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Abstract
FMS-like Tyrosine Kinase 3 (FLT3) mutation is associated with poor survival in acute myeloid leukemia (AML). The specific
Anexelekto/MER Tyrosine Kinase (AXL) inhibitor, ONO-7475, kills FLT3-mutant AML cells with targets including Extracellular-signal Regulated Kinase (ERK) and Myeloid Cell Leukemia 1 (MCL1). ERK and MCL1 are known resistance factors for
Venetoclax (ABT-199), a popular drug for AML therapy, prompting the investigation of the efficacy of ONO-7475 in combination with ABT-199 in vitro and in vivo. ONO-7475 synergizes with ABT-199 to potently kill FLT3-mutant acute myeloid
leukemia cell lines and primary cells. ONO-7475 is effective against ABT-199-resistant cells including cells that overexpress
MCL1. Proteomic analyses revealed that ABT-199-resistant cells expressed elevated levels of pro-growth and anti-apoptotic
proteins compared to parental cells, and that ONO-7475 reduced the expression of these proteins in both the parental
and ABT-199-resistant cells. ONO-7475 treatment significantly extended survival as a single in vivo agent using acute myeloid leukemia cell lines and PDX models. Compared to ONO-7474 monotherapy, the combination of ONO-7475/ABT-199
was even more potent in reducing leukemic burden and prolonging the survival of mice in both model systems. These results suggest that the ONO-7475/ABT-199 combination may be effective for AML therapy.

Introduction
Internal tandem duplication (ITD) mutation in FMS-like Tyrosine Kinase 3 (FLT3) occurs in ~25% of newly diagnosed
acute myeloid leukemia (AML) patients and is associated
with poor survival.1-4 Therapeutic strategies for FLT3-ITD
AML patients include the use of broad tyrosine kinase inhibitors (TKIs) such as Midostaurin and Gilteritinib, whose
selectivity includes FLT3.1 TKIs have limited efficacy and
resistance mechanisms involving FLT3 alterations, such as
D835, mutations make their use challenging.1-4 The B-cell
lymphoma 2 (BCL2) inhibitor ABT-199 (venetoclax) is being
evaluated in numerous clinical trials for AML and is typically combined with other agents as ABT-199 has limited
effectiveness as a single agent.5,6 Similar to other BH3-mimetic drugs, ABT-199 induces cross-activation of extracellular-signal regulated kinase 1/2 (ERK1/2) and

downstream induction of myeloid cell leukemia-1 (MCL1); a survival factor for AML cells with FLT3-ITD mutations.7-13 Thus, agents that ablate FLT3 and ERK1/2
signaling and block BCL2 are critical therapies for FLT3ITD AML. A recent study using FLT3-ITD AML models demonstrated that Midostaurin or Gilteritinib synergize with
ABT-199.14 However, Gilteritinib induces ERK activation and
promotes RAS mutations while Midostaurin promotes the
development of FLT3 point mutations.2,3,14,15 Therefore,
novel treatment options that do not activate the RAS/ERK
pathway or select for FLT3 alterations are needed.
Various studies support a role for the tyrosine kinase receptor, Anexelekto (AXL), as a critical component in FLT3ITD signaling.16-19 ONO-7475 is a specific inhibitor of AXL
and MER Tyrosine Kinase (MERTK), and our group has
shown it potently kills FLT3-ITD AML cells.19 Notably, ONO7475 suppresses ERK1/2 phosphorylation and reduces
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MCL-1 expression. Therefore, we hypothesized that ONO7475 can simultaneously target BCL2 and the FLT3 signaling pathways while mitigating the deleterious alterations
reported with other TKIs.2,3,13,14 In this report, we examine
the efficacy of the ONO-7475/ABT-199 combination using
in vitro and in vivo models of AML and test the ability of
ONO-7475 to overcome ABT-199 resistance or MCL-1 overexpression (either overexpression of wild-type (WT) or
gain-of-function (GOF) mutant MCL-1) in FLT3-ITD cells.

Methods
Cell lines
MOLM13 and OCI-AML3 cells were purchased from DSMZ
(Braunschweig, Germany). MV4;11 and THP-1 cells were
purchased from ATCC (Manassas, VA, USA). MOLM13
luc/gfp cells were generated as previously described.19
MV4;11 cells rendered resistant to ABT-199 (MV4;11 VenR)
were developed by long-term exposure to ABT-199, as
previously described.10 MV4;11 stable cell lines overexpressing MCL-1 (wild-type and GOF mutant S159A) and
MOLM13 cell lines overexpressing BCL2 (wildtype and
phospho-mutants S70A and S70E) with corresponding
control plasmids were created, as previously described.7
Cells were cultured at 21% O2 (normoxia) or 1% O2 (hypoxia) and 5% CO2 at 37°C.
Reagents
ONO-7475 was supplied by Ono Pharmaceutical Co. Ltd.
(Osaka, Japan); ABT-199 was purchased from LC Laboratories (Woburn, MA, USA); UMI-77 was purchased from
Selleck Chem (Houston, TX, USA); stock solutions for in
vitro studies were prepared with DMSO (Sigma-Aldrich, St.
Louis, MO, USA). For animal studies, ONO-7475 was prepared in 0.1% Tween80 and ABT-199 was prepared in 10%
ethanol/30% phosphal 50/60% PEG 400.
Cell viability
Cells were incubated with vehicle or varying doses of
ONO-7475 and/or ABT-199, then stained with Annexin V
APC (BD Biosciences, San Jose, CA, USA) and DAPI (BD
Biosciences, San Jose, CA, USA). Flow cytometry was performed using the Galios561 (Beckman Coulter, Brea, CA,
USA). Further, cell viability was analyzed using the Vi-Cell
Cell Viability Analyzer (Beckman Coulter).
Immunoblot analysis
Cells were incubated with vehicle ONO-7475 and/or ABT199 and then lysed. Total protein was fractionated by
SDS/PAGE. Immunoblot analysis was performed with antibodies listed in the Online Supplementary Methods and
imaged as previously described.20 Tubulin and b-actin
were used as loading controls.
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qRT-PCR
RNA was isolated and qRT-PCR performed as described
in Online Supplementary Methods.
Patient samples
Primary FLT3-ITD AML samples were acquired in accordance with regulations and protocols approved by the Institutional Review Board of the MD Anderson Cancer
Center (MDACC). Informed consent was obtained in accordance with the Declaration of Helsinki. Patient characteristics are provided in Online Supplementary Table S2.
Human AML xenograft in vivo model
Human xenograft experiments were approved by the Institutional Animal Care and Use Committee at MDACC. The
efficacy of the ONO-7475/ABT-199 combination in an in
vivo FLT3-ITD AML xenograft model was tested using
MOLM13 cells expressing luciferase/GFP and the AML PDX
model 3028566 in NSG mice. The AML PDX also harbored
NPM1 and DNMT3A mutations. For both models, drugs
were given five days a week by oral gavage (ONO-7475 at
10mg/kg and ABT-199 at 100mg/kg). Leukemia burden was
assessed by IVIS imaging for MOLM13 and flow cytometry
to measure human CD45+ cells for the PDX model.
Statistical analyses
All in vitro experiments were conducted in triplicate. The
combination index (CI), based on the Chou–Talalay
method21 and determined by CalcuSyn software (BIOSOFT), was expressed as CI values obtained at the effective doses (ED) of 50%, 75%, and 90% in the population
exposed to the different agents. CI<1 was considered synergistic, CI=1 additive, and CI>1 antagonistic. Statistical
differences between groups were determined using either
a Student’s t-test or one-way ANOVA with Dunnett’s posttest. P≤0.05 was considered statistically significant.

Results
Combination of ONO-7475 with ABT-199 is effective in
vitro against FLT3-ITD AML cells
MV4;11 cells were treated with vehicle or varying doses of
ONO-7475 +/- ABT-199. After 72 hours, cell viability and
cell number were determined by flow cytometry using Annexin V antibody and DAPI. Both ONO-7475 (10 nM) and
ABT-199 (30 nM) showed similar efficacy as single agents
with a ~60% reduction in cells (Figure 1A). While 10 nM
ONO-7475 did not induce apoptosis, 30 nM ABT-199 resulted in ~35% apoptosis (Online Supplementary Figure
1A). Interestingly, the combination of 10 nM ONO-7475 with
30 nM ABT-199 nearly eliminated MV4;11 cells (~98% reduction of viable cells; Figure 1A) with >84% of cells
undergoing apoptosis (Online Supplementary Figure 1A).
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The combination of 50 nM ONO-7475 with 30 nM ABT- 199
reduced the viability of MV4;11 cells >99% (Figure 1A) and
induced ~98% apoptosis (Online Supplementary Figure 1A).
MOLM13 cells showed a 60% reduction in viable cells with
10 nM ONO-7475 with limited induction (<15%) of apoptosis (Figure 1B and Online Supplementary Figure 1B). Likewise, the combination of 50 nM ONO-7475 with 30 nM
ABT-199 in MOLM13 cells resulted in >99% reduction in vi-
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ability (Figure 1B) with ~77% of cells undergoing apoptosis
(Online Supplementary Figure 1B). For FLT3 WT THP-1 and
OCI-AML3 cells, ONO-7475 did not significantly augment
cell reduction or apoptotic induction by ABT-199 (Online
Supplementary Figures S2A-2D).
To determine whether ONO-7475 synergizes with ABT-199,
MOLM13 and MV4;11 cells were treated with vehicle or
varying doses of ONO-7475 and/or ABT-199 for 72 hours.

A

B

C

D

Figure 1. ONO-7475 synergizes with ABT-199 to potently kill FLT3-ITD AML cell lines and primary cells. MV4;11 and MOLM13 cells
were treated with vehicle (0.2% DMSO), 10 nM or 50 nM ONO-7475, 10 nM or 30 nM ABT-199, or combinations of the two agents
for 72 hours (MV4;11) or 48 hours (MOLM13). Viable total cells (A) for MV4;11; (B) for MOLM13 were determined by flow cytometry
using counting beads, Annexin V, and DAPI. One-way ANOVA with Dunnett’s post-test was performed to determine significance
(*P<0.033; **P<0.002; ***P<0.001). (C) MV4;11 cells and MOLM13 were treated with vehicle (0.2% DMSO), 10 nM, 25 nM, or 50 nM,
ONO-7475 or 10 nM, 25 nM, or 50 nM ABT-199, or combinations of the two agents in a 1:1 ratio for 72 hours. Apoptosis was determined by flow cytometry using Annexin V and DAPI stains. CI index was determined using CalcuSyn software for combinations
at effective dose (ED) 50, ED75, and ED90. CI < 1 was considered synergistic, CI = 1 additive, and CI > 1 antagonistic. (D) Peripheral
blood cells from AML patients #28 and #32 were treated with vehicle (0.2% DMSO), various doses of ONO-7475 or various doses
of ABT-199, or combinations of the two agents in a ratio of 1 nM ABT-199: 2.5 nM ONO-7475 ratio for 42 hours. Apoptosis was determined by flow cytometry using Annexin V and DAPI stains. Cells were gated for CD45+ cells using CD45 antibody. CI index was
determined using CalcuSyn software for combinations at effective dose (ED) 50, ED75, and ED90. CI < 1 was considered synergistic, CI = 1 additive, and CI > 1 antagonistic.
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Synergy was determined by measuring CI, based on the
Chou–Talalay method.21 CI values were obtained at the ED
50%, 75%, and 90% in the population exposed to the different agents. We observed that ONO-7475 synergizes
with ABT-199, resulting in a CI index below 1.0 at ED50,
ED75, and ED90 (Figure 1C). In fact, CI was <0.1 in both cell
lines at ED75 and ED90.
To determine the efficacy of ONO-7475/ABT-199 combination in primary FLT3-ITD AML cells, fresh cells from the
peripheral blood of two primary AML samples were tested.
Cells were treated for 48 hours with varying doses of ONO7475+/-ABT-199. As a single agent, ONO-7475 was slightly
more effective at inducing apoptosis compared to ABT-199
in the sample from Patient #28 (Figure 1D). Importantly,
ONO-7475 and ABT-199 acted synergistically to enhance
apoptosis (CI=0.12, ED75 and 0.07, ED90, Figure 1D). Interestingly, ONO-7475 was ineffective as a single agent in cells
derived from Patient #32 while ABT-199 alone promoted
apoptosis (Figure 1D). However, when combined, ONO7475/ABT-199 synergized to activate apoptosis CI=0.25,
ED75 and 0.16, ED90, Figure 1D). Given that AXL expression
is, in part, regulated by hypoxia,22 we next evaluated the
efficacy of these agents in 1% O2. Here, we observed that
these combinations remained effective and synergistic in
hypoxic conditions (Online Supplementary Figure S3A-B).
We next interrogated alterations in MCL-1 expression and
ERK phosphorylation following treatment with vehicle,
single agent, or combinations of each agent (Online Supplementary Figure S4A). We observed that low-dose ONO7475 had minimal effects on MCL-1 expression in either cell
line, although the ONO-7475/ABT- 199 combination did reduce MCL-1 in MV4;11 cells (Online Supplementary Figure
S4A). While 10 nM ONO-7475 in combination with 30 nM
ABT-199 effectively killed MOLM13 cells (Figure 1B and Online Supplementary Figure 1B), this combination did not affect MCL-1 expression (Online Supplementary Figure 4A),
suggesting that suppression of MCL-1 is not required for
ONO-7475/ABT-199-mediated killing. Interestingly, ERK
phosphorylation was suppressed by 10 nM ONO-7475 alone
and in combination with ABT-199 in both cell lines (Online
Supplementary Figure 4A), suggesting ONO-7475 may synergize with ABT-199 to impede cell proliferation.
ONO-7475 is equally effective against parental and
ABT-199-resistant MV4;11 cell growth
We previously developed MV4;11 cells that are >100 fold
more resistant to ABT-199 than parental cells.10 MV4;11
parental and ABT-199-resistant cells were treated with vehicle or varying amounts of ONO-7475 for 72 hours. Both
10 nM and 50 nM ONO-7475 were equally efficient in reducing parental and ABT-199-resistant cell growth (Figure
2A) and inducing apoptosis (Figure 2B).
To determine whether ONO-7475 synergizes with ABT-199
in MV4;11 ABT-199-resistant cells, cells were treated with
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vehicle, ONO-7475, and/or ABT-199 for 72 hours. Apoptosis
was determined by flow cytometry. The highest tested
dose of ABT-199 (5000 nM) had little effect on apoptosis
in resistant cells while the highest tested dose of ONO7475 (50 nM) resulted in only modest apoptosis (Figure
2C). However, the combination of ONO-7475 and ABT-199
was able to induce greater apoptosis with lower doses:
50% apoptotic induction with 25 nM ONO- 7475/2500 nM
ABT-199 and ~90% apoptosis with 50 nM ONO-7475/5000
nM ABT-199, (CI ED50, ED75, and ED90 below 0.25, Figure
2C). Increased MCL-1 expression is a known resistance
mechanism for ABT-199 and interestingly, the treatment
of ABT-199-resistant cells with UMI-77, an MCL-1 inhibitor,
(and/or ONO-7475) also significantly reduced cell viability
(Online Supplementary Figure S4B).
Proteomic analyses reveal similar ONO-7475-dependent
suppression of pro-growth and pro-survival targets in
parental and ABT-199-resistant cells
To determine ONO-7475’s effect on growth and survival
signaling pathways in parental and ABT-199-resistant
cells, we initially utilized RPPA to profile proteomes of
MV4;11 parental and ABT-199-resistant cells following
treatment. These analyses revealed alterations in protein
expression between untreated MV4;11 parental and ABT199-resistant cells (Online Supplementary Figure S5A).
Critically, untreated MV4;11 ABT-199-resistant cells had a
significant increase in the expression of pro-growth and
survival signaling compared to parental cells. In fact, BRAF levels, an upstream positive regulator of ERK pathways,23 were markedly higher in the resistant cells,
suggesting this increase may stimulate survival pathways
in these cells (Figure 3A). Further, we observed elevated
expression of the pro-growth translational proteins, S6
and p-S6 (Figure 3C).
We once again used RPPA to evaluate ONO-7475-mediated
expression changes between resistant and parental cell
lines. Following treatment with 100 nM ONO-7475 for 24
hours, most proteins were similarly altered in both the resistant and parental cell lines (Online Supplementary Figure S5B). Critically, we observed that ONO-7475 treatment
significantly reduced the expression of B-RAF, p-S6, pERK, and MCL1 (Figure 3A-D). Our observations that p-S6,
p-ERK, and MCL1 were suppressed in both resistant and
parental lines following ONO-7475 treatment, suggest that
ABT-199 resistances may be overcome by ONO-7475/AXL
inhibition.
Overexpression of BCL2 but not MCL-1 protects cells
from ONO-7475
MCL-1 overexpression protects cells from ABT-199 and
other BH3 mimetic agents.7,8,10 To evaluate the relationship
between MCL-1 levels and sensitivity to ONO-7475, we used
MV4;11 cells containing either an EV control plasmid, WT
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B

Figure 2. ONO-7475 impacts growth of ABT199-resistant MV4;11 cells and parental cells.
MV4;11 parental and MV4;11 ABT-199-resistant
cells were treated with vehicle (0.1% DMSO),
10 nM, 50 nM, or 100 nM ONO-7475 for 72
hours. Viable total cells (A) and percentage of
apoptotic cells (B) were determined by flow
cytometry using counting beads, Annexin V,
and DAPI. Student’s t-test was performed to
determine significance (*P<0.05; **P<0.001;
***P<0.0001). (C) MV4;11 ABT-199-resistant
cells were treated with vehicle (0.2% DMSO),
10 nM, 25 nM, or 50 nM ONO-7475 or 1000 nM,
2500 nM, or 5000 nM ABT-199, or combinations of the two agents in ratio of 1 nM ONO7475: 100 nM ABT-199 for 72 hours. Apoptosis
was determined by flow cytometry using Annexin V and DAPI stains. CI index was determined using CalcuSyn software for
combinations at effective dose (ED) 50, ED75,
and ED90. CI < 1 was considered synergistic,
CI = 1 additive, and CI > 1 antagonistic.

C

MCL-1 or GOF MCL-1 mutant (S159A), which promotes MCL1 protein stability (Figure 4A).24,25 These cells were treated
with varying doses of ABT-199 or ONO-7475 for 72 hours:
EV-control cells were sensitive to 30 nM ABT-199 whereas
both WT and GOF mutant MCL-1 OE cells were resistant to
ABT-199 (Figures 4B and 4C). While, on average, 87% of EVcontrol cells were killed by ABT-199, only 32% of WT MCL1 OE cells and 19% of GOF mutant MCL-1 OE cells were. On
the other hand, EV-control, WT MCL-1 OE, and GOF mutant
MCL-1 OE cells were all similarly sensitive to ONO-7475
(Figure 4B). On average, induction of apoptosis in EV cells,
WT MCL-1 cells and GOF mutant MCL-1 OE cells by 50 nM
ONO-7475 is ~85% in all variants. The failure of MCL-1, including the GOF mutant, to protect these cells from ONO7475 or alter cellular AXL levels suggests that the ONO-7475
mechanism of action is independent of MCL-1 expression
levels (Figure 4D).
We previously observed that BCL2 overexpression protects cells from the BH3-mimetic ABT-737 and that BCL2
serine 70 phosphorylation augments this protection.26

Others have demonstrated that the BCL2 mutant S70A
and S70E proteins more effectively protect cells from
chemotherapeutic agents compared to WT BCL2.27 In our
study, we tested the ability of exogenous overexpression
of WT BCL2, BCL2S70A, and BCL2S70E to protect MOLM13
cells from ONO-7475. Total viable EV control MOLM13 cells
treated with 30 nM ABT-199 were reduced by ~35% compared to vehicle-treated cells (Figure 5A). MOLM13 cells
overexpressing exogenous WT or mutant BCL2 were
slightly more resistant, demonstrating viable cell reductions of ~22%, 14%, and 8% for WT, S70A, and S70E, respectively. Additionally, WT BCL2 OE slightly protected
cells from 10 nM ONO-7475, while mutant BCL2 OE rendered MOLM13 cells more resistant to this inhibitor (Figure 5A). Exogenous WT and mutant BCL2 similarly
protected cells from apoptosis (Figure 5B). We next examined the effect of BCL2 overexpression on AXL expression.
In MOLM13 cells, increased BCL2 expression resulted in
AXL induction (Figure 5C and D). In fact, WT BCL2 OE or
mutant BCL2 OE (both S70A and S70E) each mediated a
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Figure 3. ABT ONO-7475 suppresses pro-growth and pro-survival targets in parental and ABT-199-resistant cells. MV4;11 parental
and ABT-199-resistant cells were treated with 100 nM ONO-7475 for 24 hours. Expression changes in B-RAF (A), ERK and p-ERK
(B), S6 and p-S6 (C), and MCL-1 (D) in MV4;11 parental and resistant cells were determined via western blotting. Tubulin serves
as a control. ABT-199-mediated and ONO-7475 dependent expression changes are represented in accompanying bar graphs. Densitometry was performed using ImageJ. One-way ANOVA with Dunnett’s post-test was performed to determine significance
(*P<0.033; **P<0.002; ***P<0.001).
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Figure 4. MV4;11 cells overexpressing WT or gain of function S159A mutant MCL-1 are
resistant to ABT-199 but are
similarly sensitive to ONO7475 compared to control
cells. MV4;11 control (Empty
Vector; EV) and MV4;11 cells
overexpressing WT MCL-1 or
S159A mutant MCL-1 were
treated with vehicle (0.1%
DMSO), 10 nM, or 50 nM ONO7475 for 72 hours. One-way
ANOVA with Dunnett’s posttest was performed to determine significance (*P<0.033;
**P<0.002; ***P<0.001) In (A)
western blot of MCL-1 expression levels in EV control, WT
MCL-1 OE, and S159A mutant
MCL-1 OE are depicted. Viable
total cells (B) and percentage
of apoptotic cells (C) were determined by flow cytometry
using counting beads, Annexin
V, and DAPI. (D) AXL expression
in MV4;11 cells based on MCL-1
expression levels. Densitometry was performed by normalizing to tubulin using ImageJ.

D
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significant increase in AXL expression that was alleviated
by treatment with ABT-199 (Figure 5D).
The combination of ONO-7475 and ABT-199 is effective
in FLT3-ITD AML MOLM13 cell line xenograft and the
FLT3-ITD AML PDX model
To examine in vivo efficacy of this combination, we injected 6x105 MOLM13 luc/gfp cells into NSG mice (n=35).
Once leukemia burden was established by IVIS imaging,
the mice were split into four groups: control (0.1%
Tween80; n=10), ONO-7475 (10 mg/kg; n=8); ABT-199 (100
mg/kg; n=8); and combination (n=9). The average survival
of mice in the control group was 16 days; ABT-199 only extended survival by two days although this difference was
statistically significant (P=0.001). ONO-7475 was effective
alone and extended survival to 22 days (P<0.0001), however, the combination therapy was most efficacious (average survival 35 days, P<0.0001, Figure 6A). Throughout the
treatment course, leukemia burden was monitored in five
mice from each group via IVIS imaging (Online Supplementary Figure S6). As shown in Figure 6B, the combination
of ONO-7475 and ABT-199 was effective in reducing the
leukemia burden. After nine days, mean fold change in
radiance increased 83-fold in vehicle-treated mice, 45fold with ONO-7475 alone, 102-fold with ABT-199 alone,
and only 10-fold with the combination. After 16 days, the
vehicle mice had all died. However, at this time, IVIS imaging revealed that the ONO-7475/ABT-199 combination
group displayed a 27-fold increase in radiance (leukemic
burden) while the ONO-7475 and ABT-199 cohorts had
258-fold and 610-fold increases, respectively (Figure 6B).
We next tested the efficacy of the ONO-7475/ABT-199
combination in a FLT3-ITD AML PDX model. AML PDX cells
(1 million) were injected into 20 NSG mice. After verification of leukemia burden by analytical flow cytometry for
human CD45 (on average 10% human CD45+ cells), the
mice were divided into four cohorts (n=5 each): vehicle
(0.1% Tween80), 10 mg/kg ONO- 7475, 100 mg ABT-199, and
combined therapy. ONO-7475 showed efficacy as a single
agent, as the average survival was 60 days in the vehicletreated cohort compared to 86 days in the ONO-7475treated cohort (P=0.0026; Figure 6C). In the PDX model,
ABT-199 did not significantly extend overall survival
(P=0.0751). However, the combination of ONO-7475 with
ABT-199 was especially effective as it extended survival
by 39 days (P=0.0026). Throughout the course of treatment, the leukemia burden was assessed by measuring
human CD45+ cells in the blood of mice at various intervals. As shown in Figure 6D, after six weeks, human AML
cells in vehicle-treated mice were ~91%, while mice receiving the ONO-7475/ABT-199 combination had a leukemia burden in the blood of ~27%. After eight weeks,
vehicle-treated mice had ~98% human CD45+ cells while
mice receiving the ONO-7475/ABT-199 combination had
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only ~44% human CD45+ cells.
We next examined the extent of tumor burden in tissues
from the murine PDX transplantation model. Hematoxylin
and Eosin (H&E) staining revealed significant splenic infiltration by leukemic cells characterized morphologically
by moderate amounts of cytoplasm, irregular nuclear contours, open (blastic) chromatin patterns, and numerous
mitotic figures (red arrowheads in Online Supplementary
Figure S7A). In both the ONO-7475 and ABT-199 treated
groups, mitotic figures, as well as increased numbers of
apoptotic figures (relative to control), were observed. In
addition, islands of native hematopoiesis were observed
in the splenic parenchyma. However, in the ONO7475/ABT-199 combination group, there was a notable reduction of leukemic cells in the mouse spleen, which
showed substantial predominance of native hematopoiesis, including megakaryocytes and admixed granulocytic
and erythroid precursors. To confirm the origin of the malignant cells, immunohistochemistry was performed using
a human-specific anti-Ku-80 antibody that specifically
recognizes the human Ku-80 protein (Online Supplementary Figure S7B). Ku-80 staining demonstrated a higher
proportion of human leukemic cells in the control group
compared to the ONO-7475 treated group.

Discussion
We recently demonstrated that ONO-7475 was effective
as a single agent against FLT3-ITD AML cells.19 The mechanism of ONO-7475 action involved diverse targets including the inhibition of survival kinases such as ERK1/2,
MCL-1, and many cell cycle regulators. Considering that
MCL-1 and ERK1/2 are major factors in ABT-199 resistance,7-10 the ability of ONO-7475 to overcome ABT-199 resistance in FLT3-ITD AML cells is an uncharacterized and
intriguing area of research.
ONO-7475 as a single agent was effective against both
MV4;11 and MOLM13 cells. However, its combination with
ABT-199 demonstrated significant synergy and resulted in
near elimination of the leukemic cells in both cell lines (Figure 1A and B and Online Supplementary Figure S1). These
same synergistic effects were also observed in primary patient samples (Figure 1D). While there were some differences
in apoptosis between patient samples when single agents
were used (ONO-7475, more effective in Patient #28 or ABT199 more effective in Patient #32), both samples were extremely sensitive to the combination of the two agents.
Additionally, the notion that ONO-7475 may be useful in
FLT3-ITD (or TKI-resistant) AML is highlighted by the cellular sensitivity of patient #28 compared to patient #32;
this patient harbored a FLT3 D835 mutation which render
cells resistant to the majority of TKIs in the clinic.1 While
treatment of mutant FLT3 is challenging in AML, new
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Figure 5. Overexpression of WT or gain of function S70A or S70E BCL2 mutants induces AXL expression and protects MOLM13
cells from ONO-7475. MOLM13 control (Empty Vector; EV) and MOLM13 cells overexpressing WT BCL2 or S70A mutant or S70E
mutant BCL2 were treated with vehicle (0.1% DMSO), 10 nM, or 50 nM ONO-7475 for 72 hours. Viable total cells (A) and percentage
of apoptotic cells (B) were determined by flow cytometry using counting beads, Annexin V, and DAPI. One-way ANOVA with Dunnett’s post-test was performed to determine significance (*P<0.033; **P<0.002; ***P<0.001). (C) Expression of BCL2 WT, S70A
mutant, or S70E mutant was determined in MOLM13 cells. RNA and protein were isolated and BCL2 expression was monitored
by qRT-PCR and western blot, respectively. (D) Expression of AXL was determined in MOLM13 cells expressing WT, S70A mutant,
or S70E mutant BCL2. RNA and protein were isolated and BCL2 and AXL expression was monitored by qRT-PCR and western
blot, respectively. Densitometry was performed using ImageJ.
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agents that target the FLT3/AXL axis have shown efficacy.
As such, Gilteritinib, a dual FLT3/AXL inhibitor, has shown
activity in FLT3-mutant AM but it has been shown to activate ERK signaling and promote RAS mutations. Thus,
novel agents, such as ONO-7475s that specifically target
AXL signaling, may be useful to augment (or used in a resistant setting) as it does not result in ERK activation.
Previously, we demonstrated that low-dose ONO-7475 directly impacts the expression of pro-growth proteins.19
Here, we demonstrate that p-ERK levels were reduced in
an ONO-7475-dependent manner (Figure 3B). This is a
critical observation as ERK signaling supports MCL-1 stability via phosphorylation of threonine 92 and 163, resulting in MCL-1 stabilization.28,29 Thus, the mechanisms by
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which ERK signaling and AXL inhibitors impact the regulation of MCL-1 warrants further investigation.
To better understand how ABT-199 resistance impacts cellular programs, we analyzed differences between the proteomic profile of parental and ABT-199 resistance MV4;11
cells. Several cell cycle and pro-survival proteins were altered in the untreated parental and resistant cell lines.
While many of these alterations portend for poor outcomes, they may also offer potential targets in ABT-199-resistant AML (Figure 3A-D and Online Supplementary Figures
S4 and S5). A comparison of proteomic profiles of MV4;11
parental and MV4;11 ABT-199-resistant cells treated with
100 nM ONO-7475 for 24 hours revealed that the agent had
similar effects on targets in both cell lines. Here, we ob-

A

B

C

D

Figure 6. ONO-7475 combination is effective in reducing leukemia burden and promoting mouse survival in xenograft models
using a FLT3-ITD AML cell line and a FLT3-ITD AML PDX. MOLM13 luc/gfp cells were injected into NSG mice. After leukemia engraftment, determined by IVIS imaging, mice were treated with vehicle (Tween 80), 10 mg/kg ONO-7475, 100 mg/kg ABT-199 or a
combination of both agents. (A) Survival data with median survival (days) is indicated for each group. (B) Measurement of fold
change radiance during the course of treatment using IVIS imaging software. (C) Survival data with median survival (days) is indicated for each group. AML PDX model 3028566 cells were injected into NSG mice. After leukemia engraftment determined by
flow cytometry for human CD45-positive cells, mice were treated with vehicle (Tween 80), 10 mg/kg ONO-7475, 100 mg/kg ABT199 or a combination of both agents. (D) Measurement of leukemia burden by measuring CD45-positive cells by flow cytometry
during the course of treatment.
Haematologica | 107 - June 2022

1320

ARTICLE - TAM kinase inhibitor synergizes with venetoclax
served that ONO-7475 similarly suppressed cell cycle regulators (e.g., p-ERK, S6, p-S6, and B-RAF) and pro-survival
proteins (e.g., MCL1) in parental and ABT-199-resistant cells
(Figure 3 and Online Supplementary Figures S4 and S5).
These results suggest that ONO-7475 remains effective in
inhibiting potential ABT-199-resistant pathways.
MCL-1 upregulation is a known resistance mechanism for
ABT-199. Consistently, we observed that MV4;11 cells
overexpressing WT or GOF mutant MCL-1 were resistant
to ABT-199 compared to EV-control cells. However, ONO7475 was equally as effective reducing viable cell
numbers and inducing apoptosis in EV-control cells and
cells that overexpress either WT or GOF mutant MCL-1
(Figure 4B and 4C). Interestingly, overexpression of WT
BCL2 or GOF mutants did impart some protection against
ONO-7475 (Figure 5A and 5B), as cells overexpressing
BCL2 have elevated AXL levels compared to EV-control
cells (Figure 5C and 5D). Our observation that BCL2 overexpression causes increased levels of AXL (Figure 5C and
5D) seems to indicate that BCL2 may regulate AXL levels
at the transcriptional level. While the mechanism for this
upregulation is poorly understood, it is plausible that AXL
expression is potentially regulated through the
BCL2/RAS/RAF axis. This notion is supported by the findings that RAF is a target for BCL2 binding.30,31 and that RAS
regulates AXL in drug resistance studies in solid tumors.32-34 These observations warrant further investigation.
To investigate the in vivo efficacy of the ONO-7475/ABT199 combination, we utilized both cell line xenograft and
FLT3-ITD AML PDX models. While ONO-7475 alone was efficacious in every setting, the combination was significantly more potent in reducing leukemia burden and
prolonging the survival of mice compared to either single
agent in both models. In the MOLM13 model, IVIS imaging
revealed that mice treated with both agents had a much
lower leukemia burden compared to vehicle-treated mice
or mice treated with either single agent (Figure 6B and
Online Supplementary Figure S6). Importantly, the combination of ONO-7475 and ABT-199 significantly prolonged
survival (Figure 6A). Similar results were observed in an
AML FLT3-ITD PDX model, where mice given both ONO7475 and ABT-199 survived longer compared to vehicletreated or either single agent and displayed reduced
leukemia burden as observed by human CD45+ cells (Figure 6C and 6D). It is worth noting that the PDX model
could, possibly, represent a high-risk AML model in view
of the concomitant presence of FLT-ITD, NPM1, and
DNMT3A mutations, as reported previously.35
Several clinical studies have demonstrated a favorable
role for ABT-199 in AML therapy, but primary resistance
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and subsequent treatment failure remain common. In a
recent study, primary or subsequent resistance to venetoclax-based treatment regimens appeared to associate
with the presence of activating mutations involving FLT3
or the RAS-ERK pathway.36 This result, coupled with our
findings of activation of the RAS pathway, suggests a potential resistance mechanism that may be overcome by
ONO-7475. Further, our results suggest AXL/MERTK inhibition effectively synergizes with ABT-199 in AML and
bypasses various mechanisms of ABT-199 resistance.
In summary, our results show that inhibition of the
AXL/MERTK axis exerts a synergistic effect alongside BCL2
inhibition in AML and can overcome the survival advantages
conferred by MCL-1 overexpression, a common mechanism
of ABT-199 resistance. These results provide pre-clinical
support for exploring this strategy in AML patients.
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