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While therapies targeting CD19 by antibodies, chimeric antigen receptor T cells (CAR-T), and T cell engagers have improved
the response rates in B cell malignancies, the emergence of resistant cell populations with low CD19 expression can lead to
relapsed disease. We developed an in vitro model of adaptive resistance facilitated by chronic exposure of leukemia cells to
a CD19 immunotoxin. Single-cell RNA-Seq (scRNA-Seq) showed an increase in transcriptionally distinct CD19" populations
among resistant cells. Mass cytometry demonstrated that CD22 was also decreased in these CD19"-resistant cells. An assay
for transposase-accessible chromatin with sequencing (ATAC-Seq) showed decreased chromatin accessibility at promoters
of both CD19 and CD22 in the resistant cell populations. Combined loss of both CD19 and CD22 antigens was validated in
samples from pediatric and young adult patients with B cell acute lymphoblastic leukemia (B-ALL) that relapsed after CD19
CAR-T-targeted therapy. Functionally, resistant cells were characterized by slower growth and lower basal levels of MEK
activation. CD19" resistant cells exhibited preserved B cell receptor signaling and were more sensitive to both Bruton’s tyrosine
kinase (BTK) and MEK inhibition. These data demonstrate that resistance to CD19 immunotherapies can result in decreased
expression of both CD19 and CD22 and can result in dependency on BTK pathways.

Introduction

Although much progress has been made in the treatment of B cell
acute lymphoblastic leukemia (B-ALL), relapsed and refractory
disease is an ongoing problem. The development of CD19 chimeric
antigen receptor T cell (CAR-T) therapy and other CD19 immuno-
therapies has dramatically improved the response rates in patients
with B-ALL (1). Unfortunately, the emergence of resistant cell pop-
ulations with low expression of CD19 account for approximately
30%-40% of patients with relapsed ALL after CAR-T treatment
(1-3). Loss of surface CD19 on malignant cells leads to reduced
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efficacy of CD19-targeted CAR-Ts as well as of bispecific antibod-
ies (4, 5). Understanding how resistance occurs as well as the cel-
lular signaling that takes place in the resistant cell populations are
critical for targeting relapsed disease after CAR-T treatment.

A potential strategy to treat patients with CD19-resistant
B-ALL is to evaluate therapeutics targeting the CD22 B cell anti-
gen (6, 7). Whether these 2 surface receptors are coregulated in
malignant cells has not yet been fully elucidated. Another poten-
tial therapeutic target in B cell malignancies is the B cell recep-
tor (BCR) pathway. Bruton’s tyrosine kinase (BTK) is associated
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with the BCR, and BTK inhibitors have been approved for use in
chronic lymphocytic leukemia (CLL) and mantle cell lymphomas
but have not been rigorously evaluated in resistant B-ALL (8).
While CD19 and BCR independently regulate proliferative sig-
naling pathways, downregulation of each one has been shown to
upregulate or maintain expression of the other (9, 10). We devel-
oped an in vitro model of adaptive resistance to CD19 immuno-
therapies and then used it to determine whether BTK signaling
would be preserved in CD19-resistant B-ALL cells. We show that
inhibiting this pathway could be an avenue for CD19-targeted,
immunotherapy-resistant cell populations.

Results

Long-term exposure to CDI9 immunotoxin leads to development of
resistant B-ALL cell lines. To generate B-ALL cell lines resistant to
anti-CD19-based immunotherapy, parental cells of the NALM6
and REH cell lines were grown in the presence of HD37-dgRTA
immunotoxin (11) at increasing concentrations over 30 days (Fig-
ure 1A). The immunotoxin is an anti-CD19 HD37 antibody clone
that is conjugated to recombinant ricin B chain dgRTA (11). Once
the resistant cells were generated, they were compared with the
parental cells of their respective cell line for sensitivity against
the CD19 immunotoxin (Figure 1, B and C). The resistant NALM6
and REH cell lines had a substantially increased IC_, when treat-
ed with the CD19 immunotoxin compared with the parental cells
(Figure 1, B and C). Cell growth was also observed under basal
conditions, in which resistant cells had a slower growth rate than
did parental cells (Figure 1D).

B-ALL cells vesistant to CD19 immunotherapy have reduced
CDI9 expression and a distinct transcriptomic profile. scRNA-
Seq was performed to compare expression differences between
NALM6-resistant and parental cell lines (Figure 2A). We ana-
lyzed a total of 6,611 NALM6 parental (NALM-P) and 4,606
NALM6-resistant (NALM-R) cells and found that the resistant
and parental cells formed distinct clusters that could be further
separated into CD19" and CD19% populations on the basis of
transcriptomic profiles (Figure 2B). We observed that parental
cells had a relatively smaller population of CD19"-expressing
cells, which were expanded among the resistant cells. Interesting-
ly, NALM6-R cell types also showed decreased CD22 expression
when compared with parental cells (Figure 2C). To characterize
global gene expression differences in resistant NALM6 cells, we
analyzed differentially expressed genes in dominant populations
of parental and resistant cells (Figure 2D). Notably, we found that
the expression of CD19 and CD22 was markedly decreased in
the resistant cell population. We also examined genes regulating
CD19 and observed an increase in the expression of SOX4 as well
as a decrease in the expression of CTNNBLI and CD81, which are
CD19 activators in the resistant cells (12). When analyzing the
pathways in resistant cells, we found that the BCR network was
predicted to be significantly affected by transcriptomic chang-
es (Figure 2E). Importantly, BTK expression was maintained in
resistant CD19% cells. Overall, gene expression changes consider-
ably affected T and B lymphatic pathways as well as hematolog-
ical cancer networks (Supplemental Figure 2 and Supplemental
Table 2; supplemental material available online with this article;
https://doi.org/10.1172/JCI175199DS1).
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Finally, chromatin accessibility and a correlation with gene
expression were determined in REH parental and resistant cells
using ATAC-Seq and bulk RNA-Seq. We observed that chroma-
tin accessibility at both CD19 and CD22 promoter regions was
decreased in resistant cells and correlated with reduced gene
expression (Figure 2F). Chromatin accessibility and expression
for BTK were maintained in the REH resistant cells (Figure 2F).
When overall chromatin accessibility changes were analyzed via
Ingenuity Pathway Analysis, we noted suggestive changes in gene
networks related to cancer (Supplemental Table 3).

Expression of both CD19 and CD22 proteins is decreased in resis-
tant cell lines aswell as in patients with clinical velapses after CD19-tar-
geted therapy. To determine CD19 and CD22 protein expression,
we performed FACS analysis of both NALM6 and REH cells (Fig-
ure 3, A and B). We found that both NALM6 and REH parental
cells expressed high levels of CD19 and CD22 but that these levels
were decreased in the resistant cells. After observing decreased
expression of both CD19 and CD22 in our model of adaptive resis-
tance, we wanted to examine their expression in pediatric patients
with ALL who had received one of several CD19-targeted thera-
pies and had relapsed with CD194m disease, and who were then
screened for enrollment in or received treatment in a NCI clinical
trial. We examined the status of both CD19 and CD22 in a cohort
of 11 patients who experienced relapse after CD19-targeted ther-
apy. Nine of these patients received CD19-targeted CAR-T cells
(2 received these cells in the context of a CD19/CD22 combina-
torial CAR-T cell construct [ref. 13; ClinicalTrials.gov identifiers:
NCTO01593696 and NCT03448393], and 2 received blinatumom-
ab). Six of these patients have been partially described previously
(6). In this cohort, we observed that, in addition to loss/diminution
of CD19 expression (Figure 3C), downregulation of CD22 expres-
sion occurred in all patients upon relapse or nonresponsiveness to
therapy (Figure 3D).

BTK expression is preserved in resistant CD19" cells. When com-
paring single-cell expression profiles of NALM6-P and NALM6-R
cells, we found that BTK expression was not downregulated
in resistant cells (Figure 4, A and B). To validate these trends with
proteomics, we performed mass cytometry (cytometry by time-
of-flight CyTOF]) to determine the levels of CD19 and other B
cell signaling proteins in NALM6-P and NALM6-R cells (Figure
4, C and D). Consistent with the earlier transcriptional data,
CD19 protein levels were reduced in resistant cells. BCR-asso-
ciated phosphorylated PLCy (p-PLCy) and p-CREB expression
was also examined and demonstrated only a slight decrease in
p-PLCy expression in resistant cells, whereas p-CREB expression
was maintained (Figure 4, E-G). Finally, we obtained pre- and
post-treatment samples from a patient with B cell lymphoma
who was treated with CD19 CAR-T and relapsed after an ini-
tial response. Comparative immunohistochemical examination
of B cell lymphoma samples at baseline and at relapse revealed
a decrease in CD19 staining intensity in resistant cells with an
increase in BTK intensity (Figure 4H). These data, taken togeth-
er, suggest that, while CD19 was decreased in resistant cases,
BCR-associated BTK expression was preserved.

BCR dependency in anti-CDI-resistant B-ALL cells. Since
CD19 and BCR/BTK signaling are both proliferative pathways for
B cell malignancies, we next sought to determine whether BCR

J Clin Invest. 2024;134(8):e175199 https://doi.org/10.1172/)CI1175199



The Journal of Clinical Investigation

RESEARCH ARTICLE

A Creating Cell Lines Resistant to anti-CD19 therapies
| Davor Day & 10X |
— grow cells with Day 11: 100X TE'” filvgdayﬁﬁt
ICyo-equivalent i so-fLrs W
DT Day 14: 1000X of ICyc- maintaining
dgRTA equivalent 95% < viability
immunotoxin (~1Cso-ICrs)
| Parental cells | [T conceniae e | Resistant cells
NALM-6 P NALM-6 R
REH P IT resistance 1 REHR
B NALM-6 cell line C REH cell line
125- maintained [resistant cells] 1254 maintained [resistant cells]
3 T 4 o =51070M (~IC;g) E =5"107"0M (~IC;g)
& P L 1004
27 TR z Ty
5 75 ) f\i 3 759 e
& ™ & ¥
> 3 e~ NALM6-P > o] -e REH-P
2 903 ICgy = 16217107 & 3 2 ICqg = 2.694*10°111
25 \ = NALMB-R 254 = REH-R
] \\ ICsp = NR E \ ICoy = NR
] * e ] . 8 :

c Ll T T 1 L} T L 1 c T L T Ll 1 T 1 L]
1095101 10712 1072 1071 10710 100 108 107 10775107 102 1072 107" 10770 10 10f 107
HD37/anti-CD19 [M] HD37/anti-CD19 [M]

D Cell Growth Under Basal Conditions
*
8x106 e NALME-P 8%10° e
Zoxton] T NALMER 2 ext0r-
[= c
a et
— 4x10° — 4x105
@ 7]
&) 6]
2x10%+ 2% 106
0 T T T T 0 L L 1 T
0 24 48 72 9 0 24 48 72 96
Hours Hours
Doubling time Doubling time

NALME-P = 32.8 hours
NALME6-R= 37.54 hours

REH-P = 33.8 hours
REH-R= 56.9 hours

Figure 1. Long-term exposure to CD19 immunotoxin leads to resistant ALL cell lines. (A) Schema for the generation of ALL cells resistant to CD19 immu-
notoxin (IT) (HD37 antibody clone conjugated to the recombinant ricin B chain dgRTA), created with BioRender.com. (B and €) NALM6 and REH cell lines
that were made resistant had a significantly higher IC, against CD13 immunotoxin (n = 4). (D) Resistant cell lines had a slower growth rate (n = 3). *P <
0.05 and ***P < 0.001, by 2-tailed Student’s t test for analysis at each time point.

signaling plays a functional role in CD19-resistant B-ALL. Malig-
nant B cells (Raji) with and without CRISPR-aided CD19 KO
were used, and loss of CD19 was confirmed by immunoblotting
(Figure 5A). Cells with CD19 loss displayed activated/phosphor-
ylated ERK MAPK, although the level of activation was reduced
compared with WT CD19 cells (Figure 5C). Raji CD19-KO cells
also showed loss of both CD19 and CD22 cell-surface expression
when compared with WT cells (Supplemental Figure 1). The BTK
inhibitor ibrutinib led to a decrease in activated /phosphorylated
ERK in both parental and resistant cells, demonstrating that a
functioning BTK was upstream of proliferative MAPK signaling.
A MEK inhibitor (trametinib) was used a positive control. Immu-
noblots with NALM6-P and NALMG6-R cells were similar to the
results seen in the Raji-KO cells and demonstrated reduced
CD19 and a functional BTK in resistant cells (Figure 5, B and D).
Notably, NALM6-R cells had an increased p-BTK/total BTK ratio

J Clin Invest. 2024;134(8):e175199 https://doi.org/10.1172/)CI1175199

when compared with parental cells (Figure 5D). Next, NALM6
cells were treated with MEK and BTK inhibitors, and IC,, values
were compared between parental and resistant cells (Figure 5, E
and F). We observed that the resistant cells were more sensitive
to each inhibitor than were the parental cells. The same trend
was observed in REH parental and resistant cells as well as Raji
WT and CD19-KO cells treated with the same MEK and BTK
inhibitors (Supplemental Figure 3). We also observed that com-
bination treatment with the immunotoxin and BTK inhibitor in
NALMG6-P cells led to additive effects on reduced cell viability
(Supplemental Figure 4).

To confirm that the MEK pathway is a downstream surviv-
al pathway in CD19-resistant cells from patients, we evaluated
cells obtained from patients with treatment-resistant B-ALL.
One patient was resistant to the HD37-dgRTA CD19 immuno-
toxin (ClinicalTrials.gov identifier: NCT00450944) (Figure 5G),
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Figure 2. ALL cells resistant to CD19 immunotherapy have reduced CD19 and CD22 expression and a distinct transcriptomic profile. (A) scRNA-Seq
shows that parental and resistant lines were transcriptionally distinct. (B and €) Resistant cells had an expanded population with decreased CD19 and
CD22 expression. (D) Genes that were differentially expressed in scRNA-Seq between resistant and parental NALMG cells. (E) Ingenuity Pathway Analysis
for N6 scRNA-Seq. (F) ATAC-Seq and bulk RNA-Seq on REH parental and resistant cells showing a decrease in chromatin accessibility and expression of

CD19 and CD22 and maintenance of accessibility and expression in BTK cells.

and the other was resistant to blinatumomab (Figure 5H), a BiTE
antibody that targets CD19-expressing cells with cytotoxic T cells
(14). The resistant cells were treated with the MEK inhibitor tra-
metinib and methotrexate; both cells were insensitive to metho-
trexate, while retaining sensitivity to MEK inhibition.

On the basis of our results, we propose that both CD19 and
the BCR work to promote leukemic cell proliferation via MEK acti-
vation in parental cells. When CD19 expression is lost, the BCR
works alone to sustain proliferation. This results in slower leuke-
mic cell proliferation and increased relative sensitivity to BTK and
ERK inhibition (Figure 5I).

Discussion

Resistance to CD19-targeted therapies is emerging as a major
clinical challenge in patients with B-ALL. A sizable number of
relapses occur upon downregulation of the CD19 antigen, thus
reducing the efficacy of CD19-targeting CAR-T therapies, immu-
notoxins, and bispecific antibodies. Consideration of other ave-
nues of treatment is necessary for these patients: specifically,

targeting growth pathways that are functionally active in
CD19-resistant cell populations. To explore such pathways, we
developed an in vitro model of adaptive resistance based on
chronic exposure to a CD19 immunotoxin. We observed that
evenin B-ALL cell lines, there existed a small pool of CD19% cells
that expanded in resistant cells and proliferated only when CD19
was targeted. Additionally, these cells had reduced expression
of previously defined CD19 activator genes (12), including CD81
and CTNNBLI, and elevated expression of known inhibitors of
CD19, including SOX4. Furthermore, chromatin accessibility
at the CD19 promoter was reduced upon resistance, pointing to
transcriptional downregulation of CD19 expression that caused
adaptive resistance to a CD19-targeting immunotoxin.

We observed that BTK expression was maintained in resis-
tant cells and was functionally relevant in activating down-
stream proliferative MEK pathways. CD19 and BCR have par-
allel pathways that promote cell proliferation, however, these
2 receptors have been previously shown to affect each other’s
signaling pathways (15). Specifically in mantle cell lymphoma

J Clin Invest. 2024;134(8):e175199 https://doi.org/10.1172/)CI1175199
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cells, the ROR1-CD19 complex was shown to effectively replace
BCR/BTK signaling and promote cell proliferation (9). Alterna-
tively, BCR signaling was shown to be enhanced in CD19-defi-
cient primary B cells (10). The relationship between CD19 and
the BCR has not yet been established in CD19-resistant B-ALL.
Here, we demonstrate that BCR signaling remained intact
in CD19" cell populations and that exploiting that pathway
through BTK or MEK inhibition effectively inhibited the growth
of CD19-resistant cells.

Interestingly, our data showed that CD22 expression
decreased along with CD19 expression in resistant cells. Both
CD19 and CD22 are B cell-associated antigens that emerge
during pre-B cell development. It is possible that selective pres-
sure of the CD19 immunotoxin leads to adaptive emergence of a
developmentally earlier stage of cells that lack both antigens. In
fact, patients who have been shown to lose CD19 during resis-
tance have also been shown to be positive for stem/progenitor
CD34 and CD123 markers, suggesting regression to a develop-
mentally earlier stem-like state (16). Strikingly, this reduction
of CD22 in addition to CD19 was observed in a set of samples
from pediatric patients who were resistant to CD19-targeted
immunotherapies. While some cell subsets may have preser-
vation of CD22 expression (17), we believe our data along with
others’ reports on patient cohorts in which downregulation of
CD22 (6, 18) with emergence of CD19'°/CD19- populations was
seen, are of translational importance. Collectively, although
CD22 immunotherapies as well as bispecific CAR-T therapies

J Clin Invest. 2024;134(8):e175199 https://doi.org/10.1172/)CI1175199

targeting both CD19 and CD22 have been used in an attempt
to prevent or treat resistant patient populations (19), the con-
current downregulation of CD22 may make targeting of CD22
challenging in these cases.

Taken together, we have developed an in vitro model of resis-
tance that can be used to determine transcriptional and signal-
ing alterations that occur during this CD19 resistance process.
Our data suggest that inhibition of the BCR and MEK pathways
in patients with CD19-resistant B-ALL could be a therapeutically
advantageous avenue for treatment and support further testing in
clinical trials.

Methods
Sex as a biological variable. Both male and female patients were included
in the study, however, sex was not considered as a biological variable.
Cell lines and human samples. NALM6 and REH parental cell lines
were purchased from the American Type Culture Collection (ATCC)
and cultured according to the manufacturer’s instructions in RPMI11640
media supplemented with 10% FBS and 1% penicillin/streptomycin. WT
Raji and CD19-KO Raji (CRISPR/Cas9) cell lines were generated at the
Icahn School of Medicine at Mount Sinai. All cell lines were tested for
mycoplasma using a mycoplasma detection kit (InvivoGen). NALMS,
and REH parental cells were exposed to HD37-dgRTA anti-CD19 immu-
notoxin (11) at IC,; (5 x 10" M) for 7 days. The dose was escalated as
shown in Figure 1A for a total of 30 days of treatment. Once resistant
cells were established and in culture, they were treated every 2-3 days

with immunotoxin at the IC,, dose to maintain resistance.
;
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Viability assays. Cells (10,000 cells) were plated in triplicate in
100 pL media (immunotoxin was included in media for resistant cell
lines) for 72 hours. CellTiter Blue reagent (Promega) was added to
each well as per the manufacturer’s instructions (20 pL reagent/100
uL media). Cells were incubated at 37°C for 1 hour and then read by
a FLUOstar Omega plate reader (BMG LABTECH). Statistical analy-
sis of viability assays was performed using GraphPad Prism software
as a nonlinear regression inhibitor concentration versus a normalized
response on a variable slope. Inhibitory concentration values within a
95% CI were generated as well as the SD.

SCRNA-Seq. scRNA-Seq was performed at the Icahn School of
Medicine at Mount Sinai. NALM6-P and NALM6-R cell lines were
sequenced on the 10x Genomics Chromium platform using 3" v2
chemistry, and raw outputs were generated by running 10x Genom-
ics Cell Ranger software. These outputs were merged, also using
the Cell Ranger Software, to allow for joint analysis of the cell lines
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Figure 4. BTK signaling is active in CD19" resistant cells. (A) scRNA-
Seq analysis of parental and resistant NALM6 cells shows that BTK
expression was maintained in patients with resistant disease. (B)
Ratio of cells with high versus low CD19 or BTK expression shows
reduced CD19 expression and unaltered BTK expression in patients
with resistant disease. (C and D) CyTOF analysis of parental and resis-
tant cells shows reduced CD19 protein expression in resistant cells.
(E-G) Reduced CD19, slightly reduced p-PLCy, and preserved p-CREB
protein expression was observed in resistant NALM6 cells. (H) Immu-
nohistology images of a lymphoma patient’s cells stained for CD19 or
BTK before and after CD19 CAR-T treatment. Original magnification,
x40 (H&GE and CD19 images) and x20 and x40 (BTK images).

using 10x Genomics Loupe browser software. A total of 11,217 cells
were analyzed. Additional bioinformatics analysis was performed
using R software.

Bulk RNA-Seq. Total RNA was isolated using the QTAGEN RNeasy
kit, and quality was analyzed using the Agilent 2100 Bioanalyzer.
Libraries were generated and read by the Illumina HiSEQ 2000 as
previously described in Bhattacharyya et al. (20). Sequencing was
performed by the Epigenomics Shared Facility at the Albert Einstein
College of Medicine Center for Epigenomics.

ATAC-Seq. A suspension of 50,000 cells from REH parental
and REH resistant cell lines was harvested and resuspended in cold
lysis buffer. Lysates were incubated with transposon reaction mix-
ture at 37°C. ATAC-Seq was performed as previously described in
Bhattacharyya et al. (20). Sequencing was performed by the Epig-
enomics Shared Facility at the Albert Einstein College of Medicine
Center for Epigenomics.
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Figure 5. Cells resistant to CD19 immunotherapy exhibit dependency on BCR and MEK signaling. (A and B) Immunoblotting shows that ibrutinib could
inhibit p-BTK in resistant cells. Resistant cells had preserved ERK activation. (C) p-ERK/total ERK ratio in Raji cells shows that p-ERK was maintained in
Raji CD19-KO cells. (D) p-BTK/total BTK ratio in NALM6 cells shows that p-BTK was maintained in NALM6-R cells and that ibrutinib effectively inhibited
phosphorylation. (E and F) NALM6-R cells were more sensitive to MEK and BTK inhibition (n = 4). (G) A patient with ALL resistant to CD19 immunotoxin
(Resistant ALL patient 1) was sensitive to the MEK inhibitor but resistant to methotrexate (n = 3). (H) A patient with ALL resistant to blinatumomab
(Resistant ALL patient 2) was sensitive to the MEK inhibitor but resistant to methotrexate (n = 3). (I) Proposed model showing that resistant ALL cells
lose CD19 and CD22 expression and maintain BTK expression, leading to slower leukemic proliferation and increased sensitivity to BTK and ERK inhibition.

The model was created with BioRender.com.

Flow cytometry. Flow cytometry on cell lines was performed
using the Flow Cytometry Core at the Albert Einstein College of
Medicine. Analysis was performed using the following antibodies:
CD19 (MHCD1928, Thermo Fisher Scientific), CD22 (302506, Bio-
Legend), Zombie NIR (423105, BioLegend), and IgG1 (25471480,
Thermo Fisher Scientific).

Flow cytometric analysis was uniformly performed on all
patient specimens by the NCI's Flow Cytometry team. Each patient
had at least 2 assessment time points available for analysis. NCI
specimens were processed within 12 hours of collection and stained

J Clin Invest. 2024;134(8):e175199

with a panel of antibodies as previously described (21). RBC lysis of
whole blood lysis was performed using ammonium chloride prior to
staining for 30 minutes at room temperature with a panel (Supple-
mental Table 1) of antibodies (antibody concentration according to
the manufacturer’s recommendations). At least 1 million cells were
acquired per tube using an 8-color multiparametric approach on a
3-laser FACSCanto II (BD Biosciences) with FACSDiva 6.1.1 soft-
ware and analyzed by FCS Express software (DeNovo Software).
B-ALL cells were identified and distinguished from both mature B
cells and precursor B cells/hematogones on the basis of expression

https://doi.org/10.1172/)CI175199
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patterns of multiple antigens that included, but were not limited
to, CD19, CD10, CD20, CD34, CD38, CD45, CD22, and CD24.
We used a previously published flow cytometry strategy specifi-
cally designed for disease detection in patients who had received
CD19-targeted therapy (22). Inherently CD19- cells within the
specimen, including T cells and monocytes, were used as an inter-
nal negative control (see below).

Quantification of CD19 and CD22 expression in patient samples. The
antibody bound per cell (ABC) was determined as previously described
(21) for anti-CD19 (clone SJ25C1) and anti-CD22 (clone S-HCL-1, BD
Biosciences) on leukemic blasts. This was done using saturating con-
centrations of antibody and the BD Biosciences QuantiBRITE system
(QuantiBRITE standard beads and QuantiCALC software) for fluores-
cence quantitation. The ABC value represents the mean value of the
maximum capacity of each cell to bind the antibody. QuantiBRITE PE
beads are precalibrated standard beads containing known numbers of
PE molecules bound per bead. QuantiBRITE beads were acquired on
a FACSCanto II (BD Biosciences) on the same day at the same instru-
ment settings as the individual patient specimens. A standard curve
comparing the geometric mean of fluorescence to known PE content
of the Quanti-BRITE beads was constructed using QuantiCALC soft-
ware (BD Biosciences). The regression analysis, slope, intercept, and
correlation coefficient were determined. By gating on the basis of
immunophenotype using other antibodies in the panel specific for the
abnormal lymphoblasts, the data from abnormal B lymphoblasts were
isolated, and the geometric mean fluorescence of CD19 and CD22
staining was determined. The ABC values were generated from the
measured geometric mean fluorescence of the gated cells using the
QuantiBRITE standard curve. T cells served as internal negative con-
trols for both CD19 and CD22 staining. The negative ABC range was
used to confirm positivity versus negativity; blasts with CD19 or CD22
staining less than or equal to that of T cells were considered negative
for CD19 or CD22 (23).

Immunoblotting. Total protein lysates were obtained from 1-2 mil-
lion cells by lysing the samples (1% NP-40 lysis buffer 20 mmol/L Tris-
HCI, pH 7.5; 1 mmol/L EDTA; 150 mmol/L NaCl [1% NP-40], con-
taining phosphatase inhibitor cocktails 2 and 3 and protease inhibitors
[MilliporeSigmal) for 30-45 minutes at 4°C. Cells in the treatment con-
ditions were either treated with ibrutinib or trametinib (both from Sel-
leck Chemicals) for 1 hour. An equal amount of protein was prepared
by calculating the protein concentration using Bradford reagent (Bio-
Rad), and 40 pg protein was resolved on 10%-12% SDS-PAGE gel fol-
lowed by transfer onto a PVDF membrane (MilliporeSigma). Western
blot analysis was performed with the following antibodies: ERK (4695,
Cell Signaling Technology), p-ERK (4377, Cell Signaling Technology),
BTK (85478, Cell Signaling Technology), p-BTK (871418, Cell Signal-
ing Technology), CD19 (9017685, Cell Signaling Technology), and p-ac-
tin (sc1615 HRP, Santa-Cruz Biotechnology). Ratio analysis was done
using Bio-Rad Image Lab software.

Mass cytometry (CyTOF). Antibodies were either purchased
preconjugated from Fluidigm or purchased, purified, and conjugat-
ed in-house using MaxPar X8 Polymer kits (Fluidigm) according to
the manufacturer’s instructions (Supplemental Table 1). Cells were
washed with cell-staining buffer (PBS with 0.2% BSA and 0.02%
NaN3), labeled with Rh103 intercalator (Fluidigm) as a viability dye,
and then stained with cell-surface antibodies for 30 minutes on ice.
Then cells were then fixed with 1.6% formaldehyde for 10 minutes
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and permeabilized with ice-cold methanol and further stained with
antibodies against intracellular phosphoprotein targets for 30 minutes
on ice. The CyTOF antibodies used are listed in Supplemental Table
1. The samples were then washed and incubated in 0.125 nM iridium
intercalator (Fluidigm) diluted in PBS containing 2% formaldehyde
for 30 minutes and stored at 4°C until acquisition. Immediately pri-
or to acquisition, samples were washed once with PBS and once with
deionized water and were then resuspended at a concentration of 1
million cells per milliliter in deionized water containing a 1:20 dilu-
tion of EQ 4 Element Beads (Fluidigm). The samples were acquired
on a CyTOF instrument (Fluidigm) equipped with a SuperSampler
fluidics system (Victorian Airships) at an event rate of fewer than 500
events per second. After acquisition, the data were normalized using
the bead-based normalization algorithm in the CyTOF software (Flu-
idigm). Barcodes were deconvoluted using the Fluidigm debarcod-
ing software. The data were gated to exclude residual normalization
beads, debris, dead cells, and doublets for subsequent clustering and
high-dimensional analyses. Normalized and debarcoded data were
uploaded to Cytobank (24) for final analysis.

Statistics. Statistical analyses were performed using GraphPad
Prism 8.4.3 (GraphPad Software) for Mac OS. A 2-tailed Student’s ¢
test and the Wilcoxon signed-rank test were used to determine sta-
tistical significance. Data represent the mean * SD. Significance was
defined as a P value of less than 0.05.

Study approval. Patient samples used for this study were obtained
with written informed consent under approval of the Albert Einstein
College of Medicine IRB (protocol 2005-536) and the National Can-
cer Institute (NCI), NIH. All patients or guardians gave informed con-
sent for study participation and/or sample collection. Pediatric patient
samples were collected as part of the NCI clinical trials NCT01593696
and NCT03448393 (ClinicalTrials.gov).

Data availability. Sequences from scRNA-Seq experiments have
been deposited in the NCBI’s BioProject database (PRJNA1073528).
ATAC-Seq and RNA-Seq sequences have been deposited in the
NCBI’s Gene Expression Omnibus database (GEO GSE255305 and
GSE255306, respectively). All supporting data for the figures and sup-
plemental data are provided in the Supporting Data Values file.
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