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            Abstract
Locoregional delivery of chimeric antigen receptor (CAR) T cells has resulted in objective responses in adults with glioblastoma, but the feasibility and tolerability of this approach is yet to be evaluated for pediatric central nervous system (CNS) tumors. Here we show that engineering of a medium-length CAR spacer enhances the therapeutic efficacy of human erb-b2 receptor tyrosine kinase 2 (HER2)-specific CAR T cells in an orthotopic xenograft medulloblastoma model. We translated these findings into BrainChild-01 (NCT03500991), an ongoing phase 1 clinical trial at Seattle Children’s evaluating repetitive locoregional dosing of these HER2-specific CAR T cells to children and young adults with recurrent/refractory CNS tumors, including diffuse midline glioma. Primary objectives are assessing feasibility, safety and tolerability; secondary objectives include assessing CAR T cell distribution and disease response. In the outpatient setting, patients receive infusions via CNS catheter into either the tumor cavity or the ventricular system. The initial three patients experienced no dose-limiting toxicity and exhibited clinical, as well as correlative laboratory, evidence of local CNS immune activation, including high concentrations of CXCL10 and CCL2 in the cerebrospinal fluid. This interim report supports the feasibility of generating HER2-specific CAR T cells for repeated dosing regimens and suggests that their repeated intra-CNS delivery might be well tolerated and activate a localized immune response in pediatric and young adult patients.
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                    Fig. 1: BrainChild-01 trial design.[image: ]


Fig. 2: Defined input ratio of CD4+ and CD8+ T cells yields balanced CD4+CD8+ CAR T cell products.[image: ]


Fig. 3: High concentrations of CXCL10 and CCL2 are detected after treatment in CSF samples.[image: ]


Fig. 4: High concentrations of CXCL10 and CCL2 detected in CSF correlate with transient elevations in serum CRP.[image: ]


Fig. 5: Neuro-imaging after locoregional CAR T cell infusion.[image: ]
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Extended data

Extended Data Fig. 1 HER2CAR spacer variants are efficiently expressed in CD8+ T cells.
a, Schematic of 2nd generation HER2CAR extracellular domain spacer variants: Short (S), IgG4-hinge; Medium (M), IgG4-hinge-CH3; Long (L), IgG4-hinge-CH2-CH3. b, Human CD8 + T cell surface expression of S, M and L spacer variants of CAR T (EGFRt+) cells detected by cetuximab and Protein-L. c, CAR expression detected by CD3ζ-specific western blot. This experiment was performed in duplicate and a representative image is shown.


Extended Data Fig. 2 HER2 epitope location influences HER2CAR T cell activity.
a, Flow analysis of HER2+ (D283, Med411FH) and HER2- (D341) medulloblastoma cell lines. b, In vitro cytotoxicity of HER2-specific CAR T cells against target cell lines. c, Cytokine release assay of supernatants obtained from 24-hour co-cultures of CD8+ T cells expressing the HER2CAR extracellular spacer variants, with target cells at a 2:1 ratio. N = 3 technical replicates per condition and data presented as mean values + /− SD. d, Schematic of HER2t-CD19t components: In-frame fusion of GMCSFRss, HER2t (aa 563–653 of HER2) and CD19t (aa 20–323 of CD19). SS, signal sequence; TM, transmembrane domain. e, In vitro cytotoxicity of HER2-specific CAR T cells against a lymphoblastoid cell line (LCL) panel (parental, OKT3, HER2, and HER2t-CD19t). The x-axis shows the ratio of effector:target cells. f, Cytokine release assay of supernatants obtained from 24-hour co-cultures of CD8 + T cells expressing the HER2CAR extracellular spacer variants with LCL targets at a 2:1 ratio. N = 3 technical replicates per condition and data presented as mean values ± SD.


Extended Data Fig. 3 Medium-spacer HER2CAR T cells prolong survival and target metastases in an orthotopic xenograft model.
Groups of mice were inoculated with 0.2e6 D283 eGFP:ffluc medulloblastoma cells (Day 0) and 2e6 HER2CAR CD8 + T cells (Day 7 – dotted vertical line) (a-d) intracranially or (e) via intracerebroventricular injection (ICV). a,b, Serial bioluminescence imaging of tumor in groups of mice treated with Mock, Short, Medium, or Lmut spacer HER2CAR CD8+ T cells. Data presented as mean values ± SD. N = 5 animals per group. All Kaplan-Meier statistical significance determined by one-sided log-rank (Mantel-Cox) test (M-spacer versus mock (P = 0.0035), S-spacer (P = 0.0021) and Lmut-spacer (P = 0.025). c, Bioluminescence imaging measured in region of interest (head) for orthotopic intracranial model. d, Kaplan-Meier analysis of survival in treatment (Medium and Lmut) and control (Mock) groups from repeat experiments. e, Kaplan-Meier analysis of survival in treatment and control groups of ICV dosed tumor models: D283 eGFP:ffluc cells (no IL-2) and D283 eGFP:ffluc cells (IL-2). f, Serial bioluminescence imaging in treatment and control groups of ICV dosed tumor models: D283 eGFP:ffluc cells (no IL-2) and D283 eGFP:ffluc cells (IL-2). All in vivo data are representative of a minimum of two independent experiments.


Extended Data Fig. 4 HER2CAR T cells prolong survival in an intercranial xenograft model.
a, NSG mice were injected with 2e6 mixed CD4+ :CD8+ HER2CAR T cells or un-transduced CD4+ :CD8+ Mock T cells 7 days post intracranial tumor inoculation with 0.2e6 D283 eGFP:ffluc medulloblastoma cells. Serial bioluminescence tumor imaging (left) and Kaplan-Meier analysis of survival (right) were performed. HER2CAR T cell treated mice survived significantly longer than the un-transduced Mock group (one-sided log-rank (Mantel-Cox) test, p = 0.002). Data presented as mean values ± SD. N = 5 animals per group. Bioluminescence images are from one representative experiment. b, Serial bioluminescence signal measured in region of interest (head) from mice treated with Mock or HER2CAR T cells. c, Individual serial bioluminescence imaging of tumor from un-transduced Mock (left) or HER2CAR T cell groups (right).


Extended Data Fig. 5 Manufacturing schema for HER2CAR T cells.
Flow diagram of the manufacturing process from apheresis to CAR T cell delivery.


Extended Data Fig. 6 Multiparameter co-expression profiles of activation/exhaustion markers for patient starting and final products.
Boolean gating was performed for activation markers of interest before visualization via SPICE analysis software. Final-02 and Final-03 refer to second and third manufacturing attempts for S003. Two-sided permutation tests performed with 10,000 iterations per the built-in SPICE analysis function found no significant differences between samples (p > 0.05). Representative flow gating strategy shown in Supplementary Fig. 1a,b.


Extended Data Fig. 7 Observed toxicities.
CTCAE grading of all observed toxicities that constituted an increase from baseline. If the toxicity was not present pre-Course 1 Week 1 administration, then no baseline grade is shown.


Extended Data Fig. 8 Adverse event development over the course of treatments.
Three adverse event (AE) types are plotted here: fever, headaches, and nervous system disorders (excluding headache). CAR T cell infusions indicated with arrows.


Extended Data Fig. 9 Pre versus post infusion detection of T cell populations in CSF via flow cytometry.
Representative pre and post infusion flow plots from S002 and S003 show no detectable CAR T (EGFRt+) cells, but detectable non-CAR T cells (both CD4+ and CD8+ T cells) in subject CSF post infusion. Representative flow gating strategy shown in Supplementary Fig. 1d.
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