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            Abstract
B cell progenitor acute lymphoblastic leukemia (B-ALL) treatment has been revolutionized by T cell-based immunotherapiesâ€”including chimeric antigen receptor T cell therapy (CAR-T) and the bispecific T cell engager therapeutic, blinatumomabâ€”targeting surface glycoprotein CD19. Unfortunately, many patients with B-ALL will fail immunotherapy due to â€˜antigen escapeâ€™â€”the loss or absence of leukemic CD19 targeted by anti-leukemic T cells. In the present study, we utilized a genome-wide CRISPRâ€“Cas9 screening approach to identify modulators of CD19 abundance on human B-ALL blasts. These studies identified a critical role for the transcriptional activator ZNF143 in CD19 promoter activation. Conversely, the RNA-binding protein, NUDT21, limited expression of CD19 by regulating CD19 messenger RNA polyadenylation and stability. NUDT21 deletion in B-ALL cells increased the expression of CD19 and the sensitivity to CD19-specific CAR-T and blinatumomab. In human B-ALL patients treated with CAR-T and blinatumomab, upregulation of NUDT21 mRNA coincided with CD19 loss at disease relapse. Together, these studies identify new CD19 modulators in human B-ALL.
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                    Fig. 1: Genome-wide CRISPR screen identifies CD19 regulators in human B cell malignancies.[image: ]


Fig. 2: ZNF143 directly binds the CD19 locus and activates gene expression.[image: ]


Fig. 3: NUDT21 is highly expressed in human B cell progenitors.[image: ]


Fig. 4: NUDT21 directly represses CD19 mRNA stability and protein expression.[image: ]


Fig. 5: NUDT21 alters CD19-directed CAR-T cells and BiTE treatment responsiveness.[image: ]
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Extended data

Extended Data Fig. 1 Identifying CD19 regulatory pathways in human B cell malignancies.
(a) Schematic of pooled genome-wide CRISPR screens across human B-cell lines. (b) Representative flow cytometry of CD19 separation for CRISPR screening approached in Cas9+ human B cell line, NALM6, transduced with Brunello sgRNA library following 12 days culture. (c-d) Scatterplot showing CD19 score for individual gene candidates for CD19 activators and CD19 repressors comparing (c) human B-cell progenitor acute lymphoblastic leukemia (BCP-ALL) cell lines (Reh, 697 and NALM6) and (d) mature B cell (TMD8 and HG3) lines. (e) Waterfall plot showing the average CD19 CRISPR z-score of top gene candidates for CD19 activators (blue) and CD19 repressors (red) in human mature B cell neoplastic lines (HG3 and TMD8). (f) Histogram showing sgRNA fold change for individual sgRNAs targeting top gene candidates for CD19 activators (blue) and CD19 repressors (red) in mature B cell (HG3 and TMD8) lines. (g) Schematic of genes involved in regulation of CD19 antigen expression in B-cell malignancies.


Extended Data Fig. 2 ZNF143 ablation alters CD19 mRNA expression independent on chromatin looping.
(a) Immunoblot analysis of ZNF143 and Actin in NALM6 cells expressing sgROSA or sgZNF143#1 for seven days. (b-c) Protein sizes indicated (b) CD19 scores for individual sgRNAs spanning the CD19 and (c) CD81 locus in NALM6 domain screen. (d) Volcano plots of intra-TAD activity comparing sgROSA and sgZNF143 expressing cell line, Reh, 697 and NALM6 (two-sided t-test followed by false discovery rate (FDR) correction. FDR < 0.01 cutoff). (e) Virtual 4C analysis of CD19 promoter viewpoint generated from Hi-C data of Reh, 697 and NALM6 expressing sgROSA and sgZNF143.
Source data


Extended Data Fig. 3 NUDT21 is co-expressed with CD19 mRNA across healthy and B-ALL bone marrow cells.
(a) Heatmap representation of cell type (row) z-score normalization of UMI counts for each individual CD19 candidate using healthy bone marrow scRNA-seq data. Genes ranked in descending order or individual candidate z-score across Prog_B 2 column. (b) UMAP representation of NUDT21 and CD19 mRNA expression as measured by log normalized UMI counts. (c) Scatterplot showing correlation between NUDT21 and CD19 mRNA levels (UMI count) across Prog_B 1, Prog_B 2, NaÃ¯ve B and Memory B cells in healthy bone marrow scRNA-seq data. r- and p-values calculated on the basis of Pearsonâ€™s correlation.


Extended Data Fig. 4 NUDT21 represses CD19 expression and survival in human and murine B cell progenitors.
(a) Immunoblot analysis of CD19, NUDT21 and b-Actin in NALM6 cells expressing sgROSA or sgNUDT21#1 for seven days. Protein sizes indicated. CD19 levels normalized to Actin by densitometry. (b) Histogram of mCherry+ percentages normalized to Day 3 mCherry+ percentage across multiple cell lines (independent experiments with n = 3, unpaired two-sided t-test, mean and standard error shown). Data with statistical significance are as indicated, ****p<0.0001, ***p<0.001. (c) Representative flow cytometry of CD19 expression in NALM6 cells expressing MSCV-IRES-GFP (pMIG), pMSCV-NUDT21sgRes-IRES-GFP, sgROSA and/or sgNUDT21#1. (d) CD19-APC mean fluorescence intensity and (e) percentage GFP+mCherry+ cells comparing Day 11 to Day 6 post-transduction normalized to pMIG;sgROSA-expressing cells (independent experiments with n = 3, unpaired two-sided t-test, mean and standard error shown, error bars represent s.e.m). (f) Immunoblot analysis of Nudt21 and beta-Actin whole lysate levels in ROSA26-(CreERT2+);Nudt21fl/fl cells following five days of vehicle or 4-OHT treatment in vitro. (g) Kinetic summary of CD19 mean fluorescence intensity levels across CreERT2+;Nudt21fl/fl or CreERT2+;Nudt21+/+ over 12 days culture period. 4-OHT values normalized to vehicle control treatment. Five days of vehicle or 4-OHT treatment (day 0 â€“ day 5). Two independent cell lines per genotype, each performed in three independent experiments (n = 6 total) (unpaired two-sided t-test, mean and standard error shown, error bars represent s.e.m). (h) Representative flow cytometry of CD19 expression at day seven culture following five days vehicle or 4-OHT treatment (day 0 â€“ day 5) in CreERT2+;Nudt21fl/fl cells. (i) Kinetic summary of percentage of viable (DAPIâˆ’) GFP+ cells for CreERT2+;Nudt21fl/fl or CreERT2+;Nudt21+/+ over 12 days culture period. 4-OHT values normalized to vehicle control treatment. Five days of vehicle or 4-OHT treatment (day 0 â€“ day 5). Two independent cell lines per genotype, each performed in three independent experiments (n = 6 total) (unpaired two-sided t-test, mean and standard error shown, error bars represent s.e.m).
Source data


Extended Data Fig. 5 NUDT21 directly regulates CD19 mRNA 3â€² UTR length.
(a) CD19 scores for individual sgRNAs spanning the NUDT21 locus in NALM6 domain screen. (b) eCLIP read tracks spanning the CD19 locus in Reh, 697 and TMD8 cells. PureCLIP significant peak signals shown. (c) Pie-chart highlighting genomic distribution of eCLIP peaks shared by BCP-ALL cell lines. (d) MACE-seq reads for NALM6 and (e) log fold-change read counts of the terminal coding exon 14 and 3-UTR junction (intron removed) in 697 and Reh cells comparing sgNUDT21#1 to sgROSA. (f) Sashimi plot of exon-exon junctions across the CD19 locus in Reh, 697 and NALM6 cells. Bulk RNA-seq experiment performed in technical duplicate.


Extended Data Fig. 6 On-chip measurement of CAR-T killing efficacy and synapse formation and CD19-directed therapy challenge ex vivo.
(a) The experimental workflow of on-chip measurement of CAR-T killing efficacy and synapse formation capability using a 3D microfluidic HUVEC vascularized model. (b) On-chip measurement of the frequency of synapse formation between T-cells and sgRNA-expressing BCP-ALL (independent experiments with n = 4, unpaired two-sided t-test, mean and standard error shown, error bars represent s.e.m). (c-d) Representative flow cytometry of (c) blinatumomab and (d) TRAC CD19 CAR treatment following 24 hours of co-culture with sgRNA-expressing (mCherry+) BCP-ALL. Countbright beads indicated by APC-Cy7.
Source data


Extended Data Fig. 7 Single cell identification of BCP-ALL CD34-expressing cluster throughout primary human BCP-ALL CAR-T therapy.
(a) UMAP representation of primary BCP-ALL patient single cell dataset generated by Rabilloud et al. highlighting CD19dim and CD19pos cell clusters pre (T1) and post (T2) CAR-T cell therapy, with sample cluster CD19 and CD34 mRNA levels indicated. (b) Dot plot representation of cluster-specific mRNA expression levels from BCP-ALL CAR-T patient single cell data.





Supplementary information
Reporting Summary

Supplementary Tables
Supplementary Tables 1â€“10.





Source data
Source Data Fig. 2
Statistical source data.


Source Data Fig. 3
Unprocessed immunobot.


Source Data Fig. 4
Statistical source data.


Source Data Fig. 5
Statistical source data.


Source Data Extended Data Fig. 2
Unprocessed immunoblot.


Source Data Extended Data Fig. 4
Unprocessed immunobot.


Source Data Extended Data Fig. 4
Statistical source data.


Source Data Extended Data Fig. 6
Statistical source data.
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