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Leuk-CTL-001 (EudraCT n. 2019-003362-41) is a Phase I/l clinical trial on the
safety and preliminary efficacy of donor-derived anti-leukemia cytotoxic T
lymphocytes (CTLs) for the prevention of leukemia relapse in children given
haploidentical hematopoietic stem cell transplantation (HCT). The prognosis for
children affected by acute leukemia and transplanted in an advanced disease stage,
in the presence of measurable minimal residual disease (MRD) or with unfavorable
cytogenetic abnormalities, is still poor and often less than 50%. Adoptive cell
therapy based on the infusion of donor-derived CTLs able to recognize patients’
leukemia blasts (LB) is a promising approach to control leukemia relapse after
allogeneic HCT. We previously described a procedure for ex vivo generating and
expanding large numbers of donor-derived anti-leukemia CTL in compliance with
Good Manufacturing Practice (GMP). The analysis of all batches of anti-leukemia
CTLs produced so far documented that the majority of effector cells were CD3
+/CD8+ cells, with a memory/terminal activated phenotype displaying efficient
capacity to lyse patients’ LB and to secrete IFNyand TNFa. in response to leukemia
cells. The Leuk-00L1 trial explores the safety of infusion of escalating doses of anti-
leukemia CTLs in a cohort of high-risk relapse pediatric patients given
haploidentical HCT for acute leukemia, starting within 60 days after
transplantation. The safety is evaluated in terms of incidence of acute and
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chronic graft versus host disease (GVHD). The secondary objective is the evaluation
of efficacy defined as cumulative incidence of relapse.

Clinical Trial Registration: https://www.isrctn.com/, identifier ISRCTN13301166;
https://clinicaltrials.gov/, NCT06865352.

cytotoxic T lymphocytes, haploidentical hematopoietic stem cell transplantation,
adoptive cell therapy, pediatric acute leukemia, graft-versus-host-disease

Introduction

The Italian age standardized incidence rate for acute
lymphoblastic leukemia (ALL) in the 0-19 age population is 36.7
cases per million (95% CI 34.2-39.3) while, for acute myeloid
leukemia (AML) it is 6.8 cases per million (95% CI 5.6-8.1).
These incidence rates correspond to about 400 new diagnoses of
pediatric ALL and 100 new diagnoses of pediatric AML per year in
Italy. Even though, currently, more than 80% of children with ALL
can be cured with conventional first line chemotherapy, 15-20% of
children with ALL still present with disease relapse. The majority of
relapsing patients are given an HCT after second-line
chemotherapy, but only 30-70% can be cured by HCT (1). A
subsequent relapse is the most frequent cause of treatment failure.
Considering AML, the event-free survival probability for children
treated with the AIEOP-AML 2002/01 protocol was 55% for the
whole study population and 53% for high-risk patients (2) and
leukemia relapse represented the most common cause of treatment
failure. The probability of long-term survival for children relapsing
after an allogeneic HCT is low: the vast majority die due to disease
progression or for the complications of therapies.

Over the last four decades, allogeneic HCT from an HLA-
matched donor, either related or unrelated, has been increasingly
used to treat patients affected by various malignant or non-
malignant disorders, including acute leukemia. However, only
25% of patients have an HLA-identical sibling and fewer than
60% of the remaining patients can be matched with suitable HLA-
compatible, unrelated donors. In the absence of an HLA-matched
donor, alternative donors, such as HLA-haploidentical relatives, are
being increasingly used (3).

A study by The Acute Leukemia and Pediatric Working Parties
of the European Society for Blood and Marrow Transplantation
(EBMT) showed that the 5-year leukemia-free survival (LFS) for
children with ALL, transplanted in complete remission was about
30%, indicating that haploHCT is a useful treatment for patients in
morphological remission of disease (4). In particular, in the last
years, T-cell receptor (TCR)af/CD19 cell depletion has emerged as
an effective graft manipulation strategy for preventing GVHD in
patients lacking HLA-matched donor and in need of an urgent
transplant (5). Despite great improvements, leukemia relapse
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remains the most frequent cause of transplant failure, especially
in high-risk patients, and the prognosis for children affected by
acute leukemia and transplanted in an advanced disease stage, in the
presence of measurable MRD or with unfavorable cytogenetic
abnormalities is still poor, and often less that 50%. Further
intensification of pre-transplant chemotherapy and conditioning
regimen would increase the incidence of treatment-related toxicity
and non-relapse mortality. Thus, in the last few years, clinical
research has been directed towards the early identification of
patients who cannot be cured by conventional treatment and who
could benefit from the use of targeted therapy therapies (6-8).
Harnessing the cytotoxicity and targeting the ability of the
cellular immune system could improve the efficacy of anticancer
therapy. While the use of monoclonal antibodies is now well
established in clinical practice, the development of cellular therapies
against cancer has been slower, largely because of the complexity of
this approach. Among the different forms of cellular immunotherapy,
the adoptive transfer of T lymphocytes is the most promising to
overcome leukemia resistance to chemotherapy. T cell therapy for
solid and hematological tumors has proved to be effective in
preventing or treating cancer growth in patients with different
diseases such as melanoma, lymphoma, nasopharyngeal carcinoma
(9, 10). Despite these results, cancer immunotherapy still has many
limitations and obstacles. Most neoplasms can develop a range of
immune escape strategies resulting in failure to appropriately present
tumor antigens to immunocompetent cells. Other limitations of
immunotherapy based on the infusion of T cells are the suboptimal
persistence of transferred cells in the patient and the necessity to
define the best tumor associated antigens (TAA) for cellular therapy.
In recent years, excellent results have been achieved in the
control of relapsed/refractory ALL with the infusion of T
lymphocytes genetically modified to express chimeric antigen
receptors (CAR) targeting B cell-associated antigens (11-13). The
increase in CAR-T cell efficacy, however, has been paralleled by the
potential to induce severe adverse events, including cytokine release
syndrome, B cell aplasia, and other severe on-target off-tumor
toxicities (14). In addition, despite encouraging data on the
treatment of B cell precursor ALL, major challenges remain to be
overcome to safely apply CAR-T cell therapy to patients with other
leukemia subtypes (T cell precursor ALL or AML) (15-17).
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The use of autologous T cells may result in disparities in
efficiency or yield of the final product, due to the patient’s prior
treatment leading also to a manufacturing failure rate (18). This has
led over the years to the development of allogeneic and/or ‘off-the-
shelf CAR-Ts from healthy donors with the aim of providing a
readily available therapeutic solution for patients who needed this
therapy. CAR-T production using genome-editing as well as non-
gene-editing technologies were evaluated. While these technologies
have many advantages, they also have limitations due to associated
safety risks, including inducing GVHD and rejection. At present,
more extensive researches are required for the development of
technologies that allow safe administration of allogeneic CAR-T's
while improving their persistence and their efficacy and
maintaining a favorable safety profile (19).

The pivotal therapeutic role of immunity against acute leukemia
has been revealed by the graft-versus-leukemia (GVL) effect observed
following allogeneic HCT. Moreover, circulating leukemia-specific
CTLs have been detected in patients with different forms of acute
leukemia, and the presence of these specific T-cell responses in
peripheral blood and bone marrow samples of leukemia patients
has been associated with improved disease control and longer
survival (20-23). This body of data suggests that allogeneic or
naturally elicited leukemia reactive T cells could have an effect in
preventing relapse and improving transplant outcome.

Unmanipulated donor lymphocyte infusion (DLI) is used after
stem cell transplantation to treat and prevent relapse, to prevent
infections and to establish full donor chimerism. However, an
expected side effect of the presence of mature T cells is the
potential occurrence of acute GVHD (24). Evidence has emerged
that escalating DLI has achieved higher clinical response rates with
lower GVHD occurrence (25). Optimization of DLI dose and
schedule as well as strategies of donor T-cell manipulation may
lead to the consistent ability to separate GVHD from GVL activity
and improve the safety of DLI treatment. One way to manipulate
donor lymphocytes to reduce GVHD is leukemia antigen
stimulation, in order to increase antileukemia activity while
reducing the number of alloreactive T cells by specific culture.

Somatic cell therapy with anti-leukemia CTLs may offer a new
tool to prevent or treat relapse. The major advantage of immune-
based therapies is the possibility to use highly selective immune
effector cells directed against malignant cells, thus limiting
treatment related toxicities.

Pre-clinical background

Allogeneic or autologous anti-leukemia CTL directed against
minor histocompatibility antigens or the BCR/ABL neoantigen (26—
29), have been successfully employed to treat relapsed leukemia in
adult patients representing proof of principle for the potential
efficacy of this form of T cell therapy.

During the last decade, the proponent’s research unit has
developed and optimized a procedure to generate donor-derived
CTLs directed against pediatric acute LB, through the stimulation of
peripheral blood mononuclear cells (PBMC) with IFN-dendritic cells
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(IFN-DC) pulsed with apoptotic LB as source of tumor antigens.
CTLs generated ex vivo with this approach are likely to recognize a
broader range of TAA, potentially reducing the risk of selecting
variant leukemic subclones (30-32). Anti-leukemia CTLs include
both effector and memory T-cells, suggesting the presence of
lymphocytes able to exert, not only an immediate cytotoxic effector
activity, but also to maintain long-term immune surveillance (33).

A major risk with the use of donor-derived anti-leukemia CTL
is the subsequent development of GVHD. This risk is particularly
relevant in the setting of haplo-HCT, where the donor and recipient
are HLA partially-matched. In this regard it has been documented
that although some anti-leukemia CTL lines showed sizeable
cytotoxicity against patients’ derived PHA-blasts, the vast
majority displayed lower levels of alloreactivity compared with
that observed against LB, especially at the lowest E:T (31, 32).

Any successful cell therapy approach strongly depends on the
possibility to in vitro generate a product with a high level of
standardization in compliance with GMP. Anti-leukemia CTL are
Advanced Therapy Medical products (ATMP) and GMP guidelines
ensure their quality and safety in terms of sterility, purity and
potency for in vivo use. Since 2016, after optimizing protocols for
obtaining highly specific anti-leukemia CTL, ATMP have been
prepared in the Fondazione IRCCS Policlinico San Matteo’s GMP
facility “Cell Factory”.

In a recent paper (34), we reported data obtained in 51 batches of
ATMP documenting that biological QC, including cell viability,
identity, phenotype and potency were in compliance with the
defined cut offs. We also deeply evaluated the phenotypic and
functional features of ATMP batches using biological assays, other
than those necessary for batch release. By comparing the ability of
each ATMP to lyse LB in the cytotoxicity assay and to secrete IFN-y
and TNF-o. in response to LB, we documented that the majority of
ATMPs displayed sizeable levels of cytotoxic activity against LB and
high percentages of cytokine-secreting cells. No significant differences
were documented in the potency of ATMP obtained after 1% and the
2™ round of rapid expansion. In few ATMP derived from different
donors, unable to mount sizable levels of cytotoxic activity against
patients LB, high percentages of IFN-y and/or TNF-o.-secreting cells
were documented. These data suggested that anti-leukemia CTL are
able to mediate anti-leukemia activity by different mechanisms and
that the secretion of cytokines with anti-tumor activity can make up
for low levels of direct lytic activity (34).

ATMP were also characterized for surface antigens of terminal
differentiation and exhaustion, which can be an indirect sign of
impaired function or persistence. The analysis of all batches of
ATMP produced so far documented that the majority of cells were
CD3+/CD8+ cells, with a memory/terminal activated phenotype
including also measurable percentages of T central memory (TCM).
Anti-leukemia CTL appear more highly differentiated than
exhausted in that we also documented a low percentages of the
PD1+/TIM3 population, usually associated with an exhausted
phenotype. In donor/recipient pairs in which more than one
batch of ATMP was produced, biological QC and additional
biological assays documented that they were homogeneous in
terms of surface antigens and potency (34).
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Altogether these results demonstrated that the methodological
approach we have optimized protocol is highly reproducible and
allows the generation of large numbers of immunologically safe and
functional anti-leukemia CTL with a high level of standardization.
Based on their features, anti-leukemia CTLs could be a safe and
efficient somatic cell therapy to prevent/treat leukemia relapse in
children given haplo-HCT for high-risk acute leukemia.

Methods and analysis
Trial design

Leuk-001 is a Phase I/II, monocentric, open label, non-
randomized, prospective clinical trial of donor-derived anti-
leukemia CTLs in pediatric haplo-HCT recipients transplanted
for ALL or AML and with a risk of leukemia relapse after haplo-
HCT = 50%. The outcome of treated patients will be compared with
that of pediatric recipients of haplo-HCT with the same disease
characteristics and prognosis, who received infusions of
unmanipulated DLI. Patients will be assigned to the treatment
with anti-leukemia CTLs (experimental arm) or to standard
treatment with DLI (control arm) based on the availability of
cryopreserved viable LB collected at the diagnosis or at relapse,
necessary for the production of anti-leukemia CTLs (Figure 1).
Therefore, this will be the only difference between the study
population and the control population.

10.3389/fimmu.2025.1601961

Study objectives

The primary objective will be safety, measured as the incidence
of acute GVHD after treatment. Acute GVHD will be diagnosed
and graded according to the NIH criteria. Grade II-IV acute GVHD
will be expressed as cumulative incidence considering disease
relapse and death in remission without GVHD as competing
events. The key secondary objective will be preliminary efficacy,
measured as the incidence of relapse, (REL) defined as the time
from HCT to the date of disease relapse, will be calculated at 3, 6, 9,
12-18 and 24 months after HCT and expressed as cumulative
incidence considering death in remission as competing event.

Patients’ selection

Fifteen pediatric subjects will be enrolled in this study after
obtaining informed consent. The study population will comprise any
infant (1 month- 24 months), child (2-11 years) and teenager (12-18
years) affected by high-risk ALL or AML, candidate to an haplo-HCT
and with an expected risk of leukemia relapse after transplantation >
50% according to the available literature data. In Tables 1, 2 patients’
inclusion and exclusion criteria are reported, respectively. Eligible
donors are HLA haploidentical relatives, including but not limited to
biological parents, siblings, or half-siblings. Matching will be
determined by class I and class II DNA typing. In Table 3, donor
inclusion and exclusion criteria are reported.

l Lack of patients’ LB J A—

HIGH-RISK PATIENTS

— [ Awvailability of patients’ LB J

l

l

Controlarm

Donor leukapheresis |

Experimentalarm

—

Cryopreservation in
multiple vials

Anti-leukemia CTL production
for Phase UII trial

Escalating doses of DLI every
three weeks

l

From 1x10%to 1x109Kg

FIGURE 1

l

Escalating doses of anti-leukemia
CTL every three weeks

I

From 5x10%to 8x108Kg

Trial design flow chart. The study population includes high-risk ALL or AML pediatric patients candidate to haplo-HCT and with an expected risk of
leukemia relapse after transplantation > 50%. The donor, once screened and deemed eligible, will undergo leukapheresis to obtain PBMC
cryopreserved in multiple vials. Depending on the availability of cryopreserved LB patients will be assigned to the treatment with anti-leukemia CTLs
(experimental arm), otherwise they will proceed to standard treatment with DLI (control arm).
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TABLE 1

ALL patients’ inclusion

criteria

Inclusion criteria for ALL and AML patients’ enrolment.

AML patients’ inclu-
sion criteria

Age > 1 month and < 18 years
Life expectancy > 12 weeks

ALL in first morphological remission
but with a positive MRD> 1 x 10->
before HCT

Age > 1 month and< 18 years
Life expectancy > 12 weeks

AML in first morphological remission
and with a flow cytometry MRD at
the end of induction therapy > 0.1%;

ALL in second morphological
remission after a high-risk relapse
(patients belonging to the S3-S4 BFM
risk group), independently of the level
of MRD

ALL in second morphological
remission with any MRD positivity
before HCT

ALL in third or subsequent
morphological remission,
independently of the level of MRD

AML in first morphological remission
and with high-risk disease according
to the presence of unfavorable
cytogenetic or molecular aberrations

AML in first morphological remission
after a primary induction failure

AML in second
morphological remission

ALL patients not in morphological
remission at time of HSCT

Pre-HSCT Lansky/Karnofsky score
> 40%.

HIV negativity

AML in third or subsequent
morphological remission

Pre-HSCT Lansky/Karnofsky score
> 40%.

HIV negativity

Anti-leukemia CTLs production

The production of anti-leukemia CTLs is carried out in
compliance with current European GMP regulations. The active
substance consists of donor T lymphocytes with cytotoxic capacity
directed against LB of the patient for whom the cell therapy
medicinal product is intended. Starting material consists of
mononuclear cells obtained by HCT donor. The donor once
screened and deemed eligible, before mobilization for

TABLE 2 Exclusion criteria for patients’ enrolment.

Patients’ exclusion criteria

Ongoing active acute GVHD or chronic GVHD due to a previous allograft

Presence of clinically active infectious disease (including positive HIV serology or
viral RNA)

Severe cardiovascular disease (arrhythmias requiring chronic treatment,
congestive heart failure or left ventricular ejection fraction <40%)

Liver dysfunction (AST/ALT = 3 times institutional upper limit normal value -
ULN- or bilirubin > 3 times ULN)

Renal dysfunction: serum creatinine > 1.5 times ULN or calculated creatinine
clearance < 60 ml/min/1.73 m*

End stage irreversible multi-system organ failure.

Other active malignancy.

Pregnant or breast feeding female patient

Lack of parents’/guardian’s written informed consent for children who are
minors or lack of written informed consent for patients aged 18 y
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TABLE 3 Parameters for batch release.

Parameter = Methodology Cutoff value
Sterility Automated negative
culture method
Bacterial LAL test <0.5 EU/ml
endotoxin
content
Mycoplasma RT-PCR absent
content
Viability Trypan >80%
blue staining
Genotype Molecular analysis = - molecular identity between ATMP,
identity starting material and donor
- absence of foreign genetic material
Phenotype Flow T-CD3+ > 75%,
cytometry analysis CD3-neg/CD56 + 0-25%,
CD19+/CD20+ CD14+ < 5%
Potency Cytotoxicity by % specific lysis >45%
*ICr assay 1

Microbiologic controls of ATMP were performed under aseptic conditions, according to
European Pharmacopoeia (Eu.Ph.) guidelines. § Potency was evaluated by CD3-redirected
assay against P815 cell line.

hematopoietic stem cell collection, will undergo leukapheresis,
following the established regulatory guidelines for monitoring and
institutional standard procedures for collection. PBMC will be
isolated by density gradient centrifugation and cryopreserved.
Patients’ LB are collected and cryopreserved at the time of
leukemia diagnosis/recurrence. The methodological approach for
the production of anti-leukemia CTL was optimized over time and
consists in three different phases: priming, leukemia-specific
stimulation and rapid antigen independent expansion. Priming is
based on the use of donor DC, derived from CD14+ cells cultured
four days in the presence of rGM-CSF and IFN-02b, pulsed with
irradiated (200Gy) apoptotic patients’ LB as the source of leukemia
associated antigens, as previously described (31) in medium
supplemented with appropriate concentration of IL-7, IL-12, IL-
15 and IFNo 2b (34).

As shown in Figure 2, after priming and leukemia-specific
stimulation, CTLs undergo the 1% round of antigen independent
expansion. After leukemia-specific stimulation, CTLs are recovered
and can be cryopreserved or undergo the first round of rapid
expansion. Anti-leukemia CTLs recovered after the 1% round of
rapid expansion are cryopreserved in vials. Batch 1 of the ATMP
can be administered to patients or, if necessary, undergo a
subsequent round of rapid expansion for the production of
further batches of ATMP. Following this protocol, virtually
billions of CTLs can be obtained for each patient. The time
necessary to expand CTL batch 1 is just over a month, while
subsequent batches are produced in about two weeks. At the end
of the culture, CTLs mostly contain CD3+/CD8+ T lymphocytes,
and a low percentage of CD3+/CD4+ T lymphocytes. ATMP
batches are subjected to microbiological and biological quality
controls (QC) before product release. Microbiological QC include
testing for sterility, endotoxin by LAL assay and Mycoplasma by
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FIGURE 2

Protocol of production of anti-leukemia CTL. (A) After priming and leukemia-specific stimulation, CTL underwent the 1%* round of antigen
independent expansion. Anti-leukemia CTL recovered after the 1°* round of rapid expansion were cryopreserved in several vials. Some vials represent
the batch 1 of ATMP and can be infused to patients or alternately undergo a 2™ round of rapid expansion (B), to produce the next batches of ATMP.
Batch 1 and subsequent ones were subjected to microbiological and biological quality controls for the release of ATMP.

RT-PCR. Biological QC include: i) count of viable cells before and
after cryopreservation; ii) immune phenotype characterization,; iii)
genotypic identity; iv) potency by means of CD3-redirected
cytotoxicity test (Table 3). After confirming the stability of ATMP
up to eight years after cryopreservation, biological CQ that included
evaluation of phenotype and potency are performed on
cryopreserved ATMPs as they represent the product that will
be infused.

Study procedures

Anti-leukemia CTLs will be administered at progressively
increasing doses every 3 weeks according to the following
schedule: 5x104/kg; 1x105/kg; SXIOS/kg; 1X106/kg; 2X106/kg;
4x10%/kg; 8x10°/kg and 8x10°/kg. Treatment will start within 60
days after transplantation, and it will continue for the next 6-8
months, depending on the frequency of CTL infusions. In the
absence of complications, the minimum number of infusions is
eight. Considering the high risk of recurrence, based on the
clinician’s judgement, it will be possible to administer subsequent
monthly CTL infusions, at the same dose used for the last
administration, until month +12 from HCT.

Anti-viral prophylaxis will be administered per standard site
procedures. During the treatment, the administration of
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corticosteroids should be avoided, unless necessary, and in this
case it will be recorded.

In case of development of grade I acute GVHD, subsequent
CTL administrations will be delayed by 1 week and CTLs will be
given at the immediately lower dose than that which preceded the
occurrence of GVHD. Subsequently, the treatment will continue
with the same schedule. In case of development of acute GVHD of
grade > II, treatment will be stopped until complete resolution of
GVHD. Subsequently, based on the clinician’s judgement, anti-
leukemia CTLs may be resumed, starting from the immediately
lower dose than that which preceded the occurrence of GVHD,
every 3 weeks with the same schedule. Subjects who develop grade I
or IT skin GVHD (up to Stage 3 skin GVHD without any gut or liver
involvement) will be treated with topical steroids and/or other
standard of care (SOC) therapies. Subjects who experience Grade
II skin and/or Grade II- III non-cutaneous GVHD will be treated
with standard therapy. Chronic GVHD will be treated according to
SOC. In Table 4 the stopping rules are reported.

A screening evaluation that includes clinical and laboratory
assessment will be performed at enrollment, prior to each CTL
infusion, and at day 30, 90, 180, 360, 540 and 720 from HCT (if they
do not coincide with CTL infusions). Prior to each CTL infusion,
chimerism analysis and immunological follow up on peripheral
blood will be performed. The immunological follow up will include
evaluation of the percentages of circulating T, Treg, B and NK
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TABLE 4 Stopping rules.

Stopping rules

Development of grade III-IV acute GVHD in 2 out of the first 4 patients treated.

Development of any severe adverse event (AE) in 2 out of the first 4
patients treated.

Development of any serious adverse event (SAE) in 2 of the 4 patients of each
subsequent group of 4 patients.

Incidence of grade II-IV acute GVHD > 40% in the enrolled patient population.

Incidence of chronic GVHD (mild, moderate or severe) > 40 in the enrolled
patient population.

subsets, interferon-gamma secreting cells in response to LB
stimulation in vitro on peripheral blood. MRD evaluation on
bone marrow will be performed at baseline, at +90, +180 and
+360 days after Haplo-HCT.

Toxicity evaluation

Safety assessments will consist of monitoring protocol-defined
endpoints, such as acute GVHD, measurement of protocol-specified
hematology, clinical chemistry variables, vital signs and other
protocol-specified tests that are deemed critical to the safety
evaluation of the ATMP. All adverse events (AEs) and serious
adverse events (SAEs) will be recorded. AEs will be collected for 30
days following the final infusion of anti-leukemia CTLs. All SAEs
will be collected until 90 days following the last anti-leukemia CTL
infusion. After this period, investigators will report SAEs considered
related to the study treatment.

Sample size and data analysis

The sample size is calculated based on the primary safety
endpoint, using the single stage method for phase II studies
proposed by Fleming (35). This method has been primarily
designed to provide sufficient clinical experience to support the
design of later-stage clinical development such as phase III studies.
We assumed a maximum proportion PO of patients developing
GVHD, for patients receiving the standard treatment (DLI), of 40%
based on our previous experience, and on data reported in the
literature (HO). We consider 10% as the maximum proportion P1 of
patients developing GVHD for the study treatment (CTLs) to
consider the study treatment for preliminary success (H1). A
sample size of 15 patients (including a dropout of 1 patient) will
be able to reject HO with a power of 80% and a type I error of 5%. If
the number of responses at the end of the study is < 2, HO will be
rejected; if the number of responses is > 2, H1 will be rejected.
Quantitative variables will be reported as the median value and
range, while categorical variables will be expressed as absolute
numbers and percentage. The demographic and clinical
characteristics of patients and controls will be compared using the
Chi-square test or Fisher’s exact test for categorical variables, while
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the Mann-Whitney rank sum test or the Student’s t-test will be used
for continuous variables as appropriate. Overall survival (OS) and
event-free survival (EFS) will be calculated according to the Kaplan-
Meier method, while the risk of acute and chronic GVHD, relapse
and death in remission, defined as non-relapse mortality (NRM)
will be calculated as cumulative incidences (CI) in order to adjust
the analysis for competing risks. Comparisons between different OS
and EFS probabilities will be performed using the Log-Rank test,
while the Gray’s test will be used to assess, in univariable analyses,
differences between cumulative incidences. All results will be
expressed as probabilities (%) or cumulative incidences (%) and
95% confidence interval (95% CI), at 3, 6, 9, 12, 18 and 24 months
from HCT. P values < 0.05 will be considered statistically
significant. Statistical analysis will be performed using NCSS
[NCSS 10 Statistical Software (2015). NCSS, LLC. Kaysville, Utah,
ncss.com/software/ncss.] and MP/15 (StataCorp LP, 4905 Lakeway
Drive, College Station, TX 77845 USA (http://www.stata.com).

Discussion

This study explores the use of escalating doses of donor-derived
anti-leukemia CTL to prevent leukemia relapse in high-risk
pediatric patients affected by acute leukemia and given haplo-
HCT. The primary objective is the incidence of acute GVHD
compared with that observed in a control cohort of patients with
identical characteristics, treated with infusion of unmanipulated
DLI. Haplo-HCT based on selective depletion of TCRo/B+ and
CD19+ cells has been increasingly used in pediatric patients affected
by high-risk acute leukemia. By this kind of graft manipulation, T
cells expressing the off chains of the T cell receptor, which are
responsible for the development of GVHD, are removed with a high
depletion efficiency (36). However, the almost complete elimination
of T cells on the graft increases the risk of infections and relapse.
Infusion of donor-derived mature T cells represents a way to
overcome these complications. Over the years, several strategies
of donor-T cell manipulation prior transfer in patients have been
proposed to improve the outcome of patients without the
emergence of acute and chronic GVHD that represent the most
common complications after DLI. Results of clinical trials
documented that the transfer of selective populations of mature T
cells may improve the recovery of pathogen-specific immunity but
there are no significant data regarding the incidence of relapse
(37, 38).

Anti-leukemia CTLs obtained by stimulation with patients’ LB
are specific for each individual blast signature, and, due to their
physiological recognition and effector mechanism through their
natural T cell receptor, exert leukemia-specific killing with less
severe adverse reactions than CAR-T cells. In addition, their
potential to recognize multiple leukemia-associated antigens
present on the blast surface should make them less susceptible to
immune evasion strategies developed by leukemic cells.
Additionally, the risk of GVHD should be reduced by the culture
procedure, which decreases the number of alloreactive T cells. For
these reasons, the use of these T cells after HCT in a highly
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personalized approach may be a safer and more effective option
than unmanipulated DLI to prevent leukemia relapse after HCT. To
support this hypothesis, in a pioneer study performed in patients
treated on a compassionate basis, we documented that the infusion
of large numbers of anti-leukemia CTL is safe, as no patient
experienced acute or chronic GVHD or severe immune adverse
reactions, and may contribute to the restoration of CR in a
proportion of patients relapsing after the allograft. In case of
overt clinical relapse, prior reduction of the tumor burden may
facilitate the anti-leukemia effect displayed by CTLs (39).

Overall, the results of this clinical study may open the way to a
new approach, different from CAR-T cell therapy, for the
management of high-risk patients given haplo-HCT. Overall,
analysis of the features of ATMP produced so far documented
that there is a certain degree of homogeneity in terms of potency
and surface markers among ATMP batches in different donors and
among batches produced from the same donor. Batches from
different donors could show variability in lytic capacity always
within the acceptable release criteria range. The evaluation of
immunological properties of the infused anti-leukemia CTL and
clinical follow up of treated patients could allow a better
understanding of how the functional and phenotypical CTL
characteristics may affect patients’ outcome.

Data availability statement

The original contributions presented in the study are included
in the article/supplementary material. Further inquiries can be
directed to the corresponding author.

Ethics statement

The studies involving humans were approved by Comitato
Etico Pavia/Fondazione IRCCS Pol san Matteo, Pavia. The studies
were conducted in accordance with the local legislation and
institutional requirements. Written informed consent for
participation in this study was provided by the participants’ legal
guardians/next of kin.

Author contributions

DM: Data curation, Formal Analysis, Funding acquisition,
Conceptualization, Writing - review & editing, Writing - original

References

1. Locatelli F, Schrappe M, Bernardo ME, Rutella S. How I treat relapsed childhood
acute lymphoblastic leukemia. Blood. (2012) 120:2807-16. doi: 10.1182/blood-2012-02-
265884

2. Pession A, Masetti R, Rizzari C, Putti MC, Casale F, Fagioli F, et al. Results of the
AIEOP AML 2002/01 multicenter prospective trial for the treatment of children with
acute myeloid leukemia. Blood. (2013) 122:170-8. doi: 10.1182/blood-2013-03-491621

Frontiers in Immunology

10.3389/fimmu.2025.1601961

draft. PC: Funding acquisition, Writing — review & editing, Writing
- original draft, Formal Analysis, Conceptualization, Data curation.
MT: Methodology, Writing — original draft, Data curation, Funding
acquisition. EM: Methodology, Writing - original draft, Data
curation. AM: Data curation, Writing - original draft. GT:
Writing - original draft, Methodology. SB: Writing - original
draft, Data curation. AP: Data curation, Writing — original draft.
TM: Data curation, Writing — original draft. GG: Investigation,
Supervision, Writing - original draft. CD: Methodology, Writing —
original draft. CP: Data curation, Methodology, Supervision,
Writing - original draft. MZ: Investigation, Writing — review &
editing, Funding acquisition, Supervision, Writing — original draft,
Conceptualization, Data curation, Formal Analysis.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work was partly
supported by the Italian Ministry of Health, PNRR-POC-2023-
12377847 to PC, Ricerca Corrente Fondazione IRCCS Policlinico
San Matteo, (08059819 to DM, 08072621 to MT, 08045823 to MZ,
08069119 to PC).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

3. Passweg JR, Baldomero H, Bader P, Basak GW, Bonini C, Duarte R, et al. Is the
use of unrelated donor transplantation leveling off in Europe? The 2016 European
Society for Blood and Marrow Transplant activity survey report. Bone Marrow
Transplant. (2018) 53:1139-48. doi: 10.1038/s41409-018-0153-1

4. Klingebiel T, Cornish ], Labopin M, Locatelli F, Darbyshire P, Handgretinger R,
et al. Results and factors influencing outcome after fully haploidentical hematopoietic

frontiersin.org


https://doi.org/10.1182/blood-2012-02-265884
https://doi.org/10.1182/blood-2012-02-265884
https://doi.org/10.1182/blood-2013-03-491621
https://doi.org/10.1038/s41409-018-0153-1
https://doi.org/10.3389/fimmu.2025.1601961
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Montagna et al.

stem cell transplantation in children with very high-risk acute lymphoblastic leukemia:
impact of center size: an analysis on behalf of the Acute Leukemia and Pediatric Disease
Working Parties of the European Blood and Marrow Transplant group. Blood. (2010)
115:3437-46. doi: 10.1182/blood-2009-03-207001

5. Bertaina A, Zecca M, Buldini B, Sacchi N, Algeri M, Saglio F, et al. Unrelated
donor vs HLA-haploidentical 0/f T-cell- and B-cell-depleted HSCT in children with
acute leukemia. Blood. (2018) 132:2594-607. doi: 10.1182/blood-2018-07-861575

6. Pre- and post-transplant minimal residual disease predicts relapse occurrence in
children with acute lymphoblastic leukaemia. Available online at: https://onlinelibrary.
wiley.com/doi/epdf/10.1111/bjh.15086 (Accessed March 10, 2025).

7. Locatelli F, Masetti R, Rondelli R, Zecca M, Fagioli F, Rovelli A, et al. Outcome of
children with high-risk acute myeloid leukemia given autologous or allogeneic
hematopoietic cell transplantation in the aieop AML-2002/01 study. Bone Marrow
Transplant. (2015) 50:181-8. doi: 10.1038/bmt.2014.246

8. Buldini B, Rizzati F, Masetti R, Fagioli F, Menna G, Micalizzi C, et al. Prognostic
significance of flow-cytometry evaluation of minimal residual disease in children with
acute myeloid leukaemia treated according to the AIEOP-AML 2002/01 study protocol.
Br ] Haematology. (2017) 177:116-26. doi: 10.1111/bjh.14523

9. Comoli P, Pedrazzoli P, Maccario R, Basso S, Carminati O, Labirio M, et al. Cell
therapy of stage IV nasopharyngeal carcinoma with autologous Epstein-Barr virus—
targeted cytotoxic T lymphocytes. JCO. (2005) 23:8942-9. doi: 10.1200/
JCO.2005.02.6195

10. Restifo NP, Dudley ME, Rosenberg SA. Adoptive immunotherapy for cancer:
harnessing the T cell response. Nat Rev Immunol. (2012) 12:269-81. doi: 10.1038/
nri3191

11. Maude SL, Laetsch TW, Buechner J, Rives S, Boyer M, Bittencourt H, et al.
Tisagenlecleucel in children and young adults with B-cell lymphoblastic leukemia. N
Engl ] Med. (2018) 378:439-48. doi: 10.1056/NEJMoal709866

12. Maude S, Barrett DM. Current status of chimeric antigen receptor therapy for
haematological Malignancies. Br | Haematology. (2016) 172:11-22. doi: 10.1111/
bjh.13792

13. Martino M, Alati C, Canale FA, Musuraca G, Martinelli G, Cerchione C. A
review of clinical outcomes of CAR T-cell therapies for B-acute lymphoblastic
leukemia. Int ] Mol Sci. (2021) 22:2150. doi: 10.3390/ijms22042150

14. Heslop HE. Safer CARS. Mol Ther. (2010) 18:661-2. doi: 10.1038/mt.2010.42

15. Fan M, Li M, Gao L, Geng S, Wang ], Wang Y, et al. Chimeric antigen receptors
for adoptive T cell therapy in acute myeloid leukemia. J Hematol Oncol. (2017) 10:151.
doi: 10.1186/s13045-017-0519-7

16. Kenderian S, Ruella M, Shestova O, Klichinsky M, Aikawa V, Morrissette J, et al.
CD33-specific chimeric antigen receptor T cells exhibit potent preclinical activity
against human acute myeloid leukemia. Leukemia. (2015) 29:1637-47. doi: 10.1038/
leu.2015.52

17. Casucci M, Nicolis di Robilant B, Falcone L, Camisa B, Norelli M, Genovese P,
et al. CD44v6-targeted T cells mediate potent antitumor effects against acute myeloid
leukemia and multiple myeloma. Blood. (2013) 122:3461-72. doi: 10.1182/blood-2013-
04-493361

18. Martinez-Cibrian N, Espafiol-Rego M, Pascal M, Delgado J, Ortiz-Maldonado V.
Practical aspects of chimeric antigen receptor T-cell administration: From commercial
to point-of-care manufacturing. Front Immunol. (2022) 13:1005457. doi: 10.3389/
fimmu.2022.1005457

19. Lonez C, Breman E. Allogeneic CAR-T therapy technologies: has the promise
been met? Cells. (2024) 13:146. doi: 10.3390/cells13020146

20. Rezvani K, Yong ASM, Savani BN, Mielke S, Keyvanfar K, Gostick E, et al. Graft-
versus-leukemia effects associated with detectable Wilms tumor-1-specific T
lymphocytes after allogeneic stem-cell transplantation for acute lymphoblastic
leukemia. Blood. (2007) 110:1924-32. doi: 10.1182/blood-2007-03-076844

21. Greiner J, Ono Y, Hofmann S, Schmitt A, Mehring E, Gotz M, et al. Mutated
regions of nucleophosmin 1 elicit both CD4+ and CD8+ T-cell responses in patients
with acute myeloid leukemia. Blood. (2012) 120:1282-9. doi: 10.1182/blood-2011-11-
394395

22. Hofmann S, Gotz M, Schneider V, Guillaume P, Bunjes D, Déhner H, et al.
Donor lymphocyte infusion induces polyspecific CD8(+) T-cell responses with
concurrent molecular remission in acute myeloid leukemia with NPM1 mutation. J
Clin Oncol. (2013) 31:e44-47. doi: 10.1200/JCO.2011.41.1116

Frontiers in Immunology

09

10.3389/fimmu.2025.1601961

23. Riva G, Luppi M, Barozzi P, Quadrelli C, Basso S, Vallerini D, et al. Emergence of
BCR-ABL-specific cytotoxic T cells in the bone marrow of patients with Ph+ acute
lymphoblastic leukemia during long-term imatinib mesylate treatment. Blood. (2010)
115:1512-8. doi: 10.1182/blood-2009-06-230391

24. Klingebiel T, Handgretinger R, Lang P, Bader P, Niethammer D. Haploidentical
transplantation for acute lymphoblastic leukemia in childhood. Blood Rev. (2004)
18:181-92. doi: 10.1016/50268-960X(03)00063-8

25. Dazzi F, Szydlo RM, Craddock C, Cross NCP, Kaeda ], Chase A, et al.
Comparison of single-dose and escalating-dose regimens of donor lymphocyte
infusion for relapse after allografting for chronic myeloid leukemia. Blood. (2000)
95:67-71. doi: 10.1182/blood.V95.1.67

26. Warren EH, Fujii N, Akatsuka Y, Chaney CN, Mito JK, Loeb KR, et al. Therapy
of relapsed leukemia after allogeneic hematopoietic cell transplantation with T cells
specific for minor histocompatibility antigens. Blood. (2010) 115:3869-78. doi: 10.1182/
blood-2009-10-248997

27. Comoli P, Basso S, Riva G, Barozzi P, Guido I, Gurrado A, et al. BCR-ABL-
specific T-cell therapy in Ph+ ALL patients on tyrosine-kinase inhibitors. Blood. (2017)
129:582-6. doi: 10.1182/blood-2016-07-731091

28. Falkenburg JH, Wafelman AR, Joosten P, Smit WM, van Bergen CA, Bongaerts
R, et al. Complete remission of accelerated phase chronic myeloid leukemia by
treatment with leukemia-reactive cytotoxic T lymphocytes. Blood. (1999) 94:1201-8.
doi: 10.1182/blood.V94.4.1201

29. Marijt WAE, Heemskerk MHM, Kloosterboer FM, Goulmy E, Kester MGD, van
der Hoorn MAWG, et al. Hematopoiesis-restricted minor histocompatibility antigens
HA-1- or HA-2-specific T cells can induce complete remissions of relapsed leukemia.
Proc Natl Acad Sci U S A. (2003) 100:2742-7. doi: 10.1073/pnas.0530192100

30. Montagna D, Daudt L, Locatelli F, Montini E, Turin I, Lisini D, et al. Single-cell
cloning of human, donor-derived antileukemia T-cell lines for in vitro separation of
graft-versus-leukemia effect from graft-versus-host reaction. Cancer Res. (2006)
66:7310-6. doi: 10.1158/0008-5472.CAN-06-0591

31. Montagna D, Maccario R, Locatelli F, Rosti V, Yang Y, Farness P, et al. Ex vivo
priming for long-term maintenance of antileukemia human cytotoxic T cells suggests a
general procedure for adoptive immunotherapy. Blood. (2001) 98:3359-66.
doi: 10.1182/blood.V98.12.3359

32. Montagna D, Maccario R, Montini E, Tonelli R, Lisini D, Pagani S, et al. Generation
and ex vivo expansion of cytotoxic T lymphocytes directed toward different types of leukemia
or myelodysplastic cells using both HLA-matched and partially matched donors. Exp
Hematol. (2003) 31:1031-8. doi: 10.1016/S0301-472X(03)00230-3

33. Daudt L, Maccario R, Locatelli F, Turin I, Silla L, Montini E, et al. Interleukin-15
favors the expansion of central memory CD8+ T cells in ex vivo generated,
antileukemia human cytotoxic T lymphocyte lines. J Immunotherapy. (2008) 31:385.
doi: 10.1097/CJ1.0b013e31816b1092

34. Tanzi M, Montini E, Rumolo A, Moretta A, Comoli P, Acquafredda G, et al.
Production of donor-derived cytotoxic T lymphocytes with potent anti-leukemia
activity for adoptive immunotherapy in high-risk pediatric patients given
haploidentical hematopoietic stem cell transplantation. Cytotherapy. (2024) 26:878—
89. doi: 10.1016/}.jcyt.2024.04.005

35. Fleming TR. One-sample multiple testing procedure for phase II clinical trials.
Biometrics. (1982) 38:143-51. doi: 10.2307/2530297

36. Merli P, Algeri M, Galaverna F, Bertaina V, Lucarelli B, Boccieri E, et al. TCRo/
CD19 cell-depleted HLA-haploidentical transplantation to treat pediatric acute
leukemia: updated final analysis. Blood. (2024) 143:279-89. doi: 10.1182/
blood.2023021336

37. Dunaikina M, Zhekhovtsova Z, Shelikhova L, Glushkova S, Nikolaev R, Blagov S,
et al. Safety and efficacy of the low-dose memory (CD45RA-depleted) donor
lymphocyte infusion in recipients of oy T cell-depleted haploidentical grafts: results
of a prospective randomized trial in high-risk childhood leukemia. Bone Marrow
Transplant. (2021) 56:1614-24. doi: 10.1038/s41409-021-01232-x

38. Cheuk DKL, Lee PPW, Chan WYK, Chan GCF, So CC, Leung WH. Novel
CD62L depleted donor lymphocyte infusion with T-cell receptor alpha-beta depleted
haploidentical hematopoietic stem cell transplantation in children. Transplant
Immunol. (2025) 89:102176. doi: 10.1016/j.trim.2025.102176

39. Montagna D, Maccario R, Montini E, Turin I, Lisini D, Caliogna L, et al. Anti-
leukaemia CTL infusion for treatment of leukaemia relapse in children given allogeneic
haematopoietic stem cell transplantation. Bone Marrow Transplant. (2007) 39:554-5.

frontiersin.org


https://doi.org/10.1182/blood-2009-03-207001
https://doi.org/10.1182/blood-2018-07-861575
https://onlinelibrary.wiley.com/doi/epdf/10.1111/bjh.15086
https://onlinelibrary.wiley.com/doi/epdf/10.1111/bjh.15086
https://doi.org/10.1038/bmt.2014.246
https://doi.org/10.1111/bjh.14523
https://doi.org/10.1200/JCO.2005.02.6195
https://doi.org/10.1200/JCO.2005.02.6195
https://doi.org/10.1038/nri3191
https://doi.org/10.1038/nri3191
https://doi.org/10.1056/NEJMoa1709866
https://doi.org/10.1111/bjh.13792
https://doi.org/10.1111/bjh.13792
https://doi.org/10.3390/ijms22042150
https://doi.org/10.1038/mt.2010.42
https://doi.org/10.1186/s13045-017-0519-7
https://doi.org/10.1038/leu.2015.52
https://doi.org/10.1038/leu.2015.52
https://doi.org/10.1182/blood-2013-04-493361
https://doi.org/10.1182/blood-2013-04-493361
https://doi.org/10.3389/fimmu.2022.1005457
https://doi.org/10.3389/fimmu.2022.1005457
https://doi.org/10.3390/cells13020146
https://doi.org/10.1182/blood-2007-03-076844
https://doi.org/10.1182/blood-2011-11-394395
https://doi.org/10.1182/blood-2011-11-394395
https://doi.org/10.1200/JCO.2011.41.1116
https://doi.org/10.1182/blood-2009-06-230391
https://doi.org/10.1016/S0268-960X(03)00063-8
https://doi.org/10.1182/blood.V95.1.67
https://doi.org/10.1182/blood-2009-10-248997
https://doi.org/10.1182/blood-2009-10-248997
https://doi.org/10.1182/blood-2016-07-731091
https://doi.org/10.1182/blood.V94.4.1201
https://doi.org/10.1073/pnas.0530192100
https://doi.org/10.1158/0008-5472.CAN-06-0591
https://doi.org/10.1182/blood.V98.12.3359
https://doi.org/10.1016/S0301-472X(03)00230-3
https://doi.org/10.1097/CJI.0b013e31816b1092
https://doi.org/10.1016/j.jcyt.2024.04.005
https://doi.org/10.2307/2530297
https://doi.org/10.1182/blood.2023021336
https://doi.org/10.1182/blood.2023021336
https://doi.org/10.1038/s41409-021-01232-x
https://doi.org/10.1016/j.trim.2025.102176
https://doi.org/10.3389/fimmu.2025.1601961
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Phase I/II clinical trial on the safety and preliminary efficacy of donor-derived anti-leukemia cytotoxic T lymphocytes for the prevention of leukemia relapse in children given haploidentical hematopoietic stem cell transplantation: study rational and design
	Introduction
	Pre-clinical background
	Methods and analysis
	Trial design
	Study objectives
	Patients’ selection
	Anti-leukemia CTLs production
	Study procedures
	Toxicity evaluation
	Sample size and data analysis

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


