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Donor-derived GD2-specific CAR T cells in 
relapsed or refractory neuroblastoma

Allogeneic chimeric antigen receptor (CAR) T cells targeting 
disialoganglioside-GD2 (ALLO_GD2-CART01) could be a therapeutic 
option for patients with relapsed or refractory, high-risk neuroblastoma 
(r/r HR-NB) whose tumors did not respond to autologous GD2-CART01 or 
who have profound lymphopenia. We present a case series of five children 
with HR-NB refractory to more than three different lines of therapy who 
received ALLO_GD2-CART01 in a hospital exemption setting. Four of them 
had previously received allogeneic hematopoietic stem cell transplantation. 
All patients experienced grade 2 or 3 cytokine release syndrome and one 
grade 2 neurotoxicity. Moderate acute graft-versus-host-disease occurred 
in four patients. ALLO_GD2-CART01 persisted for >6 weeks. Post-treatment, 
two complete responses were achieved and one maintained; in addition, 
one partial response and one stable disease were observed. Comparing 
the transcriptomic profiles obtained by RNA sequencing analyses of drug 
products with patient-matched, peripheral blood ALLO_GD2-CART01 
collected at expansion, we found upregulation of genes associated with 
T cell activation and migration. In addition, after infusion, transcriptomic 
signaling analysis showed enrichment of genes involved in response to 
decreased oxygen levels, humoral immune response, cell polarization and 
immune-synapse formation. In comparison to autologous CAR T cells, 
ALLO_GD2-CAR T cells were characterized by pathways associated with T cell 
proliferation, immune-synapse formation and cell chemotaxis. The safety 
and efficacy of ALLO_GD2-CART01 in children with r/r HR-NB deserve further 
investigation in a prospective trial.

Despite the intensive, multimodal treatment, including an intensified 
induction chemotherapy, surgery, high-dose (HD) chemotherapy with 
autologous hematopoietic stem cell (HSC) rescue, radiotherapy and 
maintenance therapy with the differentiating agent 13-cis-retinoic acid 
(CRA) and the monoclonal antibody directed against the disialoganglo-
side GD2, 50–60% of patients with high-risk neuroblastoma (HR-NB) 
experience a poor tumor response or relapse, with poor chances of 
then being rescued1,2. Relapsed or refractory (r/r) HR-NB is associated 
with a dismal outcome, because long-term, disease-free survival does 
not exceed 10–15%3.

We recently reported the interim results of our phase I/II clinical 
trial (NCT03373097) showing that autologous T cells genetically modi-
fied to express a third-generation (CD28-4.1BB) chimeric antigen recep-
tor (CAR) targeting GD2 (GD2-CART01) represent a valuable option for 
patients with r/r HR-NB4. In particular, we showed that the patients with 
a lower disease burden at the time of infusion have a remarkable 3-year, 
event-free survival approaching 60% when treated with GD2-CAR 
T cells. The achievement of a low tumor burden may require the use 
of HD chemotherapy or meta-iodobenzylguanidine (MIBG) therapy 
that cannot be administered in patients who fail to collect autologous 
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ALLO_GD2-CART01. The reasons for the previous allogeneic HSCT 
were: (1) indications for HD chemotherapy or [131I]MIBG and failure to 
collect autologous CD34+ cells (Pt1, -3 and -5); (2) consolidation of a 
complete remission (CR), in combination with dinutuximab-β (DB), 
as per clinical trial active in Germany (NCT02258815) (Pt4); and (3) 
prolonged, severe cytopenia (Pt2).

Data on patient follow-up were reported as of 30 June 2024.

Donor and HSCT characteristics and outcome
The characteristics of the donors of T cells and HSCs are detailed in 
Table 1. Briefly, Pt1 received haploidentical HSCs from the mother, after 
a conditioning regimen based on HD-[131I]MIBG and melphalan. The 
disease status before HSCT was progressive disease (PD). Pt2 was trans-
planted, in CR, from a fully HLA-matched sibling, after having received 
ALLO_GD2-CART01, and received cyclophosphamide (50 mg kg−1 d−1 
for 4 d) alone as conditioning therapy, because of profound and pro-
longed cytopenia. Pt3 received a haploidentical transplantation from 
the father, in stable disease (SD), and the conditioning regimen was 
based on the combination of busulfan, thiotepa and melphalan. Pt4 
received a haploidentical rescue from the mother after HD-[131I]MIBG 
therapy without any relevant toxicity. Pt5 received, in CR, a haploiden-
tical transplantation from the mother, after a conditioning regimen 
based on busulfan, thiotepa and melphalan. In all patients, complete 
donor chimerism was confirmed by short tandem repeat analysis in 
the PB.

ALLO_GD2-CART01 manufacturing and characteristics of the 
drug products
ALLO_GD2-CART01 was successfully manufactured for all five patients 
using the same manufacturing process already applied for the pro-
duction of AUTO_GD2-CART01. The median T cell number at the 
end of production of the ALLO_GD2-CART01 was 3.85 × 109 (range 
2.4 × 109– 4.76 × 109), with a median transduction efficiency and cell 
viability, respectively, of 70.1% (range 62.8–76.5%) and 94.4% (range 
88.5–96.7%).

Drug products were also characterized for the percentage of CD3+ 
cells, CD4 and CD8 subsets, as well as the memory profile (Fig. 2a,b). 
In particular, the ALLO_GD2-CART01 drug product is characterized 
by a large predominance of CD4+ or CD8+ central memory CAR+ 
T cells (in three of five; Fig. 2b), with a significant lower percentage 
of naive CD4+CAR+ T cells and naive and terminal differentiated effec-
tor memory (TEMRA) CD8+CAR+ T cells compared with the AUTO_
GD2-CART01 drug products for the children enrolled in the clinical 
trial4 NCT03373097 (Extended Data Fig. 1).

Patients’ outcome after ALLO_GD2-CART01
ALLO_GD2-CART01 was infused on day + 62 after allogeneic HSCT in Pt1, 
day + 72 in Pt3, day + 73 in Pt4 and 2.5 years after HSCT in Pt5, whereas 
Pt2 received the genetically engineered T cells generated from the 
HLA-identical sibling 89 d before allogeneic HSCT (with allo-HSCT 

CD34+ cells. Moreover, a proportion of patients do not have access to 
autologous CAR T cells as a result of a profound lymphopenia, prevent-
ing the collection of an adequate number of T cells. In addition, various 
intrinsic factors related to T cells, including the fitness of harvested 
T cells, the manufacturing process, prior treatment regimens and the 
phenotype of infused T cells, have been shown to correlate with clinical 
outcomes in patients receiving CAR T cell products5.

To improve the manufacturing success, T cell fitness and overall 
drug product quality, we explored the use of allogeneic GD2-CAR 
T cells (ALLO_GD2-CART01), generated from either a fully human leu-
kocyte antigen (HLA)-matched or an haploidentical donor, employing 
the same third-generation construct previously tested in the clinical 
trial using autologous (AUTO) GD2-CART01 (ref. 4). The presence of 
the inducible caspase 9 (iC9) suicide gene in the construct increases 
the safety profile of the approach, enabling the prompt elimination 
of proliferating CAR+ cells on occurrence of severe toxicity. ALLO_
GD2-CART01 was used in patients with advanced disease, who had 
no alternative therapeutic options available and one or both of the 
following: (1) profound lymphopenia preventing collection of autolo-
gous T cells and (2) a disease that had failed a previous treatment with 
autologous GD2-CART01.

In this case series, we reported the results of five patients with NB 
refractory to multiple, heterogeneous lines of prior treatment, who 
received ALLO_GD2-CART01 in a hospital exemption (HE) setting, after 
having exhausted any alternative, potentially curative, treatment. All 
treatments were previously approved by both the competent ethical 
committee and the national competent authority.

To gain more insights on the use of ALLO_GD2-CART01, we per-
formed RNA sequencing (RNA-seq) studies to characterize the tran-
scriptional signature of both CAR T cells present in the drug product 
and collected from peripheral blood (PB) at different time points after 
infusion.

Results
Patients’ characteristics
Between February 2022 and January 2024, we treated five patients who 
had r/r HR-NB with ALLO_GD2-CART01 in an HE setting (a swimmer 
plot, summarizing both the previous history and the outcome after 
ALLO_GD2-CART01, is shown in Fig. 1a; patient characteristics and previ-
ous lines of treatment, heterogeneous and different across patients, are 
summarized in Table 1). All patients had tumors that had not responded 
to more than three lines of therapy, including autologous GD2-CART01 
for two of them. The reasons for proceeding to ALLO_GD2-CART01 
were lack of alternative, potentially curative therapeutic options and 
(1) severe lymphopenia (patient 1 (Pt1), Pt4 and Pt5) and (2) failure of 
previous AUTO_GD2-CART01 (Pt2 and Pt3). Importantly, all patients 
who were candidates to receive ALLO_GD2-CART01 were successfully 
treated, with no drop-out from the planned approach.

All these five patients also received allogeneic hematopoietic stem 
cell transplantation (HSCT) either before (Pt1, -3, -4 and -5) or after (Pt2) 

Fig. 1 | Background treatment and clinical outcomes of patients with  
r/r NB treated with ALLO-GD2-CAR T cell therapy. a, Swimmer plot of the five 
patients treated, including the treatment history before ALLO_GD2-CART01 
in the years before infusion and the history after ALLO_GD2-CART01. Patients 
received the treatment according to HR-NBL1/SIOPEN (induction chemotherapy/
HD-chemotherapy + auto-HSCT/surgery/radiotherapy/maintenance with 
dinutuximab-β + CRA) after either enrollment into the clinical trial or the 
same recommendations, outside the clinical trial (Pt1). b, ALLO_GD2-CART01 
activity. Change in SIOPEN skeletal score at 6 weeks after infusion versus before 
infusion (left) in four of the five patients with skeletal disease before infusion 
of ALLO_GD2-CART01 (in Pt5 no skeletal disease was present before infusion 
of ALLO_GD2-CAR and, therefore, was not included). Right, upper, merged 
single-photon emission computed tomography and MIBG uptake scans showing 
a metastatic vertebral lesion from Pt2 at the indicated time points. Right, lower, 

MIBG scan of Pt4 showing the disseminated skeletal disease pre-infusion and 
the complete response observed 6 weeks after infusion. c, Details of the SIOPEN 
score at the different time points of treatment (that is, baseline, before allogeneic 
HSCT, before ALLO_GD2-CART01 and 6 weeks after ALLO_GD2-CART01). The 
baseline assessment for Pt5 is not applicable (NA) because it was performed 
at another center, 2.5 years previously with ALLO_GD2-CART01. aIn Pt2, HSCT 
was administered after ALLO_GD2-CART01, therefore this time point coincides 
with ‘After ALLO_GD2-CART01’. d, Toxicity profile of patients receiving 
ALLO_GD2-CART01 according to Lee’s criteria and the ASTCT Consensus Grading 
for ICANS. AST:ALT, aspartate transaminase:alanine transaminase. aRequires 
activation of the iC9; bGvHD was treated with intravenous administration of 
steroids (1 mg per kg per d, for 1 d in Pt1, 11 d and subsequently tapered in Pt2, 15 d 
and subsequently tapered in Pt3 and 2 d in Pt4).

http://www.nature.com/naturemedicine
https://clinicaltrials.gov/ct2/show/NCT03373097


Nature Medicine | Volume 31 | March 2025 | 849–860 851

Article https://doi.org/10.1038/s41591-024-03449-x

Pre-infusion Post-infusion week + 6

b

c

Pt1 Pt2 Pt3 Pt4 Pt5

Before allogeneic HSCT 32 0a 6 0 NA

Before ALLO_GD2-CART01 16 5 5 37 0

After ALLO_GD2-CART01 16 0 2 0 0

0

–50

–100

∆
 S

IO
PE

N
 s

co
re

 a
t w

ee
k 

+ 
6 

(%
)

Pt1 Pt2 Pt3 Pt4

Pt2

Pt1 Pt2 Pt3 Pt4 Pt5

CRS Grade 2 Grade 2 Grade 3a Grade 2 Grade 2

ICANS – – Grade 2a – –

Hematological toxicity
Hemoglobin
Granulocytes (ANC)
Platelets

Grade 3
Grade 4
Grade 4

Grade 3
Grade 4
Grade 4

Grade 3
Grade 4
Grade 3

Grade 3
Grade 4
Grade 4

Grade 3
Grade 4
Grade 4

aGVHD
Skin
Liver
Gut

Stage 3b

Stage 2b
Stage 3b

–
Stage 3b

–
Stage 2b

–
–

–
–
–

Peripheral neuropathy – – – – –

Other
Paroxysmal supraventricular             
tachycardia
Aspiration pneumonia
Elevated AST:ALT

–

–
–

–

–
–

Grade 2

–
–

–

Grade 4
–

–

–
Grade 3

d

a
Diagnosis
CR
PR
SD
Relapse/progression
Death
Ongoing response

HR-NBL1/SIOPEN
Radiotherapy
Chemotherapy
Chemoimmunotherapy
Dinnutuximab-β
Surgery
Auto-HSCT
Allo-HSCT
GD2-CART01
Allo_GD2-CART01

Pt2

Pt3

Pt4

Pt5

0 2 4 6 8 10 12 14 16 18 20 22 24–8 –6 –4 –2

Years before ALLO_GD2-CART01 Months after ALLO_GD2-CART01

Pt1

× 2

Other therapies

Palliative care

× 2

Anterior skull Skull right sidePosterior skull Skull left side

Chest anterior
abdomen

Chest posterior
abdomen

Anterior lower
limbs

Posterior
lower limbs

Anterior
lower limbs 

Posterior 
lower limbs

Anterior skull Posterior skull Skull right 
side

Skull left
side

Chest anterior
abdomen

Chest posterior
abdomen

Anterior 
lower limbs

Posterior
lower limbs

Anterior
lower limbs 

Posterior 
lower limbs

Pt4
%

100
%

100
%

100
%

100

%
100

%
100

%
100

%
100

%
100

%
100

0000

00

00 00

%
100

%
100

%
100

%
100

%
100

%
100

%
100

%
100

%
100

%
100

0000

00

00 00

http://www.nature.com/naturemedicine


Nature Medicine | Volume 31 | March 2025 | 849–860 852

Article https://doi.org/10.1038/s41591-024-03449-x

administered, in this patient, for the prolonged, severe cytopenia devel-
oped after ALLO_GD2-CART01). A response to ALLO_GD2-CART01 was 
observed in four patients, including two CRs obtained in Pt2 and Pt4 
(despite the massive progression observed before infusion), one CR 
maintained in Pt5 and one partial response (PR) in Pt3, with reduc-
tion in size of two soft-tissue lesions and >50% MIBG skeletal score 
reduction (Fig. 1b). In the first patient, an SD was obtained despite an 
extremely aggressive disease that had previously progressed under 
two different chemotherapy regimens and obtained PR with the 
allogeneic HSCT, after [131I]MIBG therapy combined with melphalan. 
A detail of the SIOPEN (International Society of Paediatric Oncology 
Europe Neuroblastoma Group) score of the patients at each relevant 
time point of treatment is shown in Fig. 1c. In Pt4, in view of the results 
obtained, the favorable safety profile and very high risks characteristic 
of the disease, we decided to infuse a second ALLO_GD2-CART01 dose 
(3 × 106 CAR+ cells per kg) on week 8 after the first infusion, without 
prior lymphodepletion considering that the patient was still cyto-
penic. Pt2 was treated initially with autologous drug product, the 
best response observed being SD, with a duration of response lasting 
6 months, while, after receiving ALLO_GD2-CART01, the child finally 

obtained CR. Thus, the response to allogeneic CAR T cells was better 
than that observed with AUTO_GD2-CART01. For Pt3, the best response 
achieved after AUTO_GD2-CART01 was PR, with a duration of 15 months. 
During this period, the patient also underwent radiotherapy. After a 
subsequent relapse, she was given two additional infusions of AUTO_
GD2-CART01, but her disease was demonstrated to be fully resistant. 
We then decided to proceed with the ALLO_GD2-CART01 infusion,  
obtaining a new PR.

Despite these results, the disease subsequently relapsed or 
progressed in the first four patients. In particular, Pt1 experienced a 
progression of disease, with the occurrence of new hepatic lesions, 
6 months after treatment with ALLO_GD2-CART01. In Pt2, two new 
bone spots were observed 4 months after HSCT, which, however, did 
not progress up to the last evaluation, performed 24 months after 
infusion, despite the absence of any additional treatment. In Pt3, a 
disease progression was observed 3 months after ALLO_GD2-CART01 
infusion. In Pt4, a massive dissemination of the disease in the central 
nervous system was observed after returning to the treatment center, 
3.5 months after infusion. Pt5 still remains in continuous CR 6 months 
after ALLO_GD2-CART01.

Table 1 | Characteristics of patients and HSCT

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5

Patient characteristics

Age at Allo_CAR T cell 
infusion (years)

11 9 6 4 9

Sex F M F M M

Relapsed or refractory 
disease

Relapsed Relapsed Refractory Relapsed Relapsed

Previous therapies Chemotherapy 
(CBDCA-VP16, 
CADO), surgery, 
COJEC, BuMel + ASCT, 
radiotherapy, DB

Chemotherapy 
(CBDCA-VP16, 
TVD), BuMel + ASCT, 
ICE, TEMIRI, DB, 
AUTO_GD2-CART01, 
proton therapy, 
HD-[131I]MIBG, topo/
cyclo + venetoclax

Rapid COJEC, 
HD-[131I]MIBG, 
AUTO_GD2-CART01, 
proton therapy, topo/
cyclo + venetoclax

SIOPEN HR-01, 
chemo-immunotherapy, 
haplo-HSCT, HD-[131I]
MIBG

SIOPEN HR-01, 
TEMIRI, topo/cyclo, 
chemo-immunotherapy

MYCN status Nonamplified Nonamplified Gain Amplified Nonamplified

Disease localization at CAR 
T infusion

Bone/bone marrow Bone/bone marrow Bone/bone 
marrow + paravertebral 
abdominal and 
parasternal

Bone/bone marrow Bone marrow

HSCT characteristics

Disease status at HSCT PD—SIOPEN score: 32 CR SD—SIOPEN score: 6 + 2 
soft-tissue localizations

CR CR

Conditioning regimen [131I]MIBG + L-PAM Cym Bu + TT + L-PAM [131I]MIBG Bu + TT + L-PAM

Type of donor Haploidentical (mother) MFD (sibling) Haploidentical (father) Haploidentical (mother) Haploidentical (mother)

Age of donor (years) 24 11  38  31 44 

Sex F F M F F

Graft manipulation Alpha/beta and CD19 
depletion

None Alpha/beta and CD19 
depletion

None None

Cell dose infused

  CD34+ cells × 106 per kg 10.16 3.6 15.63 3.4 6.36

  CD3+ cells × 106 per kg 8.21 43.3 24.26 169

  ab+ T cells × 106 per kg 0.08 40.47 0.08

  gd+ T cells × 106 per kg 7.36 2.8 23.99

  NK cells × 106per kg 18.25 4.2 36.92

 � CD20+ B cells × 106 per kg 0.006  16.6 0.07

Bu + TT + L-PAM, busulphan, thiotepa and melphalan; BuMel, busulphan/melphalan; CADO, cyclophosphamide, doxorubicin and vincristine; CBDCA, carboplatin; Cym, cyclophosphamide; ICE, 
ifosfamide, carboplatin and etoposide; L-PAM, melphalan; MFD, matched familial donor; TEMIRI, temozolomide and irinotecan; topo/cyclo: topotecan/ cyclophosphamide; TVD, topotecan, 
vincristine and doxorubicin; VP16, etoposide.
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Pharmacokinetics of ALLO_GD2-CART01
ALLO_GD2-CART01 expanded substantially in all patients (including 
Pt2, treated before allogeneic HSCT), as assessed by flow cytometry and 
digital droplet PCR (ddPCR; Fig. 2c,d), with high correlation between 
the assays (Extended Data Fig. 2a,b). In particular, we observed a CAR+ 
T cell peak of 70% (89 CAR+ T cells per μl) in Pt1, 28% (13 CAR+ T cells 
per μl) in Pt2, 78% (326 CAR+ T cells per μl) in Pt3, 72% (27 CAR+ T cells 
per μl) in Pt4 and 30% (28 CAR+ T cells per μl) in Pt5 (Fig. 2c, upper 
panel). It is interesting that we noticed a preferential expansion of 
CAR+CD4+ cells in Pt1 and Pt4 and a long-term predominance (>70%) 
of the CD4+ subset for Pt5 (Fig. 2c, lower panel, left side) compared with 

Pt2 and Pt3 in whom a preferential expansion of CAR+CD8+ cells was 
observed (Fig. 2c, lower panel, right side). Long-term persistence (up 
to 6 months in all three evaluable patients, namely Pt1, Pt3 and Pt5) of 
ALLO_GD2-CART01 was also confirmed by ddPCR (Fig. 2d). Notably, in 
Pt4 the second dose also expanded, providing a second peak of circulat-
ing ALLO_GD2-CART01, despite the absence of prior lymphodepletion 
(Extended Data Fig. 2c,d). Although, as shown in Extended Data 3a, in 
Pt3 the kinetics of expansion was comparable with that observed with 
the autologous product, in Pt2 the CAR+ T cell expansion reached a 
significantly higher magnitude and persisted remarkably longer com-
pared with what had been observed when the same patient had been 
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Fig. 2 | Expansion, persistence and biodistribution of ALLO_GD2-CART01.  
a,b, Multiparametric flow cytometry analysis of ALLO_GD2-CART01 drug 
product, in terms of CD4+CD8+CD4−CD8−CD3+ (double negative (DN)) or 
CD4+CD8+CD3+ (double positive (DP)) CAR+ T cells (a), CD4+ or CD8+ naive 
(CCR7+/CD45RO−) TCM cells (CCR7+/CD45RO+), TEM cells (CCR7−/CD45RO+), 
TEMRA cells (CCR7−/CD45RO−) (b). c, Expansion and persistence of ALLO_
GD2-CART01 in the PB of the patients, evaluated by flow cytometry in terms 
of CAR+CD3+ (percentage and absolute number). CAR+CD4+ and CAR+CD8+ 
subpopulations are shown at different time points. d, Expansion and persistence 
of ALLO_GD2-CART01 in PB of the patients, evaluated by ddPCR in terms of 
copies of CAR T cells per 100 ng of DNA at different time points. For Pt4, all tested 
samples, except for the day 7 time point, were below the acceptable threshold 

for low copies of the housekeeping gene and, therefore, were not included in 
the graph. e, Multiparametric flow cytometry analysis of ALLO_GD2-CART01 
at day 7, day 12 and week 12 (w12) after infusion, to characterize CD4+ and CD8+ 
CAR+ T cells for their memory profile (naive (CCR7+/CD45RO− and CD62L+/
CD45RA+), TCMcells (CCR7+/CD45RO+), TEM cells (CCR7−/CD45RO+) and TEMRA 
cells (CCR7−/CD45RO−)). The pie chart is not present when the CAR T cells were 
undetectable or when the number of CAR+ T cells in each memory subset was 
below the threshold of 20 cells. f, Cytokine level in the PB of patients after ALLO_
GD2-CART01 infusion at specific time points of day 0 (before infusion), day 7 and 
day 24 after infusion. For the specific cytokine profile of patients experiencing 
grade 3 CRS, refer to Extended Data Fig. 3.
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Fig. 3 | Differential gene expression profile of allogeneic GD2-CAR T cells 
expanded into the patient (follow-up) compared with that of the drug 
products. a, Volcano plot visualizing differential gene expression between 
GD2-CAR T cells expanded in vivo (at the peak of expansion after infusion) 
compared with their drug products, which were used as the baseline. The P values  
resulting from the differential gene expression analysis were assessed by a 
likelihood ratio test, a two-sided test, and adjusted for multiple comparisons using 
the Benjamini–Hochberg (BH) procedure to control for the FDR. The vertical 
lines correspond to the thresholds used for the log2(FC), showing upregulation 
(log2(FC) ≥ 1) and downregulation (log2(FC) ≤ −1). The horizontal line represents 
a FDR < 0.05 (log10 scaled). The red points on the right represent the statistically 

significant upregulated genes (FDR < 0.05 and log2(FC) ≥ 1) in the follow-up 
samples, whereas the light-blue points on the left represent upregulated genes 
(FDR < 0.05 and log2(FC) ≥ 1) in the drug products. The top 100 DEGs, ranked 
according to both FDR and log2(FC), are labeled in the plot. b, Heatmap of the 
top 100 DEGs in CAR T cells expanded in vivo (follow-ups) versus drug product 
samples. Expression across each gene (or row) has been scaled so that the row 
mean expression is 0 and the s.d. is 1 (z-score). The two-color gradient from light 
blue to red indicates for a given gene that the sample exhibits a relatively high 
expression (red) or a relatively low expression (blue). Lighter shades and white 
represent samples with an intermediate gene expression level. Samples and genes 
have been reordered by hierarchical clustering-based gene z-scores.
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treated with the autologous product, suggesting that T cell features or 
fitness may have a remarkable impact in modulating the drug product 
expansion. Circulating ALLO_GD2-CART01 shows an enrichment of 
the CAR+ central memory T cell (TCM cell; average of 45 ± 42% at day 7, 
37 ± 30% at day 28 and 24 ± 19 at week 12) and effector memory T cell 
(TEM cell; average of 53 ± 41% at day 7, 59 ± 33% at day 28 and 72 ± 22 
at week 12) profile in both CD4+ and CD8+ subpopulations (TCM cells: 
average of 27 ± 47% at day 7, 24 ± 40% at day 28 and 11 ± 3 at week 12; TEM 
cells average of 70 ± 44% at day 7, 74 ± 42% at day 28 and 88 ± 5 at week 
12), with a predominance of the CAR+ T cells belonging to the TEM cell 
subgroup also in long-term time points of week 12 (Fig. 2e).

Safety and tolerability of ALLO_GD2-CART01 infusion
The infusion of ALLO_GD2-CART01 was associated in all patients with the 
toxicities commonly observed with the autologous product (Fig. 1d). In 
particular, hematological toxicity grade ≥3 was observed in all children, 
with Pt2, Pt4 and Pt5 experiencing a prolonged (>4 weeks) neutropenia. 
Cytokine release syndrome (CRS) occurred in all patients and was associ-
ated with the increase of serum cytokines including CXCL9 and CXCL10, 
the levels of which correlated with the increase in interferon (IFN)γ 
during patient follow-up and at the time of CAR T cell in vivo expansion 
(Fig. 2f). In particular, Pt1, Pt2, Pt4 and Pt5 experienced grade 2 CRS 
(according to Lee’s criteria)6, whereas in Pt3 grade 3 CRS, characterized 
by respiratory failure requiring ventilation with helmet continuous 
positive airway pressure and grade 2 immune effector cell-associated 
neurotoxicity syndrome (ICANS), characterized by clinically relevant 
alteration of consciousness, developed. Moreover, she concomitantly 
experienced grade 2 paroxysmal supraventricular tachycardia requiring 
pharmacological treatment. She was treated initially with tocilizumab 
and steroids, with improvement of the clinical picture. However, after 
2 d, the respiratory and neurological status worsened and the dimer-
izing agent AP1903 (rimiducid), able to activate the iC9 suicide gene, 
was administered. After activation of the safety switch, the patient 
recovered quickly, with rapid reduction of the need for ventilatory 
support and the full restoration of normal consciousness. In parallel, a 
sharp decrease of circulating ALLO_GD2-CART01 was observed (with a 
drop from 12% to 3%, or 55.6 to 5.4 ALLO_GD2-CART01 per μl) (Extended 
Data Fig. 4a), as well as the decrease of IFNγ (10 versus 1.2 pg ml−1, 
P = 0.002), interleukin (IL)-10 (50.5 versus 7.7 pg ml−1, P = 1.1774 × 10−6) 
and IL-6 (457.1 versus 207.9 pg ml−1, P = 0.045), but not for tumor 
necrosis factor (TNF) (18.1 versus 15.3 pg ml−1, P = 0.07; Extended Data 
Fig. 4b). The clinical improvement allowed for a rapid tapering of the  
steroid therapy.

When evaluated according to the newer American Society for 
Transplantation and Cellular Therapy (ASTCT) Consensus Grading 
for Cytokine Release Syndrome and Neurologic Toxicity Associated 
with Immune Effector Cells7, grade 3 CRS developed in Pt1, Pt4 and 
Pt5, because of hypotension requiring low doses of vasopressor and 
grade 4 CRS in Pt3.

After infusion of ALLO_GD2-CART01, Pt1–Pt4 experienced acute 
graft-versus-host disease (aGvHD) of the skin (stage 3, overall grade II 
according to MAGIC criteria for Pt1, Pt2 and Pt3; stage 2, overall grade 
I for Pt4)8 and Pt1 also stage 2 liver aGvHD (overall grade III aGvHD). All 
patients with GvHD were treated with a course of steroids combined, 
in Pt1 and Pt2, with extracorporeal photopheresis, with rapid resolu-
tion and tapering of the steroids. Peripheral neuropathy did not occur 
in any of the patients. It is interesting that the second infusion in Pt4 
was well tolerated, without either occurrence of CRS or worsening of 
hematological toxicity.

As compared with the treatment of Pt2 and Pt3 with the autolo-
gous product, we observed a higher severity of CRS when the patients 
received ALLO_GD2-CART01, considering CRS grading (Pt2: 0 versus 
2; Pt3: 1 versus 3) and the IL-6 cytokine elevation level (Extended Data 
Fig. 3b), suggesting a stronger activation of the CAR T cells deriving 
from the allogeneic drug product.

Transcriptome profiling of ALLO_GD2-CART01
To gain further insight into the biology of ALLO_GD2-CART01, we com-
pared the transcriptomic profiles obtained by RNA-seq analyses of five 
drug products with patient-matched CAR T cells collected and sorted 
out from PB at the time of the expansion peak (follow-up), in four of 
five patients (for follow-up of Pt5, the number of reads was too low to 
be analyzed).

Of all genes analyzed, 2,725 were differentially expressed, of which 
1,204 were upregulated at follow-up. The volcano plot in Fig. 3a and 
the heatmap in Fig. 3b show the differentially expressed genes (DEGs) 
in follow-up CAR T cells compared with drug products. In particular, 
among the genes with the highest differential expression (for either 
false discovery rate (FDR) or fold-change) upregulated in the follow-up 
samples compared with drug products, we observed the presence of 
several genes associated with T cell activation and migration, includ-
ing CASZ1 (involved in T cell differentiation and development)9, GZMK 
(produced by TCM cells and TEM cells; GZMKqt0o+ T cells are also usually 
enriched in the tumor)10, WHAMM and RAP1GAP2 (involved in actin 
cytoskeleton organization and membrane trafficking, relevant for CAR 
T cell adhesion to target cells and synapse formation)11,12, ATG2A and 
TP53INP1 (involved in autophagy, critical for CAR T cell survival and 
function under stress)13,14, ADGRG1 and VCAM1 (involved in cell adhe-
sion and migration, important for CAR T cell trafficking and tumor infil-
tration)14,15, FGR (a tyrosine kinase involved in signal transduction and 
immune responses, important for CAR T cell activation and signaling)16 
and LYST (regulates lysosomal size and function, important for CAR 
T cell function and cytotoxicity)17 (Fig. 3 and Supplementary Table 1).

To gain further insights into the biological functions of the DEGs, we 
conducted a biological process (BP) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway enrichment analysis for all DEGs found 
during follow-up in comparison with drug products (Fig. 4). As shown 
in the BP dot plot and network plot (Fig. 4a,b), genes involved in the 
response to decreased oxygen levels and humoral immune response are 
significantly enriched in follow-up samples, as well as key genes involved 
in the cytoskeleton organization and immune-synapse formation.

Furthermore, the dot plot and network plot in Fig. 4c,d show 
that the most enriched KEGG pathways in samples collected during 
follow-up are related to the chemokine signaling pathway, cytokine–
cytokine receptor interaction, hematopoietic cell lineage and 
HIF1-signaling pathway (response to hypoxia). Correlations between 
key genes with increased fold-change (log2(fold-change) (log2(FC) > 3)), 
such as CCL17, CXCL10, LIF, IL5, IL4 and IL22, highlight that the most 
DEGs between drug products and follow-up samples are related to 
chemokine stimuli. Moreover, key genes enriched in follow-up sam-
ples are not only related to cytokine (LIF, TNF, CD40L and CD27) and 
chemokine signaling (IL22, CXCR1 and PF4), but also to immune cell 
activation and signaling (CYBB, FGR, HCK, PRKCZ and VAV3), inflam-
matory response (S100A8 and S100A9) and oxidative stress (CYBB).

A similar analysis was also performed on drug product and 
follow-up samples from five patients (named Pt6–Pt10) treated with 
autologous GD2-CAR T cells during the same period (Extended Data 
Figs. 5 and 6).

The unsupervised multidimensional scaling (MDS) analysis 
(Fig. 5a) and hierarchical clustering (Fig. 5b) of all samples enrolled 
in both datasets clearly separated them into the drug product and 
follow-up subsets, regardless of whether they were from allogeneic or 
autologous GD2-CART01. Moreover, the differential gene expression 
analysis between allogeneic and autologous drug product or follow-up 
samples, respectively, revealed a high homology in gene expression, 
as shown in the volcano plots in Extended Data Fig. 7a,b.

Nevertheless, comparing the enriched categories resulting from 
the functional enrichment analysis of DEGs from follow-up samples 
versus drug products of patients receiving an allogeneic or autologous 
product, we observed 230 and 11 BPs and KEGG pathways, respectively, 
in common (Extended Data Fig. 8a,b), all of which were predominantly 
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Fig. 4 | Functional enrichment analysis of DEGs in allogeneic follow-up samples. 
a,b, Gene ontology term enrichment analysis of DEGs found on follow-up versus 
drug product GD2-CAR T cell comparison, in the category of BP, shown as dot plot 
(a) and network plot (b). c,d, KEGG enrichment analysis of DEGs found on follow-up 
versus drug product GD2-CAR T cell comparison, shown as dot plot (c) and network 
plot (d). The enrichment analysis was conducted using the hypergeometric test, 
a one-sided test, to determine whether the specified term was overrepresented 
in the gene set of interest relative to the background. Subsequently, the P values 

were adjusted for multiple comparisons using the BH procedure to control the 
FDR. The plotted terms are among the top 100 BPs with Padj < 0.05. The color and 
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pathways. The size of the orange nodes represents the gene count of the pathway 
and the edge color indicates the category, as shown in the legend.
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associated with positive regulation of T cell activation, leukocyte cell–
cell adhesion, leukocyte migration, positive regulation of cytokine pro-
duction and response to hypoxia. It is interesting that we also observed 
that 127 BP and 18 KEGG pathways characterized ALLO_GD2-CAR T cells, 
whereas 137 BPs and 6 KEGG pathways were predominantly associated 
with AUTO_GD2-CAR T cells (Extended Data Fig. 8a,b). In more detail, 
the allogeneic setting is characterized by pathways associated with 
T cell proliferation, immune synapse formation with actin filament 
organization and establishment of cell polarity, as well as cell chemo-
taxis. By contrast, in the autologous setting, many BPs were associated 
with the positive regulation of autophagy, glycolysis and nucleotide 
metabolism (Supplementary Table 2).

Discussion
Despite being obtained in a heterogeneous population of patients, 
the use of ALLO_GD2-CART01 was feasible and associated with both an 
acceptable toxicity profile and evidence of efficacy in the treatment 
of these multiply relapsed patients with HR-NB. ALLO_GD2-CART01 
expanded robustly in all patients, reaching a peak between the sec-
ond and third weeks after the infusion and persisted over time. This 
activation is associated with a promising antitumor effect of ALLO_
GD2-CART01 cells, because three CRs (including one in a patient infused 

in CR) and one PR were recorded. Although the disease relapsed or 
progressed in three of these four patients, in Pt5 it remains in continu-
ous CR and in Pt2 in sustained stability after relapse.

CRS was observed in every patient and was reversible in all cases, 
spontaneously in four of five children and with treatment, including 
tocilizumab, steroids and activation of the safety switch in one patient. 
Severe hematological toxicity developed in all patients, being attrib-
utable to lympho-depleting treatment. This toxicity profile of ALLO_
GD2-CART01 cells is comparable to that observed with the autologous 
product4. Pt3 also developed ICANS requiring the activation of the iC9 
suicide gene. As previously reported in the clinical trial with AUTO_
GD2-CART01, the activation of the suicide gene could substantially 
reduce the levels of circulating GD2-CAR T cells, without resulting in a 
complete elimination of the engineered cells, which then re-expanded 
and remained persistently detectable, by both flow cytometry and 
ddPCR. Importantly, the toxicity resolved immediately after the admin-
istration of rimiducid, suggesting a strong efficacy also in controlling 
ICANS. Acute GvHD developed in four children and was rapidly con-
trolled with a short course of therapy. Pt1 experienced liver aGvHD. Of 
note, at relapse, a hepatic localization of the disease was observed and 
we cannot exclude hepatic involvement being related to the activity of 
ALLO_GD2-CART01 against the liver metastasis rather than to aGvHD.
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In four patients, a response was observed after infusion of ALLO_ 
GD2-CART01, including two patients with r/r HR-NB which had previ-
ously failed to respond to the AUTO_GD2-CART01, despite the admin-
istration of lower cell doses of ALLO_GD2-CART01 than the autologous 
product (3 × 106 versus 10 × 106 CAR+ T cells per kg). A CR was also 
achieved in Pt4, despite treatment being administered in the context of 
rapidly progressive disease and high disease burden and, in Pt2, treated 
for a highly refractory bone disease, which had previously progressed 
with [131I]MIBG therapy and exhibited SD after chemotherapy and vene-
toclax. Of note, this patient was treated with ALLO_GD2-CART01 before 
receiving allogeneic HSCT. The gene-modified cells were not rejected 
and expanded remarkably, reaching a peak of 76 cells μl−1. The full HLA 
matching with the donor, administration of lymphodepletion and the 
important lymphopenia at the start of treatment are all factors that prob-
ably contributed to the engraftment of ALLO_GD2-CART01 before HSCT.

Evidence from experimental animal studies, as well as clinical tri-
als, previously demonstrated that effective allogeneic immune T cell 
responses can be elicited against NB18–21. Unfortunately, however, the 
graft-versus-tumor (GvT) effect was shown to be insufficient to produce 
a significant survival benefit in children with NB22,23. It is interesting that 
the potential of the GvT effect of allogeneic HSCT can be further har-
nessed by the combination with other immunotherapy approaches that 
actively redirect the immune system against NB cells and are effective 
against this tumor, including the GD2-directed monoclonal antibody 
and allogeneic GD2-CAR T cells. An important proof of the potential of 
such combinations has been recently reported by Flaadt and colleagues 
who showed remarkable 5-year event-free and overall survival rates of 
43% and 53% in patients with r/r HR-NB receiving haploidentical HSCT 
with subsequent administration of dinutuximab-β to augment graft-ver-
sus-neuroblastoma effects through donor-derived natural killer cells24.

The heterogeneity of the case series of patients whom we treated 
and of the HSCT received makes it difficult to generalize the results of 
the whole approach and to deconvolute possible synergies. However, 
the identification of the specific contribution of ALLO_GD2-CART01 
to the outcome is possible, in each patient, thanks to: (1) the avail-
ability of a disease evaluation at each time point of treatment, that 
is, before HSCT and before and after ALLO_GD2-CART01 infusion; 
(2) the use of the same construct and manufacturing process for all 
the patients; and (3) the use of haploidentical donors to generate 
CAR T cells in all patients, except Pt2. Although the GvT effect could 
theoretically be long lasting after HSCT, it is difficult to consider 
a major contribution of the conditioning regimen and/or the GvT 
effect in the responses observed at later time points after allo-HSCT 
(all responses after ALLO_GD2-CART01 were evaluated >100 d after 
the infusion of the allograft and >4 months after the conditioning 
regimen). The observation of objective responses only 6 weeks after 
ALLO_GD2-CART01, coupled with the limited GvT effect and the dis-
tance from the conditioning regimen, provides important clues on 
the activity of ALLO_GD2-CART01.

We have proved that ALLO_GD2-CART01 may provide an attractive 
alternative to conventional AUTO_GD2-CART01, taking into consid-
eration the feasibility and safety shown in each of these five patients. 
Beside the off-the-shelf approaches based on gene editing of the 
donor T cells to render them resistant to rejection and incapable 
of inducing GvHD, which is an appealing treatment with a different 
approach, donor-derived CAR T cells have raised increasing interest in 
the scientific community. Although no experience on solid tumors has 
been reported to date, in the hematological field several experiences 
are confirming the potential of the approach in the adult population. 
In particular, a promising efficacy profile without a relevant increase 
in toxicity has been reported across different studies25–30. In children, 
very limited experience has been published. Recently, we reported on 
the use of donor-derived, second-generation (4.1BB) CD19-CAR T cells 
in 13 children and young adults with B cell acute lymphoblastic leuke-
mia and profound lymphopenia and/or whose disease had relapsed 

after allogeneic HSCT31. With only one case of aGvHD, controllable with 
immunosuppressive treatment, we observed a mild toxicity profile, 
coupled with 100% minimal residual disease (MRD)-negative CR in the 
bone marrow and CR in five of the six cases of extramedullary disease, 
confirming the potential of the approach31. These findings, although 
not conclusive, underline how allogeneic CAR T cells can offer an 
alternative curative option for patients whose disease relapses early 
after allogeneic HSCT or for those lacking sufficient T cell numbers 
to manufacture autologous CAR T cells32.

The transcriptome profiling of allogeneic GD2-CAR T cells provides 
critical insights into their biological behavior and therapeutic poten-
tial. Indeed, the present study identified significant differential gene 
expression patterns, with 2,725 genes being differentially expressed 
in the samples collected from patients’ PB during follow-up compared 
with the drug products. The upregulated genes in the follow-up samples 
are predominantly associated with T cell activation, migration and 
survival9–17. This suggests that in vivo CAR T cells can acquire properties 
useful for therapeutic efficacy. The BP and KEGG pathway enrichment 
analyses further elucidated the functional implications of the DEGs. The 
BP analysis highlighted the enrichment of genes involved in response 
to decreased oxygen levels, humoral immune response, cytoskel-
eton organization and immune-synapse formation. These processes 
are crucial for trafficking, infiltration and cytotoxic activity of CAR 
T cells within the tumor microenvironment. The KEGG pathway analysis 
revealed significant enrichment in pathways related to chemokine 
signaling, cytokine–cytokine receptor interaction, hematopoietic cell 
lineage and HIF1-signaling pathway, emphasizing the role of hypoxia 
response and chemokine stimuli in the functionality of in vivo expanded 
CAR T cells. Notably, key genes with high fold-changes, such as CCL17, 
CXCL10, LIF, IL5, IL4 and IL22, indicate that chemokine signaling plays 
a key role in the antitumor activity of CAR T cells.

When comparing allogeneic and autologous GD2-CAR T cells, 
we found a high degree of homology in gene expression profiles, as 
evidenced by the unsupervised MDS analysis and hierarchical cluster-
ing. Both types of CAR T cells displayed similar enrichment patterns in 
functional categories related to T cell activation, leukocyte adhesion, 
migration, cytokine production and response to hypoxia. This suggests 
that the therapeutic mechanisms of CAR T cells, irrespective of their 
allogeneic or autologous origin, share common pathways essential for 
their antitumor activity.

However, distinct differences were observed in the DEGs between 
allogeneic and autologous drug products and follow-up samples. 
Allogeneic CAR T cells showed unique enrichment in pathways related 
to T cell proliferation, immune-synapse formation, actin filament 
organization and cell chemotaxis. These pathways are critical for the 
establishment of effective cell–cell interactions and sustained prolif-
eration within the tumor microenvironment. Conversely, autologous 
CAR T cells were more associated with the regulation of autophagy, gly-
colysis and nucleotide metabolism, suggesting a more stressed profile.

The study has some limitations that must be considered in the 
evaluation of the results. In particular, the sample size was small, with 
only five patients treated. In addition, the high heterogeneity of pre-
vious treatments, very common for patients with r/r HR-NB, makes it 
difficult to generalize the results.

The encouraging safety profile and antitumor activity of this 
approach in the described case series of patients with advanced-stage 
disease justify further prospective investigation on ALLO_GD2-CART01 
cells in a formal phase I/II clinical trial.

Online content
Any methods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions 
and competing interests; and statements of data and code availability 
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Methods
Manufacture of ALLO_GD2-CART01
ALLO_GD2-CART01 was generated from lymphocytes collected from 
allogeneic HSC donors and transduced using a retrovirus encoding 
the construct iCasp9.2A.GD2.CD28.4-1BB.zeta33. For the manufacture 
of the drug products, clinical-grade viral vector has been produced by 
the use of 293VEC-RD114 cells (kindly provided by M. Caruso, BioVec 
Pharma, Inc., Canada)4. The manufacturing process for the production 
of ALLO_GD2-CART01 was identical to that used for AUTO_GD2-CART01 
(ref. 4).

Patient recruitment and treatment
For each patient treated with ALLO_GD2-CART01 on the HE basis (estab-
lished in the European ATMP regulation no. EC1394/2007), the approval 
of the research protocol and the treatment by the institutional review 
board and national competent authority (AIFA or Agenzia Italiana del 
Farmaco) was obtained before infusion on a single case basis, in accord-
ance with current European legislation (regulation (EC) no. 1394/2007). 
All patient legal guardians gave written informed consent, in keeping 
with CARE guidelines and the Declaration of Helsinki principles.

All patients received a fludarabine/cyclophosphamide-based lym-
phodepletion, adjusted for the count at the moment of treatment (our 
conventional schema of fludarabine 25 mg m−2 × 3 d and cyclophospha-
mide 500 mg m−2 × 3 d for Pt2 and Pt5; a reduced schema with fludarabine 
20 mg m−2 × 2 d and cyclophosphamide 500 mg m−2 × 2 d for Pt3 and only 
cyclophosphamide 500 mg m−2 × 2 d for Pt1, due to cytopenia in both; 
fludarabine 25 mg m−2 × 3 d and cyclophosphamide 1,000 mg m−2 × 2 d  
for Pt4) and a single dose of ALLO_GD2-CART01 at 3 × 106 viable 
CAR+ cells per kg of recipient body weight. Only Pt4 received an addi-
tional dose of 3 × 106 viable CAR+ cells per kg of recipient body weight, 
without prior lymphodepletion.

Safety and disease assessment
CRS and ICANS were evaluated according to Lee’s criteria6 and ASTCT 
for the newer Consensus Grading for ICANS7.

GvHD was evaluated according to MAGIC criteria8. Revised Inter-
national Neuroblastoma Response Criteria and SIOPEN scoring34 were 
used to evaluate response.

Transgene copy number assessment by ddPCR
Primers and probes were designed complementary to the sequences 
coding for iC9, to detect the CAR and to the human tetratricopeptide 
repeat domain 5 (TTC5) for the housekeeping gene.

The following primer and probe sets were used: (1) primer/probe  
reaction mix (ratio 3.6) targeting the iC9 sequence of the CAR: forward  
primer, GCAGTGGGCTCACTCTGAAGA; reverse primer, CCCTTTCA 
CCGAAACAGCAT; probe, FAM-CTGCAGTCCCTCCTGCTTAGGGTCG- 
minor groove binder or nonfluorescent quencher; and (2) TTC5 primer 
or HEX-probe reaction mix (BioRad, cat. no. dHsaCP25 dHsaCP2506733), 
according to the BioRad protocol. Multiplex ddPCR was performed on 
100 ng of DNA isolated from patients’ peripheral blood mononuclear 
cells. The normalized CAR vector copy number was calculated by using 
the QX200 Droplet Digital PCR system, as follows: (iC9 vector copy 
numbers × number of total droplets)/TTC5 copy numbers.

Flow cytometry and immune monitoring after infusion
Flow cytometry acquisition was performed with a BD Symphony-A5 
(BD Biosciences). Data analysis was performed using FACS DIVA 8.0.1 
based on the gate strategy summarized in Supplementary Fig. 1. The 
percentage of transduced cells and detection of GD2-CART01 after infu-
sion were determined by staining with a specific anti-idiotype antibody 
(1A7)35, as previously described33. The following antibodies were used 
for phenotypic analysis of GD2-CART01: CD45, CD3, CD4, CD8, CD56, 
CD45Ro, CCR7, PD-1, TIM-3, TIGIT, LAG-3 and CD69 (BD Bioscience). 
All antibodies were used at the concentration defined by the supplier 

and in particular at 5 µl per test in a 100-µl final volume, with the only 
exception being CD8 used at 20 µl per test. Healthy donor PB was used 
to verify expression thresholds and gates, as well as isotype antibodies 
to set the fluorescence gating for each fluorochrome. Cytokine levels 
were analyzed in 50 samples of plasma using ELLA Elisa system (Protein-
Simple/Bio-Techne) and a dedicated plate for the parallel monitoring 
of four cytokines, namely IL-6, IL-10, INFγ and TNF.

Bulk RNA isolation and sequencing
For the generation of RNA-seq data, we purified RNA from the 
clinical-grade drug products of the five patients included in the present 
study and their matched CAR T cells were collected from PB (follow-up) 
at the time of their pick (day + 16 for Pt1; day + 49 for Pt2; day + 9 for Pt3; 
day + 19 for Pt4; and day + 12 for Pt5). For the follow-up samples, after 
cell thawing, we performed sorting for the selection of CAR+CD3+ T cells 
using FACS ARIA BD. Total RNA was isolated from fresh frozen T cells 
using the RNeasy mini kit (QIAGEN), following the manufacturer’s 
instructions. RNA concentration was determined with fluorometric 
(Qubit RNA High Sensitivity, Thermo Fisher Scientific) and electro-
phoretic (tape station system, Agilent) methods.

Exon libraries were constructed using the Illumina RNA Prep with 
Enrichment (tagmentation kit) and amplified with Exom Panel Primers 
(Illumina).

Briefly, 10 ng of RNA was retrotranscribed, fragmented and tagged 
with adaptor sequences (tagmentation, that is, tagged and fragmented) 
followed by purification and amplification of the purified tagmented 
RNA, with a target fragment size of 300–400 bp. The resulting libraries 
were purified with magnetic beads and target regions were captured 
with whole-exome oligos followed by PCR amplification of the enriched 
library. Exome-enriched libraries were quantified with Qbit and quality 
checked and sized with Tape Station system. Then, 0.8-pM paired-end 
libraries were amplified and ligated to the flow cell by bridge PCR and 
sequenced at 2× 101-bp read length, using Illumina Sequencing by 
synthesis technology on a NextSeq500 instrument. An average of 50 
million reads for samples was obtained for transcriptomic analysis.

NextSeq500 generated bcl files for each of the four lanes. These 
files were converted to fastq files using Base Space.

Bioinformatics analysis
Reads that passed the trimming and filtering step of quality control 
were aligned by STAR v.2.7.10b to GRCh38 Ensembl genome p107. 
The matrix of expression was calculated using RSEM (RNA-Seq by 
Expectation-Maximization) v.1.3.1.

A differential expression analysis was performed using the edgeR 
package. The identification of DEGs was based on the application of a sig-
nificant adjusted P value (Padj; FDR < 0.05) and a log2(FC) > 1 (upregulated 
genes) or log2(FC) < −1 (downregulated genes). The overrepresentation 
analysis of DEGs was conducted using the clusterProfiler package36 with 
the following functional databases: BP and KEGG pathway.

Statistics and reproducibility
No statistical method was used to predetermine sample size and all 
the patients treated have been reported. No data were excluded from 
the analyses. The investigators were not blinded to allocation during 
treatment and outcome assessment. The reported statistics were 
performed using GraphPad Prism 9.3.1 software.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
Patient identifiable information cannot be made publicly available for 
reasons of patient privacy and confidentiality. However, nonidentifi-
able data are available from the corresponding author upon request, 
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based on specific criteria such as the nature of the research request and 
the necessary ethical approvals. The estimated time frame for respond-
ing to such requests is 2–4 weeks. Bulk RNA-seq analyzed in the present 
study have been uploaded to the Sequence Read Archive (SRA) at the 
following link: https://www.ncbi.nlm.nih.gov/sra/PRJNA1131324. All 
data requests will be reviewed in accordance with ethical guidelines 
and the sequencing data will be accessible through the SRA link at the 
time of publication. Source data are provided with this paper.
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Extended Data Fig. 1 | Characterization of allogenic and autologous 
ALLO_GD2-CART01 cells in the DPs. Multiparametric flow-cytometry analysis 
of ALLO_GD2- CART01 (red dots) to compare the T cell composition respect 
to the AUTO_GD2-CART01 (black dots) of patients included in the trial (ref. 4) 

NCT03373097, in terms of CD4 + , CD8 + CAR + T cells (A), CD4+ or CD8+ Central 
Memory (CM), Effector Memory (EM), Terminal differentiated Effector memory 
(TEMRA) (B-C).

http://www.nature.com/naturemedicine
https://clinicaltrials.gov/ct2/show/NCT03373097
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | In vivo expansion kinetics of ALLO_GD2-CART01 in 
patients after infusion. a-b Average of expansion and persistence of ALLO_
GD2- CART01 in the peripheral blood of treated patients, evaluated by flow 
cytometry in terms of CAR+CD3+ (percentage (A) and absolute number (B)) vs 
the monitoring of genetically modified cells carried out by molecular biology 

(ddPCR). Data are shown as mean ± SD. c-d Expansion and persistence of ALLO_
GD2-CART01 in Pt4’s peripheral blood, evaluated by flow cytometry in terms of 
CAR+CD3+ [percentage (C) and absolute number (D)] after the first and second 
infusion, up to 12 weeks after the first infusion corresponding to the timeline of 
day 28 after the second infusion.
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Extended Data Fig. 3 | Characterization of the kinetics of in vivo expansion of AUTO_GD2-CART01 and ALLO_GD2-CART01 in Pt2 and Pt3. (a) Kinetics of expansion  
and persistence of AUTO_GD2-CART01 and ALLO_GD2-CART01 after infusion in Pt2 and Pt3, evaluated by flow-cytometry (upper panels) and ddPCR (lower panels).  
(b) Cytokine levels in peripheral blood of.
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Extended Data Fig. 4 | ALLO_GD2-CART01 kinetics following the activation of the safety switch. (a) Decrease of ALLO_GD2- CART01 cells in peripheral blood of Pt3 
receiving AP1903, evaluated by flow cytometry (orange columns) and ddPCR (blue line) in the first 72 hours. (b) Cytokine level in peripheral blood of Pt3 in the first  
six weeks after ALLO_GD2-CART01 infusion.
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Extended Data Fig. 5 | Differential gene expression profile of autologous 
GD2-CAR T cells expanded into the patient (follow-ups) compared to drug 
products (DPs). (a) Volcano plot visualizing differential gene expression 
between GD2-CAR T cells expanded in vivo (at the peak of expansion after 
infusion) compared to their drug products, before infusion, which were used as 
the baseline. The p-values resulting from the differential gene expression analysis 
were assessed by a likelihood ratio test (LRT), a two-sided test, and adjusted for 
multiple comparisons using the Benjamini-Hochberg (BH) procedure to control 
for the false discovery rate (FDR). The vertical lines correspond to the thresholds 
used for the log2 fold-change (log2-FC), showing upregulation (log2-FC ≥ 1) 
and downregulation (log2-FC ≤ -1). The horizontal line represents a FDR < 0.05 
(log10 scaled). The red points on the right represent the statistically significant 

upregulated genes (FDR < 0.05 and log2-FC ≥ 1) in the follow up (FU) samples, 
whilst light blue points on the left represent upregulated genes (FDR < 0.05 and 
log2-FC ≥ 1) in the drug products. The top 100 DEGs, ranked according to both 
FDR and log2-FC, are labelled in the plot. (b) Heat-map of the top 100 DEGs in 
CAR T cells expanded in vivo (FUs) vs DP samples. Expression across each gene 
(or row) have been scaled so that row mean expression is zero and standard 
deviation is one (z-score). The two-color gradient from light blue to red indicates 
for a given gene which sample exhibits a relatively high expression (red) or a 
relatively low expression (blue). Lighter shades and white represent samples 
with an intermediate expression level of the gene. Samples and genes have been 
reordered by hierarchical clustering based gene z-scores.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Functional enrichment analysis of DEGs in autologous 
DP and follow-up samples. (a-b) GO terms enrichment analysis of differentially 
expressed genes found in follow-up versus DP GD2-CAR T cell, on the category 
of Biological Process. (c-d) KEGG enrichment analysis of differentially expressed 
genes found in follow-up versus DP GD2-CAR T cell comparison. The enrichment 
analysis was conducted using the hypergeometric test, a one-sided test, to 
determine whether the specified term was overrepresented in the gene set of 
interest relative to the background. Subsequently, the p-values were adjusted 
for multiple comparisons using the Benjamini-Hochberg (BH) procedure to 

control the false discovery rate (FDR). The plotted terms are among the top 100 
BPs with an adjusted p-value of less than 0.05. The color and the size of each dot 
in the dot plots represents the adjusted p-value value of the term and the number 
of DEGs belonging to that term (gene count), respectively. The gene ratio on the 
x-axis shows the proportion of the gene count as a fraction of the total number of 
DEG. Networks show the interconnections between genes involved in enriched 
pathways. The size of the orange nodes represents the gene count of the pathway 
and the edge color indicates the category, as shown in the legend.
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Extended Data Fig. 7 | Differential gene expression profile of allogeneic vs 
the baseline of autologous GD2- CAR T cells. The Volcano plots illustrate the 
differential gene expression between allogeneic compared to autologous drug 
products (a) and in vivo expanded (b) GD2-CAR T cells. The p-values resulting 
from the differential gene expression analysis were assessed by a likelihood ratio 
test (LRT), a two-sided test, and adjusted for multiple comparisons using the 
Benjamini-Hochberg (BH) procedure to control for the false discovery rate (FDR). 

The vertical lines correspond to the thresholds used for the log2 fold-change 
(log FC), indicating upregulation (log FC > 1) and downregulation (log FC < −1). 
The horizontal line represents a P < 0.05 (log10 scaled). The red points on the 
right represent the statistically significant upregulated genes (P < 0.05 and log 
FC ≥ 1) in the allogeneic samples, whilst light blue points on the left represent 
upregulated genes (P < 0.05 and log FC ≥ 1) in the autologous GD2-CAR T cells.
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Extended Data Fig. 8 | Allogeneic vs autologous enriched categories. The Venn diagrams show the overlap between allogeneic and autologous GO biological 
processes (a) and KEGG pathways (b) enriched terms resulted from the functional enrichment analysis of DEGs between follow up and drug product samples.
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