


Methods
Study design and patients
[bookmark: OLE_LINK34][bookmark: OLE_LINK35][bookmark: OLE_LINK16][bookmark: OLE_LINK36][bookmark: OLE_LINK37]This single-center, open-label, phase I dose-escalation study (www.chictr.org.cn ChiCTR2000041054) evaluated the safety, efficacy, and pharmacokinetics of CLL1 CAR-T cell therapy in R/R AML patients. AML diagnosis was confirmed according to the World Health Organization classification for tumors of the hematopoietic and lymphoid tissues(1). R/R AML was defined as primary induction failure, hematologic relapse, and/or extramedullary recurrence (2). Key inclusion criteria was: (1) refractory to ≥ two induction cycles, relapse after achieving CR, or diagnosed extramedullary leukemia; (2) age ≥ 18 years; (3) CLL1 expression ≥50% on bone marrow blasts by flow cytometry. Exclusion criteria comprised: uncontrolled medical disorder, active bacteria, viral, or fungal infections, history of prior malignancy, severe hepatic, renal, or cardiac dysfunction. Patients who had received any antitumor therapy (investigational agent or not, including bridging therapy) or radiotherapy within 2 weeks prior to apheresis were also excluded from the study. Risk stratification adhered to ELN 2022 criteria(3), incorporating cytogenetics (G-banding) and NGS of 54 genes (VAF≥2%). Adverse risk requires MDS-related mutations (e.g., ASXL1, RUNX1) or complex karyotypes. The study was approved by the Institutional Review Board of Tianjin First Central Hospital Medical Center and conducted in accordance with the Declaration of Helsinki. Written informed consent was obtained from all participants or legal guardians for CLL1 CAR-T cell therapy and bridging HSCT.
CAR-T preparation
[bookmark: OLE_LINK2][bookmark: OLE_LINK15][bookmark: OLE_LINK3]The anti-CLL1 single-chain variable fragment (scFv), derived from the 17M26 clone (patent WO2017091615A). The CAR vectors contained the scFv and human 4-1BB and CD3ζ signaling domains, which were subcloned into the pCDH-MND-MCS-T2A-Puro lentiviral plasmid vector. The CAR construct incorporated the RQR8 safety switch (CD34/CD20 mimotopes) to enable rituximab-mediated depletion. Transduction efficiency was confirmed by CD34 expression. CLL1 CAR-T cells were manufactured using a lentiviral vector system as previously described (4). The CAR-T manufacturing timeline from leukapheresis to infusion was 8-10 days. Peripheral blood mononuclear cells are isolated from peripheral blood of patients and CD3+T cells are cultured with T-cell-specific medium containing IL-2 and glutamine (day 0), and CD3/CD28 magnetic beads are added to activate T cells. After activation, T cells are infected with recombinant anti-CLL1 lentivirus, and the transduced CAR-T cells are then continued to undergo an 6-8 days expansion process in the lentivirus culture system. The CLL-1 CAR-T cells target specific analysis was comprehensively conducted in our preclinical studies (5).
Study Design
[bookmark: OLE_LINK39][bookmark: OLE_LINK23]Lymphodepletion comprises intravenous fludarabine (30mg/m2/day) and cyclophosphamide (500mg/m2/day) administered on day -4, -3, and -2. On day 0, patients received CLL1 CAR-T cells at prespecified doses. Dose escalation followed a standard 3+3 design across four dose levels: dose level(DL)1: 0.5×106/kg, DL2: 1.0×106/kg, DL3: 1.5×106/kg, and DL4: 2.0×106/kg. During the entire infusion process, the patient’s vital signs should be closely monitored. 15 to 30 minutes before CAR-T cell infusion, patients are given 20 mg diphenhydramine and 250 mg acetaminophen to prevent infusion-related reactions. Following infusion, patients underwent intensive monitoring for acute toxicities (days1-28) and long-term follow-up (≤3 years). Prior to bridging transplantation, a reduced-intensity conditioning regimen was administered, consisting of: intravenous busulfan (3.2 mg/kg/day×2 days), cyclophosphamide (40 mg/kg ×1 day), fludarabine (30 mg/m²/day ×3 days), and cytarabine (3 g/m²/day ×3 days), with or without rabbit anti-thymocyte globulin (thymoglobulin®; Sanofi, Lyon, France; 7.5 mg/kg) for haploidentical transplants. During the implementation, adjustments were made according to the patient’s condition, peripheral blood hematological indicators, and bone marrow examination results.
Laboratory testing
To assess the transfection efficiency, T cells are measured using flow cytometry analysis (#Z6410005, Tongshengshidai, #Z6410048, Tonglihaiyuan, #FM3-HPY53, Arco). The concentrations of serum inflammation markers IL-6, TNF-α and IFN-γ were evaluated using the Luminex detection method (flow cytometry bead array) according to the manufacturer's instructions. In short, add analysis buffer, sample serum and capture microsphere solution to the tube, and incubate in the dark for 2 hours. Add 1 ml of washing solution to the tube, centrifuge and discard the supernatant. Add the antibody in the kit and incubate for 1 hour in the dark (without washing). Add SA-PE and incubate in the dark. Add 1 ml of washing solution, centrifuge and discard the supernatant. Add 150μl washing solution, and analyze with flow cytometer (ACEA NovoCyte). Testing was conducted at baseline (day-1) and at different time points within the 30-day period following CLL1 CAR-T cell infusion.

Method for detecting minimal residual disease
[bookmark: _GoBack]Assessment of minimal residual disease (MRD) in the bone marrow was performed at approximately 14 days following CLL1 CAR-T cell infusion. MRD negativity was determined by multi-parameter flow cytometry (MFC) at a sensitivity threshold of ≤1×10⁻⁴, which was further enhanced by real-time quantitative PCR (RQ-PCR) for a panel of genetic markers, including leukemia-related fusion genes (AML1-ETO, WT1, KMT2A rearrangement, CBFβ-MYH11) and mutations (NPM1, FLT3, IDH1/2, NRAS, TP53). The RQ-PCR assays extended the detection sensitivity to between 10⁻4 and 10⁻5.

Clinical endpoint and evaluation
The primary endpoint was safety, assessed by the incidence of dose-limiting toxicities (DLTs) and treatment-related adverse events (AEs). Secondary endpoints included objective response rate (ORR; defined as CR or CR with incomplete hematologic recovery [CRi]), progression-free survival (PFS), overall survival (OS) and CAR-T cell pharmacokinetics in peripheral blood. Following HSCT, patients continued survival and disease status monitoring; however, systematic AE documentation and pharmacokinetic sampling were discontinued.
[bookmark: OLE_LINK27][bookmark: OLE_LINK38][bookmark: OLE_LINK9]Monitoring during this period included physical examinations, laboratory assessments and active surveillance for AEs. CRS and ICANS were graded according to the American Society for Transplantation and Cellular Therapy consensus grading (6). Other AEs and baseline laboratory values were graded based on the Common Terminology Criteria for Adverse Events (Version 5.0).
[bookmark: _Hlk206019964]Preparation and sequencing of single-cell RNA-sequencing libraries and data processing
[bookmark: OLE_LINK18][bookmark: OLE_LINK49]We performed single-cell RNA sequencing (scRNA-seq) using the SeekOne®DD single-cell 5' library preparation kit (SeekGene Cat#SO01V3.1) and processed sequence data with SeekOne®Tools. Following harvested of CLL1 CAR-T cell infusion products and the peripheral blood mononuclear cells of patients during the peak period of expansion, cells were washed in ice-cold RPMI1640. Cell count and viability were assessed using a fluorescence cell analyzer (Countstar®Rigel S2) with AO/PI reagent after removal erythrocytes (Miltenyi 130-094-183), and then debris and dead cells removal was decided to be performed or not (Miltenyi 130-109-398/130-090-101). Finally, fresh cells were washed twice in RPMI1640, and then resuspended at a concentration of 1×106 cells per ml in 1×PBS containing 0·04% bovine serum albumin. We utilized SeekOne®Tools to precess sequence data and align it with the human GRCH38 reference genome in order to obtain a gene expression matrix. The seurat package (version 4·1·1) was employed for filtering low-quality cells, excluding cells with a number of detected genes <100 or >30000, and applying median absolute deviation (MAD) variance normalization to remove mitochondrial gene-related effects. Unsupervised cell clustering was performed using the Seurat package (version 4·1·1). After removing mitochondrial genes, we selected the top 2000 most variable genes for data integration across different samples, and conducted principal component (PC) analysis using Harmony (version 0·1). The first 30 PCs were used for identifying cell clusters at a resolution of 0·8. Cluster analysis results were visualized using Uniform Manifold Approximation and Projection (UMAP). Cell types were defined based on their similarity to Human Primary Cell Atlas Data utilizing the Single R package (version 1·8·1). Cells annotated as granulocytes or belonging to different major cell types than the majority within their cluster were excluded from further analysis. T cells were sub-clustered at a resolution of 0·5, and each subcluster was annotated based on specific marker genes identified therein. To isolate CAR-T cells from single-cell clusters, we incorporated CAR gene sequences (RQR8 and CLL1 scFv) into the human genome for comparison purposes, enabling detection of CAR-T gene expression; corresponding metadata examples included tags indicating CAR-T detection.
Statistical analysis
Sample size was determined by clinical considerations, though the safety run-in adhered to a 3+3 design. All patients receiving CLL1 CAR-T cell infusion were included in safety and efficacy analyses. Descriptive statistics are reported as medians where appropriate. Group comparisons used two-tailed Wilcoxon ranked-sum tests. Time-to-event outcomes were analyzed by Kaplan-Meier methodology. Statistical significance was defined as p＜0.05. Analyses utilized SPSS (version 26) for clinical endpoints and GraphPad Prism (version 8.0.1) for biomarker/cellular kinetic data. The cut-off date was May 15, 2025.
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