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ABSTRACT
◥

Purpose: Relapsed T-acute lymphoblastic leukemia (T-ALL) has
limited treatment options. We investigated mechanisms of resis-
tance to BH3 mimetics in T-ALL to develop rational combination
strategies.We also looked at the preclinical efficacy of NWP-0476, a
novel BCL-2/BCL-xL inhibitor, as single agent and combination
therapy in T-ALL.

ExperimentalDesign:Weused BH3profiling as a predictive tool
for BH3 mimetic response in T-ALL. Using isogenic control,
venetoclax-resistant (ven-R) and NWP-0476-resistant (NWP-R)
cells, phosphokinase array was performed to identify differentially
regulated signaling pathways.

Results: Typical T-ALL cells had increased dependence on
BCL-xL, whereas early T-precursor (ETP)-ALL cells had higher
BCL-2 dependence for survival. BCL-2/BCL-xLdual inhibitorswere
effective against both subtypes of T-lineage ALL. A 71-protein
human phosphokinase array showed increased LCK activity in

ven-R cells, and increased ACK1 activity in ven-R and NWP-R
cells. We hypothesized that pre-TCR and ACK1 signaling path-
ways are drivers of resistance to BCL-2 and BCL-xL inhibition,
respectively. First, we silenced LCK gene in T-ALL cell lines,
which resulted in increased sensitivity to BCL-2 inhibition.
Mechanistically, LCK activated NF-kB pathway and the expres-
sion of BCL-xL. Silencing ACK1 gene resulted in increased
sensitivity to both BCL-2 and BCL-xL inhibitors. ACK1 signaling
upregulated AKT pathway, which inhibited the pro-apoptotic
function of BAD. In a T-ALL patient-derived xenograft model,
combination of NWP-0476 and dasatinib demonstrated synergy
without major organ toxicity.

Conclusions: LCK and ACK1 signaling pathways are critical
regulators of BH3 mimetic resistance in T-ALL. Combination of
BH3 mimetics with tyrosine kinase inhibitors might be effective
against relapsed T-ALL.

Introduction
T-acute lymphoblastic leukemia (T-ALL) accounts for 15% of

pediatric and 25% of adult ALL cases, and 90% of lymphoblastic
lymphoma (LBL) cases (1). Nelarabine-containing pediatric-inspired
multiagent chemotherapy can lead to 85% survival in children and
young adults with T-ALL (2), but survival outcomes are inferior in
older adults, and patients with relapsed or refractory (R/R) T-ALL/LBL
have dismal outcomes (1). Treatment options are limited for patients
with relapsed T-ALL/LBL, and a new class of drug has not been
approved in over a decade. Only 20% to 30% of adults with relapsed
T-ALL can achieve a second complete remission (CR) with current
chemotherapy approaches, and even fewer can be subsequently

rescued with potentially curative allogeneic hematopoietic cell trans-
plantation (HCT), resulting in survival rates of only 10% to 20% (3).
Therefore, alternative therapeutic approaches are urgently needed
for patients with R/R T-ALL.

Resistance to cell death is a hallmark of blood cancers, which is
regulated by the BCL-2 family of proteins (4). The prosurvival proteins
BCL-2, BCL-xL, and MCL-1 act to sequester BAX and BAK, the two
key cell death effector proteins, preventing their oligomerization and
pore formation on the mitochondria. This balance is disrupted in
cancer cells, which enables them to escape apoptosis even though they
are primed to die from the cellular stresses that would kill their
nonmalignant counterparts (5). BH3 mimetics can selectively bind
to BCL-2 family of proteins and restore apoptosis in cancer cells (6).
Venetoclax, a BCL-2-specific BH3 mimetic, has shown significant
activity against acute myeloid leukemia (7), chronic lymphocytic
leukemia (8), mantle cell lymphoma (9), and multiple myeloma (10).
Since then, newer BH3 mimetics with dual BCL-2/BCL-xL activity
have been developed. In hematologic malignancies, a switch in anti-
apoptotic protein dependence from BCL-2 to BCL-xL may lead to
venetoclax resistance (11). Moreover, studies of T-ALL cell lines and
patient samples showed antiapoptotic protein dependence on BCL-xL
in typical precursor T-ALL, and BCL-2 dependence in early T pre-
cursor (ETP)ALL, highlighting the importance of dual BCL-2/BCL-xL
targeting in this disease (12, 13). On the basis of these preliminary
preclinical data in T-ALL and other leukemias, we conducted a multi-
institutional phase I dose-escalation study of venetoclax with navito-
clax (the first BCL-2/BCL-xL dual inhibitor) and low-dose chemo-
therapy (vincristine, asparaginase, steroids) in patients with R/R B-
and T-ALL (14). Although this study provided the proof-of-concept
data for combination of BCL-2/BCL-xL inhibitor with chemotherapy
in T-ALL, it is critical to understand the mechanisms of resistance to
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BH3 mimetics in this disease. Targeting the drivers of BH3 mimetic
resistance may offer new synergistic combinations and improve out-
comes for R/R T-ALL.

Given the importance of BCL-2 and BCL-xL pathways for survival of
T-lymphoblasts, we set out to investigate the patterns of response and
mechanisms of resistance to BH3 mimetics in T-ALL. Using cell lines,
primary patient cells and patient-derived xenograft (PDX) models, we
demonstrated that BH3 profiling can predict response to BH3mimetics
in T-lineage ALL, and dual BCL-2/BCL-xL inhibition can target both T-
and ETP-ALL. We also used a next-generation potent BCL-2/BCL-xL
inhibitor, NWP-0476, which has a modified structure with fine-tuned
BCL-xL activity to minimize the platelet toxicity observed with navito-
clax (15).Our phospho-kinase profiling revealed that pre-T-cell receptor
(pre-TCR) and ACK1 signaling pathways were upregulated with
acquired resistance to BCL-2 and BCL-xL inhibitors, respectively.
Therefore, we hypothesized that LCK and ACK1 signaling pathways
are drivers of BH3 mimetic resistance in T-ALL, and dual inhibition
of signaling and antiapoptotic pathways synergistically suppresses the
growth of T lymphoblasts. We tested this hypothesis by inhibiting
LCK and ACK1 with shRNA and pharmacologic approaches, which
sensitized cells to BH3mimetics. Using both in vitro and in vivomodels
of T-ALL, we demonstrated the efficacy of combining NWP-0476 with
tyrosine kinase inhibitors (TKI; dasatinib and ponatinib) in T-ALL.
These data provide new approaches to overcome BH3 mimetic resis-
tance in T-ALL, and pave the way for future studies looking at TKI plus
BH3 mimetic combinations.

Materials and Methods
Human T-ALL cell lines, primary cells, and PDX lines

Human T-ALL cell lines ALL-SIL (RID:CVCL_1805), MOLT4
(RRID:CVCL_0013), and MOLT16 (RRID:CVCL_1424) were pur-
chased from ATCC, and cultured in RPMI supplemented with 10%
heat-inactivated FBS and 2 mmol/L L-glutamine. All cell lines were
authenticated with STR assay and mycoplasma-tested on an annual
basis. The primary T-ALL cells were obtained from 20 patients with
typical precursor T-ALL and 6 patients with ETP-ALL who were
treated at the University of Chicago and written informed consent has
been obtained from each patient according to our Institutional Review

Board–approved research protocols in accordance with the Declara-
tion of Helsinki (Supplementary Table S1). Blood or bone marrow
samples containing high percentages of leukemic blasts were subjected
to Ficoll gradient centrifugation and the mononuclear cell layer was
collected. Primary patient cells were cultured in RPMI1640 supple-
mented with 2 mmol/L L-glutamine, 10% FBS, and insulin–transfer-
rin–selenium. T-ALL PDX model was developed by engraftment of
primary cells into NOD-SCID IL2Rgnull (NSG) mice as described
previously (16).

Cell viability assays
Cells were incubated for 48 hours in the presence of increasing

concentrations of single or combination drug treatments. Cell viability
was assayed by adding Cell Counting Kit-8 (CCK-8; Dojindo Molec-
ular Technologies, Inc.) to the cell culture for the last 4 hours, and
quantitated using Bio Tek Synergy H4 plate reader and Gen5 software
as described previously (17). IC50 dose was defined as the IC50,
calculated using nonlinear fitted dose–response curves in GraphPad
Prism v.9.0 (RRID:SCR_002798). Experiments were done in triplicate.
For in vitro experiments looking at the synergy between BH3mimetics
and TKIs, zero interaction potency (ZIP) synergy scores were calcu-
lated using SynergyFinder v.3.0 (https://doi.org/10.1093/nar/gkac382;
RRID:SCR_019318). Venetoclax, navitoclax, A-1155463, dasatinib,
ponatinib, BMS 345541, and capivasertib were obtained from Selleck
Chemicals. NWP-0476 was provided by Newave Pharmaceutical, lnc.

BH3 profiling
BH3 profiling is a functional assay that can identify selective

antiapoptotic protein dependencies (BCL-2, BCL-xL, or MCL1) in
different T-ALL cell lines or primary cells. In this assay, mitochondrial
outer membrane permeabilization (MOMP) is a readout for apoptotic
activation, which we assessed as described previously (18). In plate-
based fluorimetry method, BH3 peptides were plated in triplicate on a
black 384-well plate at following concentrations: BAD, HRK, andMS1
were used at 1 mmol/L concentration, whereas BIM and BID were also
plated at different concentrations for titration assays (0–100 mmol/L).
Cells were gently permeabilized with 0.005% digitonin and incubated
with the JC1, a fluorescent mitochondrial dye. The cells were added on
top of the peptides at 2 � 104 cells per well. An intact mitochondrial
membrane resulted in dye accumulation with positive fluorescent
signal, whereas membrane depolarization resulted in a decrease in
fluorescent intensity. The fluorescent intensities of the wells were
measured on the Bio Tek Synergy H4 plate reader at an excitation of
545 nmol/L and an emission of 590 nmol/L over 3 hours. By using
peptides that specifically engage with anti-apoptotic proteins, the
degree of apoptotic priming (i.e., BIM dose-titration assay) and
sensitivity to individual BCL-2 family of proteins were quantified.
Percentmitochondrial depolarization was calculated by normalization
to the solvent only controlDMSOand the positive control alamethicin.
In flow cytometry–based BH3 profiling by intracellular staining
(iBH3), MOMP was assessed with cytochrome c loss from the mito-
chondria of digitonin-permeabilized blasts.

Receptor tyrosine kinase (RTK) array
For the phospho-RTK activation study, a RayBio antibody array

against 71 unique tyrosine kinases was used according to the manu-
facturer’s protocol (Raybio AAH-PRTK-1–4). Cell lysates (1 mg)
from isogenic ALL-SIL control, and venetoclax-resistant and NWP-
resistant cells were added to each membrane. Spot quantitation was
done using ImageJ/Fiji (RRID:SCR_003070), and mean densities were
calculated for each spot in a duplicate and normalized to the densities

Translational Relevance

Relapsed T-lineage acute lymphoblastic leukemia (T-ALL) has
dismal prognosis, for which a new class of drug has not been
approved in over a decade. In this preclinical study, we demon-
strated that typical precursor T-ALL cells depend on BCL-xL for
survival, whereas early T-precursor ALL cells depend on BCL-2.
The novel BCL-2/BCL-xL dual inhibitor NWP-0476 was effective
against both subtypes of T-ALL. We identified LCK and ACK1
signaling pathways as drivers of resistance to BH3mimetics, which
can be effectively targeted with tyrosine kinase inhibitors (TKI),
dasatinib or ponatinib. Mechanistically, LCK-mediated resistance
to venetoclax was driven by NF-kB pathway and upregulation of
BCL-xL expression. ACK1 signaling upregulated AKT pathway,
which inhibited BAD. In T-ALL xenograft models, combination of
NWP-0476 and dasatinib demonstrated synergy without major
organ toxicity. Our results have immediate clinical applications
and clinical trials investigating the combination of BH3 mimetics
with TKIs are at different stages of development.
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of background and positive control dots. Relative expression levels of
different phospho-kinases were calculated and plotted as a heatmap.

Immunoblotting
Whole-cell protein extracts were obtained by lysis of cells in RIPA

buffer mixed with 1 mmol/L sodium orthovanadate, protease, and
phosphatase inhibitor cocktails. Proteins in lysates (20–50 mg total
protein) were resolved by 10% SDS-PAGE and transferred to nitro-
cellulose membrane. Membranes were incubated overnight at 4�C
with primary antibodies against pACK1 (Y284; 1:500; Abcam,
ab74091), ACK1 (1:500; Abcam, ab185726), pZAP70 (Y319; 1:500;
Cell Signaling Technology, #2701), ZAP70 (1:500; Cell Signaling
Technology, #3165), pLCK (Y505; 1:500; Cell Signaling Technology,
#2751), pLCK (Y394; 1:500; R&D Systems, MAB7500), LCK (1:1,000;
Santa Cruz Biotechnology, sc-433), pLYN (Y396; 1:500; Thermo
Fisher Technology, MA5–35882), LYN (1:1,000; Cell Signaling Tech-
nology, #2796), pFYN (Y420; 1:500; Cell Signaling Technology), FYN
(1:1,000; Cell Signaling Technology, #4023), tubulin (1:2,000; Cell
Signaling Technology), histone H3 (1:2,000; Cell Signaling Technol-
ogy, #4499), BCL-2 (1:1,000; Cell Signaling Technology, #4223), BCL-
xL (1:1,000; Cell Signaling Technology, #2764), p-NF-kB p65 (1:500;
Cell Signaling Technology, #3033), NF-kB p65 (1:500; Cell Signaling
Technology, #8242), p-IkBa (1:500; Cell Signaling Technology,
#2859), IkBa (1:500; Cell Signaling Technology, #4814), p-AKT
(S473; 1:500; Cell Signaling Technology, #4060), AKT (1:1,000; Cell
Signaling Technology, #9272), p-BAD (S136; 1:500; Cell Signaling
Technology, clone D25H8), and BAD (1:1,000; Cell Signaling
Technology, #9292). Secondary anti-mouse or anti-rabbit IgG
antibodies conjugated to HRP (1:2,000; Thermo Fisher Scientific)
were used, and immunoreactive bands were visualized using the
ECL Plus from Pierce.

Lentivirus production and infection
Lentiviral shRNAs for LCK and ACK1 transductions were pre-

pared as we reported previously (19). HEK 293T/17 cells (RRID:
CVCL_1926) were cotransfected with the packaging vectors from
Dharmacon Trans-Lentiviral shRNA Packaging System (Horizon,
lnc.), and lentiviral vectors directing expression of shRNA specific
to LCK (TRCN0000001598, TRCN0000001600, TRCN0000055434),
ACK1/TNK2 (TRCN0000002038, TRCN0000002040), a nontargeting
(NT) control shRNA (SHC002), and overexpression vector for LCK
and ACK1 (Precision LentiORF collection from Horizon, lnc.). Media
of theHEK293T/17 cells were changed 24 hours after transfection, and
viral particles were harvested at 48 hours via concentration with
polyethylene glycol precipitation. Viral infections were performed in
ALL-SIL,MOLT4, andMOLT16 cell lines, and after transduction, cells
were selected using 2 to 5mg/mL puromycin for shRNA constructs and
blasticidin for overexpression constructs.

RNA sequencing
Total RNA was purified from MOLT4 NT control, LCK knock-

down, and ACK knockdown cell lines by using QIAGENRNeasyMini
Kit (Qiagen, 74104). Total RNA library was constructed with an
Illumina TrueSeq Stranded mRNA Library Prep Kit and sequenced
using the NovaSeq 6000 platform (2 � 100-bp paired-end reads).
Transcriptomic reads were aligned to the reference human genome
(GRCh38) using HISAT2, provided by Galaxy software (RRID:
SCR_006281; ref. 20). Differential gene expression analysis was per-
formed with the Limma package. Ingenuity pathway analysis (Qiagen,
Inc.) was used to analyze gene networks for differentially expressed
genes with a log2 fold change >1 or <1, and an adjusted P-value <0.1.

Immunocytochemistry
To visualize the nuclear translocation of NF-kB in ALL-SIL cells,

isogenic control and venetoclax-resistant cells were plated on poly-L-
lysine coated coverslips placed in a 6-well plate. After 12 to 16 hours,
the cells were fixed for 15 minutes with 4% paraformaldehyde at room
temperature andwashed three timeswith PBS. Then theywere blocked
in 5% goat serum with 1 mg/mL BSA and 0.3% TritonX-100 for
2 hours. Rabbit anti-human NF-kB p65 antibody (D14E12, Cell
Signaling Technology) was used to stain cells overnight at 4�C. The
following day, cells were washed three times with PBS for 5 minutes,
and A488-conjugated goat anti–rabbit secondary antibody (Invitro-
gen) was applied for 1 hour at room temperature. After secondary
antibody incubation, cells were washed three times with PBS for 5
minutes each and counterstained with DAPI for 5minutes. Afterward,
cells were washed three times with PBS for 5 minutes each. The
coverslips were mounted using anti-fade fluorescence mounting
medium (Abcam, ab104135), and cells were imaged using a Leica
TCS SP8 Confocal/Multi-Photon high-speed upright microscope.
Nuclear to cytoplasmic NF-kB p65 ratio was calculated using ImageJ.

Chromatin immunoprecipitation (ChIP)
ChIP assay was performed using the SimpleChIP Enzymatic Chro-

matin IP Kit (Cell Signaling Technology, #9003) according to the
manufacturer’s instructions. Briefly, venetoclax-resistant ALL-SIL
cells (0.5 � 106 cells/mL) were treated with 1% formaldehyde to
cross-link DNA binding proteins to genome DNA and cross-
linking was stopped by the addition of glycine. After washing with
ice-cold PBS several times, the cells were resuspended and 0.5 mL of
micrococcal nuclease was added to digest DNA to length of 150 to
900 bp. Next, 0.5M EDTA was added to stop digestion and cells were
sonicated to break nuclear membrane by Sonifier 250A. Each 10 mg of
chromatin DNA was immunoprecipitated with rabbit IgG or rabbit
anti-human NF-kB p65 antibody (D14E12, Cell Signaling Technol-
ogy) at 4�C overnight. After incubation, 30 mL of protein G magnetic
beads were added to immunoprecipitating complexes and incubated
for 2 hours at 4�C. The immunoprecipitating complex was eluted with
150 mL of ChIP elution buffer and formaldehyde cross-linking was
reversed by adding NaCl and Proteinase K and by heating at 65�C for
2 hours. GenomicDNAwas purified and analyzed by PCR, using BCL-
xL specific primers (50-GATCCCCATGGCAGCAGTAAAGCAAG-
30 and 50-CCCCATCCCGGAAGAGTTCATTCACT-30).

Protein immunoprecipitation
For protein immunoprecipitation, cells were lysed in cell lysis buffer

(Cell Signaling Technology, #9803). The lysates were spun at 14,000�
g for 10 minutes at 4�C. Supernatants were incubated with rabbit anti-
human BAD antibody (Cell Signaling Technology, #9292) and incu-
bated with rotation for 2 hours at 4�C. Protein A agarose beads (Cell
Signaling Technology, #9863) were added to lysates (10–30 mL of 50%
bead slurry), which were subsequently incubated with rotation for
2 hours at 4�C. The beads were then washed three to four times at 4�C,
and the pellets were resuspended with 20 mL 3� SDS sample buffer.
Samples were heated to 95 to 100�C for 5minutes and centrifuged for 1
minute at 14,000 � g. Immunoblotting was performed using the
indicated primary antibodies described above.

Xenograft studies
All mouse procedures were approved by the University of Chicago

Institutional Animal Care and Use Committee and carried out with
adherence to all appropriate guidelines and using a complication
scoring system tominimize animal suffering.NSGmicewere engrafted
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via tail vein injection with 500,000 luciferase-transduced T-ALL PDX
cells, and randomized to four treatment arms the following day: vehicle
control, NWP-0476 daily via oral gavage, dasatinib daily via oral
gavage, and NWP-0476 plus dasatinib daily via oral gavage (5 mice
in each group). After 3 weeks of treatment, mice were monitored
weekly by intraperitoneal luciferin injection and bioluminescence
imaging. Overall survival (OS) of four groups was compared with
Kaplan–Meier analysis and log-rank test. Deceased mice underwent
necropsy, and their organs (liver, kidney, heart, gut) were resected for
histopathologic analysis of drug toxicity.

Statistical analysis
Statistical analysis was conducted using GraphPad Prism, v9.0

(RRID: SCR_002798). Grouped data are presented as mean� SD.
Differences between groups were assessed using Kruskal–Wallis test,
and P-values are detailed in the text and figure legends.

Data availability
Relevant details of experimental data are provided in Supplemen-

taryMaterials andMethods. Any additional data can be provided upon
reasonable request from the Corresponding Author.

Results
Dynamic BH3 profiling identifies apoptotic dependencies and
predicts response to BH3 mimetics in T-lineage ALL

To identify the most effective strategy to target different types of T-
lineage ALL, we tested four BH3 mimetic compounds that differed
from each other in their antiapoptotic protein specificity: venetoclax
(BCL-2 inhibitor), NWP-0476 (a novel BCL-2/BCL-xL inhibitor),

navitoclax (BCL-2/BCL-xL inhibitor), and A-1155463 (BCL-xL
inhibitor; Fig. 1A). Next, we studied the sensitivity of 20 different
T-ALL and 6 different ETP-ALL primary patient cells to treatment
with these BH3 mimetics (Fig. 1B; Supplementary Fig. S1A; Supple-
mentary Table S1). Typical T-ALL samples showed higher sensitivity
to BCL-xL targeting agents, whereas ETP-ALL samples were more
sensitive to BCL-2 inhibition (Fig. 1B and C). Dual BCL-2/BCL-xL
inhibitors, NWP-0476 and navitoclax, were effective against both
subtypes of T-lineage ALL. Next, we performed BH3 profiling to
identify selective antiapoptotic protein dependencies in these samples.
In this functional assay, cells are treated with BH3 peptides targeting
specific members of the BCL-2 family of proteins, and the degree of
mitochondrial depolarization is measured by the release of JC1 dye
(Fig. 1D). In all patient samples, BH3 profiles correlated with the
differential sensitivity to BCL-2 versus BCL-2/BCL-xL inhibition as
evidenced by increased response to HRK stimulation (BCL-xL target-
ing) in typical T-ALL and higher BAD (BCL-2 and BCL-xL targeting)
minus HRK values (“BAD-HRK” indicating BCL-2 dependence) in
ETP-ALL samples (Fig. 1E; Supplementary Fig. S1B). Collectively,
these results indicate that BCL-2/BCL-xL dual inhibitors have a broad
spectrum of activity against both T- and ETP-ALL, and BH3 profiling
can be a valuable predictive tool for BH3 mimetic treatment response.

Pre-TCR and ACK1 signaling pathways are involved in acquired
resistance to BH3 mimetics in T-ALL

To gain insights into the mechanisms by which resistance to BH3
mimetics emerges in T-ALL, we generated isogenic control, veneto-
clax-resistant (ven-R), and NWP-0476-resistant (NWP-R) ALL-SIL
cell lines by passaging these cells with respective drugs in vitro. ALL-SIL
ven-R cells exhibit 16-times higher IC50 for venetoclax [23.7 mmol/L

Figure 1.

BH3 profiling predicts response to BH3 mimetics in T-lineage ALL. A, Chemical structures for BH3 mimetics with differential binding to BCL-2 and BCL-xL
antiapoptotic proteins. B,Whisker plots showing log(IC50) values for ETP and typical T-ALL primary patient cells treated with BH3 mimetics. C, Heatmap depicting
sensitivities of ETP- and T-ALL patient samples to different BH3mimetics.D,Heatmap showing the specificities of BH3peptides for different BCL-2 family of proteins.
E, BH3 profiling of primary cells from ETP- and T-ALL patients (� , P < 0.05; �� , P < 0.01; ��� , P < 0.001).
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(95%CI, 20.6–25.4mmol/L) vs. 1.48mmol/L (95%CI, 1.2−0.7mmol/L)],
and NWP-R cells exhibit 12-times higher IC50 for NWP-0476
[2.28 mmol/L (95% CI, 2–2.5 mmol/L) vs. 0.19 mmol/L (95% CI,
0.1–0.3 mmol/L)] compared with their parental controls (Fig. 2A).
Ven-R and NWP-R cells demonstrated decreased mitochondrial
depolarization in a BIM titration assay, a readout for decreased
apoptotic priming (Fig. 2B). Ven-R cells had decreased response to
BCL-2 targeting peptide BAD, and NWP-R cells had decreased
response to both BCL-2 and BCL-xL targeting peptides, indicating
the correlation between BH3 profiling and BH3 mimetic response
(Fig. 2C; Supplementary Fig. S2A–S2D). Next, we analyzed the
differentially regulated signaling pathways between the control versus
resistant cells by using a 71-protein human phosphokinase array
(Fig. 2D). Pre-TCR signaling pathway was upregulated in ven-R cells,
including LCK, ZAP70, LYN, and FYN kinases (Fig. 2D and E). These
kinases were downregulated in NWP-R cells compared with the
parental control cells. In addition, increased ACK1 (TNK2) signaling
was observed in both ven-R and NWP-R cells compared with the
parental control cells. We also looked at the expression levels of
antiapoptotic proteins in these isogenic cell lines, and showed upre-
gulation of BCL-xL in ven-R cells (Fig. 2F). To validate these results in
patient samples, we treated primary cells from 3 different patients
(T-ALL3, T-ALL9, T-ALL12) with the predetermined IC50 doses of

BH3 mimetics over 48 hours (Fig. 2G), and with escalating doses of
drugs for 24 hours (Fig. 2H). Of note, cells treated with the four
BH3 mimetics were 50% viable at 4-hour time point, confirming the
quick onset of action for these compounds (Supplementary Fig. S3A).
Viable cells were selected with the Dead Cell Removal Kit prior to lysis
and subsequent Western blot experiments (Miltenyi Biotech, 130–
090–101). BCL-2 inhibition enriched for cells that have upregulated
pre-TCR signaling (pLCK and pLYN), whereas BCL-xL inhibition led
to the persistence of cells with very low pre-TCR signaling activity
(Fig. 2G andH; Supplementary Fig. S3B–S3D). Similar to the cell line
data, increased ACK1 signaling was observed with all treatments, and
was more pronounced in cells treated with BCL-xL inhibitors. These
data suggest that in T-ALL, LCK and ACK1 signaling are associated
with resistance to BCL-2 and BCL-xL inhibitors, respectively.

LCK drives venetoclax resistance in T-ALL by upregulating
NF-kB signaling and BCL-xL expression

Given the increased activity of pre-TCR signaling in venetoclax-
resistant cell lines and primary patient cells, we sought to investigate
whether inhibition of LCK is sufficient to sensitize cells to BCL-2
inhibition. ALL-SIL cell line did not tolerate LCK silencing as the cells
could not recover from lentiviral transduction. Therefore, we used
MOLT4 andMOLT16 cell lines, which had high baseline LCK activity

Figure 2.

LCK and ACK1 signaling pathways are associated with resistance to BH3 mimetics in T-ALL. A, Generation of isogenic control, ven-r, and NWP-R ALL-SIL T-ALL
cell lines.B,BIM titrating assay showing apoptotic priming for ALL-SIL control, ven-R, andNWP-R cells.C,BH3profiling of isogenic control andBH3mimetic-resistant
cell lines. D, Heatmap depicting the most differentially expressed phospho-kinases between ALL-SIL control, ven-R, and NWP-R cells. E, Immunoblots validate the
phospho-kinase array results. F, Immunoblots showing the expression of BCL-2 and BCL-xL levels in ALL-SIL ven-R and NWP-R cells as compared with parental
controls. G, Bar graphs showing changes in phospho-kinase levels over 48 hours after BH3 mimetic treatment of primary T-ALL cells. Changes were normalized to
the levels of proteins on day0.H,Bar graphs showing changes in phospho-kinase levels after 24 hours of treatmentwith increasing doses of BH3mimetics in primary
T-ALL cells. Changes were normalized to untreated cells (� , P < 0.05; �� , P < 0.01; ��� , P < 0.001).
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and venetoclax resistance, for LCK knockdown (KD) studies. First, we
silenced LCK inMOLT4 andMOLT16 T-ALL cell lines by using three
nonoverlapping shRNAconstructs (Fig. 3A; Supplementary Fig. S4A).
MOLT4 and MOLT16 cells with LCK KD had increased sensitivity to
BCL-2 inhibition (with venetoclax, NWP-0476, or navitoclax) when
compared with their respective control cells transduced with NT
shRNA control (Fig. 3B; Supplementary Fig. S4B–S4D). However,
LCK KD cells were less sensitive to BCL-xL–specific inhibitor
A-1155463. BH3 profiling revealed increased mitochondrial depolar-
ization after BIM treatment in LCK-silenced MOLT4 cells when
compared with NT control, indicating decreased apoptotic threshold
in LCK KD cells (Fig. 3C). Concomitantly, mitochondria of LCK KD
cells had increased sensitivity to stimulation with BAD peptide, but
decreased sensitivity to HRK peptide, suggesting increased apoptotic
vulnerability for BCL-2 targeting but decreased sensitivity to BCL-xL
targeting (Fig. 3D).

To understand the mechanisms by which LCK signaling regulates
resistance to BCL-2 inhibition, we performed RNA sequencing (RNA-
seq) to compare the transcriptomic profiles of NT control versus LCK
KD and control versus ven-R cells. Genes that had more than 2-fold
change with an adjusted-P-value corrected for FDR <0.1 were further
studied with ingenuity pathway analysis (RRID:SCR_008653). Upon
LCK KD, genes regulating cell survival and tumor cell invasion were
significantly downregulated, whereas genes implicated in lymphoid
cell apoptosis were upregulated (Fig. 3E; Supplementary Fig. S5A).
Next, we investigated genes that were upregulated in ven-R cells and
downregulated in LCK KD cells to identify the shared genes that may
have a role in LCK-driven ven-R phenotype (Fig. 3F and G). Among
the 14 genes in common,NFKB1 and genes that are transcribed under
the control of transcription factor NF-kB (e.g., IL32, BHLHE40,
PECAM1) were identified. We further validated RNA-seq data at the
protein level by showing increasedNF-kB pathway activity inALL-SIL
ven-R cells compared with isogenic control cells, and downregulated
NF-kB signaling in MOLT4 LCK KD cells compared with NT control
(Fig. 3H). Increased NF-kB signaling was associated with increased
BCL-xL expression, which correlates with increased BCL-xL depen-
dence in ven-R or LCK-high T-ALL cells. Next, we successfully
transduced LCK into ALL-SIL cells (Fig. 3I). Upon LCK overexpres-
sion (OE), NF-kB signaling and BCL-XL expression were upregulated.
LCK-overexpressing ALL-SIL cells became more resistant to veneto-
clax when compared with control cells transduced with empty vector
(Fig. 3J). To interrogate NF-kB pathway activity in the context of
venetoclax resistance, we stained ALL-SIL control and ven-R cells by
immunocytochemistry (Fig. 3K). Nuclear:cytoplasmic ratio of NF-kB
staining was significantly higher in ven-R cells, suggesting increased
NF-kB activity (Fig. 3L). Beause LCKKDorOE alteredNF-kB activity
with changes in BCL-xL expression, we examined whether NF-kB was
bound to the BCL-xL promoter to drive its expression. To this end, we
performed ChIP assay and showed that NF-kB p65 was bound to the
BCL-xL promoter in ALL-SIL ven-R cells (Fig. 3M). Finally, we tested
the efficacy of NF-kB pathway inhibition by using the selective IkB
kinase (IKK) inhibitor, BMS345541.ALL-SIL ven-R cells, andMOLT4
control cells were more susceptible to IKK inhibition compared with
control and LCKKD cells, respectively (Supplementary Fig. S5B). This
differential response to BMS 345541 correlates with the NF-kB
pathway dependence of respective cells. We also observed synergy
between venetoclax and BMS 345541 in MOLT4 cells and primary
human T-ALL cells, assessed with the ZIP method (Supplementary
Fig. S5C). Upon IKK inhibition, BCL-xL expression was downregu-
lated in ALL-SIL ven-R cells (Supplementary Fig. S5D). Altogether,
these data indicate that venetoclax resistance in T-ALL is driven by

LCK pathway, which signals through NF-kB to upregulate BCL-xL
expression.

ACK1 regulates BH3 mimetic sensitivity in T-ALL via
AKT-mediated phosphorylation of BAD

On the basis of the preliminary data showing increased ACK1
(TNK2) activity in ven-R and NWP-R cells, we investigated whether
ACK1 inhibition can sensitize T-ALL cells to BH3 mimetics. We
silenced ACK1 inMOLT4 andMOLT16 T-ALL cell lines by using two
nonoverlapping shRNAconstructs (Fig. 4A; Supplementary Fig. S6A).
MOLT4 andMOLT16 cells withACK1KDhad increased sensitivity to
both BCL-2 and BCL-xL inhibition when compared with their respec-
tive control cells transduced with NT shRNA control (Fig. 4B; Sup-
plementary Fig. S6B–S6D). BH3 profiling revealed increased apoptotic
sensitivity of the mitochondria from ACK1 KD cells in BIM titration
assay (Fig. 4C). In addition, ACK1KDcells had increased sensitivity to
stimulation with BAD and HRK peptides, suggesting increased apo-
ptotic vulnerability for both BCL-2 and BCL-xL targeting (Fig. 4D).

Previous reports showed that ACK1 exerts its growth-promoting
effects by direct phosphorylation of AKT (21, 22). AKT phosphorylates
BAD at S136 locus, which blocks the interaction of BAD with anti-
apoptotic BCL-2 and BCL-xL proteins (23). To gain insights into the
ACK1-mediated resistance to BCL-2 and BCL-xL inhibition in T-ALL,
we interrogated these pathways in our cell lines. By Western blot
analysis, we found increased p-AKT activity in NWP-R cells, and these
cells had higher levels of p-BAD (S136), which is known to be
a downstream target of AKT signaling (Fig. 4E). Upon ACK1 KD,
p-AKT and p-BAD (S136) levels were reduced and these cells were less
sensitive to AKT inhibition by capivasertib (Fig. 4E; Supplementary
Fig. S6E). We also observed synergy between NWP-0476 and capiva-
sertib in MOLT4 cells and primary human T-ALL cells, assessed with
the ZIP method (Supplementary Fig. S6F). To demonstrate that ACK1
is the driver of BCL-2/BCL-xL inhibitor resistance through AKT-BAD
signaling pathway, we transduced ACK1 into ALL-SIL cells (Fig. 4F).
ACK1OE led to increasedp-AKTandp-BAD levels, aswell as increased
resistance to treatmentwith venetoclax andNWP-0476 (Fig. 4F andG).
On the contrary, treatment with AKT inhibitor capivasertib led to
decreased phosphorylation of BAD at S136 (Fig. 4H). To confirm the
interaction between BAD and BCL-2/BCL-xL in the context of BH3
mimetic resistance, we pulled down BAD protein in isogenic ALL-SIL
control andNWP-0476-resistant cell lines (Fig. 4I). In control cells that
are sensitive toNWP-0476, BADprotein immunoprecipitation showed
interaction with BCL-2 and BCL-xL as expected. However, NWP-R
cells had higher levels of p-BAD,which did not interact with BCL-2 and
BCL-xL. Collectively, these data demonstrate that ACK1 upregulates
the activity of AKT pathway in T-ALL, which phosphorylates BAD to
prevent its interaction with BCL-2 and BCL-xL antiapoptotic proteins.

Combination of BH3 mimetics and TKIs offers synergistic
antileukemic activity in T-ALL

On the basis of our mechanistic data showing the role of LCK and
ACK1 signaling in BH3 mimetic resistance in T-ALL, we sought to
investigate the preclinical activity of combined BH3 mimetic plus TKI
therapy in T-ALL. Dasatinib is a broad-spectrum kinase inhibitor,
targeting both LCK (KD50 ¼ 20 nmol/L) and ACK1 (KD50 ¼ 5.60
nmol/L). Ponatinib is a newer TKI that also targets both of these
kinases effectively (Supplementary Fig. S7A). In T-ALL primary cells,
the combination of venetoclax or NWP-0476 with dasatinib demon-
strated synergy in both treatment-na€�ve (T-ALL9, T-ALL12) and
chemotherapy-refractory (T-ALL7, T-ALL20) patient samples when
assessed with ZIP method (Fig. 5A and B; Supplementary Fig. S7B–
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Figure 3.

LCK drives resistance to BCL-2 inhibition in T-ALL. A, Immunoblots showing LCK knockdown (KD) in MOLT4 T-ALL cell line. B, Curves showing viability of
MOLT4 NT control and LCK KD cells treated with BH3 mimetics. C, BIM titration assay for MOLT4 NT control and LCK KD cells. D, BH3 profiling of MOLT4
NT control and LCK KD cells. E, Volcano plot showing differentially expressed genes between MOLT4 LCK KD versus NT control cells. F, Volcano plot showing
differentially expressed genes between ALL-SIL ven-R versus control cells. G, Venn diagram showing genes that are upregulated in ven-R cells and
downregulated in LCK KD cells. H, Immunoblots showing NF-kB pathway activity and BCL-xL expression levels in ven-R and LCK KD cells, compared with
their respective controls. I, Immunoblots showing NF-kB pathway activity in ALL-SIL cells transduced with empty vector and LCK overexpression (OE)
vector. J, Curves showing viability of ALL-SIL control and LCK OE cells treated with venetoclax. K, Immunofluorescence analysis of NF-kB staining in ALL-SIL
control and ven-R cells. L, Violin plots showing nuclear:cytoplasmic ratio of NF-kB p65 staining. M, Bar graphs showing BCL-xL promoter binding of NF-kB
p65 protein, assessed with ChIP of ALL-SIL ven-R cells (� , P < 0.05; �� , P < 0.01; ��� , P < 0.001).
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S7F). Similarly, we observed synergy between venetoclax and pona-
tinib, and NWP-0476 and ponatinib in T-ALL primary cells (Supple-
mentary Fig. S8A–S8C). Next, we investigated the combination of
NWP-0476 plus dasatinib in vivo by engrafting NSG mice with
luciferase-expressing T-ALL PDX cells, which were generated from
the bone marrow sample of a relapsed T-ALL patient. At 1% engraft-
ment, mice were treated in groups of 5 per arm: vehicle, NWP-0476
oral (50 mg/kg/day), dasatinib oral (30 mg/kg/day), and NWP-0476
plus dasatinib oral at same doses. Mice were treated for three weeks.
Bioluminescence imaging revealed significantly reduced tumor bur-
den in mice treated with the combination therapy when compared
with the vehicle control or single-agent treatment groups (Fig. 5C
and D). Mice treated with NWP-0476 plus dasatinib had decreased
circulating T-ALL PDX cells and evidence of apoptosis in leukemic
blasts (Fig. 5E). NWP-0476-treated mice had longer OS when com-
pared with the vehicle control, and the combination treatment group
had better OS than the mice in vehicle or single-agent therapy groups
(Fig. 5F). Upon sacrifice, we harvested organs (liver, heart, kidneys,
bowels) for toxicity assessment by two board-certified pathologists,
who were blinded to the treatment groups of these mice (Supplemen-
tary Fig. S9A). Liver specimens from vehicle control mice contained
high burden of leukemic infiltrates, and the combination therapy

group had the lowest burden of disease. No significant hepatocyte
toxicity was noted.We did not observe any significant cardiac, renal, or
gastrointestinal toxicity. Taken together, we showed in vitro and in vivo
synergy between BH3 mimetics and TKI therapy in aggressive T-ALL
models, and the combination therapy was not associated with major
organ toxicity in histopathologic examination.

Collectively, our findings demonstrate that LCK and ACK1 signal-
ing pathways drive resistance to BCL-2 and BCL-xL inhibitors in
T-ALL, and treatment with TKIs (dasatinib or ponatinib) can sensitize
these tumors to BH3 mimetics (venetoclax or NWP-0476; Fig. 6).

Discussion
There is compelling biological and preclinical rationale, along with

early-phase clinical data for targeting members of the BCL-2 family of
proteins with BH3 mimetics in T-ALL (14, 24). However, there are
limited data for the mechanisms of resistance that can be leveraged to
improve the therapeutic efficacy of these agents. Given the paucity of
treatment options for R/R T-ALL, new approaches and rationally
designed combination strategies are urgently needed. In this study, we
discovered the interplay between signaling and apoptotic pathways
in T-ALL. Our data provide mechanistic insights into a signaling

Figure 4.

ACK1 drives resistance to BCL-2 andBCL-xL inhibition in T-ALL.A, Immunoblots showingACK1 knockdown (KD) inMOLT4 T-ALL cell line.B,Curves showing viability
of MOLT4 NT control and ACK1 KD cells treated with BH3 mimetics. C, BIM titration assay for MOLT4 NT control and ACK1 KD cells. D, BH3 profiling of MOLT4 NT
control and ACK1 KD cells. E and F, Immunoblots showing AKT pathway activity and BAD phosphorylation in NWP-R, ACK1 KD, and ACK1 overexpressing (OE) cells,
compared with their respective controls. G, Curves showing viability of ALL-SIL empty vector control and ACK1 OE cells treated with BH3mimetics. H, Immunoblots
showing AKT pathway activity and BAD phosphorylation upon capivasertib treatment of ALL-SIL, NWP-R, and MOLT4 cells. I, Immunoblots showing BAD protein
pulldown in ALL-SIL control and NWP-R cell lysates, probed with p-BAD, BAD, BCL-2, and BCL-xL (� , P < 0.05; �� , P < 0.01; ��� , P < 0.001).
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network that regulates BCL-2 inhibitor resistance via NF-kB signaling
and BCL-2/BCL-xL inhibitor resistance via ACK1–AKT signaling.
Our functional studies demonstrate that silencing of LCK and
ACK1 kinases change the BH3 profiles, and therefore BH3 mimetic
sensitivities of T-ALL cells. In our preclinical studies, we observed
that dasatinib (LCK and ACK1 inhibitor) sensitized an aggressive
T-ALL PDX model to BCL-2/BCL-xL inhibition. Recent preclinical
work also showed increased venetoclax resistance in T-ALL cells
with high pre-TCR (LCK) signaling activity, suggesting a possible
role for TKI therapy (25, 26). Our data provide sufficient preclinical
evidence to investigate the NWP-0476 plus TKI (dasatinib or
ponatinib) combination in a phase Ib/II feasibility study in R/R
T-ALL, which is currently in development.

Venetoclax, a highly selective and orally bioavailable BCL-2 inhib-
itor, and navitoclax, an orally bioavailable BCL-2/BCL-xL inhibitor,
induce apoptosis by releasing pro-apoptotic BAX and BAK proteins

from these antiapoptotic proteins on mitochondrial surface (27–29).
We recently helped to lead an early-phase clinical study demonstrating
safety and efficacy of venetoclax and navitoclax when combined with
low-dose chemotherapy in patients with R/R ALL (14). Despite the
impressive CR rate of 53% in 19 R/R T-ALL patients treated on this
study, most patients experienced rapid disease progression, suggesting
emergence of BH3mimetic resistance in this heavily pretreated patient
population. The median OS was only 6.6 months and 1-year OS was
29%. In addition, delayed hematologic recovery was the primary safety
finding, attributed to the on-target thrombocytopenia caused by
navitoclax. NWP-0476 is a new orally bioavailable BCL-2/BCL-xL
inhibitor with fine-tuned BCL-xL activity to minimize the platelet
toxicity seen with other BCL-xL targeting agents. Our preclinical
studies did not identify any major organ toxicity. A logical next step
is to test the combination of NWP-0476 with TKIs targeting LCK and
ACK1 signaling pathways.

Figure 5.

Combination of BH3mimetics and TKIs synergize in T-ALL.A, ZIP synergy plots of T-ALL primary cells treated with venetoclax and dasatinib. B, ZIP synergy plots of
T-ALL primary cells treated with NWP-0476 and dasatinib. C, Bioluminescence imaging of NSG mice engrafted with luciferase-expressing T-ALL PDX cells. D, Bar
graphs showing average bioluminescencemeasurements from femurs of mice on day 27. E, Blood smears of mice in different treatment groups, obtained on day 45.
Arrows indicate blasts undergoing apoptosis. F, Kaplan–Meier OS curves of mice engrafted with T-ALL PDX cells and treated with vehicle control, oral NWP-0476,
oral dasatinib, and oral NWP-0476 plus dasatinib combination (� , P < 0.05; �� , P < 0.01; ��� , P < 0.001).
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In conclusion, our findings establish LCK and ACK1 as critical BH3
mimetic resistance hubs that can be effectively targeted with dasatinib
or ponatinib. Our results have immediate clinical applications and an
early-phase clinical study investigating the combination of BH3
mimetics with TKI therapy is already underway (NCT05268003).
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