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Abstract

T cell acute lymphoblastic leukemia (T-ALL) is an aggressive malignancy characterized by high rates of induc-

tion failure and relapse, and effective targeted immunotherapies are lacking. Despite promising clinical progress

with genome-edited CD7-directed CAR-T cells, which present significant logistical and regulatory issues, CAR-T cell
therapy in T-ALL remains challenging due to the shared antigen expression between malignant and healthy T cells.
This can result in CAR-T cell fratricide, T cell aplasia, and the potential for blast contamination during CAR-T cell manu-
facturing. Recently described CAR-T cells target non-pan-T antigens, absent on healthy T cells but expressed on spe-
cific T-ALL subsets. These antigens include CD1a (NCT05679895), which is expressed in cortical T-ALL, and CCR9. We
show that CCR9 is expressed on >70% of T-ALL patients (132/180) and is maintained at relapse, with a safe expression
profile in healthy hematopoietic and non-hematopoietic tissues. Further analyses showed that dual targeting of CCR9
and CD1a could benefit T-ALL patients with a greater blast coverage than single CAR-T cell treatments. We therefore
developed, characterized, and preclinically validated a novel humanized CCR9-specific CAR with robust and specific
antileukemic activity as a monotherapy in vitro and in vivo against cell lines, primary T-ALL samples, and patient-
derived xenografts. Importantly, CCR9/CD1a dual-targeting CAR-T cells showed higher efficacy than single-targeting
CAR-T cells, particularly in T-ALL cases with phenotypically heterogeneous leukemic populations. Dual CD1a/CCR9
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CAR-T therapy may prevent T cell aplasia and obviate the need for allogeneic transplantation and regulatory-challeng-

ing genome engineering approaches in T-ALL.

Introduction

T cell acute lymphoblastic leukemia (T-ALL) is a clonal
hematologic malignancy characterized by a block in
differentiation, resulting in the accumulation of T cell
lineage lymphoblasts, and it is often associated with
leukocytosis, cytopenias, and extramedullary infiltra-
tion [1]. It is a highly heterogeneous disease both phe-
notypically and genetically, with recurrent mutations in
transcription factors and signaling pathways involved
in hematopoietic homeostasis and T cell development
[2—4]. T-ALL accounts for ~15% and ~25% of all pediat-
ric and adult ALL cases, respectively. Treatment is based
on intensive multi-agent cytotoxic chemotherapy [1].
Despite a cure rate of ~80% in children [2, 3], long-term
survival is <40% in adult patients who can tolerate inten-
sive chemotherapy [4]. More than half of patients relapse
or fail to respond to standard therapy, resulting in a very
poor prognosis. Median overall survival for patients with
relapsed/refractory (R/R) disease is ~8 months [5]. For
R/R T-ALL, the standard approach to achieve remission
typically requires intensive re-induction chemotherapy
followed by allogeneic hematopoietic stem cell trans-
plantation (alloHSCT). However, this is associated with
significant toxicity and high failure rates, highlighting the
urgent need for new targeted and safe therapeutic strate-
gies for patients with R/R T-ALL.

Unlike B cell malignancies, which have effective immu-
notherapy target antigens such as CD19, CD22, or CD20,
there are currently no approved immunotherapies for
T-ALL [6-9]. A major challenge in the development of
immunotherapies against T cell malignancies is the lack
of safe and actionable tumor-specific antigens [10, 11].
The high phenotypic similarity between effector T cells
and leukemic lymphoblasts not only complicates the
manufacture of autologous CAR-T cells directed against
pan-T antigens such as CD7 or CD5, but also induces
fratricide and T cell aplasia [12-16]. Recent clinical
studies have addressed these limitations by using either
genome-edited or expression blocker-engineered CD7-
directed CAR-T cells [13-15, 17-22]. While elegant,
these strategies present significant logistical and regula-
tory challenges and are limited to the use of allogeneic
effector T cells and to patients with a donor available for
rescue therapy with alloHSCT.

A solution to these limitations is to direct CAR-T
cells against non-pan-T antigens, which are expressed
on blasts but not on healthy T lymphocytes. This strat-
egy would facilitate the manufacturing of autologous

CAR-T cells while also avoiding both fratricide and
immune toxicity [23-28]. In this context, we previously
identified CD1la as an immunotherapeutic target for
the treatment of cortical T-ALL with a safe profile in
non-hematopoietic and hematopoietic tissues, includ-
ing normal T cells. This allowed us to generate and
validate CDla-directed CAR-T cells, which are now
being tested in a Phase I clinical trial (NCT05679895)
[25, 29]. However, CD1a is expressed solely in cortical
T-ALL cases, a subtype that accounts for only ~30% of
all T-ALL cases, while sparing other T-ALL subtypes
that are critically associated with higher refractoriness
and relapse rates.

Expression of the chemokine receptor CCR9, a G
protein-coupled receptor for the ligand CCL25, has
recently been suggested to be restricted to two-thirds
of T-ALL cases, and CAR-T cells targeting CCR9 were
resistant to fratricide and had potent antileukemic
activity in preclinical studies [27, 30, 31]. Here, we show
that dual targeting of CCR9 and CDla may benefit a
proportion of T-ALL cases, with greater blast coverage
than treatment with single-targeting CAR-T cells. We
preclinically validate a novel humanized CCR9-specific
CAR with robust and specific antileukemic activity as a
monotherapy in vitro and in vivo and demonstrate the
advantage of dual CCR9- and CDla-targeting CAR-T
cells, particularly in T-ALL cases with phenotypically
heterogeneous leukemic populations. We propose a
highly effective CAR-T cell strategy for T-ALL that
may prevent T cell aplasia and circumvent the need for
alloHSCT and regulatory-challenging genome engi-
neering approaches.

Material & methods

Donor and patient samples

Research involving human samples was approved by the
Clinical Research Ethics Committee (HCB/2023/0078,
Hospital Clinic, Barcelona, Spain). Thymus (n=4),
peripheral blood (PB, n=18), and bone marrow (BM,
n=13) samples were obtained from healthy individuals.
BM samples were sourced from healthy donor trans-
plantation leftovers and thymuses were obtained from
patients undergoing thymectomy from thoracic surger-
ies. Diagnostic and relapsed primary T-ALL samples
(n=180) were obtained from the sample collections
of the participating hospitals after informed consent
(IGTP Biobank, PT17/0015/0045).
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Cell lines

MOLT4, SupT1, and MV4;11 cell lines were purchased
from the DSMZ cell line bank and cultured in RPMI
1640 supplemented with 10% heat-inactivated fetal
bovine serum (FBS). CCR9 knockout (KO) and CDla
KO MOLT4 and SupT1 cells were generated by CRISPR-
mediated genome editing. 500,000 cells were electropo-
rated using the Neon Transfection System (Thermo
Fisher Scientific) with a Cas9/crRNA:tractrRNA complex
(IDT). A crRNA guide was designed for each gene: CCR9
5-GAAGTTAACGTAGTCTTCCATGG-3' and CDIA
5-TATTCCGTATACGCACCATTCGG-3. After elec-
troporation, cells were allowed to recover, and the differ-
ent KO clones or populations expressing varying levels of
the target antigens were FACS-sorted.

CCR9 monoclonal antibody and generation of a humanized
scFv

Monoclonal antibodies (mAbs) reactive with human
CCR9 were generated using hybridoma technology (Pro-
teoGenix). Anti-CCR9 antibody-producing hybridomas
were generated by immunizing mice with different pep-
tides derived from the human extracellular N-terminal
region of human CCR9 fused to a KLH carrier protein to
improve stability and immune response. After hybridoma
subcloning and initial ELISA screenings, supernatants
from individual clones were analyzed by flow cytom-
etry for reactivity against CCR9-expressing MOLT4 and
300.19-hCCR9 cells and their respective negative con-
trols (MOLT4 CCR9 KO and wild-type 300.19 cells).
One hybridoma clone (#115, IgG1 isotype) was selected,
its productive IgG was sequenced, and the Vi and V|
regions were used to derive the murine single-chain vari-
able fragment (scFv) using the Mouse IgG Library Primer
Set (Progen), as described [25, 32].

For humanization, a sequence search was performed
in the IMGT database [33] to identify immunoglobulin
genes with the highest identity to both the Vi; and V
domains of murine antibody #155. The highest murine-
human sequence identities were IGHVI-3*01 for Vy
(60% identity) and IGKV2D-29*02 for V; (82% iden-
tity); the number of different residues (with different
levels of conservation) excluding the complementarity-
determining regions (CDRs) was 32 and 13, respec-
tively. The CDRs, including the Vernier regions, were
grafted onto the human scaffolds. A structural model
of the murine scFv was used to identify other structur-
ally important residues in the antibody that differed
from the corresponding positions in the humanized
versions and should be retained (e.g., buried residues,
residues located at the interface, etc.). Two humanized
candidates were generated, each with different degrees
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of residue substitution at non-conserved positions.
The sequence-based humanized candidate #1 (H1)
aimed to have only the changes necessary to transfer
CDRs, Vernier, and structurally important residues to
the human scaffold, while the humanized candidate #2
(H2) allowed for some additional changes to be made to
better match the human sequence.

CAR design, vectors, and lentiviral production

Single scFvs (CDla H and CCR9 M, H1, and H2), all
possible configurations of tandem CAR constructs
(n=8) and four different configurations of bicistronic
CAR, were cloned into the clinically validated pCCL
lentiviral backbone containing the human CD8 hinge
and transmembrane (TM) domains, 4-1BB and CD3(
endodomains, and a T2A-eGFP reporter cassette. All
constructs contain the signal peptide (SP) derived from
CD8a (SP1) upstream (5’) of the first scFv. Two different
SPs derived from either human IgG1 (SP2) or murine
IgG1 (SP3) were used for the second CAR in bicistronic
constructs. Third-generation lentiviral vectors were
generated in 293T cells by co-transfection of the dif-
ferent pCCL expression plasmids, pMD2.G (VSV-QG)
envelope, and pRSV-Rev and pMDLg/pRRE packaging
plasmids using polyethylenimine (Polysciences) [34].
Viral particle-containing supernatants were collected
at 48 and 72 h after transfection and concentrated by
ultracentrifugation.

Generation of CAR-T cells from healthy donors

PB mononuclear cells were isolated from buffy coats of
healthy donors by density-gradient centrifugation using
Ficoll-Paque Plus (Merck). Buffy coats were sourced from
the Catalan Blood and Tissue Bank. T cells were acti-
vated for 2 days in plates coated with anti-CD3 (OKT3)
and anti-CD28 (CD28.2) antibodies (BD) and transduced
with CAR-encoding lentiviral particles at a multiplicity
of infection (MOI) of 10. T cells were expanded in RPMI
1640 medium containing 10% heat-inactivated FBS, peni-
cillin-streptomycin, and 10 ng/mL interleukin (IL)—7 and
IL-15 (Miltenyi Biotec). Expression of CAR molecules in
T cells was detected by flow cytometry using the eGFP
reporter signal and biotin-SP goat anti-mouse IgG, F(ab’),
(Jackson ImmunoResearch) and PE-conjugated strepta-
vidin (Thermo Fisher Scientific). Vector copy number
(VCN) was determined by qPCR using Light Cycler 480
SYBRGreen I Master (Roche) using primers designed
against the WPRE proviral sequence, as described [35,
36]. Absolute quantification was used to determine
VCN/genome, adjusted to the percentage of transduction
of each CAR as determined by flow cytometry analysis.
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Generation of CAR-T cells from T-ALL patients
Cryopreserved BM or PB-derived T-ALL samples were
thawed, and the percentage of blasts was determined
by flow cytometry (live CD45%™¢¢ CD7+ population).
Based on a 20% blast threshold, samples with high blast
content were depleted using CD1la MicroBeads (Milte-
nyi), while samples below the threshold were directly
activated with anti-CD3/CD28 Dynabeads (Thermo
Fisher Scientific) at a 3:1 bead-to-cell ratio. After 48
h, cells were transduced with CAR-encoding lentivi-
ral particles at a MOI of 10. Beads were removed 48 h
post-transduction, and T cells were further expanded as
described in the section above. Transduction efficiency
was assessed by flow cytometry based on eGFP reporter
expression.

In vitro cytotoxicity and cytokine secretion assays

Target cells (100,000 to 300,000 cells/well) were labeled
with eFluor 670 dye (Thermo Fisher Scientific) and incu-
bated in a 96-well round bottom plate with untrans-
duced (UT) or CAR-transduced T cells at the indicated
effector:target (E:T) ratios for 24 h. Cytotoxicity was
assessed by flow cytometric analysis of residual live tar-
get cells (eFluor 670 7-AAD"). For primary T-ALL
blasts, the absolute number of live target cells was also
determined using Trucount tubes (BD). Additional wells
containing only target cells (“no effector”; NE) were
always plated as controls. Transduction percentages
were adjusted across conditions when comparing sev-
eral CAR constructs. Quantification of the proinflamma-
tory cytokines IFN-y, TNF-a, and IL-2 was performed
by ELISA using BD OptEIA Human ELISA kits (BD) on
supernatants collected after 24 h of target cell exposure.

Flow cytometry

Fluorochrome-conjugated antibodies against CDla
(HI149), CD3 (UCHT1), CD4 (SK3), CD7 (M-T701),
CD8 (SK1 and RPA-T8), CD14 (M¢pP9), CD19 (HIB19),
CD34 (8G12), CD38 (HIT2), CD45 (HI30, 2D1), HLA-
ABC (G46-2.6), mouse IgG1, « isotype control (X40)
and the 7-AAD cell viability solution were purchased
from BD. Antibodies against CCR9 (LO53E8), TCRaf
(IP26), His tag (J095G46), and mouse IgG2a, k isotype
control (MOPC-173) were purchased from BioLegend.
Antibodies against CD4 (13B8.2), CD34 (581), and
TCRyS (IMMUS510) were purchased from Beckman
Coulter. Alexa Fluor 647-conjugated anti-mouse IgG
(H+L) was purchased from Cell Signaling Technology.
Samples were stained with mAbs (30 min at 4°C in the
dark), and erythrocytes were lysed (when applicable)
using a FACS lysing solution (BD). Isotype-matched
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nonreactive fluorochrome-conjugated mAbs were used
as controls. Cell acquisition was performed on a FACS-
Canto II and analyzed using FACSDiva and Flow]Jo v10
software (BD). All gating strategies and analyses are
shown in Fig. S1.

In vivo assessment of CAR-T cell efficacy in T-ALL models

In vivo experiments were performed in the Barcelona
Biomedical Research Park (PRBB) animal facility. All
procedures were approved by and performed according
to the guidelines of the PRBB Animal Experimentation
Ethics Committee in agreement with the Generalitat de
Catalunya (DAAM11883). All mice were housed under
specific pathogen-free conditions. Seven- to twelve-
week-old NOD.Cg-Prkdc** 112rg"™! "//Sz] (NSG) mice
(The Jackson Laboratory) were sublethally irradiated (2
Gy) and systemically transplanted with 1x10% T-ALL
patient-derived xenograft (PDX) cells via the tail vein.
Two to three weeks later, PB and BM samples were
collected to assess the leukemic burden and establish
the different treatment groups prior to CAR-T cell
injection (3-4x10° cells) via the tail vein. For in viv-
ostudies with MOLT4 cell lines, phenotypically hetero-
geneous MOLT4 cells (CCR9*CD1a*, CCR9CDla",
CCR9*CD1a7; 1:1:1 ratio, 1x10° cells) were trans-
planted three days before CAR-T cell administration.
Tumor burden was monitored weekly by flow cytom-
etry of PB samples. For luciferase-expressing T-ALL
models MOLT4 and ALL-843 [37], tumor growth
was monitored weekly by bioluminescence measure-
ment after intraperitoneal administration of 60 mg/
kg of D-luciferin (PerkinElmer). Bioluminescence was
evaluated using Living Image software (PerkinElmer).
Mice were sacrificed when signs of disease were evi-
dent. Spleens were manually dissected, and a single-cell
suspension was obtained using a 70 um strainer. Sam-
ples were stained and processed for flow cytometry as
described above.

Statistical analysis

For CAR-T cell expansion, cytotoxicity, and in vivo stud-
ies, two-way ANOVA with Tukey’s multiple comparison
adjustments was used to compare the different groups,
with UT T cells serving as controls. For the comparisons
between two groups in cytotoxic in vitro assays, paired
t-test was applied. For cytokine release assays, a one-way
ANOVA with Dunnett’s multiple comparison adjustment
was used. All statistical tests were performed using Prism
6 (GraphPad Software). The number of biological repli-
cates is indicated in the figure legends. Significance was
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considered when p-values were lower than 0.05 (ns, not
significant; *p<0.05; **p<0.01; ***p<0.001).

Results

CCR9 is a safe and specific target for T-ALL

Apart from CDla, there are no other non-pan-T safe
markers available for targeting T cell tumors with adop-
tive cellular immunotherapy. Ideally, immunotherapy tar-
gets should be expressed in tumor cells but not in healthy
tissues, including T cells. We first analyzed CCR9 expres-
sion by flow cytometry in a cohort of 180 T-ALL sam-
ples (Fig. 1a). Consistent with a previous report from the
Great Ormond Street Hospital/University College Lon-
don group [27], we found that 73% (132/180) of T-ALL
samples were CCR9™, with variable levels of expression

a Patient-matched

blasts & normal T cells

Gated on CD7+CD45¢m
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(using a cut-off of >20% expression for positivity) (Fig. 1a,
S1a). Importantly, non-leukemic CD4* and CD8" T cells
from the same patients remained CCR9™. This proportion
of CCR9 positivity in T-ALL was maintained (64—76%)
when patients were stratified into different maturation
subtypes according to the EGIL immunophenotypic
classification [38] (Fig. 1b). Notably, the proportion of
CCR9" T-ALL cases increased considerably in relapsed
samples (92%, 12/13), with a much higher blast coverage
than observed at diagnosis (Fig. 1c).

An immunotherapeutic target must meet a stringent
safety profile, ensuring that it is not expressed in other
hematopoietic or non-hematopoietic cell types. To assess
the safety profile of CCR9, we first examined its expres-
sion in the Tabula Sapiens single-cell RNAseq dataset,
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Fig. 1 CCR9 s a safe and specific target for T-ALL. a Flow cytometry analysis of CCR9 in patient-matched leukemic blasts and normal (n) CD4*
and CD8* T cells in 180 T-ALL patients. Left panels, representative flow cytometry plot. b, ¢ Expression of CCR9 in the cohort, with T-ALL samples
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Tirado et al. Journal of Hematology & Oncology (2025) 18:69

a human reference atlas comprising 24 different tissues
and organs from healthy donors [39]. We found a com-
plete absence of CCR9 expression in all tissues except for
minor subsets of thymic cells and small intestinal resi-
dent lymphocytes (Fig. 1d,e). We confirmed the expres-
sion of CCR9 in all thymocyte subpopulations along T
cell development by flow cytometric analysis of postnatal
thymuses (n=4, Fig. 1f, S1b). However, the same analysis
of healthy pediatric and adult PB (#»=18) and BM (n=13)
samples revealed that, with the exception of expression
in 10-30% of B cells, CCR9 was minimally expressed in

Page 6 of 16

all major leukocyte subpopulations analyzed, including
CD34* hematopoietic stem/progenitor cells (HSPCs)
and resting and CD3/CD28-activated T cells (Fig. 1g,h;
S1c,d). In summary, CCR9 is expressed in a high pro-
portion of T-ALL patients, particularly at relapse, while
exhibiting a safety profile characterized by low or absent
expression in healthy tissues, CD34" HSPCs, and T lym-
phocytes. This highlights its potential as a target for the
development of CCR9-directed, fratricide-resistant, safe
CAR-T cell therapy.
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of second-generation CAR constructs. Three scFv versions were generated: scFv derived from the murine (M) hybridoma, and two humanized
candidates (H1 and H2). SP, signal peptide; V,; and V|, heavy and light chains; L, linker; TM, CD8 transmembrane domain. ¢ Representative flow
cytometry plot showing successful detection of transduced CAR-T cells as measured by co-expression of surface F(ab’), (scFv) and eGFP reporter. d
Proliferation curves for UT and the indicated CCR9 CAR-transduced T cells (n=3). @ CCR9 expression in the target T-ALL cell lines MOLT4 (CCR9Mah)
and SupT1 (CCRYY™M) and the CCRI"C AML cell line MV4;11. Isotype control stainings in gray. f CCR9 expression in two T-ALL PDXs. g 24 h

cytotoxicity mediated by the different murine and humanized CCR9 CAR-T cells against the indicated cell lines at different effector:target (E:T) ratios
(n=5). NE, no effector T cells. h Absolute numbers of live target PDX cells after co-culture with UT or the indicated CCR9 CAR-T cells for 24 h at an ET
ratio of 1:1 (n=3). i IFN-y production by the indicated CCR9 CAR-T cells upon 24 h co-culture with PDXs (E:T 1:1, n=3 per PDX). j In vivo experimental
design for the assessment of the efficacy of the three indicated CCR9 CAR-T cells against a T-ALL PDX (PDX2, n=4-6 mice/group). k Flow cytometry
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of the efficacy of the selected CCR9 H2 CAR-T cells against a highly aggressive Luciferase-bearing T-ALL PDX (ALL-843, n=4-5 mice/group). m
Weekly bioluminescence imaging of mice. Left panel, bioluminescence images. Right panel, bioluminescence quantification. n Flow cytometry
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CCR9 CAR-T cells are highly effective against T-ALL blasts
Next, we sought to develop a humanized CCR9-directed
CAR for the treatment of R/R T-ALL. The highly hydro-
phobic nature and insolubility of the CCR9 protein led us
to use the CCR9 N-terminal extracellular tail for mouse
immunization and subsequent generation of murine
CCR9 antibody-producing hybridomas. After hybri-
doma subcloning and individual testing for CCR9 reac-
tivity, one clone (#115) demonstrated specificity (Fig. 2a).
The productive IgG was sequenced, and the Vi and V|,
regions were used to derive the murine scFv for CAR
design. Two additional humanized scFvs were gener-
ated by structural fitting and modeling of the CDRs and
neighboring regions into human IgG scaffolds (Fig. S2a).
Epitope mapping using overlapping peptides from the
CCR9 N-terminus revealed the CCR9 epitope recognized
by the clone #115 scFv (Fig. S2b). The murine (M) and
both humanized (H1 and H2) CCR9 scFvs were cloned
into the clinically validated pCCL-based second-gener-
ation CAR lentiviral backbone, including a T2A-eGFP
reporter cassette (Fig. 2b). Primary T cells were success-
fully transduced, and CAR expression was detected by
anti-F(ab’), staining, which correlated with eGFP signal
(Fig. 2¢). All CCR9 CAR-T cells showed identical expan-
sion to UT T cells, demonstrating the absence of fratri-
cide (Fig. 2d).

The malignant T cell-derived cell lines, MOLT4 and
SupT1 (with high and dim expression of CCRY, respec-
tively) and the control (CCR9 negative) acute myeloid
leukemia cell line MV4;11, as well as two independent
T-ALL PDX samples (Fig. 2e,f), were used to assess the
in vitro cytotoxicity of CCR9 CAR-T cells (Fig. 2g,h).
Cytotoxic activity was assessed in 24-h co-cultures with
UT/CAR-T cells at different E:T ratios. CCR9 M and
H2 CAR-T cells displayed similar robust and specific
cytotoxicity in an antigen density-dependent manner.
By contrast, H1I CAR-T cells exhibited slightly inferior
killing, particularly with CCRodim SupT1 cells and, to a
lesser extent, with PDX1 blasts (Fig. 2g,h). IFN-y secre-
tion in the co-culture supernatants, used as a surrogate
for CAR-T cell activation and cytotoxicity, was highest in
CCR9 M and H2 CAR-T cells (Fig. 2i).

To test CAR-T cell function in vivo, we used two dif-
ferent T-ALL PDX models. In the first model, we com-
pared UT and all three CAR-T cells (M, H1 and H2)
using a slow growing T-ALL PDX model (PDX2) (Fig. 2j).
In contrast to UT T cells, all three treatment groups
were able to control leukemia progression, as assessed
by flow cytometry 10-week follow-up in BM, PB, and
spleen (Fig. 2k, gating strategies in Fig. Sle). However,
while all mice treated with CCR9 murine or H2 CAR-T
cells achieved complete response, 2 of 6 mice treated
with CCR9 H1 CAR-T cells showed detectable leukemic
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burden at the endpoint (Fig. 2k). This further supports
the in vitro data demonstrating the higher anti-leukemia
efficacy of CCR9 H2 CAR over H1 CAR. Accordingly,
CCR9 H2 CAR-T cells were selected for further experi-
ments. To additionally test the robustness of CCR9 H2
CAR-T cells, we used a second, highly aggressive CCR9*
luciferase-bearing PDX (ALL-843) (Fig. 21). Biolumines-
cence follow-up showed disease remission in 4 out of 5
mice (80%) at week 2 post-treatment in the CCR9 H2
CAR-T-treated group, in contrast to disease progression
in all control mice (Fig. 2m). Disease progression was
also monitored by flow cytometric analysis of BM, PB,
and spleen, confirming leukemia control in mice treated
with CCR9 H2 CAR-T cells but not in control-treated
mice (Fig. 2n), even in this highly aggressive model. Thus,
the humanized CCR9 H2 CAR is highly effective against
T-ALL blasts in vitro and in vivo using several T-ALL cell
lines and different PDX models.

Humanized CCR9 and CD1a dual-targeting CAR-T cells

for T-ALL

Our group has previously proposed a CDla-directed
CAR for the treatment of patients with CDlat corti-
cal T-ALL [25, 29]. Given that both CD1a and CCR9 are
safe non-pan-T targets that bypass both fratricide and T
cell aplasia, we next assessed co-expression of these anti-
gens by immunophenotyping 180 T-ALL patient sam-
ples (Fig. 3a). Using a 20% expression threshold for each
marker, 51% and 73% of patients were positive for CD1a
or CCR0Y, respectively (Fig. 3a). Notably, CCR9 and CD1a
expressions were highly heterogeneous across samples,
with each patient exhibiting a distinct leukemic pro-
file, often skewed toward either CCR9" or CD1a™ blasts
(Fig. 3a,b). Importantly, when applying the 20% cut-off
to either antigen, up to 86% of patients could poten-
tially benefit from dual CCR9/CD1a-targeted CAR T cell
therapy.

The malleable nature of many markers has been dem-
onstrated in various subtypes of acute leukemia [40, 41].
To gain insight into the clinical-biological impact of the
intratumoral phenotypic heterogeneity of CDla and
CCR9, we performed in vivo experiments whereby the
CDl1a*"" and CCR9™ leukemic fractions from primary
T-ALLs were FACS-sorted and transplanted into NSG
immunodeficient mice to evaluate the phenotype of the
resulting engraftment (Fig. S3). These experiments dem-
onstrated that both CDla™ and CCR9™ fractions were
capable of engrafting and, importantly, that the result-
ing graft recapitulated the original leukemia phenotype,
in which positive and negative populations for CDla
and CCR9 coexist (Fig. S3). This marker plasticity sug-
gests that patients with low to intermediate expression of
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either marker could benefit from dual-targeted treatment
(Fig. 3a,b), potentially reducing the likelihood of antigen

escape.

We therefore generated dual CAR-T cells targeting both
CCR9 and CD1a. Several molecular strategies to achieve
dual targeting were tested, including eight configurations
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of tandem CARs (two scFvs in a single CAR molecule),
four bicistronic CARs (two independent CAR molecules
encoded in one lentiviral vector), and co-transduction
with two single CAR-encoding lentiviral vectors simul-
taneously (Fig. 3c,d). Using T-ALL cells with combinato-
rial CCR9/CD1a phenotypes (wt, CCR9 KO, CD1a KO,
and double KO) we observed that both co-transduction
and bicistronic approaches exert potent killing, despite
higher transduction efficacy in the co-transduction set-
ting (Fig. 3d,e). However, as co-transduction with single
CCR9 and CDla CAR viral vectors showed slightly bet-
ter performance than bicistronic CAR, we prioritized this
approach for further preclinical assessment.

Using combinatorial phenotypes for both antigens of
T-ALL cells, we then tested the specificity and efficiency
of dual CCR9/CD1a-directed CAR-T cells. In contrast to
single CAR-T cells, dual CCR9/CD1la CAR-T cells were
able to eliminate all target cells in 24-h co-cultures at
low E:T ratios as long as one of the antigens remained
expressed (Fig. 4a,b). Next, we tested the in vivo effi-
cacy of dual CCR9/CD1a CAR-T cells in a “stress” model
against PDX cells expressing both antigens by inject-
ing fewer therapeutic T cells (Fig. 4c, Sle). Weekly flow
cytometry follow-up in the PB revealed that all CAR-T
cell treatments controlled the disease for up to 4-5
weeks. However, when mice were allowed to relapse, the

dual CAR-T therapy offered slightly higher rates of com-
plete response (defined as <1% of blasts) in PB and spleen
(Fig. 4d). In addition, immunophenotyping of the CAR-
resistant T-ALL blasts analyzed at the endpoint (week 8)
revealed partial downregulation of CD1a in mice treated
with CDla-directed CAR-T cells (both single CDla or
dual CCR9/CDla CAR), but no downregulation was
observed with CCR9 targeting (Fig. 4e). Taken together,
the immunophenotyping data and the in vitro and in vivo
experimental results support the potential for treating
R/R T-ALL with CAR-T cells targeting both CCR9 and
CD1la.

CCR9 and CD1a dual-targeting CAR-T cells efficiently
eliminate T-ALL with phenotypically heterogeneous
leukemic populations

Next, we sought to evaluate the efficacy of dual CCR9/
CDla CAR-T cells in the context of phenotypically
heterogeneous leukemias. Our first approach to rec-
reating intratumor phenotypic heterogeneity encom-
passed mixing CCR9/CDla combinatorial phenotypes
(CCR9*CD1a™, CCR9*CDla”, and CCR9CDla") of
MOLT4 T-ALL cells in a 1:1:1 ratio (Fig. 5a). Time-
course cytotoxicity assays revealed complete ablation of
the entire leukemic population with dual CAR-T cells,
whereas, as expected, single CAR-T cells were unable to
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eliminate those T-ALL cells that were negative for the
corresponding target antigen, leading to leukemic escape
(Fig. 5b). Identical results were obtained with a MOI of
5+5 and 10+10 for each single CAR vector for the dual
strategy in terms of cytotoxicity (Fig. S4a), although the
number of viral integrations per genome was higher at a
MOI of 10+10 (Fig. S4b). Similar levels of the pro-inflam-
matory cytokines IFN-y, TNF-a, and IL-2 were observed
for each treatment (Fig. 5¢). Next, we tested the efficacy
of dual CCR9/CDla CAR-T cells in an in vivo setting
using mixed phenotypes of MOLT4 target cells (Fig. 5d).
Bioluminescence imaging and BM flow cytometry analy-
sis revealed massive disease control of the highly aggres-
sive, heterogeneous MOLT4 cells with respect to both
single CAR-T treatments (Fig. 5e,f).

Next, to better mimic the heterogeneous and low-
level expression of CCR9 and CD1la observed in some
T-ALL patients, we employed a CRISPR/Cas9-medi-
ated gene editing approach to partially knock out these
antigens in MOLT4 and SupT1 cells. Specifically, we
targeted both CCR9 and CDla in MOLT4 cells, and
CD1la alone in SupT1 cells. Following partial knockout
and FACS enrichment for cells expressing low levels
of the respective antigens, we generated cell lines with
heterogeneous antigen expression profiles compared to
their WT counterparts (Fig. S5a). Cytotoxicity assays
demonstrated that dual-targeting CAR-T cells effec-
tively eliminated both WT and modified MOLT4 cells,
despite the reduction in surface antigen density (Fig.

S5a,b). In contrast, the modified SupT1 cells, charac-
terized by significantly lower and more heterogeneous
CD1a expression and inherently low CCR9 expression
(SupT1 CD1la mix), were less efficiently killed by dual
CAR-T cells compared to their WT counterparts (Fig.
S5a,b). This reduced efficacy correlated with a higher
proportion of double-negative (CCR9™CDla”) cells
generated in the modified SupT1 population (~30%)
versus MOLT4 (~10%), as confirmed by the residual
live cell population after CAR-T cell co-culture (Fig.
S5c¢).

To further model antigen heterogeneity in T-ALL,
we assessed dual-targeting CAR-T cell cytotoxicity
using previously phenotyped primary T-ALL samples
with varying levels and combinations of CCR9 and
CD1la expression (Fig 3b). Four representative sam-
ples exhibiting not only different antigen densities but
also varying proportions of CCR9" and CDla" cells
were selected: T-ALL12 (CCR9MsM CD1aMsh), T-ALL10
(CCR9"™" CD1aMeh), T-ALL11 (CCR94™ CD1a%™), and
T-ALL13 (CCR9"® CD1a"®) (Fig. S5d). After 24 hours
of co-culture, dual-targeting CAR-T cells efficiently
eliminated both T-ALL12 and T-ALL10 cells, despite
differences in surface antigen density (Fig. S5e). In con-
trast, only partial killing was observed for T-ALL11,
consistent with its more heterogeneous antigen expres-
sion. As anticipated, T-ALL13 cells, which lacked both
target antigens, were resistant to dual CAR-T cell-
mediated cytotoxicity (Fig. S5e). Together, these results
confirm the specificity of CCR9/CD1a dual CAR-T cells
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the percentages of CD4/CD8-double-positive blasts (gated on CD3" live cells) (left panel) and the CCR9/CD1a levels in both treatment groups (right

panel)

and underscore their capacity to eliminate T-ALL cells
across a spectrum of antigen densities, provided that
at least one target is expressed in most of the leukemic
cells.

Patient-derived CCR9/CD1a dual CAR-T cells are feasibly
generated and effectively eliminate leukemic cells in vitro
To validate our findings in a clinically relevant context,
we generated dual-targeting CCR9/CDla CAR-T cells
using T cells derived from T-ALL patient samples. Due
to the limited availability of leukapheresis products from
T-ALL patients—typically required for clinical-grade
CAR-T manufacturing—we instead employed cryopre-
served T-ALL specimens. To ensure the expansion of
normal CD3" T cells from these samples, we applied two
distinct strategies based on the blast burden. For sam-
ples with high blast content, we depleted CD1a* leuke-
mic blasts, as established in the Phase I clinical trial of

CDla CAR-T cells (NCT05679895). For samples with
<20% blast infiltration, we directly activated the total
cell population. This approach was supported by pre-
vious findings indicating that leukemic blasts are not
responsive to anti-CD3/CD28 stimulation ex vivo and
progressively undergo cell death [42]. Having success-
fully modified and expanded dual CCR9/CD1la CAR-T
cells, we next assessed their cytotoxic potential. We first
sought to comprehensively evaluate the killing efficacy
of the dual CAR-T cells using CCROM8"CD1ah¢" MOLT4
cells. Remarkably, dual CAR-T cells derived from all
three T-ALL patients exhibited potent cytotoxicity
against MOLT4 cells (Fig. 6a). We then assessed whether
patient-derived CCR9/CDla CAR-T cells could effec-
tively target autologous leukemic blasts in vitro, and we
utilized a patient sample with a CCR9'**CD1a"8" pheno-
type (Fig. 6b). Compared to UT T cells, the dual CAR-T
cells induced a marked depletion of the autologous blast
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population, identified as CD3"CD8/CD4 double-positive
cells (Fig. 6¢, left panel). Notably, leukemic cells exposed
to UT T cells retained the CCR9/CD1a expression pro-
file observed in untreated controls (Fig. 6b,c, right panel).
Collectively, these findings demonstrate the feasibility of
generating CCR9/CD1a dual CAR-T cells from patient-
derived T cells and underscore their robust anti-leukemic
activity, independent of the donor origin.

Discussion

The clinical management of R/R T cell leukemias and
lymphomas represents an unmet clinical need. While
various immunotherapy strategies such as bispecific
antibodies and CAR-T cells have revolutionized the
treatment of B cell leukemias, lymphomas, and multiple
myeloma, with several products approved by the FDA/
EMA, these immunotherapies are much less advanced
and have not been approved for T cell malignancies
[11]. The primary challenge for the implementation of
adoptive immunotherapies in T cell malignancies is
the shared expression of surface membrane antigens
between tumoral cells and healthy/non-leukemic T cells.
This implies that the expression of a CAR targeting any
pan-T antigen would most likely result in toxicities such
as CAR-T fratricide and T cell aplasia [11, 43]. Addition-
ally, the shared expression of antigens between effector
and tumor T cells may complicate the manufacturing
process of autologous T cell therapies due to blast con-
tamination of the leukapheresis products [10]. Clini-
cal trials with CD7 CAR-T cells often employ stringent
inclusion criteria, including a maximum allowable blast
threshold (NCT06064903). This threshold is established
to ensure that the CAR-T cell production is free of tumor
cells, thereby preventing accidental CAR transduction of
tumoral T cells and avoiding potential interference from
blasts during the activation and expansion phases of the
CAR-T cell product.

To overcome these drawbacks, the current trend is to
use allogeneic T lymphocytes to bypass potential blast
contamination. However, this strategy requires multiple
CRISPR/Cas9-mediated gene edits to eliminate mol-
ecules such as the target antigen and the T cell recep-
tor (TCR), thereby preventing fratricide and GvHD [15,
16]. This strategy is only feasible with “off-the-shelf”
effector cells, as the technical and regulatory complex-
ity of CRISPR/Cas9-mediated genome editing makes it
difficult to implement with autologous T cells derived
from patients in critical clinical states. Crucially, previ-
ous studies have demonstrated the negative impact of
TCR elimination and genomic manipulation of T cells on
the persistence of CAR-T cells and their genomic/chro-
mosomal stability [44, 45]. This point is very important
in light of recent clinical studies and subsequent FDA
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investigations into the occurrence of neoplasms second-
ary to CAR-T therapy [46-50].

To circumvent the limitations of adoptive cell thera-
pies for T cell malignancies, it would be ideal to redi-
rect effector cells against non-pan-T targets present in
the tumor but absent in healthy tissues. This approach
facilitates the manufacture of autologous CAR-T cells
and avoids both fratricide and immune toxicity [23-28].
In this context, we previously identified CD1a as a bona
fide immunotherapeutic target for the treatment of corti-
cal T-ALL with a safe profile in non-hematopoietic and
hematopoietic tissues [25, 29]. This led us to generate
and preclinically validate CD1la-directed CAR-T cells,
which are now being tested in a Phase I clinical trial
(NCT05679895). However, CD1la only covers cases of
cortical T-ALL, a subtype that accounts for ~30% of all
diagnosed T-ALL cases, while sparing other T-ALL sub-
types associated with higher refractoriness and relapse
rates [1, 27, 51, 52]. Here, we identify CCR9 as a target
expressed in ~72% of diagnostic T-ALL cases and, impor-
tantly, in ~92% of relapses. Of note, Maciocia and col-
leagues previously proposed CCR9 as a target for T-ALL
and elegantly reported similar expression and safety data
[27]. Importantly, these expression rates are maintained
in subtypes with poor prognosis and very high rates of
refractoriness and relapse, such as early T cell progeni-
tor ALL, an entity with unmet clinical need [53]. Cru-
cially, CCR9 is not expressed on normal circulating T
cells or other hematopoietic or non-hematopoietic tis-
sues, except for a subset of B cells, thymocytes, and a
small fraction of intestinal-resident lymphocytes. This
was expected, as CCR9 expression plays a key role in the
homing of specific immune cells to the thymus and small
intestine [54—56]. Although it has not been reported
that CAR-T cells can reach the thymus, this could be of
great therapeutic benefit in the case of CCR9 CAR-T
cells given that many pre-leukemic clones and leukemic-
initiating cells in T-ALL are present at very early devel-
opmental stages [57]. Furthermore, several studies in
non-oncological pediatric and adult patients who have
undergone thymectomy have demonstrated immune
memory and a complete T cell repertoire [58, 59]. Addi-
tionally, the CCL25—-CCR9 axis has been implicated in
inflammatory bowel disease, and previous clinical tri-
als using small-molecule CCR9 inhibitors have reported
no serious therapy-related toxicities, further supporting
the safety of targeting CCR9 [60-63]. A key advantage of
employing non-pan-T cell markers for CAR-T therapy is
the potential to spare regulatory cell populations that are
essential for maintaining immune tolerance. For instance,
CD5-directed CAR-T therapies, currently in clinical use,
may lead to autoimmune complications due to the broad
depletion of CD5" Bl-like B cells and CD5" regulatory
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T cells (Tregs). In contrast, CCR9-targeted CAR-T cells
are expected to carry a substantially lower risk of induc-
ing immune dysregulation. Unlike CD5, which is broadly
expressed across Bl-like cells and Tregs, CCR9 is found
in fewer than 20% of Bl-like cells (data not shown) and
is generally absent from T cells. Therefore, CCR9-tar-
geted CAR-T cell therapy is unlikely to disrupt long-term
immune homeostasis. Collectively, these findings high-
light CCR9 as a safe and promising therapeutic target for
patients with R/R T-ALL.

A major strength of our work is the immunopheno-
typic characterization of CCR9 and CDla expression
in a cohort of 180 primary T-ALL cases. We applied
the criteria established by the European Group for the
Immunophenotyping of Leukemias (EGIL), which define
a 20% expression threshold for CD markers, to support
disease classification and stratification. Our analysis
revealed marked intratumoral phenotypic heterogeneity,
with double-positive, single-positive, and double-neg-
ative leukemic subpopulations frequently coexisting
within individual samples. This heterogeneity suggests
that dual CAR-T cell therapy targeting both CCR9 and
CDla—despite variable antigen expression, as com-
monly observed in a subset of R/R T-ALL cases—could
expand patient eligibility, improve leukemic blast cover-
age, and potentially mitigate the risk of phenotypic or
antigen escape. In addition, transplantation of CCR9-
and CDla-negative fractions into immunodeficient mice
demonstrated that leukemic engraftment reproduces
the phenotypic heterogeneity of the original leukemia
regardless of the input. This provides clear evidence of
the plasticity of these antigens, which may translate into a
lower risk of relapses due to antigen escape.

Based on these clinico-biological data, we generated a
CCR9-specific hybridoma and derived the scFv sequence
to generate a second-generation CAR. The murine scFv
was humanized by CDR grafting, and one of the human-
ized CAR candidates (H2) proved to be as potent as the
murine CAR and was ultimately selected to minimize
potential immunogenicity in humans. We next leveraged
our humanized CD1la H CAR and CCR9 H2 CAR to gen-
erate dual-targeting strategies. Of the various possible
molecular strategies to direct T cells against two mole-
cules [64], we focused on three: co-transduction with two
lentiviral vectors each encoding a different single-target-
ing CAR, multiple configurations of tandem CARs (two
scFvs within the same CAR molecule), and bicistronic
CARs (two separate CAR molecules with different spe-
cificities encoded in one lentiviral vector). Despite our
previous experience in generating tandem CARs target-
ing other antigens [36], none of the possible tandem CAR
configurations worked, possibly due to the biochemical
properties and steric hindrance associated with these
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specific scFvs, or perhaps due to the nature and mecha-
nisms of recognition of the receptors, where CCR9 is
largely embedded in the cell membrane and CD1a has a
fully exposed and large ectodomain that makes the tan-
dem CAR configuration unsuitable. Alternatively, it is
also plausible that the flexible linker between both scFvs
does not allow a proper separation and folding, and thus,
alternative spacers designed to join complex structures
could restore scFv functionality. More studies are war-
ranted to verify such a scenario.

In addition to tandem CARs, we employed alternative
dual CAR approaches. Both co-transduction and bicis-
tronic CAR strategies showed efficacy, demonstrating the
functional advantage of dual-targeting CAR-T cells over
single-targeting CAR-T cells for the treatment of pheno-
typically heterogeneous T-ALL. A bicistronic construct
is more cost-effective and technically advantageous for
clinical application, as it uses a single lentiviral vector and
ensures more controlled CAR expression. However, fur-
ther studies are required to determine whether the small
differences we observed impact long-term T cell exhaus-
tion and in vivo efficacy. Finally, we demonstrated the
feasibility of dual CAR generation from T-ALL-derived
T cells and their robust killing potential in vitro, further
confirming the clinical relevance of our findings.

Importantly, our study addresses the issue of T-ALL
tumor heterogeneity, which may lead to tumor escape
following CAR-T treatment. Indeed, antigen modulation
is a well-recognized resistance mechanism in CAR-T cell
therapies [65—67]. Notably, we observed minimal down-
regulation of CD1a following treatment with dual CCR9Y/
CD1la CAR-T cells, while evidence for CCR9 downmodu-
lation upon CAR engagement is currently lacking. Given
the frequent co-expression of both antigens on leukemic
cells, the downregulation of a single target is unlikely to
result in complete immune escape, as residual expres-
sion of the alternate antigen would allow continued CAR-
mediated cytotoxicity. Thus, this dual-targeting strategy
offers a robust approach to overcoming single-antigen
modulation. However, we acknowledge that heterogene-
ous expression of CCR9 and CD1a may still permit par-
tial tumor escape, emphasizing the need to further define
the minimum antigen expression thresholds for clinical
inclusion. To balance the goal of broader patient access
with the risk of immune evasion, incorporating a flexible
expression range into the Investigational Medicinal Prod-
uct Dossier seems reasonable, enabling threshold adapta-
tion based on individual clinical contexts.

Collectively, our study provides an exhaustive molecu-
lar comparative study of all dual-targeting CAR-T cell
strategies, confirms that the development of dual strate-
gies is not trivial, and establishes a unique foundation
and knowledge for the applicability of our strategy and
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that of future constructs. The proposed CAR-T cell strat-
egy targeting two non-pan-T antigens that are absent
in normal T cells and barely expressed in other healthy
tissues may achieve a large blast coverage and benefit a
proportion of R/R T-ALL patients, while preventing T
cell fratricide and aplasia, and will obviate the need for
regulatory-challenging genome engineering approaches
and alloHSCT in patients after CAR-T therapy to rescue
T cell aplasia. The fact that CCR9 is also highly expressed
in several subtypes of solid tumors with poor progno-
sis [68-75], together with the fact that CCR9 is the only
canonical receptor of the chemokine CCL25, opens up
enormous possibilities for the adoptive immunotherapy
of cancers beyond T-ALL using either antibody scFv-
based or CCL25 zetakine-based CARs [76, 77].
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