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Key Points

• Point-of-care CD19-
CAR_Lenti induces 
high remission rates 
and durable responses 
in children/young 
adults with relapsed/ 
refractory BCP-ALL.

• Prolonged survival was 
obtained also in 
patients with first, VHR 
relapse, especially if 
treated at the highest 
dose level
(3×10 6 cells/kg).

The point-of-care, automated manufacturing of chimeric antigen receptor (CAR) T cells can 
reduce the waiting window and increase the therapy accessibility to patients with B-cell 
precursor acute lymphoblastic leukemia (BCP-ALL) as compared with commercially 
available drug products (DPs). We conducted a phase 1/2 trial (NCT04787263) on the use of 
second-generation (4.1BB), CD19-CAR T cells, for the treatment of patients with BCP-ALL 
with either first relapse and very-high-risk (VHR) characteristics or second/subsequent 
relapse and rapidly progressing disease. CAR T cells were manufactured with a 12-day 
process using CliniMACS Prodigy, from a fresh apheresis and infused fresh. Three dose 
levels were tested in the phase 1: 1.0, 2.0, and 3.0×10 6 CAR + T cells/kg. Nineteen patients 
were enrolled, 13 (68%) in first VHR relapse. The designed dose was always successfully 
produced. No dose-limiting toxicities were observed in the phase 1. Grade 1 to 2 cytokine 
release syndrome was observed in 13 (68%) patients. Grade 1 to 2 immune effector cell– 
associated neurotoxicity syndrome occurred in 2 patients and resolved spontaneously. All 
patients achieved bone marrow complete remission (CR) with negative minimal residual 
disease. Eight patients (42%) received hematopoietic stem cell transplantation (HSCT) 
consolidation. Overall, CR was maintained in 13 of 19 patients (68%), 7 of whom having 
received HSCT. Importantly, all but 1 patient treated with 3.0×10 6 CAR + T cells/kg 
maintained CR. The 3-year event-free survival and overall survival of the whole cohort are 
68% and 83%, respectively. Our data suggest that the point-of-care manufacturing of 
autologous, anti-CD19 CAR T cells can successfully treat patients with BCP-ALL
including those with first relapse and VHR characteristics.
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Introduction

The development of chimeric antigen receptor (CAR) T cells has 
tremendously advanced the landscape of therapeutic options for 
patients with B-cell neoplasms. To date, 7 products are commer-
cially available for the treatment of B-cell acute lymphoblastic 
leukemia (B-ALL), B-cell non-Hodgkin lymphomas, and multiple 
myeloma. All these commercial products are prepared using a 
centralized process, based on the shipment of the apheresis from 
the treating center to the central good manufacturing practice 
facility, in which the drug product (DP) is manufactured and then 
shipped back to the center. However, this model carries some 
major limitations, namely: (1) it is time consuming; (2) the 
manufacturing availability cannot be timely and flexibly adapted to 
the clinical need of each single patient; and (3) it is associated with 
significant costs and, therefore, accessibility is limited to those 
countries that can afford these products. 1 As demonstration of the 
difficulties of adapting a centralized model to patient clinical need, 
in the phase 2 global clinical trial that tested tisagenlecleucel in 
pediatric/young adult patients with relapsed/refractory (R/R) B-
ALL, a remarkable proportion of patients could not receive the DP 
due to disease progression. 2

Alternatives to the approved products manufactured centrally have 
been investigated in the last years. Point-of-care manufacturing of 
CAR T-cell products developed academically represents a prom-
ising option, allowing for a more manageable scheduling of the 
manufacturing and reduction of costs. In addition, point-of-care 
manufacturing allows DPs to be produced and infused fresh, 
without any step of cryopreservation, further reducing the vein-to-
vein time. 3

Such a reduction of the waiting window is particularly important for 
patients with more aggressive diseases. In the pediatric popula-
tion, very-high-risk (VHR) first relapse of B-ALL represents an 
example and, indeed, it remains an unmet medical need, with a 10-
year event-free survival (EFS) of 15% to 20%. 4 The VHR subset 
includes patients experiencing very early relapse (ie, within 
18 months from diagnosis) or whose disease displays unfavorable, 
recurrent cytogenetic/molecular alterations (ie, TP53 alterations; 
hypodiploidy; and KMT2A::AFF1, TCF3::PBX1, and TCF3::HLF 
translocations) and continue to face a grim prognosis. 5-8 The early 
introduction of immunotherapy strategies, at first relapse, may 
improve the chances of cure of these children. The use of a CAR 
T-cell approach that can be delivered timely and potentially provide 
a deep eradication of the disease with long-term control repre-
sents a promising strategy.

We report the results of our phase 1/2 clinical trial on the use of 
CD19-directed CAR T cells generated with an automated pro-
cess, from fresh apheresis, and reinfused as fresh DP (CD19-
CAR_Lenti) for pediatric/young adult patients with R/R B-ALL, 
including first VHR relapses.

Methods
Clinical trial design

At the Bambino Gesù Children’s Hospital, Rome, Italy, we con-
ducted a phase 1/2 clinical trial (ClinicalTrials.gov identifier: 
NCT04787263) to test CD19-CAR_Lenti in patients with R/R

B-ALL. The phase 1 portion of the study was conducted according 
to a conventional 3+3 dose-escalation design and 3 cohorts 
(namely: 1.0 × 10 6 , 2.0 × 10 6 , 3.0 × 10 6 CAR + T cells per kg 
recipient total body weight) were considered. Both the National 
Competent Authority and the institutional review board approved 
the study. Patients up to the age of 25 years with either (1) first 
relapse with either VHR characteristics or refractoriness to the 
second-line treatment; or (2) second or subsequent relapse and 
rapidly progressing disease preventing access to the commercially 
available DPs were enrolled.

The institutional review board (Bambino Gesù Children’s Hospital 
Ethical Committee) approved the clinical trial.

CD19-CAR_Lenti cells manufacturing and infusion

The construct, a second-generation (containing 4.1BB as cos-
timulatory molecule), CD19-directed CAR, is vehiculated through 
a lentiviral vector and has been previously described. 9 The vector 
pLTG1563 (aCD19 CAR) is manufactured by Miltenyi Biotec in 
Teterow, Germany. CD19-CAR_Lenti was produced and released 
as fresh product, with a 12-day-long process using CliniMACS 
Prodigy and including an initial selection of CD4 + /CD8 + cells, and 
a fixed vein-to-vein time of 14 days.

All patients received a lymphodepleting regimen including fludar-
abine (30 mg/m 2 on days −5, −4, and −3) and cyclophosphamide 
(500 mg/m 2 on days −4 and −3), and CD19-CAR_Lenti cells 
were subsequently administered as single infusion.

Immunomonitoring of patients who received an 
infusion of CD19-CAR_Lenti cells

The details of patient’s immunomonitoring are provided in the 
supplemental Materials and methods.

Toxicity grading and response evaluation

Toxicity was graded using the Common Terminology Criteria for 
Adverse Events (version 5.0), the Lee criteria for cytokine release 
syndrome (CRS), and the American Society for Transplantation 
and Cellular Therapy (ASTCT) consensus grading for immune 
effector cell–associated neurotoxicity syndrome (ICANS), as rec-
ommended in the protocol. 10,11 CRS and ICANS have also been 
reported according to the more recent European Society for Blood 
and Marrow Transplantation (EBMT), Joint Accreditation Commit-
tee of International Society for Cellular Therapy and EBMT 
(JACIE), and European Haematology Association (EHA) guide-
lines. 12 Neutropenia/immune effector cell–associated hematotox-
icity (ICAHT) was classified according to the EHA/EBMT 
consensus. 13 Information on the response evaluation is available in 
the supplemental Materials. Data cutoff for analysis was 15 
April 2025.

Statistics

The clinical trial was designed according to a conventional 3+3 
dose finding design for the phase 2. The phase 2 had a Fleming 2-
stage design. 14 Further details on the statistical design of the 
phase 2, the general statistics, and the definitions of overall sur-
vival (OS) and EFS are provided as supplemental Materials. 
Stringent EFS was calculated adding, to the conventional EFS, 
also the following events: measurable residual disease (MRD) 
emergence after reaching complete remission (CR) with or without
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hematological recovery, and receipt of further antileukemia ther-
apy, including allogeneic hematopoietic stem cell transplantation 
(HSCT; if performed for early loss of B-cell aplasia [BCA]). Sta-
tistical significance of curve comparison was evaluated with the 
log-rank (Mantel-Cox) test.

CRS prediction rule

The details on the methodology applied for the CRS prediction are 
included in the supplemental Materials.

Results
Patient characteristics and bridging therapies

Between March 2021 and April 2024, 19 patients were enrolled in 
the study, 9 in the phase 1 portion and 10 additional children/ 
young adults in the phase 2. Characteristics of the patient popu-
lation are summarized in Table 1. Thirteen patients (68%) were 
enrolled for a first relapse of their disease; 11 of 13 (85%) with 
VHR characteristics (including 1 patient with TP53 mutation), and
2 of 13 (15%) with refractoriness to the second-line treatment and 
unfavorable cytogenetics (TCF3::PBX1 and KMT2A-rearrange-
ments). The remaining 6 children (32%) were enrolled for a sec-
ond or subsequent relapse and rapidly progressing disease, 
preventing access to the commercially available DPs; all 6 patients 
had relapsed after allogeneic HSCT.

In terms of previous therapies, beside chemotherapy, 12 of 19 
patients (63%) had previously received blinatumomab (10/12 
obtaining CR after the first cycle, 8/10 with molecular MRD nega-
tivity, 1 of 12 after the second cycle, and 1 of 12 showing an 
increase of MRD levels after treatment) and 6 of 19 (32%) had 
previously received inotuzumab ozogamicin. Most patients (16/19) 
did not receive a bridging therapy, considering the short interval 
between lymphoapheresis and start of lymphodepletion (9 days, with 
a fixed vein-to-vein time for CAR T-cell infusion of 14 days). Only 3 
patients received low-dose systemic chemotherapy (namely, cyclo-
phosphamide 300 mg/m 2 and etoposide 300 mg/m 2 on day −13; 
vincristine 1.5 mg/m 2 and methotrexate 1 g/m 2 on day −13; or a 
single dose of vincristine 1.5 mg/m 2 on day −13).

We did not record any dropout from the study for progressive 
disease or infection during CAR T-cell manufacturing.

DP characteristics

Manufacturing of CD19-CAR_Lenti was successful in all patients 
and all the target doses were obtained. The median number of 
cells obtained at the end of manufacturing was 4.24 × 10 9 

(range, 1.39 × 10 9 to 5.48 × 10 9 ), and no significant difference 
was observed among the total yield of manufactured cells in the 
DPs of the patients enrolled across the 3 different dose levels 
(DLs; Figure 1A). Median CAR expression was 42.91% (range, 
17.5%-57.4%) and median vector copy number per cell was 
0.7 (range, 0.3-1.3; Figure 1B-C). The median CD4:CD8 ratio in 
the DPs was 1.7 (range, 0.3-5.9), with most of the DPs showing 
a predominance of CD4 + cells (Figure 1D); most CD4 + and 
CD8 + CAR + T cells were represented by naïve and central 
memory (CM) cells, with a minor proportion of effector memory 
(EM) and effector memory cells reexpressing CD45RA (TEMRA; 
Figure 1E).

CD19-CAR_Lenti expansion after infusion

According to the design of the clinical trial, 3 patients received 
1.0 × 10 6 CAR + T cells per kg recipient total body weight (DL1),
3 children 2.0 × 10 6 (DL2) and the remaining 13, 3.0 × 10 6 

transduced cells per kg (DL3). We observed a trend toward a 
higher maximum peak of expanded CAR T cells after infusion in 
the children enrolled in the DL3 as compared with those who 
were treated at the DL1 and DL2, although nonsignificant, with a 
median peak of 50.7 CAR + cells per μL in DL1, 36.1 in DL2 and 
226.8 in DL3 (Figure 1F). In terms of kinetics of expansion, both 
by quantitative polymerase chain reaction (qPCR) and flow

Table 1. Characteristics of patients

Characteristics All patients (N = 19)

Age, median (range), y 7 (3-25)

Sex, n (%)

Male 10 (53)

Female 9 (47)

First relapse, n (%) 13 (68)

VHR characteristics 11 (58)

Refractory and VHR characteristics 2 (10)

Second or subsequent relapse, n (%) 6 (32)

Cytogenetic/molecular alterations, n (%)

Hyperdiploidy 5 (26)

KMT2A::MLLT3 1 (5)

TCF3::PBX1 1 (5)

BCR::ABL1 1 (5)

NONO::TFE3 1 (5)

ETV6::RUNX1 1 (5)

TP53mut 1 (5)

47 (+21) 4 (21)

CNS involvement, n (%) 2 (10)

Other extramedullary sites, n (%) 3 (16)

Bones 3 (16)

Kidneys 1 (5)

Heart (left ventricle) 1 (5)

Lymph nodes 1 (5)

Median previous lines of therapy (range) 2 (1-4)

Key previous treatments, n (%)

Blinatumomab 12 (63)

Inotuzumab ozogamicin 6 (32)

Dasatinib 1 (5)

Previous HSCT, n (%) 6 (32)

Bridging therapy, n (%)

None 16 (84)

Low-dose chemotherapy 3 (16)

Blast

Median (range), % 6.5 (0.1-50.0)

Patients with ≥5% blasts, n (%) 10 (53)

CNS, central nervous system.
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Figure 1. Characterization of the CD19-CAR_Lenti T cells at the end of manufacturing (DPs) and after infusion. The DPs were characterized in terms of number of

total cells obtained at the end of manufacturing (A); levels of transduction (B); vector copy number per cell (C); CD4 + and CD8 + subpopulations (D); and memory phenotype,

with identification of naïve, CM, EM, and TEMRA CD45RA cells in CD4 + and CD8 + T cells (E). After infusion, the peak levels of circulating CAR T cells per μL in the PB were
evaluated by flow cytometry for each DL (F) and the expansion of CD19-CAR __Lenti T cells was monitored overtime by both qPCR (G) and flow cytometry, the latter

identifying the absolute numbers of circulating CAR T cells (H) and the percentage of CD3 cells expressing the CAR molecule (I). The CD4/CD8 phenotype of circulating
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cytometry, the peak of expanded CD19-CAR_Lenti in the 
peripheral blood (PB) was observed between 1 and 2 weeks 
after infusion (Figure 1G-I), with no difference across all 3 DLs 
(supplemental Figure 1).

Long-term persistence of CD19-CAR_Lenti was evaluated in all 
patients who did not receive consolidation with allogeneic HSCT. 
The gene-modified T cells could be detected by qPCR up to 
36 months after infusion (Figure 1G) and to 6 months by flow 
cytometry (Figure 1H-I). Upon expansion in the PB, an inversion of 
the CD4:CD8 ratio was observed, with a predominant expansion 
of the CD8 + T cells over the CD4 + T cells (Figure 1J).

The expanded CD4 + and CD8 + CAR T cells exhibited a significant 
decrease in the proportion of naïve T cells, in comparison with the 
DPs before infusion (Figure 1K-L). By contrast, there was an 
increase in the proportion of CM T cells, along with a higher fre-
quency of EM and TEMRA cells (Figure 1K-L). In the CD8 + CAR T-
cell population, we observed a substantial expansion of EM cells 
(Figure 1L). Flow cytometry analysis identified CD3 + CAR + T-cell 
infiltration in the bone marrow (BM) 2 weeks after infusion, with a 
median peak of 8.1% ± 6.1% (range, 0.4%-20.3%; Figure 1M). In 
addition, qPCR detected the persistence of CAR DNA copies for 
up to 2 years after CAR DP infusion also in the BM (Figure 1N). 
Finally, when comparing the CD4 + :CD8 + ratio of CD19-
CAR_Lenti infiltrating the BM with preinfusion DP profiles, an 
inversion is observed, with a prevalence of CD8 + CAR + cells 
(median, 66.9% ± 26.30% [range, 11.1%-97.9%]), over 
CD4 + CAR + cells (median, 28.8% ± 25.3% [range, 1.6%-88.9%]) 
from week 2 onward (Figure 1O). Long-term persisting CAR + T 
cells in the BM (week 12) showed no significant differential dis-
tribution between the CD4 and CD8 compartments.

Activity of CD19-CAR_Lenti

Functional sustained activity of CAR T cells was documented 
>6 months after infusion in 6 of 11 patients who did not receive 
HSCT through the persistence of BCA (Figure 2A). In particular, 4 
children with an adequate follow-up remain with BCA ≥12 months 
after infusion (up to 40 months in 1 patient) and 1 recovered B-cell 
counts 24 months after infusion. Of the remaining 5 children, 1 lost 
BCA 6 months after infusion and 4 patients experienced an early 
loss of BCA, 3 months after infusion (Figure 2A). Notably, 6 of 7

patients with persisting BCA received the higher dose of 3.0 × 
10 6 CAR + T cells per kg.

Toxicity

None of the patients developed severe (grade ≥3) CRS, accord-
ing to the Lee criteria adopted in the clinical trial 11 ; 11 children had 
grade 1 CRS, and 2 had grade 2 CRS (Table 2). When evaluated 
according to the new EBMT/JACIE/EHA criteria, 2 children had 
grade 3 CRS, because of the use of low-dose inotropic agents, 1 
had grade 2 CRS, and 10 had grade 1 CRS. 12 A comparable 
grading of CRS was observed when the ASTCT criteria were 
adopted. 11 CRS had a median onset on day 5 after infusion 
(range, 0-10) and a median duration of 2 days (range, 1-6). CRS 
resolved spontaneously in all patients; tocilizumab was adminis-
tered only to 1 child with constitutional trisomy 21, who developed 
grade 2 CRS, because of the additional risks related to the 
underlying constitutional syndrome. Severity of CRS correlated 
significantly with the levels of interferon gamma, interleukin-10 (IL-
10), and IL-6 measured in patient sera (Figure 2B) and with the 
disease burden in the BM before lymphodepletion (Figure 2C).

Hematological toxicity developed in all patients (Table 2). Early 
ICAHT developed in all children and reached maximum grade 4 in 
1 and grade 3 in 10 children. In 11 of 19 patients, cytopenia 
involving ≥1 line was present before infusion of CD19-CAR_Lenti. 
Late ICAHT (ie, occurring >30 days after CAR T-cell infusion) was 
recorded in 16 patients, reaching maximum grade 4 in 2 patients 
and grade 3 in 9; the median duration of grade 3 to 4 late ICAHT 
was 7 days (range, 1-113) and the only 3 patients with late ICAHT 
lasting >14 days were all children with constitutional trisomy 21. 
None of the patients developed clinically relevant infections during 
neutropenia. In terms of risk factors associated with postinfusion 
ICAHT, the most relevant were associated to the disease status, to 
previous therapies, and to baseline marrow status. In particular, 5 
patients had previous HSCT; 7 had >2 previous lines of therapy; 
10 had >5% BM infiltration before infusion; and 3 had preexisting, 
clinically relevant cytopenia, before lymphodepletion. 13 None of 
the children had active infections before/during/immediately after 
infusion of CD19-CAR_Lenti. In terms of CAR-HEMATOTOX 
score, 10 of 19 (52%) patients had a score ≥2 before treat-
ment and developed a trend, not statistically significant, toward a 
longer duration of severe neutropenia, with a median of 15 days

25

w2 w4 w8
w12 m6 m9

m12
m18

20

15

10

5

0

Days postinfusion

%
CD

3+
CA

R+
BM

 c
ell

s

M
10000

CA
R+

 c
op

ies
pe

r 1
00

 n
g 

DN
A 

fro
m

 B
M

1000

100

10

1

w2 w4 w8
w12 m6 m9

m12
m18

m24
m30

m36

Days postinfusion

N

100

80

60

40

20

0

CD4+CAR+ w2 w4 w8
w12

CD8+CAR+ w2 w4 w8
w12

Days postinfusion

%
 C

D3
+C

AR
+ 

ce
lls

 fr
om

 B
M

O

Figure 1 (continued) CD19-CAR_Lenti T cells was also evaluated by flow cytometry in the PB, both in terms of CD4/CD8 distribution (J) and of memory phenotype of each 

subpopulation (K-L). Homing to the BM and persistence of CD19-CAR_Lenti T cells was analyzed by flow cytometry and qPCR (M-N). (O) CD4/CD8 phenotype of BM infiltrating 

CD19-CAR_Lenti T cells, evaluated by flow cytometry. N, naïve; Pb, peripheral blood.
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(range, 9-30), as compared with 13 days (range, 6-24) of patients 
with a CAR-HEMATOTOX score of 0 to 1 (Figure 3A).

One patient each developed grade 1 and grade 2 ICANS 
(according to both ASTCT and EBMT/JACIE/EHA criteria of 
classifications), both occurring 7 days after infusion and resolving 
spontaneously within 48 hours. None of the 19 patients required 
admission to the intensive care unit. In order to find biomarkers 
possibly correlated to the development of ICANS, we evaluated 
the levels of neurofilaments light chain (NF-L), 16 IL-1b, 17 and 
angiopoietin-1 and -2 18 in the cerebrospinal fluid (CSF) of 
patients. We observed a significant increase in NF-L in the CSF of 
the 2 patients who developed ICANS, whereas the other bio-
markers evaluated remained comparable between patients who 
did or did not develop ICANS (Figure 3B-E).

We also sought to identify a pattern of cytokines plasma levels 
before the infusion of CD19-CAR_Lenti (day 0) that could predict 
the CRS occurrence. We observed that the combination of IL-6 of

≤6 pg/mL and IL-10 of ≥3.5 pg/mL is a relevant classification 
model that achieved an accuracy of 94%. Sensitivity is 100%, 
Whereas specificity is at 92%, demonstrating that the model is 
able to correctly identify patients that will not develop CRS 
(Figure 3F). The positive predictive value is 83%, whereas the 
negative predictive value is 100%.

Clinical responses

All patients showed CR with molecular MRD negativity in the BM 
(Figure 4A). One patient treated at DL2 with combined BM and 
bone disease, while achieving CR in the BM, obtained a partial 
response in the bone in which the disease subsequently pro-
gressed; the patient ultimately died of leukemia progression. All 
other patients with EM disease achieved CR also in the EM 
compartment. At time of analysis, 13 of 19 patients (68%) are alive 
and disease free, with a median follow-up of 3.0 years (range, 1-4; 
Figure 4B); 7 (50%) of whom were given allogeneic HSCT as 
consolidation of the remission, whereas the remaining 6 did not
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receive any additional treatment (Figure 4B). The reasons for 
consolidating these patients with an allograft were related to the 
fact that: (1) they showed very-poor-risk features; (2) they had 
never received a previous allograft; (3) several reports indicate that

in children and young adults HSCT may be the most effective 
approach for preventing further relapse 19 ; and (4) 5 patients had 
characteristics of high disease burden, as defined by Schultz 
et al. 20 Six children experienced a relapse of the disease, 1 of them 
after consolidation with HSCT, at a median of 7.7 months (range, 
3.8-8.7) after infusion. All relapses were CD19 + , were heralded by 
loss of BCA within 6 months after infusion and 5 of 6 occurred at 
DL1 or DL2 (Figure 2A); in addition, 4 of 6 patients relapsed with 
EM disease, at the same sites present before treatment, all but 1 
with concomitant BM disease. In 3 of 4 of the EM relapses, the 
disease could be biopsied and leukemia cells showed persistent 
CD19 positivity. All but 1 patient treated at DL3 displayed longer 
duration of BCA and remain in remission (Figure 2A). In addition, 
we observed a significant correlation between the levels of ferritin 
before lymphodepletion and the occurrence of relapse 
(supplemental Figure 2A).

In terms of durability of response, the 3-year OS and EFS of the 
whole cohort were 83% and 68%, respectively (Figure 4C-D), 
71% and 58%, respectively, when patients were censored at time 
of HSCT (Figure 4E-F) whereas for the cohort of patients treated 
at DL3, survivals increased to 100% and 92%, respectively 
(Figure 4G-H). Importantly, when only patients with VHR relapses

Table 2. Relevant toxicities recoded in patients treated with CD19-
CAR_Lenti and graded according to the Lee criteria

Toxicity Grade 1-2 Grade 3 Grade 4

CRS 13/19 (68) 00 (0) 00 (0)

Thrombocytopenia 4/19 (21) 00 (0) 12/19 (63)

Anemia 9/19 (47) 9/19 (47) 00 (0)

Early ICAHT 8/19 (42) 10/19 (53) 1/19 (5)

Late ICAHT 5/19 (26) 9/19 (47) 2/19 (10)

ICANS 2/19 (8) 00 (0) 00 (0)

Other

Capillary leak syndrome 1/19 (5) 00 (0) 00 (0)

Elevated AST, ALT, or both 7/19 (37) 00 (0) 00 (0)

Data are presented as n/N (%).
ALT, alanine aminotransferase; AST, aspartate aminotransferase.
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are considered, we recorded a 3-year OS and EFS of 92% and 
84.6%, respectively (Figure 4I,J). When a more stringent definition 
of event was adopted, the 3-year EFS was 58% for the whole 
cohort, 77% for the patients treated at DL3 and 64% for patients 
with VHR relapses. We also evaluated the impact of the CAR-
HEMATOTOX score on the survival and did not observe a statis-
tically significant difference of survivals between the cohort with a 
low score (3-year OS and EFS: 100% and 73%, respectively) and 
that with a high score (3-year OS and EFS, 67% and 47%, 
respectively), although a trend toward improved outcome was 
recorded (supplemental Figure 2B-C). Neither previous exposure 
to blinatumomab nor to inotuzumab correlated with the probability 
of EFS and OS (data not shown).

Discussion
We describe the feasibility, safety, and efficacy of the use of 
CD19-CAR_Lenti, produced from fresh lymphocytes and infused 
as fresh DPs after a point-of-care manufacturing, in children and 
young adults with first relapse of B-cell precursor ALL (BCP-ALL) 
and VHR characteristics or with R/R disease. Manufacturing was 
successful in all patients, and CD19-CAR_Lenti cells were infused 
into all enrolled children, including patients with rapidly progress-
ing disease. The toxicity profile of the treatment compared favor-
ably with the safety signals conventionally described in children 
treated with CAR T cells, and we were able to clearly establish that 
the recommended dose of CD19-CAR_Lenti is 3 × 10 6 per kg 
recipient bodyweight. The efficacy of CD19-CAR_Lenti is prom-
ising, with 100% of patients showing BM CR after infusion and a 
significant proportion of them benefiting from sustained response, 
especially in the cohort treated at the highest DL.

Few groups have reported the successful treatment of patients with 
various B-cell malignancies using CAR T cells manufactured with an 
automated, CliniMACS Prodigy–based process, in a point-of-care 
model. In particular, a Spanish group pioneered this field with the 
development of ARI-0001, a point-of-care manufactured, second-
generation (4.1BB) CD19 CAR T-cell DP. 21 After proving that 
such system allows the academic development of a CAR T-cell DPs 
at affordable costs (in the order of €89 000, in a hospital-exemption 
setting), they confirmed the feasibility and efficacy of the approach 
across different clinical trials, for different indications, finally 
obtaining both the reimbursement of the treatment from the Spanish 
national health insurance system and the PRIME (priority medicines) 
designation by the EMA. 22-24 These results have boosted the 
enthusiasm of the scientific community and academic developers, 
proving the possibility of increasing the affordability, and therefore 
accessibility, of CAR T cells. In 2021, the results of the point-of-care 
manufacturing at 2 different clinical sites (Moscow, Russia; and 
Cleveland, OH), sharing the same viral construct and manufacturing 
process that we have used, confirmed the feasibility of the approach 
and showed consistent toxicity and efficacy profiles between the 2 
institutions, and comparable with those observed with the 
commercially available products. 9

Our experience confirms the results obtained by the other groups. 
We were able to obtain high numbers of total cells at the end 
manufacturing in all patients, with a median transduction of 43%, 
which results in the availability of several doses of CD19-CAR_Lenti 
for each enrolled patient. These results imply that the expansion 
window of the manufacturing could be reduced and, therefore, even 
shorter timing of manufacturing could be envisaged in the future

(with a consequent further reduction of the costs of each DP), in line 
with the results previously reported with ARI-0001. 25

The results obtained in our study, and by other groups, on the 
point-of-care manufacturing model support further investment in 
developing these approaches, not only for the abovementioned 
reasons but also to foster the academic research and development 
of new CAR T-cell products for uncovered indications. This aspect 
is of particular relevance in pediatric hematology/oncology, 
because the rarity of most childhood malignancies discourages 
the development of dedicated CAR T-cell approaches by phar-
maceutical companies, leaving several unmet medical needs for 
these patients. This topic is intensely discussed in the pediatric 
community of scientists involved in the development of advanced 
therapy medicinal products and new models of development are 
emerging, involving virtuous collaboration between academia and 
the pharmaceutical industry and point-of-care manufacturing. 26,27

The DPs obtained with our manufacturing process were charac-
terized by a predominance of naïve and CM CD4 + cells. After 
infusion, the expansion kinetics of CAR T cells revealed a dose-
dependent trend, with patients receiving the highest dose (DL3) 
exhibiting a higher peak expansion of CAR T cells. Although not 
statistically significant, this trend may suggest a potential advan-
tage of higher doses in achieving robust CAR T-cell expansion. 
The long-term persistence of CAR T cells, with detectable gene-
modified cells in the PB up to 36 months after infusion, is a 
promising indicator of sustained treatment efficacy, particularly in 
patients who did not receive subsequent allogeneic HSCT. 
Phenotypically, CAR T cells shifted from a predominance of naïve 
and CM T cells before infusion to an enrichment EM and TEMRA T 
cells after infusion. This shift suggests an in vivo maturation and 
differentiation of CAR T cells, likely in response to antigen expo-
sure and proliferation. Notably, CD8 + CAR T cells showed a 
marked increase in EM compartment, correlating with their cyto-
toxic functionality. High infiltration rates of CAR T cells in the BM 
further suggest effective homing to sites of disease. In addition, the 
inversion of the CD4:CD8 CAR T-cell ratio observed in the BM, 
with a predominance of CD8 + CAR T cells, indicates a cytotoxic-
oriented immune response within this critical site. Persistence of 
BCA in most patients who did not receive transplantation supports 
the functional longevity of CAR T cells. Among patients maintain-
ing BCA at last follow-up, a significant proportion received the 
highest DL, underscoring the potential impact of dose on func-
tional persistence. However, some patients experienced an early 
loss of BCA, suggesting variability in patient response and the 
influence of individual factors.

The toxicity profile was generally manageable, with most patients 
experiencing low-grade CRS that resolved spontaneously. CRS 
severity was associated with elevated levels of cytokines, including 
interferon gamma, IL-10, and IL-6. Notably, our model incorpo-
rating IL-6 and IL-10 levels before infusion is associated with high 
accuracy in predicting CRS development, supporting the potential 
for cytokine profiling as a tool for risk stratification, although the 
model has been developed in this cohort of patients characterized 
by the occurrence of low rates and mild CRS. Hematological 
toxicity was observed in most patients, with severe grades corre-
lating with previous therapy, disease burden, and BM status. 
Although ICAHT is not validated in the pediatric ALL population 
and is going to be implemented for these patients, we confirm its
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validity as a scoring system for the hematological toxicity. ICANS 
was rare and self-limiting, with elevated NF-L levels in the CSF, 
potentially indicating an early marker for neurotoxicity.

Children with trisomy 21 exhibited a prolonged duration of cyto-
penia, with 3 patients showing late ICAHT lasting >14 days, which 
aligns with their predisposition to hematological abnormalities. 
None of the patients, however, developed clinically relevant 
infections. Importantly, the treatment was well tolerated by patients 
with trisomy 21, despite their comorbidities and the well-known 
frailty of these children.

In terms of efficacy, the use of CD19-CAR_Lenti is associated with 
a 100% MRD-negative CR rate in the BM, and all but 1 patient 
obtained CR also in the EM compartment. These responses are 
durable in 13 of 19 (68%) patients, 6 of whom without any addi-
tional therapy and, in the others, after consolidation with HSCT. 
Importantly, 4 of 6 relapses involved extramedullary sites of dis-
ease, confirming that the EM compartment remains a feature 
predisposing to high risk of treatment failure. 28 In addition, our 
data suggest that the use of higher doses of CAR T cells is 
associated not only with higher peaks in PB but, most importantly, 
with improved outcomes, because these patients maintain pro-
longed BCA and durable responses. Of 6 relapses recorded in our 
study cohort, 5 occurred in patients treated at the first 2 DLs.

We observed a significant correlation between pre-
lymphodepletion ferritin levels and relapse risk. This correlation 
suggests that patients with elevated ferritin before lymphodeple-
tion may have an underlying inflammatory or immunologic profile 
that could influence their response to CAR T-cell therapy and 
warrants further investigation. Similarly, a high CAR-HEMATOTOX 
score correlated with worse survival outcomes, although the dif-
ference does not reach significance, differently from what was 
reported in adults with various hematological malignancies. 29-32 A 
larger cohort of patients is required to evaluate whether the score 
could be validated also in children with R/R BCP-ALL. Children 
with BCP-ALL have higher rates of baseline cytopenias and, in a 
study evaluating the role of the score in children with BCP-ALL, 
baseline BM disease emerged as an independent predictor of 
severe prolonged neutropenia, possibly reducing the relevance of 
the score in this population of patients and highlighting the need 
of a scoring system tailored for this patient population, as the ALL 
CAR-HEMATOTOX recently proposed. 29,33

To the best of our knowledge, this is the first clinical trial doc-
umenting the efficacy of CAR T cells for children in first relapse of 
the disease and VHR characteristics. In this cohort of patients, we 
obtained remarkable 3-year OS and EFS of 92% and 84.6%, 
respectively, suggesting that the approach may substantially 
benefit this population of patients. A prospective, multicenter trial 
on the use of CD19-CAR_Lenti in first VHR BCP-ALL is going to 
be activated by the IntReALL consortium.
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