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Ibrutinib inhibits pre-BCR™ B-cell acute lymphoblastic leukemia
progression by targeting BTK and BLK
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Targeting B-cell receptor (BCR) signaling is a successful therapeutic strategy in mature
B-cell malignancies. Precursor BCR (pre-BCR) signaling, which is critical during normal

¢ |n B-ALL, cells that express a | B lymphopoiesis, also plays an important role in pre-BCR* B cell acute lymphoblastic
functional pre-BCR ibrutinib leukemia (B-ALL). Here, we investigated the activity and mechanism of action of the BTK
abrogate leukemia cell growth inhibitor ibrutinib in preclinical models of B-ALL. Pre-BCR* ALL cells were exquisitely

in vitro and in vivo. sensitive to ibrutinib at therapeutically relevant drug concentrations. In pre-BCR* ALL,

e Effects of ibrutinib in B-ALL ibrutinib thwarted autonomous and induced pre-BCR signaling, resulting in deactivation
: of PI3K/Akt signaling. Ibrutinib modulated the expression of pre-BCR regulators (PTPN6,

DOt. o.n.ly are mediated throth CD22, CD72, and PKCg) and substantially reduced BCL6 levels. Ibrutinib inhibited ALL
!nhlbltlon of BTK bUt also cell migration toward CXCL12 and beneath marrow stromal cells and reduced CD44
involve BLK inhibition. expression. CRISPR-Cas9 gene editing revealed that both BTK and B lymphocyte kinase
(BLK) are relevant targets of ibrutinib in pre-BCR™ ALL. Consequently, in mouse
xenograft models of pre-BCR* ALL, ibrutinib treatment significantly prolonged survival. Combination treatment of ibrutinib with
dexamethasone or vincristine demonstrated synergistic activity against pre-BCR* ALL. These data corroborate ibrutinib as a
promising targeted agent for pre-BCR™ ALL and highlight the importance of ibrutinib effects on alternative kinase targets. (Blood.

2017;129(9):1155-1165)

Introduction

B-cell acute lymphoblastic leukemia (B-ALL) is a B lymphocyte
progenitor malignancy that arises predominantly during childhood,'
with a second peak in incidence after the age of 50 years.> Outcome for
pediatric patients is fairly good, with 5-year event-free survival rates
above 80%; in contrast, the outcome in adult patients generally is less
favorable. The introduction of kinase inhibitors targeting B-cell receptor
(BCR) signaling generated hope that these compounds may become
useful for the treatment of various B-cell malignancies, especially those
that depend upon BCR signaling.*> Signaling of the precursor B-cell
receptor (pre-BCR) is largely similar to that of the mature BCR and plays
acritical role during early B-cell development.® In the bone marrow, the
pre-BCR promotes survival and expansion of progenitor cells with
productively rearranged pre-BCRs, and B-cell precursors with non-
functional pre-BCRs are targeted for deletion. During normal B-cell
development, pre-BCRs are expressed for a short period of time after
successful immunoglobulin heavy chain (/GH) gene rearrangement,
allowing progenitor cells to transition into the pool of mature peripheral
B cells. Pre-BCR surface levels are lower than those of the mature BCR,

presumably due to continuous activation and receptor internalization.’
Different mechanisms of pre-BCR activation have been described.
Several lines of evidence demonstrated ligand-independent autono-
mous (tonic) pre-BCR activation via self-aggregation being a central
mechanism,**'* whereas other studies suggested a role of stromal cell
antigens, such as galectin-1, as candidate ligands of the pre-BCR.!!
The role of pre-BCR signaling in ALL may differ depending on the
maturation stage of the lymphoblasts and presence of oncogenic driver
lesions. For instance, pre-BCR signaling is compromised in most BCR-
ABLI1™ cases of ALL through nonproductive IGH gene rearrangement
or deregulation of other pathway components, such as IKAROS,
SLP-65, and Bruton tyrosine kinase (BTK).'>'> BCR-ABL1™" and
cytokine receptor/STATS-driven ALL cells are preferentially selected
against subclones with functional pre-BCRs, because in these ALL
subtypes the pre-BCR suppresses rather than promotes proliferation of
the leukemia cells.'®!” In contrast, a subset of ALL cases, including
over 90% of the cases carrying translocation (1;19), have productively
rearranged /GH genes and rely on pre-BCR-dependent Akt activation
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for their proliferation.'®' Pre-BCR-dependent ALL accounts for
approximately 15% of ALL cases and was recently shown to be
exquisitely sensitive to BCR signaling inhibitors.'”°

BTK s a tyrosine kinase downstream of the pre-BCR and BCR and is
present in normal B cells at all stages of maturation, except in plasma
cells.>!* BTK transduces signals that foster B-cell differentiation,
proliferation, survival, and tissue homing.**® The importance of BTK in
the pathogenesis of chronic lymphocytic leukemia, diffuse large B-cell
lymphoma, and other mature B-cell malignancies is well established,””
but there is less information about BTK’s role in ALL. Early studies
reported unaltered levels of BTK in childhood ALL cells,* whereas
frequent BTK deficiency due to aberrant splicing was reported later.> >
Ibrutinib was recently suggested as a potential therapeutic option for
pre-BCR' or TCF3-rearranged ALL.'”** However, another study
reported that t(1;19)-ALL is sensitive to the SRC/ABL/BTK inhibitor
dasatinib but not to ibrutinib or BTK knockdown. ' Here, we explore the
preclinical therapeutic potential of ibrutinib in ALL and mechanism of
its action. We provide evidence that ibrutinib interferes with pre-BCR
signaling and suppresses ALL cell proliferation, acting through multiple
targets, especially BTK and BLK tyrosine kinases. Ibrutinib significantly
prolonged survival in a mouse model of human pre-BCR™ ALL.

Materials and methods

Patient samples and cell lines

Cell lines were validated by short tandem repeat (STR) method and assigned to
various immunophenotypes on the basis of immunoglobulin heavy and light
chain expression; immunoglobulin p.-chain™ (Igp.”) defined a pro-B cell, Ign*
a pre-B cell, and IgM " a mature B-cell phenotype of the ALL cells.

After informed consent obtained in accordance with the Declaration of
Helsinki on protocols reviewed and approved by the institutional review board at
the MD Anderson Cancer Center, peripheral blood samples were drawn from
patients fulfilling clinical and immunophenotypic criteria for B-ALL at the
Department of Leukemia, MD Anderson Cancer Center. Peripheral blood
mononuclear cells were maintained in coculture with KUSA-H1 murine stromal
cells in RPMI 1640 medium, supplemented with 10% fetal bovine serum
(Gibco), 2.05 mM of L-glutamine (HyClone Laboratories), and penicillin-
streptomycin (Corning).

Cell counting and viability assay

Staining with 3,3 dihexyloxocarbocyanine iodide (DiOC6; Molecular Probes)
and propidium iodide (PI; Molecular Probes) was used to measure the percentage
of viable cells, as has been previously described.* Primary ALL samples were
considered only if the viability of untreated cells was over 55% after 48 hours of
ex vivo culture. Relative cell numbers were determined by counting at high flow
for 20 seconds, or absolute cell numbers were measured with CountBright
Absolute Counting Beads (Molecular Probes).

Western blot

In this study we used antibodies against the following proteins: pBTK-Y223
(Epitomics, Abcam), BTK, p-phospholipase C (pPLC)y2, PLCy2, p-protein
kinase B (Akt)-S473, pAkt-T308, Akt, p-extracellular signal-regulated kinase
(pERK)1/2-T202/Y204, ERK1/2, BCL6, SHP-1 (PTPN6), pS6-S235/236,
S6, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), pFOXO1-Thr24/
FOXO03a-Thr32/FOX04-Thr28, FOXO1, FOX03a, FOX04, p27, and BLK
(Cell Signaling). Densitometry analysis was performed using ImageJ software.

XTT proliferation assay

Cell proliferation was measured using TACS XTT Cell Proliferation/Viability
Assay (Trevigen), according to the manufacturer’s instructions. Half-maximal
inhibitory concentrations (ICsp) were calculated using Prism 6 for Mac OS X
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(GraphPad Software; http:/www.graphpad.com). Cells were incubated with
increasing concentrations of ibrutinib for 72 hours (cell lines) or 96 hours (BLK/
BTK KO cells). Combination experiments were analyzed with CompuSyn
(ComboSyn Incorporated; http://www.combosyn.cony/).

Measurement of intracellular calcium mobilization

Calcium mobilization was measured, as has been described previously.*> ALL
cells were loaded with Fluo-3 AM (Invitrogen) and Pluronic F-127 (Sigma-
Aldrich) and then treated with 0.1% dimethyl sulfoxide (DMSO) or 1 uM of
ibrutinib for 30 minutes. Calcium mobilization was induced by 10 pg/mL of the
goat F(AB')2 fragment to human IgM (MP Biomedicals). Fluorescence was
measured with flow cytometry. The data were analyzed using FlowJo (version
9.4.11; FlowJo; http://www.flowjo.com/).

Flow cytometry

Flow cytometry analyses were performed on a BD FACSCalibur (BD
Biosciences). The following monoclonal antibodies were used in accordance
with the manufacturer’s instructions: CD22-phycoerythrin (PE), CD72-fluorescein
isothiocyanate (FITC), and CD44-FITC (BD Biosciences).

Gene expression profiling

Total RNA was isolated from RCH-ACV cells treated with 0.1% DMSO or
1 uM of ibrutinib for 24—72 hours using TRIzol Reagent (Ambion) and RNeasy
Mini Kit (QIAGEN). After confirming RNA quality with a Bioanalyzer 2100
instrument (Agilent), 300 ng of total RNA was amplified and biotin-labeled
through an Eberwine procedure using an [llumina TotalPrep RNA Amplification
kit (Ambion) and hybridized to Illumina HT12 version 4 human whole-genome
arrays. Data were processed, as has been described previously.*® Hierarchical
clustering with the Average linkage clustering method was performed with
Cluster 3.0 (Human Genome Center, University of Tokyo, Tokyo, Japan).
Resulting data were analyzed using QIAGEN’s Ingenuity Pathway Analysis
(www.ingenuity.com). The St. Jude B-ALL GEP dataset (GSE33315)*7 was
downloaded from the National Center for Biotechnology Information gene
expression omnibus gene expression database (http://www.ncbi.nlm.nih.gov/
geo/) and analyzed by applying the Gene Pattern Server provided by the Broad
Institute (Cambridge, MA), as has been previously described.®

Chemotaxis assay and migration assay (pseudoemperipolesis)

Chemotaxis of control or ibrutinib-treated (0.5 wM, 1 hour) cells toward
CXCL12 (100 ng/mL; R&D Systems) was performed, as has been previously
described, using 6.5-mm Transwell culture inserts (Costar) with a pore size of
50r8 pm.®

Migration assay was performed, as has been described previously.*® KUSA-
HI1 cells were plated in collagen-coated 12-well plates 24 hours before the
experiment (1.4 X 10° per well). ALL cells were pretreated with 0.1% DMSO or
0.5 wM ibrutinib for 72 hours. We layered 5 X 10° ALL cells on top of the
stromal cells for 4 hours.

Mouse model of human ALL

The ICN12'7 human ALL model experiment was in compliance with the
institutional approval by the University of California, San Francisco. ICN12 cells
were labeled with lentiviral firefly luciferase, and 1 X 10° cells were injected via
tail vein into 14 sublethally irradiated nonobese diabetic (NOD)/severe combined
immunodeficiency (SCID) recipient mice (7 per group). Engraftment and
leukemia expansion were monitored by using luciferase bioimaging. Ibrutinib
was administered by oral gavage for 5 weeks at a dose of 37.5 mg/kg in 90%
PEG+10% Chromasolv (Sigma-Aldrich) twice daily, starting on the day of
ICN12 injection. When a mouse became terminally sick, it was sacrificed, and the
bone marrow and spleen were collected for flow cytometry analysis.

The RCH-ACV human ALL model experiment was conducted by Crown
Bioscience (Taicang, China) after approval by the institutional animal care and
use committee. During the study, the care and use of animals was conducted in
accordance with the regulations of the Association for Assessment and
Accreditation of Laboratory Animal Care. We injected 1 X 10® RCH-ACV
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cells into 20 NOD/SCID mice (10 per group) via tail vein. Ibrutinib treatment
(25 mg/kg in 1% methylcellulose, 0.4% Cremephor in water) started the next
day; the drug was provided in drinking water. Leukemia expansion was mon-
itored by flow cytometry (human CD19) of whole blood samples. When a mouse
became terminally sick, it was sacrificed, and the peripheral blood, bone marrow,
and spleen were collected for flow cytometry analysis.

BLK and BTK knockout using CRISPR-Cas9 system

sgRNA design and cloning were performed according to Ran et al’s
method® with use of a CRISPR design tool (http://crispr.mit.edu). Three
high-scoring sgRNAs were selected per target. BLK and BTK targeting
sequences were cloned into pSpCas9(BB)-2A-GFP (px458), which was a
gift from Dr. Feng Zhang (Addgene plasmid 48138). The px458-based
constructs or the empty px458 vector was introduced into RCH-ACYV cells
by electroporation with the NEON™ Transfection System by using
standard protocol 5 (Life Technologies). Viable GFP™ cells were sorted
72 hours later with FACSAria Fusion Sorter (BD Biosciences) and used for
further experiments. The results obtained with 3 different sgRNAs per target
were averaged. Knockout of target genes was verified by western blot analysis
of the sorted cells. Additionally, single GFP™ cells were sorted into 96-well
plates to obtain single-cell clones. For sgRNA sequences, the reader is
referred to the supplemental Materials and Methods section, available on the
Blood Web site.

Data analysis and statistics

Statistical analyses were performed by using Prism 6 for Mac OS X. One sample
Student ¢ test, unpaired and paired Student 7 tests, Mann-Whitney rank test,
Wilcoxon matched-pairs signed-rank test, and log-rank (Mantel-Cox) test were
used, as appropriate. P values were adjusted for multiple comparisons by using
Bonferroni correction. A P value of <.05 was considered statistically significant.
To reduce variability between individual experiments, we calculated the relative
values by dividing the value of a particular sample by the average control value
obtained from 0.1% DMSO-treated samples.

For further details on experimental procedures, the reader is referred to the
supplemental Materials and Methods section.

Results
Pre-BCR-positive ALL is exclusively sensitive to ibrutinib

To explore the functional role of BTK in ALL, we screened a
representative panel of ALL cells for BTK expression and activity by
western blot (Figure 1A; supplemental Table 1). BTK protein
expression was detectable in the majority of ALL cells (17/18) and
independent of cytogenetic abnormalities. In contrast, BTK activity
(as was indicated by autophosphorylation at residue Y223) was
restricted to certain groups of ALL, including BCR-ABL1" and
pre-BCR™ cells.

In keeping with an essential role of BTK in the pre-BCR signaling
cascade, pBTK */pre-BCR™ cell lines (RCH-ACV, SMS-SB) were
particularly sensitive to BTK-specific tyrosine kinase inhibitor ibrutinib,
as was measured by XTT viability/proliferation assay (Figure 1B).
Treatment with 0.5 wM of ibrutinib reduced viability/proliferation
of RCH-ACV cells by 48.7% (95% confidence interval [CI], 44.6%
to 52.9%; P < .0001) and of SMS-SB cells by 55.8% (95% CI,
54.2% to 57.5%; P < .0001). In contrast, pBTK * /pre-BCR ™ lines
(TOM-1, NALM-20, NALM-21) and pBTK /pre-BCR " lines
(REH, RS4;11) were resistant to ibrutinib at concentrations achiev-
able in humans (no significant changes in the presence of 0.5 uM of
ibrutinib).*’

Additional analysis revealed that ibrutinib significantly reduced
proliferation of several cell lines (Figure 1C). The reduction was modest
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in case of pBTK " /pre-BCR ™ cells, with the largest decrease of
14.1% (95% CI, 8.5% to 19.6%; P = .0015) observed in NALM-20.
In contrast, proliferation of pBTK */pre-BCR " RCH-ACV cells was
reduced by 39.0% (95% Cl, 32.9% to 45.1%; P < .0001) and of SMS-
SB cells by 42.7% (95% CI, 37.3% to 48.1%; P < .0001). Cell
viability was not significantly affected by ibrutinib in any cell line,
except for RCH-ACV (Figure 1D). However, even in that case the
average decrease was quite small (2.1%; 95% CI, 1.3% to 3.0%;
P = .0007). Taken together, these results suggest that ibrutinib exerts
its effects predominantly through the inhibition of cell proliferation
rather than through the induction of apoptosis.

Ibrutinib interferes with induced and tonic pre-BCR signaling

In light of the exclusive sensitivity of pre-BCR ™ ALL cells to ibrutinib,
we studied its effects on the activity of the pre-BCR signaling cascade.
Pretreatment with ibrutinib completely abrogated pre-BCR-induced
calcium flux in pBTK*/pre-BCR* cells (RCH-ACV, SMS-SB, and
Kasumi-2) (Figure 2A-B) and considerably reduced pre-BCR-
dependent phosphorylation of Akt and ERK (Figure 2C), thus
highlighting the efficacy of ibrutinib in inhibiting ligand-dependent
pre-BCR activation.

Along the same lines, ibrutinib abrogated tonic signals from the pre-
BCR as indicated by the reduction of Akt phosphorylation in the
absence of exogenous pre-BCR stimuli (Figure 2D). Importantly, the
degree of pAkt reduction corresponds well with the sensitivity of ALL
cells to ibrutinib, thereby suggesting PI3K signaling as one of the main
targets of the inhibitor. Consequently, ibrutinib also interfered with
phosphorylation of well-established downstream targets of Akt,
including tumor suppressive transcription factors FOXO1, FOXO3a,
and FOXO4. Reduced phosphorylation of FOXO transcription factors
promotes their transcriptional activity, resulting in upregulation of
the cell cycle inhibitor p27% in pre-BCR* ALL (Figure 2E-F). Simi-
larly, ibrutinib reduced the phosphorylation of the mTORCI-target
ribosomal protein S6, suggesting suppression of mTOR signaling
(Figure 2D).

Ibrutinib induces changes in the pre-BCR signaling pathway
and interferes with cell migration

To reveal any long-term effects of ibrutinib on the pre-BCR signaling
pathway, we performed gene expression profiling of RCH-ACV cells
after 24 and 72 hours’ exposure to ibrutinib. QIAGEN’s Ingenuity
Pathway Analysis indicated B-cell receptor signaling as the most
altered pathway after 72 hours (P < .0001). Interestingly, prolonged
exposure to ibrutinib resulted in suppression of several negative
regulators of pre-BCR signaling, such as CD22, CD72, and PTPN6
(SHP-1), at both mRNA and protein levels in pre-BCR" cells
(Figure 3A-D; supplemental Figure 1). On the other hand, PKCf, a
downstream target of BTK, was upregulated (Figure 3A). Collectively,
these changes in gene expression might represent a feedback compen-
satory mechanism to restore a normal level of pre-BCR signaling
activity after inhibition by ibrutinib.

We also observed that ibrutinib significantly downregulated
expression of the BCL6 transcription factor, a proposed surrogate
marker for pre-BCR activity (Figure 3A-B; supplemental Figure 1)."”
In accordance with previously published data, the drop in BCL6 level
coincided with the reduction of CD44 homing receptor expression
(Figure 3E).*! These observations suggest that pre-BCR signaling
inhibition with ibrutinib may also interfere with leukemia cells
homing to the bone marrow niche.

To further explore the potential of ibrutinib to disrupt the
interactions of leukemia cells with their microenvironment, we
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Figure 1. Several subsets of B-ALL cells have activated BTK, but only pre-BCR* ALL cells are sensitive to ibrutinib. (A) pBTK and total BTK expression in ALL cell
lines. (B) Proliferation/viability of different ALL cell lines after ibrutinib treatment as measured by XTT assay. Displayed are the mean with 95% CI from at least 3 independent
experiments. (C-D) Comparison of viable cell counts (C) and percentage of viable ALL cells (D) after 96 hours of treatment with 1 uM of ibrutinib. Results were normalized to
DMSO-treated controls and are presented as the mean with 95% CI from 3 independent experiments. ns, not significant. *P < .05; **P < .01; ***P < .001; ****P < .0001.

measured ALL cell chemotaxis toward CXCLI2 after treatment
with the inhibitor. Interestingly, ibrutinib significantly inhibited the
migration of pre-BCR™ REH cells and pre-BCR™ RCH-ACV cells
(Figure 3F). Pretreatment with ibrutinib reduced the REH cell
chemotaxis toward CXCL12 from 71.8% (95% CI, 65.7% to 77.9%)
to 46.5% (95% CI, 37.7% to 55.4%; P = .01), and the migration of
RCH-ACV dropped from 10.5% (95% CI, 3.1% to 17.7%) to
6.5% (95% CI, 1.0% to 11.9%; P = .0152). Ibrutinib-treated RCH-
ACV cells migrated beneath KUSA-H1 bone marrow stromal cells
(BMSC) significantly less effectively than did control cells (4.8%; 95%
CL 3.5% to 6.0% vs. 11.5%; 95% CI, 7.9% to 15.1%; P = .0022)
(Figure 3G; supplemental Figure 2). The reduction in the REH cell
migration was smaller. Taken together, these results indicate that
ibrutinib interferes in multiple ways with leukemia cell interactions with
their supportive microenvironment.

Ibrutinib acts through multiple targets in ALL

To further elucidate the mechanism of action of ibrutinib in pre-BCR*
ALL, we selectively knocked out the BTK gene (BTK KO) in RCH-
ACYV cells using CRISPR-Cas9 gene editing and subsequently
measured their proliferation rate by XTT assay. Surprisingly, despite
their sensitivity to ibrutinib, RCH-ACV cells were quite resistant to
the loss of BTK protein expression: the maximum observed decrease
in proliferation was only 15.7% (95% CI, 9.6% to 21.8%; P = .0143)
(Figure 4A; supplemental Figure 3). Furthermore, treatment with
0.5 uM of ibrutinib reduced proliferation of both BTK KO and BTK

wild-type cells to about 43% of that of the control untreated cells,
indicating the importance of alternative targets for the activity of
ibrutinib in pre-BCR™ ALL.

Ibrutinib has been previously reported to target tyrosine kinases
other than BTK.**** According to in vitro kinase assays, ibrutinib
irreversibly inhibits 8 kinases with ICso below 1 wM.** In our search for
additional targets of ibrutinib, we therefore analyzed the expression of
these kinases in a subset of pre-BCR™ ALL using publicly available
microarray data from the St. Jude Children’s Hospital.>” Among those,
only BTK and BLK were significantly overexpressed in pre-BCR*
ALL in comparison with other subtypes (Figure 4B). Importantly,
BLK is a part of the BCR and pre-BCR signaling cascades, functioning
upstream of BTK.*>**® Thus, we hypothesized that BLK might serve as
an additional target of ibrutinib in pre-BCR* ALL.

To study the role of BLK for the effects of ibrutinib, we generated
RCH-ACYV cells lacking BLK (BLK KO) or both BLK and BTK (BLK/
BTK KO). The proliferation rate of RCH-ACV cells seemed to be more
sensitive to BLK KO (reduction by 20.7% in comparison with untreated
cells transfected with the empty vector; 95% CI, 18.7% to 22.6%;
P < .0001) than to BTK KO (reduction by 14.2%; 95% CI, 9.8% to
18.5%; P = .0003), and even more so to double BLK/BTK KO
(reduction by 33.8%; 95% CI, 27.1% to 40.5%; P < .0001) (Figure
4C). Although ibrutinib could still significantly suppress proliferation
of all types of cells, its effect was smaller in knockout cells: proliferation
of control cells was reduced by 54.5% (95% CI, 51.3% to 57.7%;
P < .0001), of BTK KO by 43.1% (95% CI, 40.2% to 46.1%;
P <.0001), of BLK KO by 33.3% (95% CI, 31.6% to 34.9%; P < .0001),
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Figure 2. Ibrutinib thwarts pre-BCR signaling in B-ALL. (A) Ca®>* mobilization in B-
of ibrutinib or without. The background fluorescence threshold was established at the fl

ALL cells after pre-BCR cross-linking with anti-Igu.. ALL cells were pretreated with 1 uM
luorescence intensity of 85th percentile of unstimulated cells. Area under the curve was

calculated and normalized to a background reading of a particular sample and then to the response of control cells. Displayed are the means with 95% CI from 3-6

independent experiments. (B) Representative display of Ca®* mobilization in pre-BCR

* B-ALL cells after anti-lgp. stimulation (indicated by the arrow), with or without ibrutinib

pretreatment. (C) Western blot showing that ibrutinib treatment effectively abrogates anti-Igp.-induced pre-BCR-dependent BTK, Akt, and ERK activation in RCH-ACV cells.

(D) Western blot showing that treatment with 0.5 M of ibrutinib for 1 hour suppresses
21, REH) B-ALL. (E-F) Western blot analysis of p27 content in ALL cells exposed to ib
the mean with 95% CI (F). AUC, area under the curve. ns, not significant. *P < .05;

and of BLK/BTK KO by 25.4% (95% CI, 20.6% to 30.3%; P < .0001).
Consistently, only double BTK/BLK KO reduced Akt and ERK
phosphorylationin RCH-ACYV tolevels comparable to cells treated with
ibrutinib (Figure 4D). Nonetheless, the effect of double knockout
was not quite equal to that of ibrutinib, suggesting that other
covalent or noncovalent targets are involved in the mechanism of
its action.

To quantitatively measure how the absence of ibrutinib targets
affects the sensitivity of ALL cells to the drug, we generated several
RCH-ACV-derived clones, lacking BTK, BLK, or both. The average
ICs5 of ibrutinib in control clones was considerably lower (455 nM;

baseline Akt signaling in pre-BCR™ (RCH-ACV, SMS-SB) but not in pre-BCR™ (NALM-
rutinib for 24 hours (E) and densitometry of 3—4 independent experiments presented as
*P < .01.

95% CI, 372-556 nM; N = 5) than in BLK KO (938 nM; 95% CI,
775-1136 nM; N = 6), BTK KO (1305 nM; 95% CI, 1099-1551 nM;
N = 4), or double BLK/BTK KO clones (1698 nM; 95% CI, 1400-2060
nM; N = 4) (Figure 4E). These results further confirm our hypothesis that
ibrutinib requires both BTK and BLK for its maximum efficacy in ALL.

Ibrutinib induces apoptosis of primary ALL cells

To further evaluate ibrutinib as a potential therapeutic agentin ALL, we
treated peripheral blood mononuclear cells from 7 patients with ALL
with increasing concentrations of the inhibitor (supplemental Table 2
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Figure 3. Ibrutinib affects pre-BCR signaling pathway components and cell migration. (A) Results of gene expression profiling for selected genes of pre-BCR™ B-ALL
cells (RCH-ACV) treated with ibrutinib for 24 hours (left bar in each pair) or 72 hours (right bar in each pair). Values were normalized to controls (DMSO-treated cells); data
from multiple probes were averaged when available; displayed are the mean = SD. (B) PTPN6 and BCL6 protein levels were reduced in pre-BCR* (RCH-ACV, SMS-SB,
Kasumi-2), but not in pre-BCR™ (NALM-21, REH), B-ALL cells after treatment with 0.5 M of ibrutinib for 72 hours. BCL6 and PTPNS signals were quantified by densitometry

and normalized to corresponding GAPDH measurements and subsequently to untreate

d controls. Short and long exp., short and long exposition. (C-E) CD72, CD22, and

CD44 surface expression after 72 hours of ibrutinib treatment as measured by flow cytometry. Results of 3-5 independent experiments presented as the mean fluorescence
intensity ratio, mean with 95% ClI. (F) Pretreatment with ibrutinib inhibited migration of ALL cells toward CXCL12 in chamber chemotaxis assay. Numbers of transmigrated

cells were measured in triplicate in 3—4 independent experiments, were normalized to 1 :

20 dilution of input cells, and are presented as the mean with 95% CI. (G) Treatment

with ibrutinib for 72 hours significantly decreased spontaneous migration of RCH-ACV cells beneath KUSA-H1 stromal cells. Results of 2 independent experiments are
displayed as the mean with 95% CI. MFI, mean fluorescence intensity. ns, not significant. *P < .05; **P < .01; ***P < .001.

summarizes patients’ characteristics). Ibrutinib induced mild but
significant levels of apoptosis of leukemic cells: 0.5 wM of ibrutinib
reduced viability by 5.5% (95% CI, 0.4% to 10.7%; P = .0313), and
1 M of ibrutinib reduced viability by 12.3% (95% CL, 2.9% to0 21.7%;
P = .0156) (Figure 5A-B). These results are in agreement with similar
data on chronic lymphocytic leukemia (CLL) cells cultured ex vivo,
for which ibrutinib also demonstrates only a moderate effect on
viability.?”?® Relative sensitivity to ibrutinib of the sample ALL
4 (19.2% reduction in viability by 1 uM of ibrutinib) correlated with
amore pronounced decrease in the levels of phosphorylated Akt and
S6 proteins when compared with less sensitive sample ALL 6 (0.2%
reduction in viability) (Figure 5C).

Ibrutinib treatment significantly prolongs survival in ALL
mouse models

Finally, we sought to examine in vivo efficacy of ibrutinib against
pre-BCR* ALL. The RCH-ACV cell line and xenograft-amplified
primary sample ICN12"7 were chosen for this purpose. ICN12 cells
were sensitive to ibrutinib under in vitro conditions with ICso 0of 2.6 uM
(95% CI, 2.4-2.9 uM) (data not shown) and demonstrated a char-
acteristic response to ibrutinib treatment, such as reduction in pAkt,
PERK, BCL6, and PTPN6 (supplemental Figure 4). These cells were
injected into NOD/SCID mice, and animals were treated with 37.5 mg/kg
ibrutinib twice daily through oral gavage for 5 weeks, starting at the day
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Figure 4. Ibrutinib targets BTK and BLK in B-ALL. (A) Proliferation of RCH-ACV cells after BTK gene knockout was reduced, when quantified in XTT assays and compared with
empty vector (EV) controls. Three different sgRNAs were used to knockout BTK. Displayed are the mean with 95% ClI of triplicates. (B) The box and whisker graphs depict relative
gene expression of tyrosine kinases, to which ibrutinib binds covalently, in primary ALL cases from the St. Jude Children’s Hospital dataset. The whiskers represent minimum and
maximum expression values. BTK and BLK expression levels were significantly higher in pre-BCR" ALL subset than in all other subsets. (C) BTK, BLK, and especially double BLK/
BTK gene knockout considerably reduced proliferation of RCH-ACV as measured by XTT assay. Displayed are the mean with 95% ClI of triplicates. (D) Double BLK/BTK KO RCH-
ACV cells demonstrated diminished phosphorylation of Akt and ERK similarly to control (empty vector) cells treated with 0.5 M of ibrutinib for 1 hour. (E) Individual BTK and BLK KO
RCH-ACYV cells were expanded to generate clones. The dose-response curves demonstrate lower ibrutinib sensitivity of KO clones in comparison with empty vector controls as
measured by XTT assay. Depicted are the mean with 95% CI of 46 clones of each type. ns, not significant. *P < .05; **P < .01; **P < .001; ****P < .0001.

of injection. The mice receiving treatment survived significantly longer
than did untreated animals: the median survival time (MST) with
treatment was 70 days in comparison with 52 days in the control group
(Figure 6A-B).

Survival time in the RCH-ACV ALL model was much shorter,
indicating a more aggressive disease. Nevertheless, ibrutinib
treatment significantly prolonged survival of mice, with MST
of 23 days in controls versus 25 days in the treatment group
(Figure 6C).

Favorable combination partners could further enhance considerable
efficacy that ibrutinib demonstrated as a single agent in mouse models
of human ALL. Combinations of ibrutinib with dexamethasone
or vincristine synergistically reduced viability and proliferation of

pre-BCR™ ALL cells, as was demonstrated by combination
indices of less than 1 (Figure 6D).

Taken together, the data from our in vitro and in vivo experiments
indicate that ibrutinib has therapeutic activity against human pre-BCR*
ALL cells, as a single agent and more potently in combination with
conventional chemotherapy.

Discussion

The goal of this study was to evaluate effects of ibrutinib on ALL cell
proliferation and survival and the importance of BTK and BLK
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Figure 5. Ibrutinib induces apoptosis of primary ALL cells. (A) Primary ALL cells cocultured with KUSA-H1 stromal cells were treated with ibrutinib (ibr) for 48 hours.
Representative counter plots show a fraction of viable ALL cells as determined by DiOCg/PI staining and flow cytometry. (B) Ibrutinib significantly reduced viability of primary
ALL cells after 48 hours of treatment. Percentage of viable ALL cells was normalized to DMSO-treated control. Displayed are the mean with 95% CI of 7 ALL samples. (C)
Ibrutinib inhibits Akt in sensitive ALL cells (ALL 4) but not in insensitive cells (ALL 6), as determined by western blotting. *P < .05.

inhibition. BTK is the principal known target of ibrutinib, and we found
activated BTK in BCR-ABLI1™ and pre-BCR™ cells; however, only
pre-BCR* ALL cells were sensitive to ibrutinib at clinically relevant
concentrations. In such pre-BCR™ ALL cells, ibrutinib abrogated
induced and autonomous pre-BCR signaling, resulting in deactivation
of Akt and its downstream targets, and thwarted ALL cells’
proliferation. Ibrutinib treatment caused several long-term effects on
pre-BCR signaling and related signaling pathways, on the basis of our
gene expression studies. Expression of positive and negative regulators
of pre-BCR signaling was altered, presumably via compensatory
mechanisms activated by continuous blockade of BTK activity. Similar
compensatory changes were reported in t(1;19)-ALL cells after pre-
BCR signaling suppression with dasatinib.'®*” Interestingly, after initial
reduction by dasatinib, the level of phosphorylated Akt recovered
because of increased ROR1/MEK/ERK signaling.

Ibrutinib treatment also resulted in substantial reduction of BCL6,
which plays a role in limiting pre-B-cell proliferation and in
induction of quiescence.*® BCLG6 is constitutively expressed in pre-
BCR™ ALL due to tonic pre-BCR signaling, and its knockdown or
inhibition decelerates proliferation of these cells.'” Possibly the
amount of BCL6 in cells determines their fate; lower BCL6 levels
promote quiescence, and higher levels support their malignant
growth.* Following this rationale, one may argue that suppression
of BCL6 by ibrutinib may contribute to deceleration of ALL cell
growth.

Similar to its effects in other hematologic malignancies, ibrutinib
affected the complex interactions of ALL cells with their
microenvironment.”*3%%¢ It inhibited the migration of both pre-BCR *
and pre-BCR ™ ALL cells toward CXCL12 and beneath BMSC, which
is similar to what has been demonstrated in mature B-cell leukemia
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Figure 6. lbrutinib prolongs survival in xenograft
models of human ALL. (A) Engraftment and expan-
sion of ICN12-induced leukemia in mice treated with
ibrutinib or vehicle control as visualized by luciferase
bioimaging. (B) Kaplan-Meier curve demonstrates
significantly longer overall survival of ibrutinib-treated
mice in a ICN12 human ALL model when compared
with control mice (7 per group). (C) Kaplan-Meier curve
demonstrates significantly longer overall survival of
ibrutinib-treated mice in a RCH-ACV human ALL model
when compared with control mice (10 per group). (D)
Cotreatment with ibrutinib and the chemotherapy
agents dexamethasone or vincristine synergistically
reduced the amount of metabolically active RCH-ACV
cells when measured in XTT assays (Fa-Cl plot).
Combination indices (Cl) were calculated on the basis
of triplicate measurements using CompuSyn. Left-hand
side tables include Cls for the actual experimental

points. Right-hand side tables contain Cls for various B c
effective doses of the drug combination, as is in- ) . X .
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(CLL)Y*®* and proposed as a mechanism involved in redistribution of
leukemia cells from tissues into the blood.**’

Using CRISPR-Cas9-mediated genome editing, we demon-
strated that BTK KO could not fully recapitulate the effects of
ibrutinib on pre-BCR * RCH-ACV cells. We searched for additional
targets of the drug and identified BLK. Along with LYN and FYN,
BLK is one of the several Src family tyrosine kinases in B cells that
can transfer signals from the activated pre-BCR to SYK.*>8
Interestingly, upregulated BLK expression was recently identified as
part of a 40-gene signature of pre-BCR ™ versus pre-BCR ™~ ALL."”
We found that double BLK/BKT KO resembles effects of ibrutinib
treatment more than BLK or BTK KO alone, suggesting that both
targets are of importance in ALL. These findings agree with a
previous report that knockdown of either BLK or BTK alone does not
considerably affect viability and proliferation of pre-BCR* ALL
cells.”

In summary, we demonstrate that ibrutinib suppresses proliferation
of pre-BCR™ ALL, in vitro and in vivo, by targeting two components
of pre-BCR signaling pathway: BTK and BLK. Ibrutinib showed
great efficacy and significantly prolonged survival in mouse xenograft

models of pre-BCR" ALL. These results indicate that the anti-
proliferative effect of ibrutinib observed in ALL cells in vitro translates
into a similar effect in vivo and provides a rationale for exploring the
clinical activity of ibrutinib in patients with pre-BCR™ ALL.
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