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Abstract 
Background
Chimeric Antigen Receptor (CAR) T-cell therapy targeting CD19 yields profound initial responses in relapsed or refractory 
B-cell acute lymphoblastic leukemia (R/R B-ALL). However, sustained disease-free survival is severely limited by 
accelerated T-cell exhaustion and premature structural clearance in vivo. Mitogen-Activated Protein Kinase Kinase Kinase 
Kinase 1 (MAP4K1), or Hematopoietic Progenitor Kinase 1 (HPK1), operates as a key cell-intrinsic negative regulator that 
disassembles the proximal T-cell receptor (TCR) signalosome.

Methods
In this investigator-initiated, open-label, Phase I dose-escalation clinical trial, we evaluated the safety, production 
feasibility, pharmacokinetic profile, and therapeutic efficacy of multiplex-engineered anti-CD19 CAR T-cells subjected to 
targeted CRISPR-Cas9-mediated MAP4K1 disruption (MAP4K1-KO-CAR-T19). Fifteen adult patients with highly advanced 
R/R B-ALL were enrolled across three ascending target dose cohorts (0.5 \times 10^6, 1.0 \times 10^6, and 2.0 \times 
10^6\text{ CAR}^+\text{ cells/kg}). A pre-specified exploratory sub-cohort integrated four patients with documented 
neurodivergent conditions (Autism Spectrum Disorder [ASD], Attention-Deficit/Hyperactivity Disorder [ADHD]) to 
systematically isolate interactions involving baseline microglial activation, cerebrospinal fluid (CSF) cytokinemia, and 
Immune Effector Cell-Associated Neurotoxicity Syndrome (ICANS) kinetics.

Results
CRISPR-Cas9 ribonucleoprotein delivery achieved a mean MAP4K1 indel frequency of 88.4\% \pm 4.2\%. Disruption of 
MAP4K1 consistently prevented the inhibitory phosphorylation of SLP-76 (\text{Ser}^{376}) and LAT (\text{Thr}^{155}), 
driving a profound cellular transition toward a stem-like memory phenotype (\text{T}_{\text{SCM}}:\text{CD45RA}^+\
text{CD62L}^+\text{CCR7}^+\text{CD95}^+) comprising 42.6\% \pm 5.1\% of the final drug product. Over a median 
clinical observation window of 18.4 months, the objective response rate (ORR) stood at 93.3\%, with 86.7\% (n=13/15) 
achieving a deep minimal residual disease-negative complete remission (MRD⁻ CR). Cellular persistence was significantly 
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prolonged, maintaining stable B-cell aplasia beyond 12 months in 80.0\% of responders.

Cytokine Release Syndrome (CRS) occurred in 80.0\% of participants, with severe presentations (Grade \ge 3) limited to 
13.3\%. Total ICANS incidence reached 33.3\%. Neurodivergent patients exhibited elevated baseline CSF levels of IL-6 
(8.4 \pm 1.6\text{ pg/mL} vs. 1.9 \pm 0.4\text{ pg/mL}) and soluble TREM2 (28.4 \pm 3.1\text{ ng/mL} vs. 12.1 \pm 
1.8\text{ ng/mL}), accelerating the onset of initial neurotoxic manifestations (Day 4 \pm 1 vs. Day 7 \pm 2). However, 
maximum ICANS severity, peak neuroinflammatory markers, and neuroimaging indicators did not escalate, resolving 
completely with targeted, protocol-driven interventions.

Conclusions
Genome-wide disruption of the MAP4K1 locus successfully redirects CAR T-cell differentiation toward an elite \text{T}_{\
text{SCM}} configuration, providing enhanced persistence and robust antileukemic efficacy in advanced R/R B-ALL. 
Furthermore, our findings establish that baseline neuroimmune variations in neurodivergent populations alter early 
toxicity kinetics but do not preclude the safe administration of engineered cellular therapies.

Introduction
The clinical implementation of Chimeric Antigen Receptor (CAR) T-cell cellular products has revolutionized the 
management of hematological malignancies, establishing new therapeutic standards for patients facing relapsed or 
refractory B-cell acute lymphoblastic leukemia (R/R B-ALL). Despite achieving high initial complete remission (CR) rates 
through traditional single-chain variable fragment (scFv) signaling loops, long-term durability remains a critical clinical 
hurdle. Up to half of all responding patients experience subsequent disease progression within 12 to 24 months post-
infusion [1-4].

This therapeutic vulnerability is fundamentally driven by a rapid decline in cellular fitness marked by progressive 
differentiation from uncommitted states into terminally exhausted effector populations (\text{T}_{\text{TE}}) under 
the stress of chronic antigen exposure. Infused cells that exhibit heightened surface densities of coinhibitory receptors 
including Programmed Cell Death Protein 1 (PD-1), T-cell Immunoglobulin and Mucin-Domain Containing-3 (TIM-3), 
and Lymphocyte Activation Gene 3 (LAG-3)—display severely impaired proliferative potential and a diminished capacity 
for polyfunctional cytokine secretion. Conversely, clinical outcomes correlate positively with the proportion of less-
differentiated stem-like memory T-cells (\text{T}_{\text{SCM}}) within the cellular product. These cells retain unique 
self-renewal and multipotent capacities, enabling sustained in vivo expansion and long-term functional survival.

To optimize cellular performance from within, identifying targetable metabolic and transcriptional switches is essential. 
Mitogen-Activated Protein Kinase Kinase Kinase Kinase 1 (MAP4K1), historically designated as Hematopoietic Progenitor 
Kinase 1 (HPK1), is a hematopoietic-specific serine/threonine kinase that functions as an intracellular checkpoint brake. 
Upon engagement of either the native T-cell receptor (TCR) complex or synthetic CAR architectures, MAP4K1 is rapidly 
recruited to the active signalosome and phosphorylated by upstream Src and Syk family kinases, specifically Lck and 
Zap70 [5-9].

Once activated, MAP4K1 mediates negative feedback by directly phosphorylating the critical adaptor node SH2 Domain-
Containing Leukocyte Protein of 76 kDa (SLP-76) at residue \text{Ser}^{376} and the Linker for Activation of T Cells 
(LAT) at residue \text{Thr}^{155}. These phosphorylation events create specific binding pockets for 14-3-3 regulatory 
proteins, triggering the rapid disassembly of the proximal signalosome and uncoupling downstream signaling to the 
NFAT, AP-1, and NF-\kappaB transcription networks. Genetic deletion or pharmacological inhibition of MAP4K1 in 
preclinical models preserves T-cell activation, enhances cytokine production, and minimizes exhaustion markers under 
chronic antigen exposure [10-12].

Concurrently, expanding advanced immunotherapies into broader patient cohorts necessitates evaluating how systemic 
immune modifications interact with underlying host neurology. Neurodivergence, including autism spectrum disorder 
(ASD) and Attention-Deficit/Hyperactivity Disorder (ADHD), has been increasingly linked to altered immune profiles 
characterized by chronic low-grade neuroinflammation, peripheral dyscytokinemia, and altered microglial activation 
states. When managing high-risk systemic interventions like CAR T-cell therapy, these baseline neuroimmune differences 
could impact the severity and progression of Cytokine Release Syndrome (CRS) and Immune Effector Cell-Associated 
Neurotoxicity Syndrome (ICANS).

This first-in-human Phase I trial investigates the safety, mechanical reprogramming, and clinical efficacy of CRISPR-Cas9-
engineered MAP4K1-knockout anti-CD19 CAR T-cells (MAP4K1-KO-CAR-T19) in adults with relapsed or refractory B-ALL. 
We thoroughly evaluate the structural transition toward the \text{T}_{\text{SCM}} phenotype, detail the molecular 
impacts on downstream transcription networks, and map out the specific neuroinflammatory trajectories and safe 
precision management patterns within a subset of neurodivergent patients [13-15].

Materials and Methods
Study Design, Regulatory Compliance, and Patient Eligibility
This clinical trial was designed as an investigator-initiated, single-center, open-label, Phase I dose-escalation study. The 
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clinical protocol received approval from the Institutional Review Board (IRB) and the National Committee for Biosafety, 
operating under full adherence to the principles outlined in the Declaration of Helsinki, the International Council for 
Harmonisation Good Clinical Practice (ICH-GCP) guidelines, and regional cell-therapy production statutes.

Eligible participants included adult patients aged 18 to 65 years with morphologically and immunophenotypically 
documented CD19⁺ B-cell acute lymphoblastic leukemia meeting strict relapsed or refractory criteria, defined as:
•	 Primary induction failure after \ge 2 cycles of intensive standard chemo-regimens.
•	 First hematological relapse with a duration of first remission lasting less than 12 months.
•	 Disease recurrence following autologous or allogeneic hematopoietic stem cell transplantation (allo-HSCT).

Patients with active, uncontrolled systemic infections or acute, high-grade graft-versus-host disease (GvHD) were 
excluded. A pre-planned exploratory sub-cohort was established to prospectively enroll individuals with a formal, 
documented history of neurodivergence—specifically autism spectrum disorder (ASD) or Attention-Deficit/Hyperactivity 
Disorder (ADHD)—diagnosed by an independent clinical panel according to the Diagnostic and Statistical Manual of 
Mental Disorders, Fifth Edition (DSM-5) criteria.

Isolation, Ex Vivo Activation, and Lentiviral Transduction
Autologous peripheral blood mononuclear cells (PBMCs) were collected via a standardized leukapheresis procedure 
using a Spectra Optia apheresis system. The collected cell mass was processed within closed, clinical-grade cassette 
frameworks using density gradient centrifugation. \text{CD3}^+ T-lymphocytes were enriched via negative magnetic 
selection. The isolated cells were cultured in clinical-grade serum-free X-VIVO 15 expansion medium supplemented with 
5\% human AB serum, recombinant human IL-7 (10\text{ ng/mL}), and recombinant human IL-15 (10\text{ ng/mL}). 
Primary T-cell activation was initiated using clinical-grade anti-CD3/anti-CD28 magnetic beads at a strict 1:1 cell-to-bead 
ratio for 24 hours.

Lentiviral transduction was conducted using a clinical-grade, self-inactivating, second-generation lentiviral vector 
encoding an optimized second-generation anti-CD19 Chimeric Antigen Receptor sequence. This construct features:
•	 An anti-CD19 scFv binding domain derived from the FMC63 monoclonal antibody clone.
•	 A human \text{CD8}\alpha hinge and transmembrane spacer domain.
•	 An intracellular co-stimulatory domain derived from 4-1BB (CD137).
•	 A terminal \text{CD3}\zeta cytosolic activation cascade domain.
•	 Transduction was performed within an automated CliniMACS Prodigy bioreactor system at a pre-set multiplicity of 

infection (MOI) of 5.0, utilizing polybrene-free transduction enhancers.

Multiplex Crispr-Cas9 Ribonucleoprotein (Rnp) Mediated Gene Editing
Precisely 24 hours post lentiviral transduction, the activated and transduced cell populations underwent automated 
magnetic separation to remove the anti-CD3/anti-CD28 coupling beads. To achieve efficient targeted disruption of the 
human MAP4K1 locus (GenBank Accession: NM_007181.5), a specific single-guide RNA (sgRNA) was synthesized to 
target a critical region within Exon 2:\text{5’ GTCGCCGATGTACTCGTCCG3’}

The sgRNA was complexed with clinical-grade recombinant Streptococcus pyogenes Cas9 protein containing nuclear 
localization signals (NLS) at a 2:1 molar ratio. This was incubated for 20 minutes at room temperature to form stable 
ribonucleoprotein (RNP) complexes.

The cell product was resuspended in MaxCyte electroporation buffer at a concentration of 2 \times 10^7\text{ cells/
mL}. Electroporation was carried out using a clinical-grade MaxCyte GT bioreactor system on a dedicated optimization 
program. Following electroporation, cells were transferred to warm culture medium and expanded for an additional 9 to 
11 days under continuous monitoring within the closed bioreactor framework.

In Vitro Quality Control, Knockout Verification, and Phenotypic Characterization
Prior to clinical infusion, each manufactured lot underwent automated release testing. The percentage of insertion-
deletion (indel) mutations within Exon 2 of the MAP4K1 locus was calculated using genomic DNA extracted from 
cellular aliquots, followed by targeted deep Next-Generation Sequencing (NGS) and Analysis of Sequence Mutations 
(SANGER/SABR calculation). Residual MAP4K1 protein expression was quantified via automated capillary Western blot 
immunoassay against an internal beta-actin loading control.

Advanced immunophenotyping was conducted using a validated 14-color flow cytometry panel. Cells were labeled with 
fluorochrome-conjugated antibodies against:
•	 CD3, CD4, CD8
•	 CD45RA, CD62L, CCR7, CD95 (to define memory subsets)
•	 PD-1, TIM-3, LAG-3 (to monitor exhaustion profiles)

The anti-CD19 CAR expression density was detected using a biotinylated recombinant human CD19 Fc-fusion protein 
followed by staining with PE-conjugated streptavidin. Metabolic profiling was performed using a Seahorse XFe96 
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Extracellular Flux Analyzer. Infusion-ready cells were seeded onto specialized microplates to record the baseline Oxygen 
Consumption Rate (OCR) and Extracellular Acidification Rate (ECAR) during sequential injections of Oligomycin (1.5\
text{ }\mu\text{M}), FCCP (1.0\text{ }\mu\text{M}), and Antimycin A/Rotenone (0.5\text{ }\mu\text{M}), establishing 
absolute Spare Respiratory Capacity (SRC) gradients.

Multi-Cohort Dose Escalation, Lymphodepletion, and Infusion Protocols
The clinical management of patients followed a classic 3+3 design matrix across three distinct dose cohorts to establish 
safety and determine the Maximum Tolerated Dose (MTD):
•	 Cohort 1: 0.5 \times 10^6\text{ viable CAR}^+\text{ cells/kg} body weight (n=3)
•	 Cohort 2: 1.0 \times 10^6\text{ viable CAR}^+\text{ cells/kg} body weight (n=6, expanded cohort)
•	 Cohort 3: 2.0 \times 10^6\text{ viable CAR}^+\text{ cells/kg} body weight (n=6, expanded cohort)

Prior to cell delivery, all patients received a lymphodepleting chemotherapy regimen consisting of Fludarabine (30\
text{ mg/m}^2\text{/day}) and Cyclophosphamide (300\text{ mg/m}^2\text{/day}) administered intravenously for 
3 consecutive days (Days -4, -3, and -2). Following a 48-hour rest window, the cryopreserved MAP4K1-KO-CAR-T19 
product was thawed at the bedside in a 37^\circ\text{C} water bath and administered as a single intravenous infusion 
over 15–20 minutes on Day 0.

Clinical Assessment, Response Criteria, and Pharmacokinetics
Patients remained hospitalized for continuous safety monitoring for at least 28 days post-infusion. Clinical responses 
were assessed at Day 30, Day 90, and every 3 months thereafter using bone marrow aspirate examinations. Disease 
response was classified according to the standard guidelines of the International Working Group (IWG) for Acute 
Leukemia. Minimal Residual Disease (MRD) status was monitored using 8-color high-sensitivity flow cytometry 
(sensitivity threshold: 10^{-4}) and high-throughput sequencing of the rearranged V(D)J immunoglobulin heavy chain 
(IGH) locus (sensitivity threshold: 10^{-6}). In vivo pharmacokinetic expansion profiles were tracked using longitudinal 
peripheral blood collections on Days 1, 3, 5, 7, 10, 14, 21, and 28, followed by monthly sampling. Quantitative real-time 
polymerase chain reaction (qPCR) assays targeted the specific CAR sequence construct:\text{Copies/}\mu\text{g of 
extracted genomic DNA}

Toxicities, CRS/ICANS Grading, and Neuroimmune Sampling
Systemic toxicities, including Cytokine Release Syndrome (CRS) and Immune Effector Cell-Associated Neurotoxicity 
Syndrome (ICANS), were graded daily according to the American Society for Transplantation and Cellular Therapy 
(ASTCT) consensus scoring system. Neurological assessments were conducted every 12 hours using the Immune 
Effector Cell-Associated Encephalopathy (ICE) screening tool.

Paired peripheral blood and cerebrospinal fluid (CSF) samples were collected at baseline (Day -5) and during the peak 
of systemic clinical expansion (Day 10 \pm 2). For patients exhibiting neurological changes, diagnostic lumbar punctures 
were performed within 6 hours of symptom onset. CSF and serum supernatant fractions were isolated via low-speed 
refrigeration centrifugation and evaluated using a high-sensitivity multiplex Luminex discovery panel to quantify key 
analytes:\text{IL-6, TNF-}\alpha\text{, IFN-}\gamma\text{, IL-10, IL-2, and MCP-1}

Central nervous system (CNS) structural changes and neuroinflammatory dynamics were evaluated using high-
resolution, contrast-enhanced 3T Cranial Magnetic Resonance Imaging (MRI) protocols performed at baseline, during 
acute neurotoxic events, and on Day 28 post-infusion.

Results
Gene-Editing Efficiency and Cellular Yields
The integration of automated lentiviral transduction and CRISPR electroporation reliably yielded clinical-grade cellular 
products for all 15 enrolled patients. Targeted deep amplicon sequencing across the Exon 2 target site revealed a 
mean framework MAP4K1 gene disruption rate of 88.4\% \pm 4.2\% (range: 81.2\% to 94.6\%). This high rate of 
gene disruption successfully eliminated functional protein expression, as confirmed by Western blot analysis (>90\% 
reduction in full-length kinase levels).The mean lentiviral transduction efficiency of the anti-CD19 CAR construct was 
54.1\% \pm 6.8\%. Viability at the final formulation stage remained high at 92.7\% \pm 2.4\%, and final cell products 
met all regulatory criteria for sterility and endotoxin levels.

Phenotypic Skewing and Metabolic Reprogramming
Flow cytometric evaluation of the final MAP4K1-KO-CAR-T19 products showed significant phenotypic differences 
compared to historical cohorts manufactured using conventional methods. Knockout of MAP4K1 consistently preserved 
a less-differentiated cellular state.

The stem-like memory T-cell fraction (\text{T}_{\text{SCM}}, defined as \text{CD3}^+\text{CD8}^+\text{CD45RA}^+\
text{CD62L}^+\text{CCR7}^+\text{CD95}^+) accounted for 42.6\% \pm 5.1\% of the final \text{CD8}^+ population, 
a significant enrichment compared to the 8.3\% \pm 2.1\% observed in unedited standard CAR T-cell products (p < 
0.001). Additionally, edited cells retained lower surface levels of exhaustion markers (PD-1, TIM-3, LAG-3) following 
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repeated in vitro stimulation with \text{CD19}^+ target cells.

Metabolic profiling via the Seahorse XFe96 platform confirmed that this phenotypic preservation correlated with enhanced 
metabolic fitness. MAP4K1-KO cells showed a distinct shift toward oxidative phosphorylation over standard glycolysis, 
with significantly increased mitochondrial spare respiratory capacity (345 \pm 28\text{ pmol/min} vs. 112 \pm 14\text{ 
pmol/min} in controls; p < 0.001). This metabolic profile supports long-term survival and persistent function within the 
tumor microenvironment.

Efficacy and in Vivo Kinetics
Clinical outcomes were evaluated across all 15 patients over a median follow-up period of 18.4 months. The overall 
objective response rate (ORR) at Day 30 post-infusion reached 93.3\% (n=14/15). A total of 13 patients (86.7\%) 
achieved a minimal residual disease-negative complete remission (MRD⁻ CR), as determined by both high-resolution 
flow cytometry and deep IGH sequencing. One patient achieved a complete remission but remained MRD-positive, while 
one patient in the lowest dose cohort showed no response.

In vivo kinetic tracking demonstrated robust cellular expansion across all dose cohorts. Peak peripheral blood 
concentrations (C_{\text{max}}) were achieved between Days 10 and 14 post-infusions. A clear dose-dependent 
relationship was observed for both peak expansion and long-term persistence
•	 Cohort 1 (0.5 \times 10^6 cells/kg): Mean C_{\text{max}} = 42,300 \pm 8,400\text{ copies/}\mu\text{g 

DNA}; cells remained detectable for a median of 4.2 months.
•	 Cohort 2 (1.0 \times 10^6 cells/kg): Mean C_{\text{max}} = 168,400 \pm 19,500\text{ copies/}\mu\text{g 

DNA}; cells remained detectable for a median of 11.8 months.
•	 Cohort 3 (2.0 \times 10^6 cells/kg): Mean C_{\text{max}} = 248,900 \pm 31,200\text{ copies/}\mu\text{g 

DNA}; cells remained detectable for a median of 15.6 months.

At the 12-month follow-up mark, 80.0\% (n=12/15) of the total patient cohort maintained persistent CAR-T cell detection. 
This sustained persistence correlated with ongoing B-cell aplasia and durable, continuous clinical remissions.

General Safety, Adverse Events, and MTD Determination
The safety profile of the MAP4K1-KO-CAR-T19 product was acceptable and manageable within established clinical 
protocols. No dose-limiting toxicities (DLTs) were encountered in Cohorts 1 or 2. In Cohort 3 (2.0 \times 10^6\text{ 
cells/kg}), one patient experienced transient Grade 3 renal failure concurrent with high-grade fever, which resolved fully 
with supportive care. The Maximum Tolerated Dose (MTD) was not exceeded up to the highest planned dose of 2.0 \
times 10^6\text{ cells/kg}. Consequently, 1.0-2.0 \times 10^6\text{ cells/kg} was established as the recommended 
phase II dose framework.

Cytokine Release Syndrome (CRS) occurred in 12 out of 15 patients (80.0\%). The majority of events were Grade 1 or 
2. Severe CRS (Grade 3) occurred in 2 patients (13.3\%), characterized by persistent high fevers and hemodynamic 
instability requiring low-dose vasopressor support. These events were managed successfully with tocilizumab (mean: 
1.5 doses) and short courses of intravenous dexamethasone (10\text{ mg} every 12 hours). All CRS cases resolved 
completely, with a median time to resolution of 5 days (range: 3 to 9 days).

Detailed Characterization of Icans and Neurotoxicity Profiles
Immune Effector Cell-Associated Neurotoxicity Syndrome (ICANS) was observed in 5 out of 15 patients (33.3\%) 
across the entire study population. The clinical presentation of neurotoxicity was characterized by a typical progression 
sequence:
•	 Initial manifestations presented as mild cognitive slowing, writing impairments (demonstrated via daily handwriting 

tests), and fine motor tremors.
•	 Progressive cases developed expressive dysphasia, transient confusion, and calculation deficits.
•	 No patients developed severe somnolence, generalized seizures, motor deficits, or signs of elevated intracranial 

pressure.

Severe neurotoxicity (Grade \ge 3) was not observed. All reported ICANS cases were classified as Grade 1 (n=3) or 
Grade 2 (n=2). The median onset of neurotoxic symptoms occurred on Day 7 post-infusion (range: Day 3 to Day 11), 
aligning with the timing of peak systemic cytokine release and cellular expansion in the peripheral blood. Management 
of Grade 2 ICANS relied on early initiation of intravenous dexamethasone (10\text{ mg} every 8 hours), followed by a 
taper upon clinical improvement. The median duration of neurotoxic symptoms was 4 days (range: 2 to 7 days), and all 
patients achieved full neurological recovery without permanent residual deficits.

Clinical and Neuroimmune Analysis in Neurodivergent Patients
The exploratory sub-cohort included four patients with established neurodivergent conditions: two individuals with high-
functioning autism spectrum disorder (ASD) and two individuals with Attention-Deficit/Hyperactivity Disorder (ADHD). 
This group was analyzed separately to evaluate potential interactions between baseline neuroimmune profiles and CAR 
T-cell-induced neurotoxicity.
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Baseline Inflammatory Milieu
Prior to lymphodepletion (Day -5), neurodivergent patients exhibited elevated baseline inflammatory markers in the 
cerebrospinal fluid compared to neurotypical controls. Baseline CSF IL-6 levels were significantly higher (8.4 \pm 1.6\
text{ pg/mL} vs. 1.9 \pm 0.4\text{ pg/mL} in neurotypical controls; p < 0.01).

Additionally, soluble Triggering Receptor Expressed on Myeloid Cells 2 (sTREM2)—a key marker of microglial activation—
was elevated at baseline (28.4 \pm 3.1\text{ ng/mL} vs. 12.1 \pm 1.8\text{ ng/mL}; p < 0.01). Baseline systemic 
(serum) cytokine levels, however, did not differ significantly between the two groups.

Altered ICANS Presentation Kinetics
Following the infusion of MAP4K1-KO-CAR-T19 cells, neurodivergent patients experienced an earlier onset of initial 
neurotoxic symptoms, presenting at Day 4 \pm 1 post-infusion compared to Day 7 \pm 2 in the neurotypical cohort 
(p < 0.01). The initial clinical signs in this sub-cohort primarily manifested as increased psychomotor agitation, acute 
sensory hypersensitivity, and transient changes in baseline communication patterns, which preceded typical writing or 
calculation deficits.

Peak Toxicities, Biomarkers, and Neuroimaging
Despite the earlier onset and alternative initial presentation of symptoms, the neurodivergent sub-cohort did not 
experience an increase in peak toxicity severity. Maximum ICANS presentation remained low-grade (Grade 1 or 2), with 
no cases of Grade \ge 3 neurotoxicity reported. Peak concentrations of toxic cross-over cytokines (IL-6, TNF-\alpha, 
and IFN-\gamma) measured in the CSF during peak clinical expansion (Days 10–12) were comparable between the two 
groups. For example, peak CSF IL-6 reached 142.5 \pm 22.8\text{ pg/mL} in neurodivergent patients versus 135.4 \
pm 18.2\text{ pg/mL} in neurotypical controls (p = 0.64). Furthermore, markers of structural astrocytic injury (GFAP) 
remained low in both groups, and serial contrast-enhanced cranial MRIs showed no evidence of structural blood-brain 
barrier disruption or cerebral edema. All neurotoxic signs and elevated CSF biomarkers resolved completely and returned 
to baseline tracking ranges by Day 28.

Discussion
The clinical and analytical outcomes of this first-in-human Phase I trial demonstrate that targeted disruption of the 
MAP4K1 locus using CRISPR-Cas9 RNPs represents a viable and highly effective method for improving the therapeutic 
fitness of adoptive cellular products. By removing this internal signaling brake, the engineered CAR T-cells are protected 
against the chronic down-regulation typically caused by the SLP-76 and LAT phosphorylation loops.

This systematic preservation of proximal signal transduction prevents the downstream transcriptional exhaustion 
networks that frequently compromise conventional second-generation CAR structures. The marked enrichment of the \
text{T}_{\text{SCM}} phenotype in the final product provides a plausible explanation for the strong in vivo expansion 
and long-term functional persistence observed up to 18 months, addressing a primary cause of relapse in adult B-ALL 
patients.

Importantly, the removal of this negative regulator did not lead to autonomous, antigen-independent cellular proliferation 
or excessive systemic toxicity. The incidence, clinical severity, and kinetics of Cytokine Release Syndrome (CRS) remained 
within historical ranges reported for conventional anti-CD19 CAR structures.

The dose-escalation data indicate that the increased metabolic and proliferative capacity of MAP4K1-knockout cells 
enhances anti-tumor efficacy at lower absolute dose levels without causing severe, unmanageable hyper-inflammatory 
responses. This suggests that cell intrinsic programming can improve the therapeutic window of cellular therapies.

Our exploratory analysis also provides clinical insights into the safety and management of advanced immunotherapies 
in neurodivergent populations. The elevated baseline levels of CSF IL-6 and sTREM2 observed in patients with pre-
existing diagnoses of ASD and ADHD support neurobiological models describing altered microglial priming and low-
grade baseline neuroinflammation in these conditions [20,21]. When exposed to systemic inflammatory signals during 
CAR T-cell expansion, these primed central networks respond more rapidly, explaining the accelerated onset of low-
grade ICANS symptoms and distinct early clinical presentations (such as sensory hypersensitivity and psychomotor 
changes) observed in this sub-cohort.

However, because this early response did not translate into higher peak cytokine levels, structural brain changes, or 
severe clinical neurotoxicity, our data indicate that baseline neurodivergence does not increase the risk of severe or 
irreversible neurological complications. With tailored monitoring strategies that account for baseline behavioral and 
communication profiles, neurodivergent patients can safely receive advanced genome-edited cellular therapies [16-19].

Conclusions
In conclusion, CRISPR-Cas9-mediated disruption of the MAP4K1 gene successfully reconfigures anti-CD19 CAR T-cells 
into a highly fit, stem-like memory (\text{T}_{\text{SCM}}) phenotype. This phenotypic and metabolic reprogramming 
translates into high rates of durable, MRD-negative complete remission in adult patients with relapsed or refractory B-ALL. 
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Additionally, this trial demonstrates that while neurodivergent patients present with distinct baseline neuroinflammatory 
markers that alter the kinetics and clinical presentation of early neurotoxicity, they can be treated safely without an 
increased risk of severe, high-grade ICANS or structural neurological injury. These findings support the continued 
development of targeted gene-editing strategies to optimize immunotherapy outcomes across diverse patient populations.
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