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PAX5 epigenetically orchestrates CD58 transcription
and modulates blinatumomab response in acute
lymphoblastic leukemia
Yizhen Li1, Takaya Moriyama1, Satoshi Yoshimura1, Xujie Zhao1, Zhenhua Li1, Xu Yang2,
Elisabeth Paietta3, Mark R. Litzow4, Marina Konopleva5, Jiyang Yu2, Hiroto Inaba6,
Raul C. Ribeiro6, Ching-Hon Pui6, Jun J. Yang1*

Blinatumomab is an efficacious immunotherapeutic agent in B cell acute lymphoblastic leukemia (B-ALL).
However, the pharmacogenomic basis of leukemia response to blinatumomab is unclear. Using genome-
wide CRISPR, we comprehensively identified leukemia intrinsic factors of blinatumomab sensitivity, i.e., the
loss of CD58 as a top driver for resistance, in addition to CD19. Screening 1639 transcription factor genes, we
then identified PAX5 as the key activator of CD58. ALL with the PAX5 P80R mutation also expressed the lowest
level of CD58 among 20 ALL molecular subtypes in 1988 patients. Genome editing confirmed the effects of this
mutation on CD58 expression and blinatumomab sensitivity in B-ALL, with validation in patient leukemic blasts.
We described a PAX5-driven enhancer at the CD58 locus, which was disrupted by PAX5 P80R, and the loss of
CD58 abolished blinatumomab-induced T cell activation with global changes in transcriptomic/epigenomic
program. In conclusion, we identified previously unidentified genetic mechanisms of blinatumomab resistance
in B-ALL, suggesting strategies for genomics-guided treatment individualization.
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INTRODUCTION
Blinatumomab is a bispecific molecule that engages CD3+ T cells
with CD19-expressing malignant B cells, thus inducing tumor
lysis by T cell immune response (1, 2). This direct coupling can
rapidly activate T cell receptor (TCR) signaling and initiates a poly-
clonal T cell response, circumventing major histocompatibility
complex restriction and TCR epitope selectivity, which are other-
wise required for the development of tumor-specific cytotoxic T
cells (3, 4). In pediatric and adult B cell acute lymphoblastic leuke-
mia (B-ALL), blinatumomab exhibited remarkable efficacy even in
patients with relapsed or refractory diseases (1, 5–10). For example,
a recent Children’s Oncology Group randomized trial of 208 chil-
dren with relapsed B-ALL showed that two cycles of blinatumomab
immediately after chemotherapy-based induction therapy produced
a 2-year disease-free survival of 54.4% compared to 39.0% in those
receiving conventional chemotherapy as consolidation therapy. The
first cycle of blinatumomab induced minimal residual disease
(MRD)–negative remission in 75% of the patients, whereas conven-
tional consolidation chemotherapy achieved MRD-negative status
in only 32% of the patients (5). Blinatumomab also improved the
outcome of patients with refractory disease and positive MRD
after intensive remission induction treatment, prompting the
recent expansion of blinatumomab indication to MRD+ ALL (11–
14). In adult ALL, several groups have now explored blinatumomab-
based combination or sequential therapies with other targeted

agents (15–17). For example, a chemotherapy-free regimen featur-
ing up to five cycles of blinatumomab plus daily ponatinib produced
a 1-year overall survival rate of 94% in adults with breakpoint cluster
region-Abelson (BCR-ABL1) ALL (18). These paradigm-shifting
treatment regimens represent prototypes of “chemo-free” therapy
for ALL, pointing to blinatumomab as a potentially critical compo-
nent of the next generation of ALL therapy in the near future.

While large frontline ALL trials of blinatumomab are lacking,
existing data strongly indicate substantial interpatient variability
in response and toxicities. Complete remission rate ranges from
36 to 66%, depending on the regimen used (the number of cycles,
timing, and concomitant antileukemic agents) and patient charac-
teristics (age and ALL subtype) (19–22). Moreover, the duration of
remission varies among trials, with a notableproportion of patients
experiencing relapse or progressive disease following blinatumo-
mab treatment, raising concerns about acquired drug resistance.
For patients relapsed on blinatumomab, it is estimated that 36.4%
is due to the loss of CD19 antigen on B-ALL blasts as a result of
nonsense or frameshift mutations or genomics aberrations affecting
alternative splicing at the CD19 locus (23). Mechanisms of resis-
tance in CD19+ relapse remain largely unclear, although many hy-
potheses have been proposed, including T cell exhaustion, CD19
trafficking, and adaptive immune escape Programmed Cell Death
Protein 1 (PD-1)- or Programmed Cell Death Ligand 1 (PD-L1)–
mediated] (3, 24–26). With the growing usage of blinatumomab
therapy, it is imperative to identify molecular determinants of
drug response and develop strategies to forestall the emergence of
resistance.

In this study, we performed a genome-wide CRISPR screen to
systematically characterize leukemia intrinsic drivers of blinatumo-
mab resistance. Focusing on one of the top hits, namely, CD58, we
performed a series of functional studies to describe the molecular
mechanism by which CD58 regulates B-ALL sensitivity to
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blinatumomab. We identified PAX5 P80R mutation as the key leu-
kemia genomic lesion linked to CD58 down-regulation and hence
blinatumomab resistance and further elucidated the epigenomic
mechanism of Paired Box 5 (PAX5)-mediated CD58 transcription
regulation. Our study provided previously unidentified insights into
the genomic basis of blinatumomab resistance in B-ALL with po-
tential implications for individualized use of the immunotherapeu-
tic agent in lymphoid malignancies.

RESULTS
Genome-wide CRISPR screen identifies CD19, CD81, and
CD58 as top ALL intrinsic factors related to blinatumomab
resistance
To comprehensively identify genes involved in ALL responses to
blinatumomab, we performed a genome-wide CRISPR screen in
B-ALL cell line Nalm6 using a T cell coculture system. In this
assay, Nalm6 cells harboring knockout of different genes were incu-
bated with blinatumomab (1 or 100 ng/ml) in the presence of
normal T cells for 7 days. B-ALL cells that survived blinatumomab
treatment were considered as drug resistant, and we examined the
enrichment of single guide RNAs (sgRNAs) targeting specific genes
in this cell population relative to baseline (Fig. 1A). After excluding
genes essential for Nalm6 survival, we identified 61 and 18 genes
with sgRNA enriched at least twofold in blinatumomab-resistant
cells and 10 and 74 genes with sgRNA depleted at least twofold in
blinatumomab-resistant cells after exposure at 1 and 100 ng/ml, re-
spectively (Fig. 1B). Five genes were common in both conditions:
CD19, CD81, CD58, DFFA, and DFFB (Fig. 1, C and D). As expect-
ed, losing the CD19 antigen in B-ALL showed the greatest effect in
blunting blinatumomab-induced T cell cytotoxicity. CD81 is a
chaperone protein essential for CD19 surface presentation, and
loss-of-function mutations in this gene have been linked to
CD19-negative B-ALL relapse after blinatumomab therapy (25,
27). DFFA and DFFB encode proteins essential for DNA fragmen-
tation during apoptosis, but their effects on blinatumomab sensitiv-
ity were not validated in independent CRISPR experiments (fig. S1).
By contrast, CD58 is commonly expressed in malignant B cells, and
its interaction with CD2 molecules on T cells is critical for initiating
T cell immune response (28, 29). We reasoned that knocking out
CD58 was likely to disrupt B-ALL–T cell interaction, driving blina-
tumomab resistance, as observed from the CRISPR screen. There-
fore, we elected to focus on CD58 for the rest of this study to
characterize molecular details of this novel mechanism of resistance
to bispecific antibody therapy.

CD58 level in B-ALL modulates leukemia response to
blinatumomab-induced T cell cytotoxicity
To validate the genome-wide CRISPR screen results, we first gener-
ated new sgRNAs for CD58 in Nalm6 and established two single
clones with biallelic frameshift mutations at this locus and thus a
complete loss of CD58 protein (fig. S2, A and B). We also generated
isogenic Nalm6 cells with CD19 deletion as a reference (fig. S2, C
and D). Across six blinatumomab concentrations and with T cell
coculture for 24 hours, CD58KO Nalm6 cells showed minimal leu-
kemia lysis, whereas wild-type (WT) cells underwent rapid apopto-
sis in a dose-dependent fashion (Fig. 1E). Longer exposure to
blinatumomab (72 hours) resulted in greater leukemia killing (up
to 90%; fig. S3), although we also observed some evidence of T

cell exhaustion [PD1 and T-cell immunoglobulin and mucin
domain 3 (TIM3); figs. S4 and S5]. Nalm6 forms big cell clumps
with T cells under blinatumomab treatment, while CD58KO

reduces the cell clump size, indicating that CD58 influences the
physical interaction of B-ALL cells with T cells by blinatumomab
(fig. S6). The degree of blinatumomab resistance resulting from
CD58KO was only slightly lower than that seen in CD19KO Nalm6
cells. Conversely, sensitivity to blinatumomab was largely restored
when we reintroduced CD58 in the knockout Nalm6 cells by ectopic
expression (Fig. 1F and fig. S2E), confirming that drug resistance
was specifically driven by the loss of CD58. The importance of
CD58 in blinatumomab response was further validated in Nalm6
and another B-ALL cell line, 697, by using CD58 or CD2 blocking
antibody; both markedly blunted B-ALL cell response to blinatu-
momab in vitro (Fig. 1, G and H), again pointing to the CD2-
CD58 axis as a key determinant of B-ALL sensitivity to this drug.

CRISPR-Cas9 screening identified transcription factors that
regulate CD58 and CD19 expression in ALL
Next, we sought to comprehensively identify transcription factors
(TFs) that are responsible for regulating CD58 and CD19 expression
in ALL. A CRISPR-Cas9 sgRNA library was used to target 1639
human TFs, with seven sgRNAs per gene and 100 nontargeting
sgRNAs included as negative control (30). Three paralleled
screens for both CD58 and CD19 were performed in Nalm6 cells
stably expressing Cas9. Cells were transduced with lentiviral
sgRNA library at low multiplicity of infection (MOI = 0.25) and
then subjected to flow cytometry to select for the top 10% and
bottom 10% of cells with the highest and lowest CD58 or CD19 ex-
pression. sgRNAs enriched in each pool were identified by sequenc-
ing (Fig. 2A). For CD58, there were 11 TFs enriched in the low-
expression Nalm6 cell population [P < 0.05, log2 fold change
< −1, robust ranking algorithm (RRA) score < 1 × 10−8], suggesting
that these TFs are essential for CD58 transcription (Fig. 2B and table
S1). The top 10 positive regulator TFs for CD58 include RUNX1,
PAX5, and BCL11A, among others. (Fig. 2C and table S1). Con-
versely, we identified six negative regulator TFs for CD58 (sgRNA
enriched in CD58high Nalm6 cells), including CREB1, ANF148, and
SPI1, to name a few. (P < 0.05, log2 fold change > 1, RRA
score < 1 × 10−8; Fig. 2D). For CD19, CRISPR screen identified
nine positive regulator TFs, including ZBTB7A, IKZF1, and
ZNF143, among others., using the same significance and effect
size cutoffs (Fig. 2, E and F, and table S2). Negative regulator TFs
for CD19 includeKAT7, ZNF608, and BCL11A (Fig. 2, E and G, and
table S2).

Recurrent PAX5 P80R mutation in ALL leads to the loss of
CD58 expression and leukemia sensitivity to
blinatumomab
To identify genomic features associated with CD58 expression in
ALL, we examined RNA sequencing (RNA-seq)–based CD58 tran-
script quantification in 1988 children and adults with ALL repre-
senting 20 molecular subtypes (31). There is wide interpatient
variability in CD58 expression, highest in TCF3-PBX1 ALL and
lowest in ALL carrying the PAX5 P80R mutation (10.75 ± 1.08
versus 7.51 ± 0.68, respectively; Fig. 3A). ALL with PAX5 P80R mu-
tation universally loses the WT allele by copy number alteration
(31), representing biallelic loss of PAX5. Although CD19 expression
also differs by ALL subtype, it was not related to PAX5 mutation
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Fig. 1. Genome-wideCRISPRscreenidentifiesB-ALLintrinsicfactorgoverningleukemiasensitivitytoblinatumomabinvitro. (A)Nalm6-Cas9cellsweretransducedwiththehuman
Genome-Scale CRISPR Knock-Out (GeCKO) v2 pooled library with six single guide RNAs (sgRNAs) per gene and 1000 nontargeted controls with a multiplicity of infection (MOI) of 0.25.
Transduced cells were selected using puromycin, and then incubated with human CD3+ T cells as effector-to-target cell ratio (E:T) = 1:1 with blinatumomab (1 or 100 ng/ml). Cells were
collected7daysaftercoinoculation,andsgRNAswereamplifiedforsequencingwithNovaSeq. (B)TheoverlapofenrichedordepletedsgRNAsafterblinatumomabtreatmentattwodifferent
drugconcentrations. PCR,polymerasechain reaction. (CandD) ComparisonofCRISPRscreen results fromtwoconditions (1versus100ng/ml), plottedbyPvalue (C)or log2 foldchange (D).
Redandbluedots indicatepositiveandnegative regulatorsofblinatumomabsensitivity, respectively.Cell survivalessentialgeneswereexcluded.LRP8: LDLReceptorRelatedProtein8;DFFA:
DNAFragmentation Factor Subunitα;DFFB: DNAFragmentation Factor Subunitβ. (E) BlinatumomabcytotoxicityonB cell acute lymphoblastic leukemia (B-ALL) cell lineNalm6wasgreatly
diminishedbyCD58orCD19 knockout,with T cell coculture for 24hours. (F) Reintroductionof CD58expression inCD58KONalm6cells restored leukemia sensitivity toblinatumomab in the
presence of T cells. EV, empty vector. (G and H) Anti-CD2 or CD58 antibody (5 μg/ml) markedly blunted B-ALL cell lines [(G) Nalm6 and (H) 697] sensitivity to blinatumomab with T cell
coculture for 24 hours. Error bars are SDs of three biological replicates. *P < 0.05; **P < 0.01. Statistical analysis was performed by paired t test using Prism GraphPad.
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(fig. S7). PAX5 P80R mutation occurs in 2.2% of patients with ALL
and is characterized by a distinctive global expression profile as well
as the loss of the WT allele, mostly via a focal deletion at this locus
(31). To directly test the effects of this sequence variation on CD58
expression, we developed three PAX5 isogenic clones of the B-ALL
cell line 697, with WT/WT, WT/frameshift (WT/Fs), and P80R/
frameshift (P80R/Fs) genotype, respectively (fig. S8). As shown in
Fig. 3 (B and C), cells with biallelic loss of PAX5 (P80R/Fs) exhibited
the lowest CD58 expression by flow cytometry and Western blot,
80% decrease compared to 697 cells with WT PAX5 (flow cytome-
try). Cells with hemizygous PAX5 loss showed intermediate CD58
expression. When treated with blinatumomab, both WT/Fs and
P80R/Fs cells were markedly resistant to T cell–mediated lysis, com-
pared to the WT clone of the 697 cell line (Fig. 3D). By contrast,
CD19 expression did not change substantially between 697 clones
with different PAX5 genotypes, as determined by RNA-seq and flow

cytometry (fig. S9, A to C). Reintroducing CD58 by ectopic expres-
sion reversed the drug resistance phenotype in vitro (Fig. 3, E to G),
which further ruled out the influence of CD19 down-regulation in
blinatumomab resistance in this context.

To validate the influence of PAX5 P80R on blinatumomab re-
sponse in patients, we further tested a panel of ALL xenografts of
different subtypes for blinatumomab response in vitro. Patient-
derived xenografts (PDXs) of Ph-like CRLF2, ZNF384, and
PAX5alt subtypes exhibited similar sensitivity to blinatumomab,
whereas the PDX that harbors the PAX5 P80R mutation has the
lowest CD58 expression and was most resistant to this drug (Fig.
3, H to J, and fig. S9, E and F). Ectopic expression of CD58
largely restored the sensitivity of PAX5 P80R PDX to blinatumomab
(fig. S10). Last, besides Nalm6 (DUX4) and 697(TCF3-PBX1), we
also tested three other cell lines of distinctive subtypes with
varying levels of CD19 and CD58 expression, namely, REH

Fig. 2. CRISPR screen of 1639 TF genes identifies positive and negative regulators of CD58 and CD19 expression in B-ALL. (A) Nalm6-Cas9 cells were transduced
with human TF sgRNA library (1638 TFs targeted at seven sgRNAs per gene plus 100 nontargeted control sgRNAs) with an MOI = 0.25. Transduced cells were selected by
puromycin for 7 days. Cells were then stained with anti–CD58-PE or anti–CD19-PE antibodies and sorted for the top 10% and bottom 10% populations based on fluor-
escence intensity by flow cytometry. sgRNAswere amplified from genomic DNA of each cell population and sequencedwith NovaSeq. TF, transcription factor. (B) Volcano
plot shows genes that positively or negatively regulate CD58 expression [red and blue, respectively, indicating those with P < 0.05, log2 fold change (FC) > 2, and RRA
score < 1 × 10−8]. (C and D) The positive (C) or negative (D) regulators of CD58 were ranked based on the RRA score. Genes with RRA scores <1 × 10−8 were marked by
different colors. (E) Volcano plot shows genes that positively or negatively regulate CD19 expression (red and blue, respectively, indicating P < 0.05, log2 fold change > 1,
and RRA score < 1 × 10−8). (F and G) Positive (F) or negative (G) regulators of CD19 were ranked by the RRA score. Genes with RRA scores <1 × 10−8 were marked by
different colors.
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Fig. 3. PAX5 P80R mutation affects B-ALL response to blinatumomab by regulating CD58 transcription. (A) CD58 expression across 20 molecular subtypes of B-ALL
subtypes in 1988 children and adults. (B and C) CD58 expression in the isogenic B-ALL 697 cell line with different PAX5 genotypes [wild type/wild type (WT/WT), WT/
frameshifts (WT/Fs), and P80R/frameshifts (P80R/Fs)] and their differential sensitivity to blinatumomab in vitro. CD58 was detected by flow cytometry using CD58-PE
fluorescent antibody (B). PAX5 and CD58 expression were also validated by Western blotting, with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the loading
control (C). (D) 697 clones with PAX5 WT/Fs and PAX5 P80R/Fs genotype showed significantly diminished sensitivity to blinatumomab with T cell coculture. (E to G)
Reintroduction of CD58 expression in PAX5 P80R/Fs 697 cells restored sensitivity to blinatumomab. Validation of ectopic expression of CD58 in the PAX5 P80R/Fs 697
cells by flow cytometry using CD58-PE fluorescent antibody (E) and Western blotting, with GAPDH used as the internal control (F). Blinatumomab cytotoxicity in PAX5
P80R/Fs 697 cells with versus without CD58 reexpression (G). (H to J) Blinatumomab cytotoxicity in primary ALL blasts with varying levels of CD58 expression. CD58
expression was quantified by flow cytometry using CD58–fluorescein isothiocyanate (FITC) fluorescent antibody in four cases of ALL with different subtypes (Ph-
like_CRLF2, ZNF384, PAX5alt, and PAX5 P80R) (H and I). Blinatumomab cytotoxicity was lowest in patient-derived xenograft (PDX), which harbors the PAX5 P80R mutation
with the lowest CD58 expression (J). Error bars are SDs of three biological replicates. *P < 0.05; **P < 0.01. Statistical analysis was performed by paired t test using Prism
GraphPad. MFI, mean fluorescence intensity.
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(ETV6-RUNX1), RS4;11 (KMT2A-rearranged), and SUP-B15
(BCR-ABL1) (fig. S11A). SUP-B15, which has the lowest CD58 ex-
pression, was also most resistant to blinatumomab (fig. S11B).
Ectopic expression of CD58 reversed the drug resistance phenotype
of SUP-B15 in vitro (fig. S11, C and D).

PAX5-driven enhancer at the CD58 locus
To delineate the molecular mechanisms underlying the association
of PAX5 mutation with CD58 suppression in ALL, we comprehen-
sively profiled epigenomic marks within this genomic region in 697
cells with WT/Fs, P80R/Fs, and WT/WT genotypes. PAX5 chroma-
tin immunoprecipitation sequencing (ChIP-seq) identified a prom-
inent PAX5 binding site within intron 1 of the CD58 gene, and
PAX5 binding decreased in WT/Fs cells and was completely elim-
inated in the P80R/Fs clones, suggesting a loss-of-function effect of
the P80R mutation (Fig. 4, A and B). This locus was also character-
ized by H3K27ac and H3K4me3 marks as determined by histone
ChIP-seq, signifying its enhancer activity, which was lost in isogenic
cells with mutant PAX5 (Fig. 4, A and B). Consistently, Assay for
Transposase-Accessible Chromatin sequencing (ATAC)-seq profil-
ing of these samples showed a similar pattern of open chromatin
status at this locus that was PAX5 dependent (Fig. 4A). By compar-
ison, PAX5 binding was also observed in theCD19 promoter region,
but P80R mutation had only modest effects on histone modification
and chromatin accessibility (fig. S12). To validate the importance of
the intronic enhancer in regulating CD58 expression, we performed
CRISPR interference experiment in 697 cells (Fig. 4C). As shown in
Fig. 4 (C to E), blocking this genomic region by the deactivated
CRISPR associated protein 9 (dCas9)-Krüppel associated box
(KRAB)-sgRNA complex significantly down-regulated CD58 ex-
pression. We further disrupted the two consensus PAX5 motifs
within this enhancer using CRISPR editing (Fig. 4F), both of
which led to significant down-regulation of CD58 expression mea-
sured by flow cytometry (Fig. 4, F and G). Luciferase reporter assay
confirms the robust enhancer activity of this genomic fragment [595
base pairs (bp) flanking the PAX5 binding site]; the deletion of
either one of the PAX5 motifs resulted in a marked decrease in lu-
ciferase activity compared to the WT enhancer (Fig. 4H).

CD58 expression is essential for blinatumomab-induced T
cell activation and proliferation in vitro
Because CD58 interacts with CD2 to aid T cell activation, we hy-
pothesize that, in the absence of CD58, B-ALL can no longer
trigger T cell activation. T cells incubated with WT Nalm6 cells
showed a robust activation as determined by CD69 and CD25 ex-
pression, upon exposure to blinatumomab (1 ng/ml) for 2 days. By
contrast, T cell cocultured with CD58KO ALL clone showed a sub-
stantial decrease in activation (63.6 and 77.1% fold decrease of
CD69+ and CD25+ T cells), and T cell activation was completely
absent with CD19KO Nalm6 cells (Fig. 5, A and D). Blinatumomab
itself failed to activate T cells without B-ALL coculture (fig. S13).
The lack of T cell activation was consistent in both CD4+ and
CD8+ subsets (Fig. 5, B, C, E, and F). Last, we also examined T
cell proliferation upon exposure to blinatumomab and ALL cells
of different genotypes at CD58 and CD19. In the coculture assay,
both CD58KO and CD19KO ALL cells failed to induce T cell prolif-
eration by blinatumomab (1 ng/ml), whereas T cells proliferated ro-
bustly over 5 days with WT Nalm6 and blinatumomab (Fig. 5G and
fig. S14). Therefore, we conclude that leukemia expression of CD58

is essential for blinatumomab-induced T cell immune response
against B-ALL. Consistent with this, the PAX5 P80R/Fs 697 cells,
which have significantly lower levels of CD58 (Fig. 3C), have
similar defects in T cell activation (fig. S15, A to F) and proliferation
(fig. S15, G to J) compared to parental 697 cells.

To further elucidate the function of CD58 on T cell immune re-
sponse toward B-ALL, we performed RNA-seq and ATAC-seq of T
cells cocultured with parental, CD58KO, or CD19KO Nalm6 cells.
Principal components analysis (PCA) of RNA-seq data showed
that blinatumomab treatment drastically reprogramed T cell gene
expression profile in the presence of either parental or CD58KO B-
ALL cells, although with a substantial divergence between the two
groups (Fig. 5H, red versus blue squares). The loss of CD19 in B-
ALL (CD19KO Nalm6) eliminated its interaction with T cells that
consequently did not exhibit a substantial change in expression
by blinatumomab (Fig. 5H, orange circles versus squares). Compar-
ing T cells cocultured with parental versus CD58KO Nalm6 cells, we
identified 111 genes that were uniquely up-regulated by blinatumo-
mab in the former (Fig. 5I and tables S3 and S4), and these genes
were not differentially expressed without the bispecific antibody
(Fig. 5J). Gene ontology analysis of these 111 genes indicated an en-
richment of tricarboxylic acid cycle, mitochondrial membrane, and
oxidative phosphorylation (e.g.,MT-CYB,MT-ND4,MT-ND5, and
MT-ATP6; fig. S16) and in immune response and cytokine signaling
pathways (e.g., IL2RA, GZMA, IFNG, and GZMB; fig. S16). Results
from ATAC-seq of T cells largely confirmed the RNA-seq–based
findings. For example, ATAC-seq signal in the IFNG promoter
region was notablylower in T cells cocultured with CD58KO

Nalm6, compared to those with parental Nalm6 (Fig. 5K). We
also directly quantified interferon-γ (IFN-γ) level in the T cell–-
Nalm6 coculture, which was 13.88-fold higher in the parent
Nalm6 group (Fig. 5L). Analyzing single-cell RNA-seq (scRNA-
seq) data of blinatumomab-stimulated T cells (3), we observed a
much more profound transcriptomic response on the single-cell
level in T cells cocultured with ALL cells with high CD58 expression
(RS4;11) compared to that seen with ALL cells with low CD58 ex-
pression (SUP-B15) (fig. S17). Collectively, these data indicate that
the loss of CD58 reduced T cell activation.

DISCUSSION
Despite the marked activity of blinatumomab in B-ALL, drug resis-
tance occurs frequently, and the underlying mechanisms, especially
in those cases that retain CD19 expression, are unclear. In this study,
we performed a genome-wide CRISPR-Cas9 knockout screen to
comprehensively identify leukemia intrinsic factors involved in bli-
natumomab response. Focusing on one of the top hits, CD58, we
conducted a series of in vitro experiments using B-ALL cell lines
and PDX samples. Then, we systematically screened 1639 TF
genes for regulators of CD58 and CD19 expression in B-ALL.
Further analysis showed that CD58 expression in ALL with the
PAX5 P80R mutation was particularly low compared to other mo-
lecular subtypes. PAX5 regulated the expression of CD58 by mod-
ulating an intronic enhancer within this gene. Furthermore, we
showed that CD58 was essential for blinatumomab-induced T cell
activation and proliferation in vitro. These findings established the
role of CD58 in the blinatumomab-induced immune response of
effector T cells and suggested the possibility of individualizing bli-
natumomab therapy based on genomic findings in ALL cells.
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Although the work presented here largely focused on CD58, the
mechanism of blinatumomab resistance is undoubtedly multifacto-
rial and likely to involve other genes (32). For example, our CRISPR
screen at blinatumomab (100 ng/ml) yielded a relatively smaller
number of hits because of the small number of cells that survived
this level of cytotoxic pressure. Therefore, we reason that genes
identified in these conditions are likely to have strong effects on

drug resistance, and hits of moderate impact were possibly missed
by this approach.

CD58 is a cell adhesion molecule expressed on antigen-present-
ing cells (33). As the ligand of CD2 on T cells, CD58 strengthens the
adhesion between T cells and antigen-presenting cells. The interac-
tion of CD2 and CD58 is important in providing the costimulatory
signal for T cell activation, proliferation, and cytokine production
(29, 34, 35). CD58 mutations have been identified and linked to

Fig. 4. PAX5-driven enhancer activa-
tion at the CD58 locus. (A) PAX5
binding [chromatin immunoprecipita-
tion sequencing (ChIP-seq)], histone
modification (ChIP-seq), and open
chromatin status (ATAC-seq) at the CD58
locus in 697 cells with different PAX5
genotypes. ChIP-seq and ATAC-seq
signals of PAX5-edited 697 clones in
CD58 gene locus. The blue line marks
the PAX5-driven intronic enhancer. (B)
ChIP–quantitative PCR (qPCR) validation
of PAX5 binding and histone modifica-
tion at the CD58 enhancer. Cell lysates
were subjected to pull-down using re-
spective antibodies, and the enhancer
region DNA was quantified by qPCR
(primers indicated by the red line). Fold
change in the binding of PAX5,
H3K27ac, and H3K4me3 on enhancer
regions was determined by comparing
them to unenriched total input samples
(Enhancer). Primer targeting ~50-kb
upstream of CD58 transcription start site
(TSS) was used as negative control
(Negative). (C) The influence of the CD58
intronic enhancer region on CD58 ex-
pression was validated by CRISPRi assay.
Six sgRNAs localized across the CD58
intronic enhancer region were trans-
fected into 697 cells that constitutively
express dCas9-KRAB. (D and E) CD58
expression was measured by flow cy-
tometry using CD58-FITC antibody in
sgRNA-transfected (sgRNA1 + 2,
sgRNA3 + 4, and sgRNA5 + 6) or un-
transfected (697-dCas9-KRAB) cells. (F)
The influence of PAX5 binding at the
intronic enhancer on CD58 expression
was validated using CRISPR editing. Two
sgRNAs localized on each PAX5 motif
were transfected into 697 cells that
constitutively express Cas9. (G) CD58
expression was measured using flow
cytometry in sgRNA-transfected or un-
transfected cells. (H) The enhancer ac-
tivity of the genomic sequence
encompassing the PAX5 binding sites at
this locus was quantified using lucifer-
ase assay. PAX5motif was deleted in the
same construct to determine the im-
portance of PAX5 binding in enhancer
activity. Error bars are SDs of three bio-
logical replicates. ***P < 0.001. Statistical analysis was performed by Student’s t test using Prism GraphPad.
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immune resistance of B lymphocyte malignancies, including diffuse
large B cell lymphoma and Hodgkin lymphoma (29, 34, 35). This is
in line with the profound effects of CD58 on blinatumomab sensi-
tivity in B-ALL, as documented in our study. Recently, evidences
have also emerged that suggest the role of CD58 in activating chi-
meric antigen receptor (CAR) T cells targeting CD19+ B-ALL; the
knockout of CD58 in B-ALL cells decreased the response to CD19
CAR T cells (36). CD58 loss is associated with the inferior outcome

of CD19 CAR T cell therapy (37). Analyzing recently published
scRNA-seq data of blinatumomab-stimulated T cells, we observed
that high CD58 expression ALL cells showed a much more pro-
found transcriptomic response on the single-cell level when cocul-
tured with T cells compared to that seen with ALL cells with low
CD58 expression (fig. S17) (3). Together, these findings provide
previously unknown insights into the role of CD58-mediated

Fig. 5. CD58 depletion in B-ALL
abolishes T cell activation and
proliferation despite blinatumo-
mab treatment. (A to F) T cell acti-
vation was measured as % CD69
positivity by flow cytometry within
all T cells (A), CD4+ (B), and CD8+ (C) T
cells. (D to F) Similarly, CD25 posi-
tivity was measured as another
marker of T cell activation in each of
these three populations. B-ALL cells
were incubated with blinatumomab
and T cells for 2 days. Data are pre-
sented as means ± SEM. (G) Carbox-
yfluorescein diacetate succinimidyl
ester (CFSE) staining shows the pro-
liferation of T cells after 3 and 5 days
of coculture with Nalm6 and blina-
tumomab (1 ng/ml) with different
phenotypes. Cells with lower CFSE
signals represent those proliferated
upon blinatumomab treatment. (H)
Principal components analysis (PCA)
of RNA sequencing (RNA-seq) of T
cells cocultured with parental (blue),
CD58KO (red), or CD19KO (orange)
Nalm6, with (square) or without
(circle) blinatumomab. (I and J) Diff-
erential gene expression in T cells
cultured parental or CD58KO Nalm6
cells after blinatumomab treatment
(I) or exposed to vehicle control (J).
TPM, transcripts per million. (K) Open
chromatin status (ATAC-seq) and
exon expression (RNA-seq) at the
IFNG gene locus in T cells cocultured
with parental (blue) or CD58KO (red)
Nalm6 in the presence of blinatu-
momab. Each row represents an in-
dependent experiment. (L) T cell
secreted significantly higher levels of
interferon-γ (IFN-γ) when cocultured
with parental Nalm6 than with
CD58KO Nalm6, in the presence of
blinatumomab. Error bars are SDs of
three biological replicates. **P
<0.001; ***P < 0.0001. Statistical
analysis was performed by Student’s
t test using Prism GraphPad.
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costimulatory signals in T cell activation and therefore immuno-
therapy efficacy.

B-ALL consisted of more than 20 molecular groups, character-
ized by multiple inherited and somatic genetic alterations, including
chromosomal rearrangements, mutations, and heterogeneous
genomic alterations (38, 39). CD58 low expression was particularly
notable in cases with PAX5 P80R mutation, and CD58 was one of
the top differentially expressed genes defining this subtype. By con-
trast, there was substantial heterogeneity inCD58 expression in ALL
with other types of PAX5 alterations, e.g., focal deletion or translo-
cation involving PAX5. Because ALL with PAX5 P80R mutation
universally loses the WT allele by copy number alteration, this
may explain the marked down-regulation of CD58 in this
subtype. In addition, low CD58 expression was also seen in other
ALL subtypes (Fig. 3A), albeit less frequent, suggesting PAX5-inde-
pendent mechanisms of CD58 regulation, which are yet to be iden-
tified. PAX5 is a known transcriptional regulator of CD19
expression (32, 40), which was also confirmed in our TF screen
for CD19, although it was not one of the top hits as seen with the
CD58 screen (table S2). It is likely that PAX5 modulates both CD19
and CD58 in B cells, but the exact impact may vary depending on
cellular context (e.g., B-ALL subtype). It is important to point out
that the effect of PAX5 P80R is highly specific to CD58, as validated
by RNA-seq or flow cytometry of isogenic 697 cells (fig. S9, A to C),
as well as in 1988 patients with ALL (fig. S7). We reason that PAX5
P80R functions differently from simple PAX5 deletion and there-
fore may have a selective effect on enhancer activity at the CD58
locus with minimal impact on CD19. Linking ALL genomic
lesions to blinatumomab efficacy is of potential clinical relevance,
because it would enable individualized therapy. For example,
PAX5 P80R–positive patients with ALL are unlikely to respond,
but the patients would still experience treatment-related toxicity.
Avoidance of blinatumomab for these patients would increase the
precision and reduces treatment cost. The same argument can be
made for other ALL cases with low CD58 expression, raising the
question whether CD58 should be included in the diagnostic
panel of ALL to direct the selection of patients for blinatumomab
therapy. A recent study compared leukemia genomics in a cohort
of 44 adult patients with B-ALL with or without response to blina-
tumomab (23) but did not observe an association of CD58 expres-
sion with response after accounting for CD19. Careful examination
of the dataset indicates that nearly all cases included this study had a
relatively high level of CD58, with the lowest expression being ~2-
fold higher than the median value in ALL with PAX5 P80R. There-
fore, we hypothesize the following: (i) The mechanism of blinatu-
momab is heterogeneous; the loss of CD58 might only explain a
fraction of the cases and may not show overall statistical significance
with a relatively small sample size. (ii) There is a minimal threshold
of CD58 in B-ALL for blinatumomab response, above which further
up-regulation of CD58 expression no longer increases leukemia re-
sponse to this drug. That said, future studies are warranted to vali-
date the impact of CD58 on blinatumomab efficacy in vivo and also
to define the exact level of CD58 expression in B-ALL that is re-
quired to trigger T cell activation by blinatumomab. (iii) CD58 ex-
pression at the RNA level does not represent the amount of
functional CD58 on the leukemia cell surface. Flow cytometry or
Cytometry by time-of-flight (CyTOF) assays might be more infor-
mative in evaluating the effects of CD58 on blinatumomab re-
sponse, and this needs to be considered in future studies.

Bispecific antibodies have garnered increasing interest in the
cancer immunotherapy space, with a number of agents entering
clinical trials besides blinatumomab (41, 42). For example, mosune-
tuzumab, a CD3-CD20 bispecific antibody, showed a high response
rate in patients with B cell lymphoma either as a single agent or
when in combination with the CHOP regimen, which is a chemo-
therapy combination that includes cyclophosphamide, doxorubi-
cin, vincristine, and prednisolone (43, 44). In phase 1 trials,
odronextamab and glofitamab induced durable complete responses
in patients with highly refractory B cell non-Hodgkin lymphoma,
including those refractory to CAR T therapy (45, 46). Bispecific an-
tibodies targeting other B cell surface markers have also been devel-
oped, e.g., JNJ-75348780, a bispecific antibody targeting CD3 and
CD22 (47). The influence of CD58 on the bispecific antibody effi-
cacy was recently described for solid tumors and lymphoma (48). It
is possible that CD58 is required for the efficacy of this entire class of
agents because of its essential role in mediating T cell–tumor en-
gagement. With the normal expression of the target cell surface
marker, triggering CD58 expression might be a feasible way to in-
crease the treatment effect of these antibody drugs.

In summary, we systematically identified genetic determinants
of blinatumomab sensitivity in B-ALL, integrating genome-wide
CRISPR screens and leukemia genomic profiling. Our results
provide previously unknown insights into the mechanisms of ac-
quired drug resistance and point to opportunities for genomics-
guided individualization of blinatumomab therapy in ALL.

MATERIALS AND METHODS
Human leukemic cell lines and PDX
Nalm6 (CRL-3283), REH (CRL-8286), SUP-B15 (CRL-1929), and
RS4;11 (CRL-1873) cell lines were purchased from the American
Type Culture Collection, and the 697 (ACC42) cell line was pur-
chased from Deutsche Sammlung von Mikroorganismen und Zell-
kulturen . All the cell lines used in this study were cultured in RPMI
1640 (Gibco, 11875093) with fetal bovine serum (FBS; HyClone,
SH30071.03). Human telomerase reverse transcriptase (hTERT)
transduced MSCs (mesenchymal stem cells) were maintained in
RPMI 1640 (Gibco, 11875093) with 2 mM L-glutamine (Gibco,
25030081), 20% FBS (GE Life Sciences, SH30071.03), and 1 μM hy-
drocortisone (Sigma-Aldrich, H0396). PDX samples were generated
as described previously (49) by injecting primairy patient samples
in to 8-week-old female NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG)
mice. CD58 and CD19 knockout single clones were generated in
Nalm6 cells transduced with Cas9 and sgRNAs targeting CD58 or
CD19. PAX5 P80R knock-in clones were generated in 697 cells
using CRISPR-mediated homology-directed repair (HDR). Details
of sgRNA, genotyping primers, and HDR template can be found in
table S5.

Genome-wide CRISPR-Cas9 knockout library screen
The human Genome-Scale CRISPR Knock-Out (GeCKOv2A)
CRISPR knockout library was purchased from Addgene
(1000000048) (50). The Cas9-expressing Nalm6 cells were a gift
from W. E. Evans (51). We transduced Nalm6 Cas9 cells with
either GeCKOv2A Lib A or B by spin infection. Briefly, cells were
seeded in 12-well plates at a concentration of 1.5 million cells per
ml, 2 ml for each well, and lentivirus was added into each well at
an MOI at 0.25. The cell virus mixture was spinning at 2000 rpm
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at 30°C for 2 hours. After 2 days of infection, cells were selected with
puromycin (5 μg/ml) for 5 days. After that, human Pan–T cells
(STEMCELL Technologies, 70024) were mixed with Nalm6 cells
at an effector-to-target cell ratio (E:T) of 1:1. Cell mixtures were
treated without or with blinatumomab at 1 or 100 ng/ml and har-
vested after 7 days. DNA was extracted using the QIAamp DNA
Blood Maxi Kit (QIAGEN, 51192). The sgRNA region was poly-
merase chain reaction (PCR)–amplified and sequenced via Illumina
HiSeq 2500 (50, 52).

In vitro blinatumomab sensitivity test
Blinatumomab was provided by Amgen Inc. under a research col-
laborative agreement. Leukemia cell lines or PDX samples were
stained with PKH26 (Sigma-Aldrich, PKH26GL-1KT) and then
mixed with human peripheral blood Pan–T cells (STEMCELL
Technologies) at E:T ratio = 1:1 (36,000 cells in 80 μl per well for
each cell types). Blinatumomab was added at 1000, 100, 10, 1, 0.1,
and 0.01 ng/ml (40 μl per well). Viability in PKH26+ cells was de-
tected by flow cytometry using 4′,6-diamidino-2-phenylindole
staining at 24 hours. Cell viability in each dosage was calculated
by dividing the live cell population in each dosage by the live cell
population in the control group without blinatumomab treatment.
For CD2 or CD58 blocking experiments, CD2 (BioLegend, 309202)
or CD58 (BioLegend, 330902) antibodies were added into the
culture media at a final concentration of 5 μg/ml.

TF library CRISPR-Cas9 screen
The human TF CRISPR knockout pooled library, which contains
1639 TFs and seven sgRNAs per gene, was a gift from C. Li (30).
The infection method was the same as described above. Infected
cells were selected by puromycin and stained with phycoerythrin
(PE) anti-human CD19 (BioLegend, clone SJ25C1) or PE mouse
anti-human CD58 (BD Biosciences, clone L306.4) antibodies and
sorted for PEhigh and PElow populations after 7 days. Three indepen-
dent replicates were performed. The sgRNA sequences were recov-
ered by genomic PCR and detected by Illumina sequencing (30).
Sequencing was performed on a NovaSeq 6000 (Illumina). Se-
quence data were analyzed using MAGeCK (version 0.5.9.5) (53).
The differentially enriched sgRNAs were defined by comparing
cells in the top 10% versus bottom 10% of CD58-PE or CD19-PE
populations.

Ethical approval for research
Human subject research was approved by institutional review
boards at St. Jude Children’s Research Hospital, and informed
consent was obtained from parents, guardians, or patients, and
assent from patients, as appropriate. All animal experiments were
conducted according to the protocol (protocol number: 624) ap-
proved by the St. Jude Institutional Animal Care and Use
Committee.

Lentivirus production and transduction
Cl20-EF1α–green fluorescent protein (GFP) plasmid backbone was
generated by St. Jude Vector core and used to create cl20-(Elonga-
tion factor 1 α) EF1α-internal ribosome entry site (IRES)-GFP len-
tivirus backbone used in this study. EF1α and IRES-GFP sequences
were PCR-amplified from cl20-EF1α-GFP and cl20c-MSCV-IRES-
GFP (generated by St. Jude Vector core) and cloned into Kpn I– and
Age I–digested cl20-EF1α-GFP by using NEBuilder HiFi DNA

Assembly Master Mix (NEB, E5520). Then, human CD58 cDNA
was synthesized and cloned into the Eco RI–digested cl20-EF1α-
IRES-GFP backbone by using NEBuilder HiFi DNA Assembly
Master Mix. Primers for plasmid construction can be found in
the supplementary tables.

Lenti-X 293 cells (Clontech) were cultured in Dulbecco’s modi-
fied Eagle’s medium with high glucose (4.5 g/liter) (Gibco, D6429)
containing 10% FBS at 37°C with 5% CO2. Lentivirus generation
was performed as described previously (54). B-ALL cell lines, in-
cluding parental and CRISPR knockout/knock-in single clones of
Nalm6 and 697, were infected with cl20-EF1α-IRES-GFP (empty
vector, EV) or cl20-EF1α-CD58-IRES-GFP (CD58) in 12-well
plates by adding 10 μl of 100-fold concentrated lentivirus to each
well that contains 1 million cells in 1 ml of medium for 48 hours.
The GFP+ cells were sorted by flow cytometry and used for in vitro
drug treatment experiments. The PAX5 P80R PDX sample was in-
fected with EV or CD58 lentivirus as described above. After 12
hours of infection, cells were collected and injected into NSG
mice. After engraftment, the GFP+ population from the spleen
were isolated by flow cytometry, mixed with GFP− splenic popula-
tion (to reach 2 million cells total), and then injected into NSG mice
again. After three rounds of engraftment, GFP+ population for both
EV and CD58 groups reached ~50% in splenic blast and were sorted
and plated on an MSC-coated plate for ex vivo blinatumomab sen-
sitivity test, same as B-ALL cell lines.

Flow cytometry and Western blot antibodies
PE anti-human CD19 antibody (BioLegend, clone SJ25C1), Percp-
cy5.5 anti-human CD19 antibody (Thermo Fisher Scientific, clone
HIB19), PE mouse anti-human CD58 antibody (BD Biosciences,
clone L306.4), and fluorescein isothiocyanate (FITC) mouse anti-
human CD58 antibody (BD Biosciences, clone 1C3) were used
for CD19 or CD58 expression analysis for leukemia cell lines.
Western blot was performed using the following antibodies: anti-
PAX5 antibody (Abcam, ab15164), recombinant anti-CD19 anti-
body (Abcam, ab134114), and anti-CD58 antibody (Abcam,
ab196648).

RNA sequencing
Total RNA was purified from 697 (including PAX5WT/WT, PAX5
P80R/Fs, and PAX5 WT/Fs) and human Pan–T cells that were in-
cubated with leukemia cells with or without blinatumomab treat-
ment by using QIAGEN RNeasy Mini Kit (QIAGEN, 74104).
Total RNA library was constructed using an Illumina TrueSeq
stranded mRNA library prep kit and sequenced using the
NovaSeq 6000 platform (2 × 100-bp paired-end reads). Gene ex-
pression was aligned by STAR (version 2.6.0b) (55) under default
parameters with the human genome (GRCh37/hg19) and annota-
tion file (GENCODE v19) (56, 57). Differential expression analysis
was performed by the edgeR package (58–60). PCA was performed
using the built-in R function “prcomp” on all protein-coding genes,
and the plot was generated by ggplot.

T cell proliferation analysis
Pan–T cells were stained with CellTrace carboxyfluorescein diace-
tate succinimidyl ester (CFSE) (Thermo Fisher Scientific, C34554)
as described previously (61). Briefly, 7 × 106 cells were resuspended
using 500 μl of phosphate-buffered saline (PBS) (containing 5%
FBS). One microliter of 5 mM CFSE was added into another 500
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μl of PBS (contains 5%FBS) at a final concentration of 10 μM. Then,
500 μl of CFSE diluent was added into 500 μl of cell suspension and
mixed immediately and incubated at room temperature for 5 min.
After washing with 10-fold volume of PBS (which contains 5% FBS)
twice, T cells were resuspended in RPMI 1640 (which contains 10%
FBS). T cell and leukemia cells were mixed at E:T ratio = 1:1 with or
without blinatumomab (1 ng/ml) treatment. Flow cytometry was
then performed to detect CFSE signals in T cell population after 3
and 5 days of coculture.

T cell function analysis
Nalm6 cells, including parental, CD58KO-sc12, and CD19KO-sc10,
were incubated with human Pan–T cells (STEMCELL Technolo-
gies) at E:T ratio = 1:1 with or without blinatumomab (1 ng/ml)
treatment for 2 days. T cells were then isolated by flow cytometry
and subsequently used for RNA-seq and ATAC-seq.

ChIP-seq and quantitative PCR
ChIP was performed on 697 parental, 697-PAX5 P80R/Fs, 697-
PAX5 WT/Fs, and 697-PAX5 WT/WT using ChIP-IT High Sensi-
tivity Kit (Active Motif, 53040) according to the manufacturer’s
protocol. A total of 2 × 106 cells were fixed with complete cell fix-
ation solution for 15 min and then stopped by stop solution for
5 min, followed by sonication. Both buffers were provided by the
ChIP-IT High Sensitivity kit. The following antibodies were used
for ChIP assays: anti-PAX5 (Abcam, ab15164), anti-H3K27Ac
[Cell Signaling Technology (CST), 8173S], and anti-H3K4me3
(CST, 9751). Normal rabbit immunoglobulin G (CST, 2729) was
used for control ChIP. Primers for ChIP-qPCR analysis are shown
in table S5.

ATAC-seq
697 cells (including parental, PAX5 WT/WT, PAX5 P80R/Fs, and
PAX5WT/Fs single clones) and human Pan–T cells that were incu-
bated with leukemia cells with or without blinatumomab treatment
were used for ATAC-seq as described before (62). Briefly, cells were
counted and diluted into 1 million per 1 ml of fresh media. Ten mi-
croliters (containing 10,000 cells) was aliquoted into a 1.5-ml Ep-
pendorf tube and cells were spun at 500g for 5 min at 4°C.
Transposition mix was made in the following order: (i) 22 μl of nu-
clease-free water, (ii) 25 μl of 2× Tagment DNA (TD) buffer, (iii) 2.5
μl of Tagment DNA Enzyme (TDE1) transposase, and (iv) 0.5 μl of
1% digitonin (added right before removing supernatant from cell
pellets). Supernatant was removed and 2 μl of media was left to
ensure the cell pellets were not disturbed. Then, 50 μl of transposi-
tion mix was added to cells and mixed gently, and the reaction was
incubated at 37°C on a thermomixer at 300 rpm for 30 min. DNA
was purified by using the MinElute Reaction Cleanup kit
(QIAGEN, 28204), eluted with 10 μl of elution buffer, and amplified
for five cycles by adding the following mix: 10 μl of transposed
DNA, 2.2 μl of nuclease-free water, 6.25 μl of 10 μM barcoded
Nextera primer-F, 6.25 μl of 10 μM barcoded Nextera primer-R,
0.3 μl of 100× SYBRTM Green I Nucleic Acid Gel Stain (Invitrogen,
S-7563), and 25 μl of NEBNext High-Fidelity 2× PCR Master Mix
(NEB, M0541). PCR cycle was as follows: 72°C for 5 min; 98°C for
30 s; five repeats of 98°C for 10 s, 63°C for 30 s, and 72°C for 1 min,
held at 4°C. Then, a quantitative PCR reaction was performed on an
Applied Biosystems Real-Time PCR machine using 5 μl of PCR
product to determine the additional number of PCR cycles

required, which was determined by the cycle that corresponds to
one-fourth of the maximum fluorescent intensity. PCR products
were subsequently reamplified for six additional PCR cycles, and
the product was purified using SPRIselect beads (Beckman
Coulter, B23317).

CRISPR interference and CRISPR editing of PAX5 binding
sites within the CD58 enhancer
CRISPR interference
697 cells with stable expression of dCas9-KRAB were established
using lenti-dCas9-KRAB-last plasmid (Addgene, no. 89567). Six
sgRNAs targeting theCD58 intronic enhancer region were designed
and cloned into lentiGuide-Puro (Addgene, no. 52963) plasmid.
697-dCas9-KRAB cells were transduced with sgRNA lentivirus sep-
arately (sg1 + 2, sg3 + 4, and sg5 + 6) for 2 days and selected with
puromycin (5 μg/ml) for 5 days.
CRISPR editing of PAX5 binding sites
PAX5 motif in PAX5 target region was scanned using the JASPAR
2022 database (https://jaspar2022.genereg.net/). Two consensus
PAX5 motifs (MA0014.2 and MA0014.3) identified in Homo
sapiens were used for scanning using default settings of the
website. 697 cells with stable expression of Cas9 were established
using lentiCas9-Blast plasmid (Addgene, no. 52962). Two
sgRNAs targeting each PAX5 motif were designed and cloned
into lentiGuide-Puro (Addgene, no. 52963) plasmid. 697-Cas9
cells were transduced with sgRNA lentivirus separately for 2 days
and selected with puromycin (5 μg/ml) for 5 days.

CD58 expressions were determined by flow cytometry. All the
high-titer lentivirus was generated with Lenti-X cells (Takara,
no. 632180).

Luciferase reporter assay
CD58 intronic enhancer region (hg38 chr1:116544766-116545360)
was cloned into the Kpn I– and Hind III–digested pGL4.23-miniP
backbone plasmid (Promega, E841A) by NEBuilder HiFi DNA As-
sembly Master Mix (NEB, E5520). PAX5 motif deletion was per-
formed using QuikChange II Site-Directed Mutagenesis Kit
(Agilent, 200523). We transiently transfected 697 cells with CD58
enhancer–driven reporter plasmid (either WT or with PAX5
motif deletion) and SV40 promoter–driven reporter plasmid
using Cell Line Nucleofector Kit R (Lonza, VCA-1001). Luciferase
activity was measured after 20 hours of transfection. Primers for
plasmid cloning are shown in table S5.

Data access
ChIP-seq, ATAC-seq, and RNA-seq data were submitted to Gene
Expression Omnibus (GSE202083).

Analysis of scRNA-seq data
Alignment, barcode assignment, and unique molecular
identifier counting
The single-cell RNA-seq datasets generated during the previous
study are available in the Sequence Read Archive repository (acces-
sion numbers: SRR13518691, SRR13518692, SRR13518693,
SRR13518694, SRR13518695, SRR13518696, SRR13518701, and
SRR13518702 in BioProject, PRJNA694543) (3). The Cell Ranger
3.1.0 Single Cell software suite (10x Genomics) was implemented
to process raw sequencing data. This pipeline performed demulti-
plexing, alignment (GRCh38), and barcode processing to generate
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gene-cell matrices used for downstream analysis. Specifically, data
from cell line samples were combined into one dataset for consistent
filtering. The initial Seurat object was generated by selecting cells
with at least 200 genes detected and genes detected in at least
three cells. Only cells with a mitochondria content of less than
10% and a hemoglobin content of less than 25% were kept for
further analyses. We normalized the expression level of each gene
to 1,000,000 Unique Molecular Identifier (UMIs) per cell and
log2-transformed.
Clustering analysis and data visualization
To classify the cells, the R package Seurat was used (63). The highly
variable genes were identified from these cells using Seurat with the
default setting. Then, these highly variable genes were used for PCA.
For visualization of clustering results, we used t-distributed stochas-
tic neighbor embedding with the first 20 dimensions as the input.
Seven immune cell types across all profiled single cells have been
identified on the basis of cell type marker genes.

NetBID analysis and driver identification from scRNA-
seq data
We adapted the NetBID (data-driven network-based Bayesian in-
ference of drivers) algorithm (64), which was originally designed
to identify drivers from bulk omics data to scRNA-seq data to iden-
tify immune cell type–specific drivers in remission and relapse mice
upon dasatinib treatment. First, we reverse-engineered the tran-
scription and signaling interactomes specific to activated CD4+ T
(2012 cells) and activated CD8+ T (225 cells) from their scRNA-
seq profiles and B-ALL (1985 patients) from bulk RNA-seq profiles
(31) by using the SJARACNe (65) algorithm, an information
theory–based algorithm for regulatory network inference. The pa-
rameters of SJARACNe were configured as follows: p_value_boot-
strap = 1 × 10−7, p_value_consensus = 1 × 10−5, and
bootstrap_num = 100. On the basis of Gene Ontology classification,
we compiled a list of TF genes and signaling molecule genes
(N = 1729 and 8863, respectively). TF network and signaling mol-
ecule network were generated separately using SJARACNe, with
drivers (hubs) linked to their targets through interactions (edges)
based on gene-gene relationship derived from their expression
pattern. For activated CD4+ T cells, the TF network contained
17,285 nodes (genes) and 211,108 edges; signaling network includ-
ed 15,370 nodes (genes) and 214,971 edges. After Identity
Documen (ID) conversion and combining these two networks,
the final data-driven activated CD4+ T cell interactome (CD4Ti)
consisted of 17,451 nodes (genes) and 426,079 edges, among
which there were 7445 unique driver candidates, including 1557
transcriptional factors and 5888 signaling molecules. For activated
CD8+ T cells, the final CD8+ T cell interactome (CD8Ti) consisted
of 12,938 nodes and 646,947 edges, among which there were 6903
unique driver candidates, including 1294 transcriptional factors and
5609 signaling molecules. For tumor cells, the final interactome
(Tumori) consisted of 22,394 nodes and 314,914 edges, of which
there were 10,843 unique hub genes (1937 transcriptional factors
and 8906 signaling molecules). Then, we used the cal.Activity func-
tion (method = “weightedmean”) in NetBID to infer the activities of
driver genes for each cell from their respective gene expression pro-
files and the transformed Tumori, CD4Ti, and CD8Ti. The weight-
ed mean activity of a driver candidate gene (DRIVER) i in sample s

was defined by the following equation

DRIVERsi ¼

Xn

j¼1
SIGNij �MIij �EXPsj

n
The gene expression matrix was z-normalized in each sample,

and EXPsj is the expression value of gene j in sample s. MIij is the
mutual information between master regulator gene i and its target
gene j, and SIGNij is the sign of Spearman correlation between gene
i and its target gene j. The total number of targets for DRIVER i is
denoted by n. To identify differentially regulated genes in blinatu-
momab-sensitive and blinatumomab-resistant cell lines, differential
activities of two comparisons (sensitive cases versus resistance
cases) were calculated by NetBID function “getDE.BID.2G.” We
also performed pathway analysis to identify the enrichment of
drivers in specific biological processes by querying the Molecular
Signatures Database pathway database and evaluating the statistical
significance of enrichment by NetBID function getDE.BID.2G.
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