still statisti-
cally significant compared to the un-transduced (NT) 
T-cell condition. More in depth, in this last subgroup 
of sarcoma model, the residual tumor cells after the co-
culture with CAR.GD2 T-cells were either GD2-negative 
or exhibited significantly lower GD2 mean fluorescence 
intensity (MFI) compared to control conditions (Sup-
plemental Fig.  3A-D for RH4 model, and Supplemental 
Fig. 3E-H for HOS model). These finding highlight that, 
in cases of suboptimal GD2 expression, the use of tar-
geted CAR T-cell therapy could result in the emergence 
of a GD2-negative tumor cell population.

Regarding RD cells, we observed an intriguing find-
ing: despite a significant proportion of GD2-negative 
cells, this cell line was effectively controlled by CAR.
GD2 T-cells (Fig.  2B). This unexpected result prompted 
us to further investigate this phenomenon. Specifically, 
we aimed at evaluating whether GD2 expression could 
be influenced by cell confluency. To this end, we seeded 
the cells in a 24-well plate at increasing densities (ranging 
from 100,000 to 250,000 cells/cm2) and collected the pel-
let for FACS analysis after 72 h. As shown in Supplemen-
tal Fig. 4A, the fraction of GD2-positive cells significantly 
increased with cell density, rising from 37.5% ± 7.2% to 
75% ± 3.2% under the applied experimental conditions.

Lastly, we sought to determine whether pharmaco-
logical inhibition of EZH2 could positively modulate 
GD2 expression in sarcoma cells. As illustrated in Sup-
plemental Fig. 4B, exposure of HOS, RH4, RH41, SCMC, 
and A673 cells to Tazemetostat for 7  days resulted in a 
significant upregulation of GD2 expression. Notably, 
this upregulation of the target antigen correlated with a 
marked increase in tumor control exerted by CAR.GD2 
T-cells (Supplemental Fig. 4C).

As expected, the cytokine production strongly cor-
related with the killing activity of CAR.GD2 T-cells on 
sarcoma tumor cells (Supplemental Fig.  5). Indeed, sig-
nificantly higher level of granzyme B (Supplemental 
Fig. 5A), IFN-γ (Supplemental Fig. 5B), IL2 (Supplemen-
tal Fig. 5C) and TNF-α (Supplemental Fig. 5D) cytokines 
were produced as compared to NT T-cells.

For the cell lines with high expression of GD2, namely 
143B (OS) and RD (ERMS) cell lines, we decided to chal-
lenge further the system by applying different E:T ratio in 
both two-dimensional (2D) and three-dimensional (3D) 
culture models (Supplemental Fig.  6). Notably, CAR.
GD2 T-cells demonstrated a significant and highly effec-
tive lysis of tumor cells even at a very low E:T ratio of 
1:32 (p = 0.0044 for 143B and p = 0.0130 for RD cell line, 
respectively) in 2D models (Supplemental Fig. 6A-B). The 
robust antitumor efficacy of CAR.GD2 T-cells against 

both 143B and RD cell lines was validated also in 3D 
models using a real-time analysis (Supplemental Fig. 6C-
D and Supplemental video 1 for 143B 3D models and—
Supplemental video 2 for RD 3D model, respectively). 
Remarkably, already at 12 and 24 h from the starting of 
the co-culture, a substantial decrease in tumor spheroids 
was noted for both 143B (p ≤ 0.001) and RD (p ≤ 0.001) 
cell lines compared to control NT T-cells, across various 
E:T ratios (10:1, 5:1 and 1:1).

Importantly, we were also able to prove that CAR.GD2 
T-cells were highly effective against primary tumor cells 
derived from a biopsy of an OS patient (Supplemen-
tal Fig.  7), exerting a significant cytotoxicity on tumor 
cells derived from a lung metastasis of a patient affected 
by OS (Supplemental Fig.  7A), with the eradication of 
GD2 + (CD3-) tumor cells and producing a significant 
level of IFN-γ (Supplemental Fig. 7B).

Overall, these findings highlight the potential of CAR.
GD2 T-cells as a promising therapeutic strategy for tar-
geting GD2-positive sarcomas, especially when com-
bined with GD2 modulation strategies such as EZH2 
inhibition, to overcome the issue of heterogeneity in GD2 
expression.

CAR.GD2 T‑cells modulate their memory profile 
in response to prolonged exposure to sarcoma cell lines
In the "stressed" co-culture experiments (Fig. 3), we eval-
uated the ability of CAR.GD2 T-cells, as compared to NT 
T-cells, to kill sarcoma cells in vitro after subjecting them 
to repeated exposures to RD (Fig.  3A-G) or 143B cell 
lines (Fig. 3H-N) (every 5 days for 4 times). At each time 
point, we evaluated the percentage of residual tumor 
cells, total T-cells and the phenotype of CAR.GD2 T-cells 
in terms of: CAR expression, CD4 + /CD8 + CAR + ratio 
and memory profile (Fig. 3 and Supplemental Fig. 8).

In the RD model, CAR.GD2 T-cells exhibited sig-
nificant antitumor activity until the second round of 
tumor exposure compared to NT T-cells (the residual 
tumor cells at day + 10 was equal to 52.5% ± 18.0% for 
CAR.GD2 and 92.6% ± 3.4% for NT T-cells, ≤ 0.001; 
Fig.  3B). The percentage of residual T cells was sig-
nificantly higher for CAR.GD2 T-cells at day + 5 
and day + 10 of tumor re-challenging as compared 
to NT T-cells (Fig.  3C). Moreover, the percentage of 
CAR + cells remained stable overtime (Fig. 3D), with a 
significant enrichment of the CD8 + CAR + subpopu-
lation (white bars) after the first tumor re-challenging 
(from 30.5% ± 9.6% at day 0 to 55.9% ± 15.4% at day + 5, 
p = 0.02) (Fig. 3E). The evaluation of CAR T-cell mem-
ory profile reveals a rapid decline in naïve compart-
ment in both CAR.GD2 and NT T-cells. The variation 
of memory subpopulations in the control NT T-cells 
was only marginal, with a significant accumulation of 
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mature effector memory (TEM) and terminally differ-
entiated effector memory cells re-expressing CD45RA 
(TEMRA), as well as a reduction in the naïve subpopu-
lation and TCM cells in the last time-points (Fig.  3F). 
By contrast, the proportion of naïve CAR.GD2 T-cells 
significantly decreased from 52.4% ± 15.4% at day 0 
to 7.9% ± 7.0% at day 5 (p = 0.004), with a significant 
enrichment of T Central Memory (TCM) and T Effec-
tor Memory (TEM) cells (Fig. 3G). A reduction of naïve 
CAR + T-cells (Supplemental Fig.  8 was observed in 
CD8 + CAR + compartments (Supplemental Fig. 8A-B), 
with the increase of TCM (at day5) and TEM (at the 
following time points) T cells compared to day 0 (Sup-
plemental Fig. 8B).

For the 143B model of sarcoma (Fig.  3H), CAR.
GD2 T-cells exhibited an efficient tumor control after 
every round of tumor exposure (residual tumor cells 
at day + 20 was 38.5% ± 14.2% for CAR.GD2 T-cells 
and 89.9% ± 4.0% for NT T-cells, p = 0.014) (Fig.  3I). It 
is noteworthy that, the percentage of residual T-cells 
was significant higher for CAR.GD2 T-cells in each 
tumor re-challenge compared to NT T-cells (Fig.  3K). 
Furthermore, CAR + T-cells remained stable overtime 
(Fig. 3K). Moreover, also in the OS model, we observed 
a significant expansion of the CD8 + CAR + subpopu-
lation after the second tumor exposure [CD8 + CAR 
T-cells from 40.1% ± 14.0% at day 0 to 52.4% ± 10.5% 
at day + 10 (p = 0.0421) and 60.9% ± 10.9% at day + 20 
(p = 0.0460) (Fig. 3L)]. The 143B OS tumor did not affect 
the memory profile of control NT T-cells (Fig.  3M), 
while the naïve compartment of CAR.GD2 T-cells 
(Fig.  3N), after 5 days of co-culture, rapidly decreased 
from 64.8% ± 11.7% to 5.2% ± 2.5% (p = 0.03), with a sig-
nificant enrichment of both TCM (from 19.1% ± 4.2% to 
54.6% ± 30.3%, p = 0.036) and TEM compartment (from 
8.6% ± 4.8% to 32.9% ± 24.9%, p = 0.015).

With a split analysis for the CD4 + and CD8 + cells, we 
observed a reduction of naïve CAR + T-cells (S upple-
mental Fig.  8) in both compartments (Supplemental 
Fig.    8C-D), as well as a significant enrichment of TEM 
(Supplemental Fig.  8C-D).

Overall, the "stressed" co-culture experiments demon-
strated that CAR.GD2 T-cells exhibit potent antitumor 
activity against sarcoma cell lines, effectively reducing 
tumor cell populations upon repeated exposures. Nota-
bly, CAR.GD2 T-cells underwent a marked shift in their 
memory profile, with a substantial decrease in the T-cell 
naïve compartment and an increase in TCM and TEM 
populations after tumor re-challenges.

CAR.GD2 T‑cells are highly effective in an embryonal RMS 
xenograft mice model
We next assessed the in  vivo CAR.GD2 T-cell antitu-
mor activity in soft-tissue sarcoma xenograft mice model 
(Fig. 4 and Supplemental Fig. 9), implanting in NSG mice 
the aggressive metastatic embryonal RMS RD cells engi-
neered with GFP-FF-Luc for the in  vivo monitoring of 
tumor growth (Fig.  4A). At the tumor engraftment, i.e. 
when the tumor’s bioluminescence was detectable and 
measurable by the IVIS imaging system, mice were ran-
domized to receive either control NT-T-cells or CAR.
GD2 T-cells. The bioluminescence in RMS tumor-bear-
ing mice, treated with NT T-cells, rapidly increased up 
to three logs in less than 50 days (Fig. 4B-C and Supple-
mental Fig. 9A-B) and mice either died or were sacrificed 
due to morbidity. The macroscopic analysis in sacrificed 
mice showed large tumor masses with metastasis located 
preferentially in the kidney and liver. Median survival of 
RMS-tumor-bearing mice treated with CAR.GD2 T-cells 
was significantly longer (69.5  days) compared to mice 
treated with NT T-cells (50  days) (p = 0.0413; Fig.  4D). 
Although circulating T-cells in mice treated with NT 

Fig. 3  Long-term tumor control of CAR.GD2 T-cells in an in vitro co-culture assay of RMS and OS models under "stressed" conditions. A The panel 
shows the experimental design of “stressed” co-culture. Residual GFP + RD cells B and CD3 positive cells C were quantified during the “stressed” 
co-culture with tumor addition every 5 days. D Percentage of CAR + T-cells was evaluated during the “stressed” co-culture by FACS analysis. In 
particular, data are shown at Day 0 (scattered bar histogram), referring to CAR + T cell percentage before co-culture with tumor cells, and at Day + 5 
(white bars), Day + 10 (light grey bars), Day + 15 (dark grey bars) and Day + 20 (black bars) after tumor addiction. E The graph shows the modulation 
of the distribution of CD4 + and CD8 + subpopulations of CAR.GD2 T-cells before (day 0) and after RD tumor cell addition at day + 5, + 10, + 15 
and + 20. Stacked bar graphs show the analysis of T Naïve (striped white bars), TCM (dark grey bars), TEM (light grey bars) and TEMRA (black bars) 
CD3 + subsets in the long-term “stressed” co-culture with NT T-cells F or CAR.GD2 T-cells G. The panel H shows the experimental design of “stressed” 
co-culture. Residual GFP + 143B cells I and CD3 positive cells J were quantified during the “stressed” co-culture with tumor addition every 5 days. 
K Percentage of CAR + T-cells expression was evaluated during the “stressed” co-culture by FACS analysis. In particular, data are shown at Day 0 
(scattered bar histogram), referring to CAR + T cell percentage before co-culture with tumor cells, and at Day + 5 (white bars), Day + 10 (light grey 
bars), Day + 15 (dark grey bars) and Day + 20 (black bars) after tumor addiction. L The graph shows the modulation of the distribution of CD4 + and 
CD8 + subpopulations of CAR.GD2 T-cells before (day 0) and after RD tumor cell addition at day + 5, + 10, + 15 and + 20. Stacked bar graphs show 
the analysis of T Naïve (striped white bars), TCM (dark grey bars), TEM (light grey bars) and TEMRA (black bars) CD3 + subsets in the long-term 
“stressed” co-culture with NT T-cells M or CAR.GD2 T-cells N. Data from four healthy donors (HDs) are expressed as mean ± SED. T-test was applied 
for the analysis. *p-value ≤ 0.05; **p-value ≤ 0.01; ***p-value ≤ 0.001 and **** ≤ 0.0001.

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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T-cells were detectable during follow-up up to day + 47, 
they rapidly decreased and then disappeared (Fig.  4E). 
In contrast, in mice treated with CAR.GD2 T-cells, we 
observed a significant increase of circulating T-cells 
from 13.44% ± 11.60% at day + 21 to 25.48% ± 10.65% at 
day + 47 (p = 0.04) (Fig. 4E), with human T-cells as well as 
CAR + T-cells being detectable up to the last time-point 
of the experiment (day + 75; Supplemental Fig. 9C), sug-
gesting a consistent CAR representation in the circulat-
ing T-cells over time (Supplemental Fig.  9C). During 
the experiment time-course, we observed a significant 
increase of the ratio between CD8 + and CD4 + T-cells 
compartment only for mice treated with CAR.GD2 
T-cells (Supplemental Fig. 9D-E).

Our in  vivo studies demonstrated that CAR.GD2 
T-cells exert antitumor activity in a soft-tissue sarcoma 
xenograft model, significantly prolonging the survival of 
RMS tumor-bearing mice as compared to those receiving 
NT T-cells.

Efficacy of CAR.GD2 T‑cell therapy in orthotopic mouse 
models of OS
To further corroborate our in vitro results, we evaluated 
the antitumor activity of CAR.GD2 T-cells in two dis-
tinct orthotopic mouse models of OS (Fig. 4F-O and Sup-
plemental Fig. 10 and 11). In particular, in the first one, 
143B-GFP-FF-Luc cells were orthotopically implanted in 
the tibia (Fig. 4F and Supplemental Fig. 10A). At tumour 

Fig. 4  In vivo experiments of NSG mice bearing GD2 + sarcoma cells (RD, 143B or U-2OS) treated with NT or CAR.GD2 T-cells. Experimental design 
(Figure created using Biorender—https://​biore​nder.​com) and in vivo bioluminescence imaging time-course of RD-GFP-FF-Luc tumor cells (A), 
143B-GFP-FF-Luc (F) and U-2OS-GFP-FF-Luc (K) infused in NSG mice. At the time of tumor engraftment, 106 effector T-cells were administered 
through i.v. injection. The graph shows bioluminescence analysis of RD (ERMS) (B, C), 143B (OS) (G, H) and U-2OS (OS) (L, M) tumor-bearing 
mice model treated with NT T-cells (square symbol) or CAR.GD2 T-cells (dot symbol). Overall-Survival (OS) of RD (ERMS) (D) and 143B (OS) 
(I) tumor-bearing NSG mice treated with NT T-cells (black line) or CAR.GD2 T-cells (blue and red respectively). Two-way ANOVA was applied 
for the analysis. *p-value ≤ 0.05; **p-value ≤ 0.01; ***p-value ≤ 0.001 and **** ≤ 0.0001. (N) Explanted tumor-volume mass on sacrifice for NT T-cells 
and GD2.CAR T-cells mice group in U-2OS (OS) tumor model. Two-way ANOVA was applied for the analysis. *p-value ≤ 0.05; **p-value ≤ 0.01; 
*** p-value ≤ 0.001 and **** ≤ 0.0001. Average of circulating human T-cells evaluated as % of CD45 + CD3 + (NT T-cells, square symbol) 
and CD3 + CAR + (CAR.GD2 T-cells dot symbol) until NSG-tumor bearing sacrifice for RD (ERMS) (E), 143B (OS) (J) and U2-OS (O) model. T-test 
and Two-way ANOVA was applied for the analysis. *p-value ≤ 0.05; **p-value ≤ 0.01; ***p-value ≤ 0.001 and **** ≤ 0.0001

https://biorender.com
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engraftment, i.e. when the tumor’s bioluminescence was 
detectable and measurable by IVIS imaging system, mice 
received either control NT-T-cells or CAR.GD2 T-cells. 
The in vivo data indicate that treatment with CAR.GD2 
T-cells led to a significant decrease in tumour growth of 
the 143B cell line (Fig. 4G-H and Supplemental Fig. 10B). 
Additionally, the treatment with CAR.GD2 T-cells 
slightly improved the overall survival of the treated mice 
as compared to that of mice receiving NT T-cells, with 
a median survival of 46 days for CAR.GD2-T-cells com-
pared to 39  days for NT T-cells (p = 0.0052) (Fig.  4I). 
We observed a great expansion of human T-cells only 
in CAR.GD2 T-cells treated mice (Fig.  4J and Supple-
mental Fig.  10C), this highlighting that the engagement 
of the CAR by the target antigen was able to activate T 
cells, although their anti-tumor activity was suboptimal 
in the 143B OS model. Specifically, the percentage of cir-
culating CAR.GD2-T-cells increased in the first month 
from 46.32% ± 19.81% to 61.72% ± 23.78% (day + 33) and 
remained stable up to day 44 (62.80% ± 17.54%) (Sup-
plemental Fig. 10C) mice treated with NT T-cells, a sig-
nificant enrichment of the CD4 + subpopulation was 
observed (Supplemental Fig.  10D, while we observed 
a similar distribution between CD4 + CAR + T-cells 
(53.8% ± 17.2%) and CD8 + CAR T-cells (43.0% ± 15.4%) 
in mice treated with CAR.GD2 T-cells at day + 33 post 
treatment (Supplemental Fig.  10D–E). Interestingly, the 
analysis of tumor mass for GD2 expression revealed that 
the residual tumor did not downregulate the expression 
of the target antigen (Supplemental Fig. 10F).

In the second orthotopic model of OS, we implanted 
in the tibia the less aggressive U-2OS-GFP-FF-Luc cell 
line, characterized by a slower growth rate in the mouse. 
As reported in Fig.  4K and Supplemental Fig.  11A, we 
obtained a robust engraftment of the tumor at day + 128 
(compatible with a high tumor burden model, hav-
ing a bioluminescence close to the saturating value of 
1E10 p/s/cm2/sr). Mice were then randomized to receive 
i.v. infusion of either NT T-cells or CAR T-cells. Tumor 
growth was monitored by IVIS imaging until day + 29 
post-treatment (day + 155 post-tumor inoculation) 
(Fig.  4L); we observed a significant tumor regression in 
all CAR.GD2 T-cells treated mice compared control NT 
T-cells mice group (Fig. 4M). The difference in biolumi-
nescence intensity was statistically significant since day 
5 post CAR.GD2 T-cells infusion compared to the NT 
T-cell-mice group (Fig. 4M and Supplemental Fig. 11B). 
On the day of mouse sacrifice, the tumor volumes were 
assessed using a caliper. The results showed a complete 
absence of tumors in mice treated with CAR.GD2 T-cells 
as compared to the animals treated with NT T-cells 
where the mean value was 304.9  mm3 ± 240.9  mm3, 
p ≤ 0.01 (Fig. 4N).

In CAR.GD2 T-cells treated mice, on day + 28, we 
observed a significantly higher number of T-cells, as 
compared to mice infused with NT T-cell (Fig. 4O), that 
persisted overtime (Supplemental Fig.  11C). Notably, as 
seen for the RMS model, we observed a significant reduc-
tion of the CD4 + CAR + T-cells subset and an enrich-
ment of CD8 + CAR + T-cells (Supplemental Fig. 11D–E).

Altogether, these findings from both OS orthotopic 
mouse models reveal distinct responses to CAR.GD2 
T cells: while treatment with CAR.GD2 T cells only 
reduced tumor growth in the aggressive 143B model, it 
induced notable tumor regression and complete tumor 
eradication in the less aggressive U-2OS model, high-
lighting the differential efficacy of CAR.GD2 T cells in 
varying OS contexts.

Expansion of murine MDSCs is restricted to 143B OS 
xenografts murine model and it is related to G‑CSF.
It has been recently reported that the xenograft OS 
model of 143B induces a substantial expansion of both 
monocytic and polymorphonuclear (PMN) inhibitory 
murine MDSC [40].  Therefore, we decided to evaluate 
whether other OS lines and/or the RD ERMS line had 
the same immunomodulating effect. For this purpose, 
143B, U-2OS, SAOS-2, MG-63 and HOS cell lines were 
orthotopically inoculated in the right tibia of NSG mice. 
For the ERMS model, the RD cell line was orthotopically 
inoculated in the right paw muscle of NSG mice (Fig. 5). 
The tumour bioluminescence was assessed weekly until 
tumour signal reached ≥ 1E + 9 p/s/cm2/sr; at that point, 
mice were sacrificed (Fig.  5A). A non-tumour bearing 
NSG mice were also included for comparative analysis 
and considered as negative control. Circulating mono-
cytic MDSC were evaluated weekly (from day + 7) in 
peripheral blood of mice included in the study, by FACS 
analysis, as previously reported [40] enumerating the 
absolute number of murine monocytic (CD11b + Ly6C +) 
(Fig.  5B) and PMN (CD11b + Ly6G + Ly6C–) 
MDSC (Fig.  5C). Starting from day + 14, there was 
a significant increase in both CD11b + Ly6G + and 
CD11b + Ly6C + MDSC only in NSG mice bearing the 
143B tumor, but not in U-2OS, SAOS-2, MG-63, HOS, 
and RD tumor bearing mice or in non-tumor-bearing 
mice (Fig. 5B-C).

To investigate which 143B-secreted-chemokines could 
be determinant to induce a significant expansion of 
murine MDSC, we performed a differential secretome 
profile analysis by Luminex assays (Fig.  5D) evaluating 
22 human cytokines/chemokines potentially involved in 
expansion and/or recruitment of MDSC at tumor site 
[41–43].

Culture media of 143B, U-2OS, MG-63, HOS, SAOS, 
RD cell lines were comparatively analyzed at 72  h from 
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cell plating (Fig.  5D), while plasma derived from ortho-
topic mouse models was collected when tumor biolu-
minescent signal reach 10E6 p/s/cm2/sr (Fig.  5E). In 
parallel, we also collected plasma from non-tumor-
bearing mice, as negative control. As detailed in the 
heat-map, in both in vitro and in vivo models, the 143B 
tumor showed a higher production of G-CSF (for in vitro 
model: 555.55  pg/ml ± 0.34  pg/ml; and in  vivo model: 

3917.96  pg/ml ± 992.19  pg/ml) and CXCL8 (for in  vitro 
model: 2560.42  pg/ml ± 26.15  pg/ml; and in  vivo model: 
3633.04  pg/ml ± 1951.73  pg/ml), as compared the other 
sarcoma cell lines, this finding supporting the poten-
tial involvement of these cytokines in murine MDSCs 
expansion [44] (Fig.  5D-E). To further investigate the 
role of these two cytokines, we knocked-out in 143B 
cells either CSF3 (G-CSF) or IL-8 (CXCL8) gene using 

Fig. 5  Only the human OS 143B line, when implanted in NSG mice, induces the expansion of murine MDSCs. A NSG mice were engrafted with six 
different human sarcoma cell lines. Tumor growth was evaluated by In vivo imaging system (IVIS) for five different orthotopically models (200′000 
cell/mice) of five OS cell lines (143B, U-2OS, SAOS-2, MG-63, HOS) and one ERMS cell line (RD). No tumor bearing mice have been used as control 
group. B Weekly plasma samples were collected from each tumor-bearing mouse and control mice, to investigate circulating mMDSCs using 
FACS flow-cytometry. The analysis looked for both monocytic MDSCs B and polymorphonuclear (PMN) MDSCs (C) cell subset of CD11b + cells. 
To ensure accurate comparison and data normalization across samples, counting beads were utilized. *p-value = < 0.05; **p-value = < 0.01; 
***p-value = < 0.001; ****p-value = < 0.0001, t test. D-E Quantitative analysis of multiple MSDC ligands was performed using the Luminex assay. 
Supernatant from tumor cultures (143B, MG-63, U-2OS, HOS, SAOS-2 and RD) D and plasma samples of tumor bearing mice (143B, MG-63, U-2OS,, 
HOS, SAOS-2 and RD) E were explored using a predesigned panel assay, at 72 h of culture and at time of mice sacrifice respectively. Quantification 
of the specified cytokines, including CCL2, CCL3, CCL5, CCL7, CX3CL1, CXCL1, CXCL2, CXCL4, CXCL5, CXCL6, CXCL8 (IL8), CXCL13, CXCL14, G-CSF 
(CSF3), GM-CSF, IFN-gamma, IL10, IL13, IL1b, IL5, MCSF, and TNF-alpha, was normalized on blank control background for the in vitro data (in violet) 
and no tumor sample for the in vivo data (in blu), and values reported in a Heatmap graph. Data are represented as mean ± standard deviation (SD) 
from n = 3. F The efficiency of CSF3 and CXCL8 KO in 143B cell lines was assessed by ELLA assay on 72 h cell lines supernatants. (G) Comparative 
Analysis of Crisped 143B OS Cell Lines for CXCL8 and G-CSF3 (CSF3). The cell lines 143B (wild-type control, orange line), 143B CXCL8−/− (143B 
CXCL8 knockout, red line), and 143B G-CSF−/− (143B G-CSF knockout, blue line), where analyzed for GD2 expression (percentage and GD2 MFI) 
by flow-cytometry and normalized on the Isotype Control. H The 143B wild-type control (dark grey), 143B CXCL8−/− (white), 143B G-CSF−/− (light 
gray) cells were co-cultured for 5 days with NT or GD2.CAR T-cells at E: T = 1:1 ratio. At the endpoint the percentage of residual tumor was evaluated 
by FACS as measure of GFP tumor expression. Data are expressed as mean ± SD from 3 donor. Statistical significance was determined using ANOVA 
test with *p < 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001
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the CRISPR-Cas9 technology. The efficiency of G-CSF 
and CXCL8 knock-out in 143B cell lines was confirmed 
by ELLA assay on culture supernatants collected after 
72  h of cell seeding (Fig.  5F). Both knocked-out 143B 
cell lines showed a similar GD2 expression in terms of 
both percentage and MFI level (Fig.  5G), this indicat-
ing that silencing of these two genes did not alter the 
expression of the GD2 target antigen. Moreover, we dem-
onstrated that CAR.GD2 T-cells had a similar in  vitro 
capacity to eradicate wild-type 143B cells, G-CSF−/− 
143B or CXCL8−/− 143B cells (Fig. 5H). We then moved 
to develop the in  vivo orthotopic model (Fig.  6A-B) 
implanting in the right tibia of NSG mice the 143B wild-
type (orange line), 143B CXCL8−/− (red line), or 143B 
G-CSF−/− (blue line) cell line. Tumor growth did not sig-
nificantly differ across the aforementioned cell models. 
Nevertheless, among the three animal models, only mice 
bearing 143B G-CSF−/− did not show the expansion of 

monocytic MDSC (231.26 ± 48.08 cells/100  μl blood) or 
PMN MDSC (1192.76 ± 237.54 cells/100  μl blood), their 
absolute number being comparable to that observed 
in control non-tumour-bearing NSG mice (monocytic 
MDSC:277.60 ± 59.74 cells/100  μl blood; and PMN-
MDSC: 1381.96 ± 379.64 cells/100  μl blood, respec-
tively, p = n.s.) (Fig.  6C-D). In contrast to the 143B 
G-CSF−/− model, mice bearing the 143B CXCL8−/− cell 
line exhibited high level of circulating monocytic MDSC 
(2278.36 ± 306.32 cells/100  μl blood) and PMN-MDSC 
(47,964.88 ± 8159.04 cells/100  μl blood), which were 
comparable to those found in 143B wild-type-bearing 
mice (monocytic MDSC: 2303.96 ± 317.70 cells/100  μl 
blood and PMN-MDSC: 39192.84 ± 9136.02 cells/100  μl 
blood; p = n.s.). To confirm the successful generation 
of human 143B KO xenograft models, plasma was col-
lected from murine blood samples, and human cytokines 
were analyzed using a Luminex assay to assess the 

Fig. 6  Study of tumor secretome profile and MDSC investigation on sarcoma cell lines. A NSG mice were engrafted with three different human 
sarcoma cell lines (WT, Crisped 14B OS Cell Lines for CXCL8 and G-CSF3). B Tumor growth was evaluated by In vivo imaging system (IVIS) for all 
three different orthotopically models (200′000 cell/mice). No tumor bearing mice have been used as control group. Weekly plasma samples 
were collected from each tumor-bearing mouse and control mice, to investigate circulating mMDSCs using FACS flow-cytometry. The analysis 
evaluated both monocytic MDSCs C and polymorphonuclear MDSCs D cell subset of CD11b + cells. To ensure accurate comparison and data 
normalization across samples, counting beads were utilized. *p-value = < 0.05; **p-value = < 0.01; ***p-value = < 0.001; ****p-value = < 0.0001, t test. 
E Quantification of the specified cytokines, including CCL2, CCL3, CCL5, CCL7, CX3CL1, CXCL1, CXCL2, CXCL4, CXCL5, CXCL6, CXCL8 (IL8), CXCL13, 
CXCL14, G-CSF (CSF3), GM-CSF, IFN-gamma, IL10, IL13, IL1b, IL5, MCSF, and TNF-alpha, was normalized on blank control background for the in vivo 
data, and single values reported in a Heatmap graph. Two-way Anova was used as multi comparison test. *p < 0.05, **p < 0.01, ***p < 0.001
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expression of 22 human cytokines/chemokines, includ-
ing G-CSF and CXCL8 in both 143B KO mouse models 
(Fig.  6E). As indicated in this panel, the production of 
G-CSF and CXCL8 was negligible in 143B KO xenograft 
mouse model. Altogether, our experimental results pro-
vide strong evidence that tumor-derived G-CSF, but not 
CXCL8, induces robust expansion of both monocytic 
and PMN-MDSCs in the xenograft NSG mouse model. 
To support the hypothesis that G-CSF secretion is pri-
marily tumor-derived rather than a result of T-cell acti-
vation, we directly stimulated CAR.GD2 T cells with the 
1A7 anti-idiotypic antibody, which functionally mimics 
the tumor-associated antigen disialoganglioside GD2. 
We evaluated G-CSF production after 24  h of stimula-
tion (Supplemental Fig. 12). Our results showed no sig-
nificant levels of G-CSF in either condition (NT T cells 
and CAR.GD2 T cells) (Supplemental Fig.  12A). This 
finding aligns with the behavior of other cytokines, such 
as IL-6 (Supplemental Fig. 12B) and IL-10 (Supplemental 
Fig.  12C), which are known to drive toxicity after CAR 
T-cell activation but are not directly produced by CAR T 
cells. Additionally, we assessed GM-CSF and IFNγ levels 
as positive controls (Supplemental Fig. 12D-E).

In summary, our findings demonstrate that tumor-
derived G-CSF is primarily responsible for the robust 
expansion of both monocytic and PMN-MDSCs in the 
xenograft OS NSG mouse model, highlighting the signifi-
cant indirect immunomodulatory role of G-CSF in the 
sarcoma microenvironment.

143B cell line drives a robust expansion/differentiation 
of human suppressive MDSC
To corroborate our data in a human setting, we set up 
different in  vitro experimental approaches, summarized 
in Supplementary Fig.  13. First, PBMC from healthy 
subjects were directly co-cultured with 143B, 143B 
G-CSF−/−, 143B CXCL8−/− and U-2OS cell lines (Fig. 7A) 
or with their conditioned medium (CM1, Fig.  7B), and 
the frequency of MDSC was evaluated by flow-cytometry 
before (day 0) and after three days of culture (day + 3). 
The gating strategy for the identification of early-MDSC 
(e-MDSC, CD14negCD15neg), monocytic-MDSC (Mo-
MDSC, CD14posCD15neg) and polymorphonuclear-
MDSC (PMN-MDSC, CD14negCD15pos) is described in 
Supplementary Fig. 14A-C.

We observed a significant reduction of the e-MDSC 
frequency at day + 3 in co-culture experiments with 
143B and 143B G-CSF−/− and 143B CXCL8−/− cell lines, 
with a parallel significant increase of the frequency of 
Mo-MDSC, suggesting an OS-mediated differentiation 
toward Mo-MDSC (Supplementary Fig.  14D). Moreo-
ver, the analysis of the absolute numbers of the differ-
ent MDSC subsets in co-culture assays demonstrated a 

significant expansion of PMN-MDSC after co-culture 
with 143B and U-2OS cell lines, and a significant expan-
sion of Mo-MDSC after co-culture with 143B, 143B 
G-CSF−/− and 143B CXCL8−/− cells (Fig. 7C). In order to 
dissect the involvement of soluble mediators released by 
OS lines, we performed similar experiments using CM1 
derived from 143B, 143B G-CSF−/−, 143B CXCL8−/− and 
U-2OS cell lines.

Results showed that only 143B and 143B CXCL8−/− 
CM1 were able to induce a significant increase in the 
frequency and in the absolute number of Mo-MDSCs 
(Supplementary Fig.  14E and Fig.  7D, respectively). 
This finding suggests a crucial role of G-CSF but not of 
CXCL8, in driving a remarkable expansion of human Mo-
MDSC subpopulation. To support the hypothesis that 
G-CSF plays a crucial role in inducing a robust expan-
sion of Mo-MDSC from PBMC, we co-cultured freshly 
isolated PBMC with 143B G-CSF−/− cells, both with and 
without the addition of G-CSF at concentrations rang-
ing from 0.5 to 50  ng/ml for 72  h (see Supplementary 
Fig.  15A). The introduction of G-CSF into the co-cul-
ture significantly promoted the expansion of Mo-MDSC 
(Supplementary Fig.  15B). In contrast, no expansion of 
Mo-MDSC was observed in G-CSF-treated PBMC alone 
(Supplementary Fig.  15C), indicating that other factors 
released by the 143B G-CSF−/− cells contribute signifi-
cantly to the observed Mo-MDSC expansion.

Finally, we assessed the immunosuppressive effects 
of all conditioned media from OS (CM1) and from OS/
PBMC cell lines (CM2, CM3 and CM4) in CAR.GD2 
T-cells/OS co-culture killing assay (Fig.  7E). The CAR.
GD2 T cell killing activity was monitored by Incucyte live 
cell imaging system for 5 days, and residual tumour-asso-
ciated GFP confluence quantified overtime. CM1 from 
all OS lines did not have any direct suppressive effect on 
CAR.GD2 T-cells activity (black lines in Fig. 7E). Of note, 
CM2 and CM4 derived from 143B or 143B CXCL8−/− 
significantly reduced CAR.GD2 T-cell function (purple 
and blue lines respectively in Fig. 7E). In contrast, CM2 
and CM4 derived from 143B G-CSF-/- and U-2OS did 
not have any suppressive effect on the antitumor activity 
of CAR.GD2 T-cells (Fig. 7E).

Overall, these findings underscore the critical role of 
tumor-derived G-CSF in promoting the expansion of 
immunosuppressive MDSCs.

Discussion
Numerous clinical studies have demonstrated promis-
ing results with the use of gene-modified CAR T-cell 
therapies in the treatment of hematological malignan-
cies [45, 46], and more recently in solid tumors, includ-
ing neuroblastoma [13] and H3K27M-mutated diffuse 
midline gliomas [16]. However, no significant clinical 
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responses have been reported for sarcomas treated with 
CAR T-cells [11], highlighting the need to identify effec-
tive strategies for these patients. Indeed, the mechanisms 
associated with CAR-T cell efficacy are not yet fully 
understood, and the interaction between the TME and 
CAR T-cell therapy is considered a key factor that could 
directly influence CAR T-cell behavior and fate [47].

GD2, a tumor-associated disialoganglioside antigen, 
is an ideal target for CAR T-cell therapies because it is 
overexpressed in various solid tumors, while being mini-
mally expressed on healthy tissues. Tumors positive for 
GD2 include pediatric embryonal tumors and several 
adult cancers. In this study, we provided evidence that 
the expression of B4GALNT1 (a GD2-synthase) is sig-
nificantly associated with poor overall survival in pedi-
atric sarcoma patients, as already reported in melanoma, 
where it is associated with tumorigenesis, angiogenesis, 
anchorage-independent growth, and motility [26], and 

in hepatocellular carcinoma, where it is considered an 
independent prognostic factor for overall survival and 
disease-specific recurrence-free survival [48].

Our bioinformatic analysis, conducted using the 
Xena Genome Browser and multiple public databases, 
including the TCGA and GTEX datasets, revealed that 
B4GALNT1 is overexpressed in various solid tumors 
compared to healthy tissues. Specifically, in paediatric 
oncogenomic datasets, B4GALNT1 overexpression cor-
related with poor outcome in OS, RMS, and EWS, this 
finding highlighting the role of B4GALNT1 as a potential 
prognostic marker for these cancers.

The analysis of B4GALNT1 expression also correlated 
with previous data reporting GD2 positive expression 
in 80% of OS patients [49], 25–100% of RMS [24, 50], 
40–90% of EWS [51], and 10–96% of DSRCT patients [50, 
52]. We further investigated the prevalence and inten-
sity of GD2 expression in pediatric sarcomas, providing 

Fig. 7  OS 143B cells induce human Mo-MDSC expansion. Schematic representation of PBMC co-cultured with OS tumor cells (A) or with OS 
conditioned medium (CM) for 72 h (B). The absolute number of PMN-MDSC (left side panel), or Mo-MDSC (right side panel) before (day 0) 
and after three days of cell–cell contact (C) and cell-free experiments (D) with medium and OS cell lines. Results are shown as box and whiskers 
graphs showing all points. Friedman matched paired test was applied to compare different cell culture conditions, while Wilcoxon matched-pairs 
signed-rank test was used for group’s comparison with respect to the absolute number quantified before culture (day0); p values are indicated 
in the graphs *#: p < 0.05. (E) Co-culture assay with all conditioned medium of OS/PBMC culture was real-time monitored by Incucyte live cell 
system imaging for five days to assess the tumor clearance by CAR.GD2 T-cells. Total green Confluence associated to the OS tumor cell lines 
was quantified overtime as a measure of residual tumor. Figure created using Biorender—https://​biore​nder.​com. Two-way ANOVA was applied 
for the analysis. *p-value ≤ 0.05; **p-value ≤ 0.01; ***p-value ≤ 0.001 and **** ≤ 0.0001

https://biorender.com
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valuable insights into the potential feasibility of targeting 
GD2 with CAR T-cell immunotherapy.

Our analysis of fresh tumor biopsies from a cohort of 
64 sarcoma patients showed that GD2 was expressed in 
a substantial proportion of these samples, particularly 
in OS, ARMS, and DSRCT. The variable expression lev-
els of GD2 across different sarcoma subtypes, combined 
with our preclinical data, suggest that CAR.GD2 T-cell 
therapy could be particularly beneficial for patients with 
high GD2 expression. Indeed, our in vitro studies demon-
strated that CAR.GD2 T-cells effectively eradicated GD2-
positive sarcoma cells. High GD2-expressing cell lines, 
such as MG-63, 143B, and U-2OS (OS), were significantly 
controlled by CAR.GD2 T-cells. The antitumor activity 
was confirmed by robust cytokine production and real-
time tumor cell lysis. However, for sarcoma cell lines with 
lower GD2 expression, the efficacy of CAR.GD2 T-cells 
was reduced, although still better as compared to un-
transduced T cells. These findings indicate that the level 
of GD2 expression is critical for the efficacy of CAR.GD2 
T-cell therapy in sarcomas, highlighting the need for 
accurate assessment of GD2 levels in tumors before initi-
ating CAR T-cell immunotherapy.

Several drug approaches have been proposed to 
increase GD2 expression on tumor cells, including 
the combination of sialic acid and histone deacetylase 
(HDAC) inhibitors in preclinical models of NBL [53], and 
an EZH2 inhibitor in EWS [28], SCLC and NSCLC [29], 
NBL [30] and in medulloblastoma [18]. These approaches 
selectively and reversibly induce GD2 surface expres-
sion, sensitizing tumor cells to effective cytolysis by 
anti-GD2 CAR T-cells, suggesting that the combinatory 
use of GD2-modulating drugs and GD2-based CAR T 
cells could be beneficial also in the context of low GD2-
expressing sarcoma. Here, for the first time, we show 
that also in GD2dim sarcoma cells, such as in OS cell 
line (HOS) and in ARMS cell lines (RH4. RH41 SCMC), 
GD2 expression can be upregulated after exposure to the 
EZH2 inhibitor Tazemetostat, sensitizing tumor cells to 
the cytotoxic effect of CAR.GD2 T-cells. This suggests a 
potential synergistic effect between EZH2 inhibitor and 
CAR.GD2 T-cells also in the context of OS, RMS and 
EWS.

In multiple in  vitro assays, we proved that CAR.
GD2 T-cells exert significant antitumor activity against 
high GD2-expressing sarcomas, particularly RMS and 
OS, even at very low effector-to-target (E: T) ratios. In 
stressed co-culture assays, CAR.GD2 T-cells repeatedly 
exposed to GD2 + ERMS RD cells or OS 143B cells were 
significantly enriched in TCM and TEM subpopula-
tions for both CD4 + and CD8 + T cell subsets, ensuring 
a balanced and effective immune response, combining 

long-term protection with the ability to quickly react to 
and eliminate tumor cells upon re-exposure.

We also evaluated CAR.GD2 T-cell function in in vivo 
murine models. In particular, in the metastatic ERMS 
RD xenograft model, CAR.GD2 T-cells led to signifi-
cant tumor eradication and prolonged animal survival; 
in addition, we recorded a persistent expansion of cir-
culating CAR T-cells, with a notable enrichment of the 
CD8 + CAR + T-cell compartment. However, responses 
in orthotopic OS mouse models varied. While U-2OS 
implanted in the tibia showed rapid tumor eradica-
tion upon CAR T-cell infusion and increased CAR 
T-cell expansion, the 143B orthotopic models, despite 
showing slower tumor growth and improved over-
all survival, did not achieve complete tumor eradica-
tion. These findings underline the complexity of CAR 
T-cell therapy responses in different tumor microenvi-
ronments and models. Previous studies have reported 
that 143B tumor cells induce the expansion of murine 
MDSC populations, potentially contributing to resist-
ance to immunotherapy [40]. To overcome this resist-
ance, combinatory approaches, including treatments 
with all-trans retinoic acid (ATRA), double infusion of 
third-generation CAR.GD2 T-cells, and IL-7/anti-IL-7 
mAb complexes [54] have been explored, though with 
limited success [40].

In our in vivo study, we sought to investigate the mech-
anisms underlying the significantly different behaviour 
of the 143B cell line as compared to other sarcoma mod-
els. The primary focus was to determine if the substan-
tial expansion of monocytic and PMN-MDSCs observed 
with the 143B OS xenograft model could be replicated 
with other OS lines and the ERMS line. Our findings 
demonstrate that the expansion of murine MDSCs is 
indeed restricted to the 143B OS xenograft model. Nei-
ther other OS lines (U-2OS, SAOS-2, MG-63, HOS), nor 
the RD ERMS line induced a significant increase in the 
MDSC populations in NSG mice. This specificity high-
lights the unique immunomodulatory capabilities of the 
143B OS cell line, making it a critical model for studying 
the mechanisms responsible for MDSC expansion in the 
TME.

Secretome analysis provided further insights, revealing 
that 143B OS cells produce significantly higher amount 
of G-CSF and CXCL8 compared to other cell lines, both 
in  vitro and in  vivo. In particular, while both cytokines 
were elevated in mice engrafted with 143B cells, only 
G-CSF appeared essential for MDSC expansion in  vivo. 
Indeed, G-CSF, but not CXCL8, knockout in 143B cells 
abrogates the expansion of both murine monocytic and 
PMN-MDSCs in vivo, indicating a more direct or domi-
nant role for G-CSF in this process.



Page 16 of 23Pezzella et al. Journal of Hematology & Oncology          (2024) 17:127 

The in vitro human PBMC co-culture experiments cor-
roborated these findings also in a human setting, where 
143B cells and their conditioned media induced significant 
differentiation and expansion of human MDSC subsets, 
particularly monocytic MDSCs. The absence of G-CSF 
in 143B knockout-cells led to a marked reduction of this 
effect, further corroborating the G-CSF central role.

Notably, in the in  vitro model of human MDSCs, we 
were able to confirm that the immunosuppressive envi-
ronment fostered by 143B cells by increasing the MDSCs, 
is mediated significantly by G-CSF. Indeed, conditioned 
media from 143B cells, increasing the percentage of 
MDSC in culture, did suppress CAR.GD2 T-cell activ-
ity, whereas media from G-CSF knockout-cells did not, 
pointing to the immune evasive strategies deployed by 
tumors via cytokine secretion. In line with this obser-
vation, it has been shown that several tumors express-
ing high levels of G-CSF are aggressive, more difficult to 
treat, and present with poor prognosis and high mortal-
ity rates [35, 36, 55]. Several studies suggest that G-CSF 
has a role in tumor-promoting effects on both tumor 
cells and the TME [36] in colorectal cancers [35, 56], 
metaplastic breast carcinoma [57], anaplastic thyroid 
carcinoma [58], pancreatic cancers [59, 60], bladder car-
cinoma [61] and hepatocellular carcinoma [62]. Indeed, 
it promotes tumor survival, migration, and stem cell lon-
gevity, as well as induces pro-tumorigenic immune cell 
phenotypes such as M2 macrophages, MDSCs, and regu-
latory T-cells [63].

Additionally, it has been reported that MDSC were 
highly enriched in mononuclear cell populations isolated 
from peripheral blood of G-CSF-mobilized haploiden-
tical donors [64] and they display a marked inhibitory 
effect in NBL patients treated with CAR.GD2 T-cells [38]. 
Furthermore, the frequency of circulating PMN-MDSC 
in NBL patients inversely correlates with the levels of 
CAR.GD2 T-cells, being more elevated in patients who 
did not respond or who lost response to the treatment 
[38]. A recent report has shown that G-CSF derived from 
OS cells activates the STAT3 signaling pathway, leading 
to PD-L2 expression on mast cells. These immunosup-
pressive PD-L2 + mast cells then suppress tumor-specific 
CD8 + T-cells in a PD-L2-dependent manner [65].

Since we have recapitulated the mechanism of modu-
lating MDSC in the OS model based on the 143B cell line, 
further studies involving large cohorts of OS patients are 
needed to validate these findings in a clinical context to 
corroborate the correlation between G-CSF, and elevated 
MDSC levels, increased metastasis, heightened aggres-
siveness, and poor prognosis. Moreover, approaches 
aimed at neutralizing G-CSF, a key chemokine that not 
only modulates MDSCs but also enhances Treg activ-
ity [63], or directly reducing MDSCs along with other 

relevant immunosuppressive elements of the TME, such 
as Tregs and TAMs, could significantly enhance the 
response to GD2.CAR T-cells.

Overall, our research provides compelling evidence 
supporting the use of GD2-targeted CAR T-cell therapy 
for pediatric sarcomas, emphasizing the importance of 
assessing GD2 expression levels and considering combi-
natory approaches to overcome resistance mechanisms. 
Clinical studies are warranted to translate these experi-
mental findings into effective treatment strategies, poten-
tially improving survival outcomes of patients with high 
GD2-expressing sarcomas.

Methods
Cell lines
The OS cell lines 143B (ATCC-CRL-8303-RRID: 
CVCL_2270), MG-63 (ATCC-CRL-1427-RRID: 
CVCL_0426), U-2 OS (ATCC HTB-96-RRID: CVCL_0042), 
HOS (ATCC  CRL-1543), and SAOS-2 (ATCC HTB-85-
RRID: CVCL_0548) were obtained from LGC Standards 
S.r.L, Milano (MI), Italy. The ERMS cell line RD (ATCC 
CCL136) and the EWS cell lines A-673 (ATCC® CRL-1598-
RRID: CVCL_0080) and SK-ES-1 (ATCC HTB86-RRID: 
CVCL_0627) were obtained from LGC Standards S.r.L, 
Milano (MI), Italy. The ERMS cell lines SMS-CTR and JR1 
cell lines, the ARMS RH4, SCMC and RH30 were kindly 
provided by Dr R. Rota (Bambino Gesù Children’s Hospital, 
Rome, Italy). Dr Di Giannatale (Bambino Gesù Children’s 
Hospital, Rome, Italy) kindly provided the ERMS cell line 
CT10. All cell lines were authenticated by STR analysis in 
the certificated lab "BMR Genomics s.r.l." and tested for 
mycoplasma every 15 days.

Generation of retroviral vectors
The generation of the clinical grade retroviral vector 
iCasp9.2A.GD2.CAR-CD28.4–1BBζ has been previously 
described [12]. In brief, the CAR molecule comprises a 
single chain variable fragment (scFv) 14.G2a that spe-
cifically recognizes the GD2 disialoganglioside. This 
scFv is cloned in frame with the transmembrane and 
cytoplasmic costimulatory domain CD28, the costimu-
latory domain 4.1BB and the CD3-ζ sequence. The vec-
tor is designed with a bi-cistronic configuration, which 
includes the suicide gene inducible Caspase 9 (iC9) sep-
arated from the CAR cassette by a 2A sequence. Viral 
supernatant was generated by the use of the producer 
cell line 293VEC-RD114 (kindly provided by Dr Caruso, 
from BioVec Pharma, Canada). An additional retroviral 
vector encoding eGFP-Firefly-Luciferase (GFP-FF-Luc) 
was used in selected experiments to label tumor cells for 
in vitro and in vivo studies.
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Genome editing with CRISPR/Cas9 to knockout CXCL8 
gene or CSF3 (G‑CSF)
CRISPR/Cas9-mediated CXCL8  Knockout 
(KO) and CRISPR/Cas9-mediated CSF3 KO in 143B cell 
line  was performed  using the  Alt-R  CRISPR-Cas9 Sys-
tem (Integrated DNA Technologies, IDT, USA)  through 
electroporation with the Amaxa 4D-Nucleofector Sys-
tem (Lonza, Basel, Switzerland). In details, the sgRNA 
was obtained by annealing the  crRNA  for CXCL8 
or CSF3  (Alt-R Cas9 crRNA, IDT), generated from 
Synthego Design Tool, https://​design.​synth​ego.​com, and 
the fluorescently labeled tracrRNA (Alt-R Cas9 trac-
rRNA-5’ATTO550, IDT) to monitor electroporation 
efficiency. The  CRISPR/Cas9 ribonucleoprotein (RNP) 
complex was electroporated in 1 × 105 143B cells accord-
ing to the manufacturer’s specifications of 4D-Nucleofec-
tor. The targeting sequence for CXCL8 and CSF3 crRNA 
are listed below: CXCL8 crRNA:  CUA​AGU​UCU​UUA​
GCA​CUC​CU and CSF3 crRNA:  AGC​UUG​UAG​GUG​
GCA​CAC​UG.

Isolation and generation of effector T‑cells.
Peripheral blood mononuclear cells (PBMCs) were iso-
lated from buffy-coats obtained from healthy donors 
(Bambino Gesù Children’s Hospital, Rome, Italy) who 
signed a written informed consent, in accordance with 
rules set by the Institutional Review Board of OPBG 
(Approval of Ethical Committee N°969/2015 prot. N° 
669LB), using Lymphocytes separation medium (Euro-
bio; France). T lymphocytes were activated with immo-
bilized OKT3 (1 μg/ml, e-Bioscience Inc.;San Diego,CA, 
USA) and anti-CD28 (1 μg/ml, BD Biosciences, Europe) 
monoclonal antibody (mAb) in the presence of recom-
binant human interleukin-7 (IL7, 10  ng/ml; bio-techne; 
USA) and 15 (IL15, 5 ng/ml; bio-techne; USA). Activated 
T-cells were then transduced, with the retroviral vector 
iCasp9.2A.GD2.CAR-CD28.4–1BBζ, on day 3 in 24-well 
plates pre-coated with recombinant human RetroNectin 
(Takara-Bio. Inc; Japan) and expanded in vitro for addi-
tional 10 days before functional analysis.

Characterization of human MDSC
The frequency and the absolute number of human early 
(e-MDSC, monocytic (Mo-MDSC and polymorphonu-
clear (PMN-MDSC) was evaluated by flow-cytometry. 
For the MDSC characterization, freshly isolated PBMCs 
were stained with anti-human CD11b-PECy7 (BD-Bios-
cences: 557,743), HLA-DR-BUV395 (BD-Bioscences: 
564,040), CD14-VioBlue (Miltenyi-Biotec: 130-113-714), 
CD33-PE (BD-Bioscences: 555,450), CD45-BUV805 
(BD-Bioscences: 612,891), CD56 APC (BD-Bios-
cences: 555,518), CD19 APC (BD-Bioscences: 555,415), 
CD3 APC (BD-Bioscences: 555,342), CD15-BB515 

(BD-Bioscences: 565,236) for 15  min at 4  °C and then 
washed twice with stain buffer (Becton Dickinson). 
Stained samples were acquired by LSR Fortessa flow-
cytometer (Becton Dickinson) and data were analyzed by 
FlowJo (RRID:SCR_008520) software.

Immunophenotype analysis
GD2 surface expression was analyzed on fresh tumor 
biopsy samples and PBMC from sarcoma patients using a 
conjugated mouse anti-human GD2-BV421 monoclonal 
antibody (clone 14.G2a, BD Biosciences, USA). Cells were 
stained with a live/dead dye solution, specifically 7-Amino-
Actinomycin D (7-AAD) (BD Biosciences, Italy), together 
with CD45 APC (BD Biosciences, USA). GD2 expres-
sion was analyzed in the CD45-negative (CD45-) singlet 
cell population. In the morphological gate (FSC/SSC) we 
excluded debris. To ensure consistency and reliability in 
our analyses, isotype controls and PBMCs as a negative 
control were included in each flow cytometry run.

CAR.GD2 receptor expression on T-cells was assessed 
using a specific anti-idiotype primary antibody (1A7) 
(40), followed by rat anti-mouse kappa PE (BD Bio-
sciences) and analyzed in combination with an anti-CD3-
specific monoclonal antibody.

Phenotypic analysis of human T‑cells
The following mAbs were used: CD45 (clone HI30, 
BUV805-Catalog No: 612891), GD2 (clone 14.G2a, 
BV421-Catalog No: 564223), CD3 (clone SK7, APC-
H7-Catalog No: 641415), CD4 (clone SK3, PE-Cy7-Cat-
alog No: 560909), CD8 (clone RPA-T8, BUV395-Catalog 
No: 563795), CD45RA (clone HI100, APC-Catalog No: 
550855), CD62L (clone DREG-56, BV605-Catalog No: 
562719) (All from BD Pharmigen, USA). Memory profile 
of T-cells was determined based on CD62L and CD45RA 
expression. We considered the following markers to define: 
Naïve T-cells (CD62L + CD45RA +), T Central Memory 
(TCM; CD62L + CD45RA-), T Effector Memory (TEM; 
CD62L-CD45RA-), and terminally differentiated effector 
memory T cells re-expressing CD45RA (TEMRA; CD62L-
CD45RA +). The expression of GD2 antigen on tumor 
cell lines and patient’s biopsy tissues was assessed with an 
anti-GD2 mAb (clone 14.g2a, BD Biosciences, USA). The 
expression of CAR.GD2 on T-cells was detected using a 
specific anti-idiotype antibody (1A7) [12]. All antibodies 
were used as per manufacturer’s recommendations. In all 
the analyses, the population of interest was gated based on 
forward vs side scatter characteristics followed by singlet 
gating, and live cells were gated using 7-Amino-Actino-
mycin D (7-AAD) (BD Biosciences, Italy). Samples were 
analyzed with a BD LSRFortessa X-20 and Diva software 
(BD Biosciences). For each sample, a minimum of 20,000 
events have been analyzed.

https://design.synthego.com
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Characterization of murine MDSC
Murine MDSCs were evaluated using anti-murine anti-
bodies to Ly6C (clone HK1.4, eFluor™ 450; eBiosci-
ence), Ly6G (clone 1A8; PE-eFluor610; eBioscience), and 
CD11b (clone M1/70, PE; eBioscience) [40]. All antibod-
ies were used as per manufacturer’s recommendations. In 
all analyses, the population of interest was gated based on 
forward vs side scatter characteristics followed by singlet 
gating, and live cells were gated using 7-Amino-Actino-
mycin D (7-AAD) (BD Biosciences, Italy). Samples were 
analyzed with a BD LSRFortessa X-20 and Diva software 
(BD Biosciences). For each sample, a minimum of 20,000 
events have been analyzed.

In vitro anti‑sarcoma activity
For long-term 5-day co-culture experiments, un-trans-
duced (NT) and iCasp9.2A.GD2.CAR-CD28.4–1BBζ 
(CAR.GD2) T lymphocytes were plated at 0.5 × 106 cells/
well in 24-well plates at the indicated Effector: Target 
(E:T) ratios. Following 6  days of incubation at 37  °C, 
adherent tumor cells and T-cells were collected and 
assessed by fluorescence-activated cell-sorting (FACS) 
analysis based on CD45 + /CD3 + cells (Effector T-cells) 
and CD45-GFP + GD2 + (sarcoma tumor GD2+ cell line) 
or GFP + CD45-GD2- (sarcoma tumor GD2(neg) cell 
line), respectively.

For “stressed co-cultures assay” [66], tumor cells were 
added to CAR.GD2 and/or NT T-cells on day 0, 5, 10 
and 15 at E:T ratio of 1:1. The residual tumor cells and 
persisting T-cells were analyzed by FACS analysis, 5 days 
after each tumor addition (day + 5, day + 10, day + 15 and 
day + 20).

In the “potency co-culture assay”, CAR.GD2 and/or 
NT T-cells were seeded in 24-well plates at the speci-
fied E:T ratios (CAR + T: Tumor) ranging from 1:1 to 
1:32. For this experiment, we diluted CAR T-cells in 
NT-cells while maintaining a fixed final number of both 
T-cells and tumor cells at 500,000 cells each. After 6 days 
of incubation at 37  °C, adherent tumor cells and T-cells 
were harvested and evaluated through FACS analysis.

Treatment of tumor cells with enhancer of zeste homolog 
2 inhibitor
The sarcoma cell lines were plated in 6-well plates at a 
density of 1 × 105 cells per well according our protocol 
[18]. Tumour cells were treated with the EZH2 inhibi-
tor Tazemetostat (S7128-10MM, Selleck Chemicals, US), 
dissolved in DMSO at a concentration of 1 or 10 µM or 
DMSO alone. The cells were incubated at 37  °C and 5% 
CO₂ for 7  days. The EZH2 inhibitor was replenished at 
the same concentration when the medium was changed 
or the cells were split. On day 7 of treatment, the cells 
were harvested and analysed for GD2 expression.

OS/PBMC conditioned medium
To prepare the OS conditioned medium (CM), 2 × 104/cm2 
sarcoma cell lines [(143B, 143B G-CSF knockout (143B 
G-CSF−/−) or U-2OS] were cultured in RPMI supple-
mented with 10% FBS, 1% Penicillin/Streptomycin and 1% 
Glutamine (here after Medium). After 72 h (hrs), the con-
ditioned medium (CM1) was collected, filtered through a 
0.4 µm filter, and stored at −20 °C. To prepare CM2, freshly 
isolated PBMC (4 × 105/cm2) were cultures for three days 
in the OS conditioned medium (CM1). At the end of the 
culture, conditioned media (CM2) were collected, filtered, 
and stored at −20 °C, and cells were characterized for flow-
cytometry. For the negative control, PBMC were cultured 
in medium for 72 h, conditioned medium (CM3) was col-
lected, 0.4  µm filtered and stored at −20  °C, whereas the 
cells were characterized by flow cytometry. For CM4, freshly 
isolated PBMC (4 × 105/cm2) were co-cultured for 72 h with 
semiconfluent 143B, 143B G-CSF−/− or U-2OS cell line in 
Medium. At the end of the co-cultures, conditioned media 
(CM4) were collected, filtered and stored at −20 °C, whereas 
the cells were characterized by flow-cytometry.

In selected experiment, PBMC alone or PBMC + 143B 
G-CSF−/− cells were co-cultured with increasing doses of 
Human G-CSF, premium grade (Miltenyi; Catalog No: 130-
096-347) (ranging from 0.5 to 50 ng/ml) for 72 h. At the end 
of the co-cultures MDSC were analyzed by flow cytometry.

Real‑time incucyte analysis for 2D/3D models
CAR.GD2 T-cell cytotoxic activity was tested by using 
the IncuCyte S3 live cell imaging system (Sartorius). The 
GFP + tumor cells were seeded (1,000 cell/well) in an 
ultra-low-attachment 96-well plate in triplicate. Growth 
of tumor spheres was daily monitored up to a diam-
eter of 300um and then co-cultured with un-transduced 
(NT) T-cells or CAR.GD2 T-cells for 5 days at different 
E:T ratio (1:1, 1:5, 1:10). Spheroid diameter and GFP 
expression of residual tumor have been analyzed in real 
time starting 12 h after co-culture up to 120 h (5 days). 
Moreover, we evaluated cytotoxic activity of CAR.GD2 
T-cells on 143B, 143B G-CSF−/− and U-2OS tumor cell 
lines also in presence of CM1, CM2, CM3 and CM4. The 
Incucyte® Live-Cell Analysis Systems was used as real-
time quantitative live-cell imaging to monitor cell con-
fluence over time. The Total Green Object Integrated 
Intensity parameter was used to quantify tumor cells 
density for five days. The assays were repeated in three 
independent experiments, and the data were summarized 
as mean ± Standard Deviation (SD).

Cytokine analysis by Ella automated immunoassay system
The Supernatant was collected 24  h from the in  vitro 
co-culture experiments to measure Interferon gamma 
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(IFNγ), Interleukin-2 (IL-2), Interleukin-10 (IL-10) and 
Tumor Necrosis Factor alpha (TNF-α). Supernatant col-
lected, from tumor cell line culture, was collected at 72 h. 
All Cytokines were quantified by Ella Automated Immu-
noassay System (bio-techne; Minneapolis, USA).

For the stimulation assays with 1A7 anti-idiotypic anti-
body, non-transduced (NT) T-cells and CAR.GD2 T-cells 
were incubated with 0.5  ng/mL of 1A7 anti-idiotypic 
antibody for 72 h. The 1A7 antibody was used to mimic 
stimulation by the tumor-associated antigen disialo-
ganglioside GD2. Supernatants were harvested at 24  h 
post-culture for cytokine analysis, which was performed 
using an Ella Automated Immunoassay System assay to 
quantify granulocyte colony-stimulating factor (G-CSF), 
granulocyte–macrophage colony-stimulating factor 
(GM-CSF), interferon-gamma (IFNγ), interleukin-6 (IL-
6), and interleukin-10 (IL-10) levels.

Cytokine tumor profile analysis by luminex MAGPIX
For  in vitro  experiments, sarcoma cell lines [RD, 143B, 
143B CXCL8 knockout (143B CXCL8−/−), 143B G-CSF 
knockout (143B G-CSF−/−), HOS, SAOS-2, U-2OS and 
MG-63] were plated 1 × 105  cells/ml in 24 well-plate. 
Supernatant from tumor cultures was collected at 72 h, to 
measure cytokines release. For  in vivo  experiments, the 
murine plasma of xenograft models inoculated with sar-
coma cell lines (143B, 143B CXCL8−/−, 143B G-CSF−/−, 
U-2OS, MG-63, HOS, SAOS-2 and RD) was collected 
weekly until mice sacrifice upon reaching log10 biolu-
minescence value. The plasma of control mice (without 
tumor) was collected at the same days. Cytokines were 
measured by Custom Panel assay (Millipore), using a 
Luminex MAGPIX with xPONENT software, following 
the manufacturer’s instructions. In particular, we inves-
tigated the following cytokines: CCL2, CCL3, CCL5, 
CCL7, CX3CL1, CXCL1, CXCL2, CXCL4, CXCL5, 
CXCL6, CXCL8 (IL8), CXCL13, CXCL14, G-CSF (CSF3), 
GM-CSF, IFN-gamma, IL10, IL13, IL1b, IL5, MCSF and 
TNF-alpha.

Elispot assay
We used an IFNγ ELISpot assay, as described previously 
[67]. Briefly, CAR T-cells were plated in triplicate, serially 
diluted from 1 × 106 to 5 × 104 cells/well and then co-cul-
tured with OS primary patient tumors (5 × 104 and 1 × 105 
respectively). As positive control, T-cells were stimulated 
with 25 ng/mL of phorbol myristate acetate (PMA) and 
1  μg/mL of ionomycin (Sigma-Aldrich). The IFNγ  spot-
forming cells (SFC) were enumerated (ZellNet).

In vivo experiments
Xenograft studies were performed using female or 
male NSG (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ; RRID: 

BCBC_4611 from Charles River) mice, 6 to 8  weeks of 
age. To investigate the in vivo antitumor activity of CAR.
GD2 T-cells on systemic RMS model, 0.5 × 106 GD2+ RD-
GFP-FF-Luc cells were intravenously injected (i.v.). To 
investigate the in  vivo antitumor activity of CAR.GD2 
T-cells on orthotopic (o.t.) model of OS, NGS mice were 
inoculated in the tibia with 0.5 × 106 GD2+ 143B-GFP-FF-
Luc or 0.2 × 106 GD2+U-2OS-GFP-FF-Luc. Tumors were 
injected with matrigel diluted 1:1 in PBS 1X. After tumor 
engraftment, i.e. when the tumor’s bioluminescence 
was detectable and measurable, the mice received only 
one i.v. injection of effector T-cells (10 × 106/mouse). To 
investigate which human sarcoma lines modulate mouse 
MDSC cell expansion, the 143B, SAOS-2, U-2OS, MG-63 
and HOS OS cell lines were orthotopically inoculated in 
the right tibia of NSG mice. For the ERMS model, RD cell 
line was orthotopically inoculated in the right paw mus-
cle of NSG mice.

Circulating murine MDSC were evaluated periodi-
cally in peripheral blood by FACS analysis, as previously 
reported [40], looking for absolute number of PMN-
MDSC (CD11b + Ly6G + Ly6C–) cells and monocytic 
MDSCs (CD11b + Ly6C +) cells.

Absolute number quantification of PMN MDSC and 
monocytic MDSCs cells was performed on 50  uL of 
blood, using CountBright™ Absolute Counting Beads, for 
flow cytometry kit (Cat# C36950; Invitrogen).

Tumor growth was evaluated using IVIS imaging sys-
tem (PerkinElmer, USA). Briefly, a constant region of 
interest was drawn over the mouse and the intensity of 
the signal measured, every week, as total photon/sec/
cm2/sr (p/s/cm2/sr), as previously described [68]. The 
circulating human T-cells were evaluated periodically in 
mice peripheral blood. Mice were maintained in the ani-
mal facility at Plaisant Castel Romano (Rome, Italy). All 
in  vivo experiments were performed following the ethi-
cal international, EU and national requirements and were 
approved by the Italian Health Ministry (N°88/2016-PR).

Analysis of public datasets
For the in-silico study, the B4GALNT1 gene expression 
was evaluated as a prognostic tumor marker and as sur-
rogate marker for GD2 expression level in patients. In 
particular, the Gene Expression Profiling Interactive 
Analysis 2 webtool (GEPIA2—Gene Expression Profiling 
Interactive Analysis (RRID:SCR_018294) (http://​gepia2.​
cancer-​pku.​cn/) was employed to assess the expression 
levels of B4GALNT1 across multiple solid tumor types 
RNAseq data from The Cancer Genome Atlas (TCGA) 
and the Genotype-Tissue Expression (GTEX) projects. 
Using Oncogenomics pediatric sarcoma database, we 
characterize B4GALNT1 gene expression also in pediat-
ric subpopulation.

http://gepia2.cancer-pku.cn/
http://gepia2.cancer-pku.cn/
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The Kaplan–Meier survival analysis by B4GALNT1 
gene expression have been performed on sarcoma 
patients using R2 bioinformatic webtool (https://​hgser​
ver1.​amc.​nl/) on publicly available datasets (Oncog-
enomics, ITCC, Dirksen, TARGET). The cut-off value 
was automatically calculated for each database based on 
specific parameters and statistical analysis to maximize 
the separation between high and low expression groups, 
allowing the stratification of patients on their molecular 
profiles.

Statistical analysis
Data are summarized as average ± standard deviation 
(SD). Student t-test (two-sided) or ordinary two-sided 
one-way ANOVA was used to determine statistically sig-
nificant differences between samples, with p value < 0.05 
indicating a significant difference. Non-parametric 
matched-pairs statistical tests were used to compare the 
frequency and the absolute number of MDSC among dif-
ferent culture conditions (Friedman test) or between day 
0 and each single condition (Wilcoxon matched-pairs 
signed-rank test). A p value < 0.05 indicates a significant 
difference.

Mice were matched based on the tumor signal for con-
trol and treated groups. The mouse survival data were 
analyzed using the Kaplan–Meier survival curves; the 
log-rank test was used to measure differences between 
groups. No valuable samples were excluded from the 
analyses. Animals were excluded only in the event of 
death after tumor implant, but before T-cell infusion, 
or for the absence of tumor engraftment. Mice were 
matched based on the tumor signal for control and treat-
ment groups before infusion of control or gene-modified 
T-cells. To compare the growth of tumors over time, bio-
luminescence signal intensity was collected in a blind 
fashion. Bioluminescence signal intensity was log trans-
formed and then compared using a two-sample t-test. 
Graph generation and statistical analyses were performed 
using GraphPad Prism (RRID:SCR_002798) version 
10.2.3 software.

Statement of significance
Sarcomas account for 10-15% of all childhood cancers. 
GD2 expression was detected in approximately 55% of 
the primary sarcoma tumors and it is positively modu-
lated by EZH2 inhibitor Tazemetostat. Immunosuppres-
sive MDSC hindered the long-term effectiveness of CAR.
GD2 T-cells. Tumor-derived G-CSF, but not CXCL8, sig-
nificantly induces a vigorous expansion of immunosup-
pressive monocytic MDSC.
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