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Donor-derived CARCIK-CD19 cells engineered with Sleeping
Beauty transposon in acute lymphoblastic leukemia relapsed
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Non-viral engineering can ease CAR-T cell production and reduce regulatory and cost requirements. We utilized Sleeping Beauty
transposon to engineer donor-derived anti-CD19.CD28.0X40.CD3zeta T cells differentiated in cytokine-induced killer (CARCIK-CD19)
for B-cell precursor acute lymphoblastic leukemia (BCP-ALL) patients relapsed after allogeneic hematopoietic stem cell
transplantation (alloHSCT). We report the results of CARCIK-CD19 observed in 36 patients (4 children and 32 adults) treated
according to the final recommended dose. Cytokine release syndrome of grade 2 or lower occurred in 15 patients, ICANS grade 2 in
1 patient, and late-onset peripheral neurotoxicity of grade 3 in 2 patients. GVHD never occurred after treatment with allogeneic
CARCIK-CD19. Complete remission was achieved by 30 out of 36 patients (83.3%), with MRD negativity in 89% of responders. With a
median follow-up of 2.2 years, the 1-year overall survival was 57.0%, and event-free survival was 32.0%. The median duration of
response at 1 year was 38.6%. CAR-T cells expanded rapidly after infusion and remained detectable for over 2 years. Integration site
analysis after infusion showed a high clonal diversity. These data demonstrated that SB-engineered CAR-T cells are safe and induce
durable remission in heavily pretreated patients with BCP-ALL relapsed after alloHSCT. Trial registration: The phase 1/2 and phase I

trials are registered at www.clinicaltrials.gov as NCT#03389035 and NCT#05252403.
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INTRODUCTION

Chimeric antigen receptor (CAR) T cells targeting the B-cell specific
CD19 antigen are licensed for the treatment of relapsed/refractory
(r/r) B-cell precursor acute lymphoblastic leukemia (BCP-ALL) in
children and young adults, after the achievement of remarkable
clinical response characterized by a remission rate of 70-90% and
overall survival (OS) of 60-75% at one year [1]. In the adult
population, substantial toxicities have hindered the application of
CD19 CAR-T cell therapy [2], which has only recently been
approved [3, 4]. To date, FDA/EMA-approved therapies are
produced in centralized manufacturing facilities from patient-
derived apheresis material through genetic engineering with viral
vectors [5] with standardized procedures in compliance with good
manufacturing practices (GMP) [6]. Despite viral vectors have
demonstrated a decades-long safety and efficacy, regulatory
requirements and time-consuming processes necessitating

producer cell lines limit their production to specialized biosafety
level (BSL) 2 manufacturing facilities, impacting their availability
and the final cost of the cell product. Furthermore, patient-derived
cell products may experience difficulties in achieving the target
cell dose, particularly in late-stage patients who are often
lymphodepleted and typically have circulating blasts in their
blood [7].

We recently reported an approach to engineered human T cells
without the need for viral vectors [8, 9] by using the recombinant
DNA-based Sleeping Beauty (SB) transposon [10]. The SB vector
allows for stable expression of the transgene by exploiting
transposition from a donor DNA to an acceptor site within the
genome [11]. This avoids the need for producer cell lines and
instead exploits mMRNA and DNA-based vectors that can be
produced in large quantities for multiple patients, easing the
process of obtaining clinical-grade CAR-T cells [12]. We therefore
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evaluated non-viral CD19 CAR-T cells in BCP-ALL patients who
relapsed after alloHSCT. CAR-T cells were produced in-house from
alloHSCT donor cells to avoid using heavily-pretreated patient’s
lymphocytes. To decrease the likelihood of inducing graft-versus-
host disease (GVHD), CAR-T cells were differentiated into effector
CD3+ cells according to the cytokine-induced Kkiller cell (CIK)
protocol [13]. Preliminary results during the dose-escalation part
of a phase I/ll trial demonstrated a remarkable safety profile
associated with anti-leukemic activity using high doses of non-
viral allogeneic cells [14].

Here we report the results of the 36 adult and pediatric patients
with BCP-ALL who received the final recommended dose of SB-
engineered CD19 CAR-T cells, also referred to as CARCIK-CD19,
within a phase 1/2 (FTO1CARCIK), compassionate use (FTO2CAR-
CIK) and phase 2 (FTO3CARCIK) studies with a median follow-up of
2.2 years.

SUBJECTS AND METHODS

Study design and patients

Thirty-six consecutive pediatric and adult patients with BCP-ALL relapsed
after alloHSCT, treated with the final recommended dose of CARCIK-CD19
cells (>7.5 x 10° transduced CARCIK-CD19 cells/kg), were analysed. Fifteen
patients were treated within the FTOTCARCIK study, 6 within a
compassionate base after approval by the Agenzia ltaliana del Farmaco
(AIFA) (FTO2CARCIK) and 15 within the phase 2 FTO3CARCIK study. The
patients were treated in 2 sites in ltaly, the Pediatric Clinic of the University
of Milano-Bicocca/Fondazione IRCCS San Gerardo dei Tintori for pediatric
patients and at the Papa Giovanni XXIIl Hospital Bergamo for adult
patients. Detailed methodology for the single-arm, multicenter, FTO1CAR-
CIK study (NCT#03389035) was previously reported [14] and it is
superimposable to that of the study FT02CARCIK and FTO3CARCIK
(NCT#05252403) (Supplementary Methods). The inclusion criteria were
modified after FTO1CARCIK where patients were eligible with a morpho-
logical disease in the bone marrow (BM, >5% CD19 positive blasts) at study
entry and without active graft-versus-host disease (GVHD) and adequate
organ function (see details in Appendix) to enroll also patients presenting
with at least 1% molecular disease at polymerase chain reaction (PCR) or
flow cytometry. After lymphodepletion with Fludarabine (30 mg/m?/
day x 4 days) and Cyclophosphamide (500 mg/m?/day x 2 days), patients
received a single CARCIK-CD19 infusion. A second infusion was permitted
when persistence of residual disease after one month from the first
infusion in FTO3CARCIK. Bridging therapy was allowed before CAR-T cell
infusion.

Objectives and endpoints

The objectives were to define the safety and tolerability of CARCIK-CD19 in
pediatric and adult patients with BCP-ALL relapsed after alloHSCT, as well
as the rate of overall remission (ORR), duration of response (DOR), event-
free survival (EFS) and OS. ORR includes complete remission (CR) and CR
with incomplete blood count recovery (CRi). DOR was defined as the time
from CR to relapse, or death due to any cause, whichever occurred first.
EFS was from the date of the first CARCIK-CD19 infusion to the earliest of
the following events: treatment failure (i.e., no CR), relapse, or death from
any cause. OS was the time from the date of the first CARCIK-CD19 infusion
to death due to any reason. Patients were censored at the last follow-up in
case no events occurred and to new anticancer therapies (including
alloHSCT) in DOR and EFS. Relapse was defined by the recurrence of more
than 5% of lymphoblasts in the peripheral blood or in the BM and/or by
the presence of extramedullary disease. Measurable residual disease (MRD)
was assessed by validated multiparametric flow cytometry and PCR for
leukemia-specific immunoglobulin  (IG)/T cell receptor (TR) gene
rearrangements.

Integration site retrieval and sequencing

A comprehensive integration site (IS) analysis for biosafety evaluation was
performed on pre-infusion products, blood and bone marrow samples of
the 15 patients enrolled in the FTO1 clinical trial and treated with the final
recommended dose. The retrieval of Sleeping Beauty IS was performed by
a sonication-based linker mediated (SLiM)-PCR method, as previously
reported [14]. The fragmented DNA was split in 3 technical replicates and
subjected to end repair and 3’ adenylation using the NEBNext® Ultra™ DNA
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Library Prep Kit for lllumina® (New England Biolabs, Ipswich, MA.), and then
ligated (DNA Technologies ligation kit, Skokie, IL) to linker cassettes
containing an 8 nucleotide sequence barcode used for sample identifica-
tion. All PCR primers were synthetized at Integrated DNA Technologies
(Coralville, lowa). Barcoded Linker cassettes were generated as previously
reported [14]. Primers are reported in Supplementary Table 5. Each library
was sequenced on the lllumina NovaSeq sequencer (illumine, San Diego,
CA.) using SP500 flow cells with the 2 x 250 paired end mode. All sequence
data obtained in the IS analysis are available at the NCBI's SRA database
(PRINA1229450): https://www.ncbi.nlm.nih.gov/sra/PRINA1229450.

Statistics

Categorical variables were summarized by counts and percentages, while
continuous ones were described with measures of location (i.e., arithmetic
or geometric mean, median) and variability (i.e., range, SD, coefficient of
variation). The remission rate estimates were reported with 95% exact
Clopper-Pearson Confidence Intervals (Cl), while the time to event
endpoints were described at specific time-points using the Kaplan-Meier
estimator with the Greenwood standard error (SE) and the corresponding
95%Cl. Between groups comparisons on time to event endpoints were
performed by means of the log-rank-test, while for continuous variables
non parametric tests were performed (i.e,, Mann-Whitney test for 2 groups
and Kruskal-Wallis test for more than 2 groups). The tests were two-sided
at a significant level of 5%. Statistical analyses were performed with SAS 9.4
and R 4.3.1, except those on GMP manufacture and CAR-T persistence,
which were performed with GraphPad Prism 9.0.

Ethics approval and consent to participate

The phase I/l study (FTO1CARCIK), the compassionate base (FT02CARCIK) and
the phase 2 (FTO3CARCIK) were performed in accordance with the protocols
of the EMA, approved by the Italian Regulatory Central Authorities (AIFA) and
by the local ethics committees (COMITATO ETICO BRIANZA CE150179 and
COMITATO ETICO BERGAMO CE150180), and registered (EudraCT 2017-
00900-38 and ClinicalTrials.gov NCT03389035 for FTO1CARCIK, EudraCT 2020-
005025-85 and ClinicalTrials.gov NCT#05252403 for FTO3CARCIK). The studies
were approved at each study site by the local Institutional Review Board, and
conducted in accordance with the Declaration of Helsinki. All patients or their
guardians provided written informed consent.

RESULTS

Characteristics of product and patients

From February 2019 to December 2023, 36 BCP-ALL patients
refractory or relapsed after alloHSCT pooled from the 3 studies (15
Phase 1/2, 6 compassionate, 15 Phase 2 patients) were treated
with the final recommended dose of CARCIK-CD19 cells. CAR-T
cells were manufactured in-house by electroporation with SB
plasmids expressing a CD19 third-generation CAR incorporating
the CD28 and OX40 costimulatory domains. The cellular source
consisted of 50ml of peripheral blood from the previous
transplant donor, collected after the screening of patients.
Successful production of the cell product was achieved for all
patients enrolled. The final cell product consisted of CD3+ cells
(mean 98.3%, range 82.9-99.8%). The mean transduction effi-
ciency (percent of CD3+ cells expressing the CD19 CAR) was
33.5% (range, 5.0-62.4%, Supplementary Table 1). Patients were
required to be no longer under immunosuppression and to have
no evidence of GVHD and central nervous system (CNS)
involvement at screening. The median age was 39 years (range,
1-67 years, Table 1). Eleven patients had previously received
blinatumomab (31%), 2 patients Inotuzumab (6%) and 5 patients
received both (14%). The median number of prior lines of
therapies was 3 (range, 1-8) with a median time interval from
prior alloHSCT to relapse of 7 months (range, 1-168). Nine patients
(25%) were enrolled into this study after failing a second alloHSCT.
The median BM blast count at enrollment was 24% (range,
4-100%) and 0% (range, 0-80%) after lymphodepletion. Seven
patients (19%) presented extramedullary diseases, 3 without BM
involvement (all enrolled into the compassionate protocol) and 4
with a concomitant BM involvement. Before the CARCIK-CD19 cell
infusion, 5 patients (14%) had previously experienced acute GVHD,
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Table 1. Patient characteristics, overall and by trial.

Characteristic

Median age (range), year
Pediatric, n (%)
Female, n (%)

Philadelphia chromosome positive, n
(%)

No. of Prior Lines of Therapy
median (range)

No. of previous alloHSCT, n (%)
1
2

Inotuzumab ozogamicin before study
enrollment, n (%)

Blinatumomab before study
enrollment, n (%)

Inotuzumab ozogamicin +
Blinatumomab before study
enrollment, n (%)

Prior alloHSCT

Type of Transplant Donor, n (%)
Sibling donor
Matched-unrelated donor
Haploidentical donor

Months from alloHSCT to Relapse,
median (range)

aGVHD post last alloHSCT, n (%)
G-l
G-l
G-Il

cGVHD post last alloHSCT, n (%)
Mild
Moderate
Severe

Disease characteristics
Extramedullary disease, n (%)

Median BM Blasts at enrollment
(range), %

Karnofsky performance status, n (%)¢
90-100
60-80

Blood values at screening
LDH (U/L), median (range)
PLT count (103/mmc), median (range)
Neutrophils (mmc), median (range)

Phase 1/2 (FTO1) (n = 15)

N
=

458 (148-1487)
46 (5-257)

2770 (290-18050)

Bridging therapy before lymphodepleting chemotherapy

Inotuzumab ozogamicin, n (%)
Blinatumomab

Low-dose chemotherapy with or
without steroids, or radiotherapy, n
(%)

Ponatinib, n (%)

None

Median BM Blasts post lymphodepletion

Median (range), %
MRD positive, n (%)

1(7)
1(7)
13 (86)

7 (0-80)
12 (80), T NA

Compassionate (FT02)
(n=6)

44 (29-67)
0 (0)

3 (50)
2 (33)

282 (148-1487)
171 (29-288)
2505 (1001-8800)

0 (0-0)
2 (33)

Phase 2 (FT03) (n =15)

250 (196-1561)
127 (10-311)
2560 (250-6450)

0 (0-58)
5(33)

Overall (n = 36)

299 (148-1561)
84.5 (5-311)
2665 (250-18050)

0 (0-80)
19 (54)

NA not available, AlloHSCT allogeneic stem cell transplantation, GVHD graft versus host disease, G grade, BM bone marrow, LDH lactate dehydrogenase, PLT

platelet, MRD measurable residual disease

“one patient experienced both acute and chronic GVHD.
Pin four out of six patients, since 2 patients had only extramedullary diseases.
‘two patients with missing Karnofsky performance status.
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1 patient chronic GVHD (3%) and 1 patient both (3%). Eleven
patients (31%) were BCR-ABL positive (Ph+ ALL) and failed at least
two TK inhibitors. Thirty-five patients received bridging therapy
before lymphodepleting chemotherapy to control disease pro-
gression. Among them, 12 patients (33%) received Inotuzumab, 21
(62%) received low-dose chemotherapy with or without steroids
or radiotherapy, and 2 patients ponatinib (3%). The median time
from enrollment to the infusion of CARCIK-CD19 cells was 76 days
(range 46-288). This duration included the time required to obtain
the cellular source from the donor, approximately three weeks for
cell product manufacturing, followed by an additional 7 to 10 days
for the release after production. In some cases, this timeline could
be extended due to the need for patients to recover from
complications related to their disease, such as infections, or the
completion of intrathecal therapy to address central nervous
system involvement before the infusion.

Safety of treatment

Cytokine release syndrome (CRS) occurred in 15 patients (42%),
with grade 1 in 8 patients and grade 2 in the remaining 7 patients
(19%) (Table 2). No grade 3 or 4 CRS occurred. As defined by Lee
et al. [15] grade 1 CRS was treated with antipyretic and/or i.v.
fluids, while patients with grade 1 CRS persisting more than
48 hours and those with grade 2 CRS, also received tocilizumab
(n=9). None of the patients who experienced CRS needed
admission to the intensive care unit. The median first onset of CRS
symptoms after CARCIK-CD19 infusion occurred on day 2 (range
1-11 days). Only one patient (3%) experienced immune effector
cell-associated neurotoxicity syndrome (ICANS) grade 2 recovered
with the administration of dexamethasone. Two patients (6%)
experienced a late onset peripheral neuropathy of the lower limbs
(at day +44 and +61, respectively), characterized by walking
difficulties of grade 3 according to CTCAE. The diagnostic work-up,
including MRI, lumbar puncture, and the search of onconeural
antigens did not reveal a clear causative event. These patients
received steroids with only a minimal benefit, then started
monthly cycles of high-dose immunoglobulins and physiotherapy
which led to a slow improvement of neurological symptoms, but
not a complete recovery after 6 months. GVHD did not occur after
treatment with donor-derived CARCIK-CD19. Ten patients had
infectious complications, with 5 pneumonia (2 fungal pneumonia),
1 upper respiratory infection, 1 sepsis due to Gram-negative
bacteria, 1 enterocolitis, and 2 neutropenic fever. Fourteen out of
30 patients (47%) in remission at day 28 showed neutropenia of
grade 3 or 4. Long-lasting severe neutropenia (at day 90) was
documented in 7 out of 21 (33%) evaluable patients still in
remission (only 1 with grade 4). Thrombocytopenia of grade =3
was reported in 15 out of 30 (50%) patients in CR at day 28 with
persistence of severe thrombocytopenia at day 90 in 8 out of 21
evaluable patients (38%) still in remission.

Efficacy of treatment
The primary endpoint of the overall response rate as defined by
the Phase Il part of the study (ORR) was achieved by 30 out of the
36 pooled patients from the 3 studies (83%, 95%Cl = 67-94%).
Twenty-four out of 28 evaluable patients (86%) achieved MRD-
negative or positive-not-quantifiable (PNQ) CR. Patients with >5%
BM blasts (median 25%, range 14-80%) post lymphodepletion
showed an inferior CR as compared to patients with <%5 (62% vs
100%, p = 0.0046). We observed higher response rates (100%) in
12 patients receiving anti-CD22 therapy as bridging therapy
before the cellular infusion. There were not significant differences
in CR rate between Ph positive and negative patients (Table 3).
Of 30 patients achieving CR, 18 (60%) relapsed, including 16
with a CD19+ disease (89%), and 2 with CD19-negative/dim BCP-
ALL [11]% (Table 4). Among the 12 patients who did not
experience a relapse after CARCIK-CD19 infusion, 3 patients
(25%) underwent consolidation with a second alloHSCT within
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seven months after infusion and remain alive and disease-free
(+3.9 and +4.0 years, and +2 months). Additionally, 6 patients
(50%) are still alive and disease-free without additional new
therapies (1 with CAR-T cells circulating after 40 months), while 3
(25%) died in CR (1 due to sepsis and 1 due to hyporexia and
ascites and 1 due to epilepsy with lumbar puncture negative for
disease). Among the relapsed patients, 3 (17%) are alive in CR after
salvage therapies for relapse, 2 (11%) died in a new CR after
salvage treatment, and 1 (6%) patient is alive with active disease.
The remaining 12 (67%) patients died due to disease progression,
as did 5 out of 6 non-responders. One non-responder patient died
in CR after additional therapies due to sepsis. Overall, as of the
data cutoff, 13 of the 36 (36%) patients were alive, and 12 (33%) in
ongoing CR with a median follow-up of 1.8 years (range 2.8
months-4.1years) (Table 4). Of interest, all 7 patients with
involvement of extramedullary sites at the enrollment achieved
CR. One patient remained in CR after 1.7 years, while the
remaining 6 patients relapsed. CAR-T cells were detected in
the pleural effusion of one patient with pleural localization and in
the cerebrospinal fluid of a patient who had a history of CNS
infiltration.

After a median follow-up of 2.2 years, the 1-year OS was 57.0%
(95%CI| 42.6-76.2%), with a median duration of 12.3 months (95%
Cl 6.3-23.3 months). EFS at 1 year was 32.0% (95%CI 18.9-54.4%),
with a median duration of 4.9 months (95%Cl 3.2-11.6 months)
(Fig. TA). The median DOR of the 30 patients who achieved CR was
8.1 months (95%Cl 3.1-16.2), with a 1-year DOR of 38.6% (95%Cl
23.3-64.1%) (Fig. 1B). Unlike previous clinical trials of CD19 CAR in
BCP-ALL, our cohort included 25% of patients who relapsed after a
second alloHSCT. Interestingly, in a subanalysis of 34 out of 36
patients with available blast level after lymphodepletion, patients
with prior one alloHSCT and a lower blast level post-
lymphodepletion (<5%) had a better EFS and OS at 1 year
(47.5% (95%Cl 26.3-86% and 80.5% (95% Cl 73.4-100), respec-
tively) than patients with >1 prior alloHSCT or a higher burden of
disease (20.6% (95% Cl 7.7-54.9% and 35.3% (95% Cl 18.5-67.2),
respectively p = 0.0373 and p = 0.0055) (Fig. 1C). It is worth noting
that the median OS for patients with blast <5% after lymphode-
pletion was about 24 months and this result was independent of
the bridging therapy used. The difference in prognosis was mainly
driven by blast after lymphodepletion, which resulted the only
factor associated with ORR, EFS and OS (p = 0.0046, p = 0.0352
and p = 0.0396, respectively). A tendency of better outcomes was
observed among Ph+ patients, probably as the consequence of a
pre-emptive treatment with TKIs in case of molecular relapse
(Table 3).

CAR-T cell expansion, persistence and B-cell aplasia

CAR-T cell expansion was observed in all patients (Fig. 2A). The
median peak expansion was 38.1 cells (range, 0.3-2283.2) per pl
(Supplementary Table 2). The median time to maximal expansion
in blood was 10 days (range, 7-28). CAR-T cell expansion was
associated with CRS occurrence in terms of area under the curve
(AUCQ) and peak of expansion (p = 0.0015 and 0.0004, respectively,
Fig. 2B, C). No other meaningful associations were observed,
including the achievement of response or tumor burden (Fig. 2D, E
and Supplementary Fig. 1A-C). The median AUC from day 0 to day
28 was 280 cells (range, 3-24,572) per pl (Supplementary Table 2).
Interestingly, the type of donor used to manufacture cells did not
influence CAR-T cell expansion (Fig. 2F). CAR-T cells showed
durable persistence, being detectable by flow cytometry for more
than 2 years with a median of 165 days (range, 15-660) post-
infusion and quantifiable in 23 out of 36 evaluated patients at the
last follow-up (Fig. 2A). Engrafted CAR-T cells were also found to
control the emergence of healthy B-cell progenitors and to
maintain B-cell aplasia in one patient where we observed peaks of
expansions at late follow-ups (150 and 450 days) after infusion
(Fig. 2G). Loss of B-cell aplasia was observed in 14 of 30 (47%)
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Table 2. Adverse events, overall and by trial.

Events Phase 1/2 (FTO1) Compassionate (FT02) Phase 2 (FT03) Overall
(n=15) (n=26) (n=15) (n=36)
CRS, n (%)
No CRS 8 (53) 4 (67) 9 (69) 21 (58)
Grade 1 3 (20) 1(17) 4 (27) 8 (22)
Grade 2 4 (27) 1(17) 2 (13) 7 (19)
Grade >3 0 (0) 0 (0) 0 (0) 0 (0)
ICANS, n (%)
No ICANs 14 (93) 6 (100) 15 (100) 35 (97)
Grade 1 0 (0) 0 (0) 0 (0) 0 (0)
Grade 2 1(7) 0 (0) 0 (0) 1(3)
Grade>3 0 (0) 0 (0) 0 (0) 0 (0)
Neurotoxicity, n (%)
Grade 3 2 (13) 0 (0) 0 (0) 2 (6)
GVHD, n (%)
Grade 1-4 0 (0) 0 (0) 0 (0) 0 (0)
Infection, n (%)
No infection 11 (73) 5 (83) 10 (67) 26 (72)
Grade 1 1(7) 0 (0) 1(7) 2 (6)
Grade 2 1(7) 0 (0) 1(7) 2 (6)
Grade 3 0 (0) 1(17) 3 (20) 4 (11)
Grade 4 1(7) 0 (0) 0 (0) 1(3)
Grade 5 1(7) 0 (0) 0 (0) 1(3)
Prolonged cytopenia, n (%)®
Grade > 3 neutropenia, day 28 5 (45) 3 (50) 6 (43) 14 (47)
Grade 2 3 thrombocytopenia, day 28 4 (36) 4 (80) 7 (50) 15 (50)
Grade > 3 neutropenia, day 90 0 (0) 1 (25) 6 (55) 7 (33)
Grade > 3 thrombocytopenia, day 90 3 (50) 1 (25) 4 (36) 8 (38)

®Evaluated among patients in CR at day 28 (N = 30) or day 90 (N = 24 patients in remission, 3 patients missing neutropenia and thrombocytopenia evaluation).

CRS cytokine release syndrome, ICANS immune effector cell-associated neurotoxicity syndrome, GVHD graft versus host disease.

responder patients at 3 months and in 18 (61%) at 6 months
(Fig. 2H).

Elevation of cytokines in the serum of treated patients was
observed, with a peak between day 7 and day 10 post-infusion
(Supplementary Fig. 2A). Peak values were generally low in most
patients (Supplementary Table 3) and levels above 1000 pg/mi
were rarely detected. High peaks of IFN-y and IL-6 were associated
with grade 2 CRS (Supplementary Fig. 2B). We found no
correlation between cytokine elevation and increased tumor
burden at enrollment or after lymphodepletion.

Integration Site analysis of SB modified CARCIK-CD19 and
peripheral blood of treated patients

To evaluate the biosafety of SB engineering, as first-in-human
use of non-viral technology, we performed a comprehensive IS
analysis of the genomic DNA extracted from the medicinal
product and from the PB and BM of the 15 patients enrolled in
the FTO1 trial, harvested at different time points after infusion. A
total of 42,508,099 raw reads passed our quality test and were
associated to the barcodes used to tag the Sonication Linker
Mediated (SLiM)-PCR performed on 45 samples. A total of
16,852,624 IS reads were identified and led to an overall number
of 95,718 unique ISs (Supplementary Table 4). The genome wide
distribution profile of SB-engineered T cells showed no
preference for gene dense regions and transcriptional start site,
and no differences between IS retrieved in the batch and in
circulating CAR-T cells (Supplementary Fig. 3A). The distribution
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of IS showed no preference for promoter regions (Supplemen-
tary Fig. 3B). We observed enriched gene ontology terms in the
medicinal product, mostly related to T-cell biology, due to SB
preference for accessible chromatin regions (Supplementary
Fig. 4). We identified genes targeted at a frequency significantly
higher than expected, also named sporadic common IS, in single
patients and targeting nearby genes by a relatively small
number of IS (3 to 5). None of them was classified as a cancer
related gene (Supplementary Figs. 5, 6). To observe potential
clonal expansions caused by insertional mutagenesis, we
computed accurately the clonal abundance. Based on this
analysis, transduced CARCIK-CD19 cells in vitro showed a highly
polyclonal repertoire. After infusion, a sizeable amount of IS
present in the cell product persisted overtime (Fig. 3A and
Supplementary Fig. 7). No signs of expansion have been
observed in any patient. Moreover, we analyzed the clonal
population diversity by the Shannon (H) index [16] (Fig. 3B),
which was very high in the cellular product and early after
infusion, but considerably reduced at later time points in
association with CAR-T cell contraction. Finally, we determined
IS frequency into introns, exons or intergenic regions in the cell
products and post-infusion (Fig. 3C). SB insertion maintained the
characteristic low bias towards genomic regions over time
[17, 18]. We can conclude that SB transposon has no bias for
regulatory and exonic regions and the close-to-random insertion
profile is maintained post-infusion with absence of clonal
dominance.

SPRINGER NATURE



F. Lussana et al.

Table 3. Outcomes by patient characteristics and prior therapies in the overall sample (n = 36).
n CR, n (%, 95% Cl) Median DOR, mo. (95% CI) Median EFS, mo. (95% Cl) Median OS, mo. (95% CI)

No. of previous alloHSCT

1 27 23 (85%, 66-96) 9.5 (2.4-NE) 4.9 (3.1-NE) 14.0 (5.6-NE)

2 9 7 (78%, 40-97) 5.0 (0.9-16.2) 4.8 (0.9-17.2) 7.1 (2.5-23.6)
No. of Prior Lines of Therapy

1-2 10 10 (100%, 69-100) 5.4 (2.0-NE) 6.3 (2.4-NE) 12.1 (3.7-NE)

3-4 15 11 (73%, 45-92) 9.5 (1.1-NE) 4.2 (0.9-23.6) 13.9 (2.2-NE)

>5 11 9 (82%, 48-98) 10.7 (0.9-NE) 6.0 (0.9-17.2) 12.1 (2.5-23.3)
Pre CARCIK bridging therapy

Inotuzumab 12 12 (100%, 74-100) 8.1 (2.4-22.7) 9.0 (3.2-23.6) 14.0 (5.2-NE)

No Inotuzumab 24 18 (75%, 53-90) 10.7 (2.4-NE) 4.1 (1.8-17.2) 12.2 (3.8-23.6)
BM Blasts at enrollment

<5% 6 6 (100%, 54-100) 6.7 (2.2-NE) 7.7 (3.1-NE) -

25% 29 24 (83%, 64-94) 8.1 (3.1-16.2) 4.8 (2.9-15.0) 12.1 (5.6-23.3)
BM Blasts post lymphodepletion

<5% 21 21 (100%, 84-100) 9.5 (3.2-22.7) 10.4 (4.2-23.6) 23.6 (11.0-NE)

>5% 13 8 (62%, 32-86) 6.7 (0.9-NE) 1.9 (0.9-11.6) 6.3 (2.5-12.3)
Philadelphia chromosome

Positive 1 10 (91%, 59-100) 10.7 (3.9-NE) 11.6 (4.8-NE) 23.3 (12.1-NE)

Negative 25 20 (80%, 59-93) 8.1 (2.4-NE) 3.7 (2.9-NE) 11.0 (6.0-NE)

mo. months, alloHSCT allogeneic stem cell transplantation, BM bone marrow, CR complete response, Cl confidence interval, DOR duration of response, EFS

event-free survival, OS overall survival, NE not estimable.

DISCUSSION

High costs and regulatory requirements associated with the use of
viral vectors limit accessibility to CAR-T cell therapy and impact
healthcare spending [19]. In addition, the production of autologous
CAR-T cells for patients who are heavily pretreated or have rapidly
progressive disease may be a challenge. CARCIK-CD19 is an anti-
CD19 CAR-T cell product manufactured using the non-viral SB
transposon vector from the previous transplant donor, the first to
demonstrate achievement of remission in clinical trials using SB
technology [14]. In this extended analysis including 36 patients, we
confirmed that allogeneic CARCIK-CD19 is extremely safe and able to
induce long-term remission in a group of heavily pre-treated patients
all relapsed after one or even two alloHSCT. These findings support
the value of using donor-derived allogeneic T cells and a non-viral
technologies for T-cell-engineered immunotherapies. CARCIK-CD19
was successfully manufactured for all the patients we enrolled into
this study. We reported manageable toxicity with a low incidence of
CRS even in patients with high disease burden, which is associated to
an increased incidence of adverse events [20]. This is particularly
relevant for the adult population, where some studies reported
revised adverse event management strategy [43], and a fractionated
dose scheduling [2, 21, 22] to mitigate the toxicity. In this study, CRS
was only of grade 1 or 2 and reversible in all cases and neurotoxicity
was rare, presenting as a late-onset peripheral neuropathy of grade 3
without a clear causative event in 2 patients. Late-onset peripheral
neuropathies are a rare side effect previously reported in a few
patients treated with anti-BCMA CAR-T cells, but not with anti-CD19
CAR-T cells [23]. We did not find any evidence supporting a direct
role of CARCIK-CD19 in mediating this late-occurring peripheral
neuropathy. This side effect may not be related to the cell therapy
program, but rather to the previous pharmacological treatments or
to the leukemia itself, as both patients subsequently relapsed.
Importantly, favorable safety data were associated with low cytokine
elevation compared to other CAR-T cell products but similar
expansion and persistence. The low toxicity and need for higher
doses may be related to the prevalence of CD8-+ CD56+ effector
memory cells which is in keeping with the data obtained using cord
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blood-derived allogeneic NK cells [13]. This is also in line with
previous studies, demonstrating that ex vivo expanded T cells [24]
and combined CD28-costimulated CAR and allogeneic TCR activation
[25] can be associated with a manageable risk of GVHD. Indeed,
GVHD was not observed after CARCIK-CD19 infusion, despite some
patients experiencing GVHD after the previous transplant from the
same donor. Similar to our strategy but using conventional viral
engineering, donor-derived CD19 CAR-T cells have been explored in
pediatric [26] and adult [27] BCP-ALL patients relapsing post-
alloHSCT, reporting mild GVHD episodes. In addition, CD19 CAR-T
cells from universal allogeneic donors, obtained by genome editing
of the TCRa constant chain (TRAC) [28], showed a promising safety
profile in adult [29] and pediatric [30] BCP-ALL patients with a low
risk of inducing GVHD. As frequently reported for patients treated
with CAR-T [31], we observed an incidence of prolonged cytopenia of
grade >3 after 90 days from infusion in a third of cases. This might be
due to the severity of the disease, the multiple previous lines of
treatments, and poor hematopoietic reconstitution after alloHSCT
and lymphodepletion. Therefore, our data demonstrated a remark-
able safety profile of donor-derived CARCIK-CD19 in adult and
pediatric patients with BCP-ALL relapsing after alloHSCT.

Although the study included patients with highly refractory
diseases, CARCIK-CD19 showed a relevant therapeutic potential
with an overall response in 83% of patients, with an MRD
negativity in 86% of responders. Currently, two anti-CD19 CAR-T
cell products are available for r/r BCP-ALL, tisagenlecleucel (tisa-
cel) for pediatric and young adult patients [1] and brexucabtagene
autoleucel (brexu-cel) for patients aged 18 and older [3]. Tisa-cel in
the Eliana study was reported to have 81% of overall response rate
[1]. Long-term follow-up of the ELIANA study showed 5-year EFS
and OS rates of 42% and 55%, respectively [32]. It is worth noting
that this study included mostly pediatric patients (83%), that is
known to have superior EFS compared with the adult population
[33, 34]. The real-world analysis confirmed similar results [35]. The
single-arm ZUMA-3 trial evaluated KTE-X19 in the largest
population of adults with r/r BCP-ALL. The overall CR rate was
71% with RFS of 58% at 6 months and OS of 71% at 12 months [3].
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Outcomes after CARCIK-CD19 infusion. A OS, and EFS, in the 36 patients who received CARCIK-CD19 at the recommended dose.

Kaplan-Meier estimates of OS and EFS. EFS was estimated censoring at treatment shift and all estimates are reported with the corresponding
SE. B DOR in the 30 patients who received CARCIK-CD19 and achieved CR. Kaplan-Meier estimates of DOR. DOR was estimated censoring at
treatment shift and all estimates are reported with the corresponding SE. C OS among 34 patients who received CARCIK-CD19 according to
number of prior alloHSCT and bone marrow burden post-lymphodepletion.

In a recent analysis of 78 patients who received brexu-cel in
ZUMA-3 (23 phase 1 patients and 55 phase 2 patients), the
treatment benefit was higher in patients in earlier lines of therapy
and without prior exposure to alloHSCT [36]. Although patients

Blood Cancer Journal (2025)15:54

enrolled in our studies showed more unfavorable characteristics
compared to previous studies, such as an increased number of
prior lines of therapy, extramedullary involvements, and all were
enrolled as post-alloHSCT relapses, our results appeared largely
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Fig. 2 CAR-T cell expansion and persistence. A CAR-T cells in peripheral blood by flow cytometry. B-C AUC-d28 (B) and Cmax-d28 (C)
according to the severity of CRS. D AUC-d28 in patients who experienced CR or NR after CAR-T cell treatment. E AUC-d28 in patients with BM
blasts post lymphodepletion less than or higher than 5%. F AUC-d28 in patients treated with CAR-T cells manufactured from identical sibling
donors (ISD), haploidentical donors (Haplo), and matched unrelated donors (MUD). G Normal B-cell and CAR-T cell engraftment in the
peripheral lood of patient 5 at different time points by flow cytometry. H B-cell recovery in CR and NR patients.

comparable, showing excellent CR rates with the majority of
patients being molecular remissions. We observed slightly lower
EFS (44% at 6 months) and OS (57% at 12 months) compared to
other studies [2-4, 20, 36, 37] but this might be due to the
inclusion of patients with more unfavorable characteristics, as also
demonstrated by our subanalysis showing an OS of 85% at
12 months in patients who had previously undergone a single
alloHSCT and with low (<5%) BM burden post-lymphodepletion.
Since the most important predicting factor for response was < vs
> 5% blasts after lymphodepletion, it would have been important
to collect more detailed information about the percentage of
blasts pre-bridging, post-bridging, and then pre-and post-lym-
phodepletion. However, per study protocol, the total amount of
bone marrow evaluation was limited for ethical reasons similar to
other studies including pediatric patient. Patients who had
experienced a relapse after alloHSCT have been recently reported
to have a poorer prognosis in a sub-analysis of the Zuma-3 study
[36]. A third autologous CAR-T product, obecabtagene autoleucel
(obe-cel), was recently approved by FDA, and, in the coming
months, will be available using a novel anti-CD19 scFV conferring

SPRINGER NATURE

a fast target binding off-rate. Data from the 153 patients enrolled
in Phase 1b/ 2 trial demonstrated a CR/CRi rate of 77%, a favorable
safety profile, high persistence, and durable responses in r/r adult
ALL patients with EFS of 65% at 6 months and OS of 61% at
12 months [4].

The presence of extramedullary BCP-ALL is predictive of inferior
outcomes after CAR-T cell therapy [20, 38]. In our study, we
observed responses in all patients with extramedullary diseases,
with one patient achieving a long-term remission. Experimental
data with CIK cells support the notion that these cells might have
a peculiar capability to infiltrate large tumor masses and
extramedullary disease [24, 39]. We observed the highest response
rates (100%) in the patients receiving anti-CD22 therapy as
bridging therapy before the cellular infusion, suggesting that a
sequential administration of dual antigen targeting might increase
the overall response rate. This observation is in keeping with a
similar positive preliminary experience in patients receiving co- or
sequential administration of CAR-T targeting CD19 and CD22
[21, 40-42]. In this context, we have identified BAFF-R as a target
for relapsing BCP-ALL which now we are combining with anti-
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Integration site analysis in SB-engineered CAR T cells pre and post infusion. A Clonal abundance as percentage of genomes with a

specific IS over the total genomes represented over time in the cell product (time 0) and in the peripheral blood post infusion of patients 9
and 13; ribbons connect tracked clones between two consecutive time points. Below each plot, the ten most abundant clones annotated with
the closest gene are reported. B Diversity index (Shannon entropy) computed for each time points in the peripheral blood. Each line
represents a different patient. C Percentage of IS located in exonic, intronic, and intergenic genomic regions overtime in the cell product, in

the BM, and in the peripheral blood post infusion.

CD22 CAR as a multi-targeting approach [43]. In this study using
the CD28 and OX40 costimulatory domains, CD19-negative
relapses were observed but with less frequency compared to
CD19+ relapses, similar to data reported with adult patients
treated with the CD28-costimulated KTE-X19 [3].

Virus-free technologies are rapidly evolving to reduce high costs
and increase accessibility of gene therapy manufactured with viral
vectors [11]. DNA-transposons require only nucleic acid compo-
nents as starting materials, providing greater biosafety, sustain-
ability and regulatory benefits. Compared to CRISPR/Cas9 editing,
they can mobilize large portions of DNA, which allows multiplexed
engineering within a single vector [44]. Moreover, transposases of
the Tc1/mariner superfamily do not generate open double-strand
breaks because they act through DNA hydrolysis and transester-
ification [45]. However, their use in clinical trials is at early stages
and limited information are available on their efficacy and safety.
In the present study, SB-engineered CAR-T cell expansion showed
pharmacokinetic properties comparable to those reported for
adult patients treated with commercial products [46]. The
expansion was associated with CRS incidence, in agreement with

Blood Cancer Journal (2025)15:54

previous observation [4]. Notably, the long-term persistence of
functional CAR-T cells was evidenced by the maintenance of B-cell
aplasia associated with detecting CAR-T cells in peripheral blood
by flow cytometry. This data compares favorably to the CD28-
containing CAR construct [47]. Incorporation of the 0OX40
costimulatory domain, which provides signals favouring late
proliferation, in a CD28-based CAR architecture may have helped
sustain the response [48], although it could predispose to
excessive stimulation [49]. Importantly, we carefully balanced
the activity of the transposase to achieve a integrated vector copy
number per cell lower than five, and no adverse events associated
with SB-engineering were observed. Conversely, malignant
transformation has been recently reported in patients treated
with CAR-T cells generated with PiggyBac transposon [50]. We
found that SB transposon’s absence of bias towards transcriptional
start sites and genomic regions are maintained in circulating CAR-
T cells even long-term after infusion. Insertion within oncogenes
and tumor suppressor genes, as CBL and TET2, may promote
clonal expansion [51], as reported in retroviral and lentiviral
vector-based anti-CD22 [52], and anti-CD19 CAR-T cells [53].
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Despite previous reports have suggested that the effects of
insertional mutagenesis in T cells are pervasive, leading to
expansion of clones with integration into genes involved in cell-
signaling and chromatin modification [54], we did not observe any
signs of clonal dominance. This is very relevant after the recent
warning on the risk of secondary and primary malignancies
following viral CAR-T cell therapies [55, 56]. After infusion,
circulating CAR-T cells showed a highly clonal repertoire and
diversity, and a stable clonal composition at early time points in
most of the treated patients. A repertoire associated with a small
number of clones at late time points was observed, as previously
reported in decade-long persistent CAR-T cells [57].

Finally, the safety and the activity of this allogeneic CAR-T cell
product and the reduced cost of its production pave the way for the
potential use of this cell therapy in a preemptive setting for patients
after alloHSCT with evidence of measurable residual disease at the
time of conditioning regimen. In fact, many clinical trials have shown
that the indication for allogeneic transplant in first complete remission
can now be restricted to patients with very high-risk features, such as
those who fail to achieve a molecular remission [58-60]. The ability to
increase the proportion of patients who achieve a robust molecular
remission will further reduce in the near future the use of allogeneic
transplantation in first remission [61]. Nonetheless, allogeneic
transplants will remain a salvage and potentially curative option for
very high-risk patients in first or subsequent remission. For this reason,
the preemptive use of donor-derived allogeneic CARCIK-CD19 cells
may represent a safe and effective option to increase the activity of
the allogeneic transplant procedure. The use of this approach is
warranted in our future research plan.

In conclusion, our analysis demonstrated sustained disease
eradication in a proportion of patients with relapsed or refractory
BCP-ALL in the absence of severe toxicities, and provides support for
the clinical benefit of using CARCIK-CD19. Based on these results,
CARCIK-CD19 is currently being evaluated in patients with relapsed/
refractory B-cell NHL or CLL in a phase 1/2 trial (NCT05869279).
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