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Despite the clinical benefit associated with gilteritinib in relapsed/refractory acute

myeloid leukemia (AML), most patients eventually develop resistance through unknown

mechanisms. To delineate the mechanistic basis of resistance to gilteritinib, we

performed targeted sequencing and scRNASeq on primary FLT3-ITD-mutated AML

samples. Co-occurring mutations in RAS pathway genes were the most common genetic

abnormalities, and unresponsiveness to gilteritinib was associated with increased

expression of bone marrow-derived hematopoietic cytokines and chemokines. In

particular, we found elevated expression of the TEK-family kinase, BMX, in

gilteritinib-unresponsive patients pre- and post-treatment. BMX contributed to

gilteritinib resistance in FLT3-mutant cell lines in a hypoxia-dependent manner

by promoting pSTAT5 signaling, and these phenotypes could be reversed with

pharmacological inhibition and genetic knockout. We also observed that inhibition

of BMX in primary FLT3-mutated AML samples decreased chemokine secretion and

enhanced the activity of gilteritinib. Collectively, these findings indicate a crucial role

for microenvironment-mediated factors modulated by BMX in the escape from targeted

therapy and have implications for the development of novel therapeutic interventions to

restore sensitivity to gilteritinib.

Introduction

Acute myeloid leukemia (AML) is characterized by the atypical proliferation of immature myeloblasts, ulti-
mately affecting normal hematopoiesis. Activating internal tandem duplication (ITD) mutations within
FLT3 (Fms-like tyrosine kinase 3) are a common mutation found in AML.1-3 Individuals with FLT3-ITD
mutations have a higher rate of relapse and poor prognosis.4-7 FLT3-ITD mutations have been and still
are an attractive candidate for targeted tyrosine kinase inhibitors given their pathobiological and prognos-
tic role in AML. A number of first- and second-generation FLT3 inhibitors have been evaluated at preclini-
cal and clinical trial levels. To date, two FLT3 inhibitors, midostaurin and gilteritinib, have been approved
by the FDA.8,9 Gilteritinib received FDA approval in the treatment of relapsed/refractory AML with FLT3
mutations (FLT31), based on promising data in the ADMIRAL trial demonstrating longer survival and
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Key Points

� Resistance to
gilteritinib remains
an issue.

� BMX and
microenvironment-
mediated factors play
a role in gilteritinib
resistance.
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higher rates of remission with gilteritinib compared with untargeted
salvage chemotherapy.9 Even though gilteritinib is effective in the
setting of relapsed/refractory FLT31 AML, lack of response or
relapse after initial response due to intrinsic or adaptive resistance
mechanisms are inevitable consequences of the disease in the
absence of hematopoietic stem cell transplantation.10 A limited num-
ber of studies have looked at mechanisms of gilteritinib resistance.
DNA sequencing and in vitro validation revealed that during gilteriti-
nib treatment, the acquisition of RAS pathway mutations within indi-
vidual FLT31 cells leads to changes in clonal architecture and
resistance to therapy.11 Other in vitro and in vivo studies utilizing
FLT31 cell lines suggested metabolic reprogramming as a possible
resistance mechanism.12,13 It was observed that initial gilteritinib-
resistance in cell lines involved a unique metabolic profile with alter-
ations in sphingolipid metabolism, as well as carnitine/fatty acid
metabolism.12 Furthermore, analysis of xenograft models at disease
progression after gilteritinib treatment revealed distinct adaptations
in glutamine uptake, utilization, and metabolism leading to cellular
senescence.13

To identify novel mechanisms of gilteritinib resistance, we used
single-cell RNA sequencing (scRNASeq) on primary patient sam-
ples collected during gilteritinib treatment. In unresponsive patients,
we observed upregulation of bone marrow (BM)-derived cytokines
and chemokines as well as BMX, a nonreceptor kinase belonging to
the TEC family of kinases. In both ex vivo and in vitro experiments
under conditions mimicking the tumor microenvironment, we show
that BMX contributed to gilteritinib resistance, which was reversed
with pharmacological inhibition and genetic knockout (KO). We
demonstrate that BMX inhibition modulated the cytokine/chemokine
network and enhanced the activity of gilteritinib, thereby linking BMX
and microenvironmental factors in resistance. Taken together, our
analysis implicates microenvironment-dependent escape from tar-
geted therapy as a means of clinical drug resistance and provides a
deeper understating of the targets and pathways that play important
roles in response to gilteritinib treatment.

Methods

Patients and samples

Samples were obtained from 19 FLT31 AML patients receiving gil-
teritinib on the Expanded Access Trial (NCT03070093) or standard
of care after November 2018. Patient characteristics and prior ther-
apy at time of study entry are listed in Table 1 and supplemental
Table 1. Changes in hematologic parameters, myeloblast counts
during treatment, and response are listed in supplemental Table 2.
BM and peripheral blood samples were enriched for leukemic mye-
loblasts by ficoll purification and viably frozen in the OSUCCC Leu-
kemia Tissue Bank Shared Resource (LTBSR). In some cases, BM
cells were fixed in 3:1 mixture of methanol and glacial acetic acid.
All treatments and clinical monitoring were approved by the Institu-
tional Review Board (IRB), and informed consent was obtained from
all patients. Samples were obtained on IRB-approved protocol
OSU-1997C0194 and sample and data analysis was performed
under IRB-approved protocol OSU-19093.

Targeted gene sequencing

Targeted sequencing for mutational status was carried out on 80
coding genes.14 A variant allele fraction (VAF) cutoff of 0.05 was
set for reporting mutations. If a VAF of 0.05 was observed, visual

inspection of samples taken before and after the given time point
were analyzed for the mutation. If the mutation was observed and
Q-score was $27, the mutation was included in our analysis. Sin-
gle nucleotide polymorphisms with no known pathogenic associa-
tion were not reported as mutations. Visual inspection of all
variants was carried out using Integrative Genomics Viewer v.2.8
(Broad Institute).

scRNASeq

scRNASeq was carried out on viable frozen Ficoll-enriched myelo-
blast samples from eight matched patient samples before and dur-
ing gilteritinib treatment. Cells were thawed, washed with PBS, and
dead cells were removed using a Dead Cell Removal Kit (Miltenyi).
Cells were then washed twice using scRNASeq Buffer (PBS 1

0.04% BSA) to remove any Ca21 and resuspended at a concentra-
tion of 1 3 106/mL. Approximately 6000 cells per lane were loaded
and processed for cDNA according to the 10X Genomics Chro-
mium Single Cell 39 Reagent Kit v.3.1 in the OSUCCC Genomics
Shared Resource. Samples with less than 10% myeloblasts, esti-
mated by diagnostic pathology report, were run in duplicate or tripli-
cate to obtain a minimum of approximately 400 myeloblast cells.
Libraries were sequenced on the NovaSeq 6000 using 300 cycles
with paired 150-bp reads. A minimum of 20000 read pairs per cell
were obtained.

FASTQs, BAM files, and cell barcode-gene matrices were gener-
ated with Cellranger v3.1.0 using the 103-supplied GRCh38 refer-
ence (v.2020-A). QC functions from scater15 were used to remove
cells with a proportion of counts mapped to mitochondrial genes
that was more than 2 median absolute deviations above the median,
a feature count that was more than 2 median absolute deviations
below the median or cells with more than 1% of counts mapped
to a globin gene. High-likelihood doublets were predicted using
Doubletfinder16 and removed. Patient-to-patient variation was
reduced by aligning according to mutual nearest neighbors with
Batchelor.17 Following alignment according to patient ID, a second
round of alignment by sample tissue type (blood or BM) was per-
formed. After QC, data were available from 20 samples from seven
unique patients before and after treatment. Dimension reduction,
clustering, top marker identification, gene module analysis, and
quantification of gene expression was performed using functions
from Monocle3.18,19 Cell clustering was performed using the parti-
tioning method.20 Descriptive labels were attached to cell partitions
by inspection of top specific markers (supplemental Table 3), aggre-
gated gene module expression (supplemental Table 4), and by label
transfer from reference PBMC and BM data sets using Seurat.21

Pseudobulk differential gene expression was performed (supplemen-
tal Tables 5-6) by generating aggregate gene expression profiles for
indicated strata of cells using Monocle3 functions and then compar-
ing across conditions using DESeq2.22 Each patient served as an
independent biological replicate in this analysis.

Cell interactions were inferred using CellChat.23 Briefly, the scRNA-
seq dataset was stratified by individual patient and timepoint relative
to gilteritinib administration (pre, post). Expression of cell-extracellular
matrix, direct cell-cell, and soluble ligand-receptor pairs were calcu-
lated for the cell populations shown later in Figure 2A. A score was
generated for all possible interactions; autocrine myeloblast-
myeloblast interactions were selected and filtered to include only
those with P , .05.
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Spectral flow cytometry

Ficoll-enriched BM cells were stained with LIVE/DEAD Blue
(ThermoFisher), blocked with FC block (BD Biosciences) and stained
with CD45-Amycan (clone: 2D1, BD Biosciences), CD33-BUV395
(clone: P67.6, BD Biosciences), and FLT3 (CD135)-BV421 (clone:
4G8, BD Biosciences). Cells were then fixed with BD Cytofix buffer
(BS Biosciences) and permeabilized with BD phosflow perm buffer
III (BD Biosciences). Cells were then stained with pSTAT5-PE (clone:
47/Stat5, BD Biosciences). Sample analysis was performed in the
OSUCCC Flow Cytometry Shared Resource and Immune Monitoring
& Discovery Platform using the Cytek Aurora. Data were analyzed
using FCS Express v.7 (De Novo Software).

Cells and culturing conditions

MOLM-13 (DSMZ), and MV4-11 (DSMZ and ATCC) cells were main-
tained and grown in 10% FBS RPMI-1640 media under normoxic
conditions, which was in a 37�C humidified incubator with 5% CO2.
For ex vivo testing, human primary AML samples were obtained from
the LTBSR (under IRB-approved protocol OSU-1997C0194) and cul-
tured in 10% FBS RPMI-1640 media supplemented with 10 ng/mL
each of hSCF, hIL-3, hGM-CSF, and hFLT3 ligand (Peprotech), as
well as 13 Anti-anti (ThermoFisher). For hypoxia growth, cells were
shifted to a 37�C humidified glove box (COY labs) with 5% CO2,
94% N2, and 1% O2 for a minimum of 24 hours. STR DNA profiling
was carried out on all cell lines to confirm identification. Additionally,
cell lines were routinely tested for mycoplasma contamination.

MV4-11 BMX CRISPR KO was conducted by Synthego (Menlo
Park, CA). Briefly, sgRNA targeting exon 3 was used to engineer a
KO cell line. Individual BMX CRISPR KO clones were isolated by
limiting dilution. KO clones were verified by Sanger sequencing and
western blots.

Cell viability assessment

Cells were plated (cell line: 0.15 3 106/mL, primary samples:
1 3 106/mL) and cultured in normoxia or hypoxia for 24 hours.
Cells were then treated with gilteritinib (ChemiTek), BMX-IN-1
(Calbiochem), CHMFL-BMX-078 (Medchem Express), and remi-
brutinib (Medchem Express) alone or in combination for 48 hours
under the respective conditions. Cell viability was then assessed
by MTT (3-[4,5-Dimethyl-2-thiazolyl]-2,5-diphenyl-2H-tetrazolium
bromide; Sigma Aldrich) assay for cell lines or CellTiter Glo
(Promega) for primary samples. Growth curve on primary samples
was carried out after growth in hypoxia for 24 hours and then
treatment with DMSO, gilteritinib, CHMFL-BMX-078, or in combi-
nation for up to 72 hours. CellTiter Glo assay was performed at
the indicated time points. Surface response method was
assessed from the dose response curve for synergy, additivity, or
antagonism between gilteritinib and CHMFL-BMX-078 using
Combenefit software.24 Experiments were carried out in either
duplicate or triplicate with six replicates, with the exception of pri-
mary samples, which were carried out once with three replicates.

Cytokine/chemokine measurement

Cytokine/chemokine concentrations were measured in culture media
collected from primary FLT31 AML samples, or cell lines using a
multiplexed MILLIPLEX MAP Human Cytokine/Chemokine magnetic
bead kit (Millipore Sigma) for the CCL2-4/CXCL1/8 cluster and
CCL5. Technical replicates were collected for primary AML samples
and technical, as well as biological replicates were collected for cell
lines. This assay was carried out according to manufacturer’s details
with an initial overnight incubation. Samples were analyzed using a
MAGPIX analyzer (Luminex). A minimum of 50 beads per analyte
was used to determine the raw mean fluorescent intensity (MFI).
MILLIPLEX analyst software (Millipore Sigma) was used to calculate
pg/mL from MFI, utilizing the standard curves included in the kit.

Results

Co-occurring mutation analysis

As we know, the mutational landscape plays an important role in treat-
ment response, but also has the ability to evolve during treatment.

Table 1. Patient baseline characteristics and prior therapy

Variable Number (%)

Gender, male 14 (72.7)

Age in years, median (range) 59 (29-76)

Disease status

Relapsed 10 (52.6)

Refractory 8 (42.1)

Other* 1 (5.3)

ELN cytogenetic risk

Favorable 1 (5.3)

Intermediate 17 (89.5)

Adverse 1 (5.3)

Peripheral WBC 3109 cells/L, median (range) 4.8 (,0.3-79.1)

Peripheral myeloblast %, median (range) 17.5 (0-98)

Bone marrow myeloblast %, median (range) 52.5 (2-94)

FLT3 mutation status

ITD positive 17 (89.5)

Both ITD and TKD positive 1 (4.5)

TKD positive 1 (4.5)

Bone marrow transplant

Pre 11 (57.9)

Post 8 (42.1)

Prior therapy

Newly diagnosed

713 1 (5.3)

713 and/or HiDAC 1 midostaurin 14 (73.7)

BI 836858 1 azacytidine 1 (5.3)

Entospletinib 1 azacytidine 1 (5.3)

Enasidenib 1 (5.3)

Unknown 1 (5.3)

Relapsed/refractory disease (before gilteritinib)

Pacritinib, selinexor 1 mitoxantrone/etoposide/cytarabine,
sorafenib

1 (5.3)

Venetoclax 1 azacytidine, AZD5991 1 (5.3)

FLAG 1 HMA 1 (5.3)

713, cytarabine continuously for 7 days with an anthracycline days 1 to 3; FLAG,
fludarabine with HiDAC, idarubicin, and granulocyte-colony stimulating factor; HiDAC,
high-dose cytarabine; HMA, hypomethylating agent.
*Gilteritinib treatment post-transplant.
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Thus, we used targeted gene sequencing to determine the
co-occurring mutational landscape in primary AML samples obtained
before and during gilteritinib treatment. Patients had a median of 3.5
co-occurring mutations (range 1-6 mutations) in addition to FLT3-ITD.
In pre- and post-treatment samples, mutations were observed in 35
and 37 genes, respectively. Most mutations fell into gene classes
associated with RAS pathway genes, tumor suppressors, epigenetic
modifiers,, kinases, and transcription factors (Figure 1). Among the
RAS pathway mutations, a total of eight patients presented with RAS
mutation. Four patients contained RAS pathway mutations in pre-
treatment samples. In these four patients, all patients acquired
additional RAS pathway mutations post-treatment. We observed an
additional four patients with new RAS pathway mutation presenting at
post-treatment (Figure 1; supplemental Table 7). The emergence of
RAS pathway mutations at progression post gilteritinib treatment have
been reported previously.11 Additionally, we observed pre-treatment
mutations in CSF3R, and PLEKHG5, as well as new mutations post

treatment in CSF3R, PLEKHG5, CUX1, and XPO1, which have not
been previously identified in gilteritinib-treated patients (Figure 1; sup-
plemental Figure 1). Although mutation VAF fluctuated during treat-
ment, the mutational landscape was generally maintained over
treatment regardless of clinical response, even in cases of low myelo-
blast counts and after BM transplant (supplemental Figure 1; supple-
mental Table 7).

scRNASeq profiling of gilteritinib-unresponsive

AML samples reveal adaptive mechanisms of

gilteritinib resistance

We used scRNASeq to analyze the transcriptional state of myeloblast
populations seen in gilteritinib-sensitive and -unresponsive patients.
Patients were considered gilteritinib sensitive if their myeloblast
counts decreased by 50% or greater during the course of treatment
(supplemental Table 2). Four responsive patients received front-line
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treatment with 713/midostaurin prior to gilteritinib. Of the three
patients that were unresponsive to gilteritinib, one received treatment
with 713/midostaurin before gilteritinib; one received 713/midos-
taurin followed by FLAG/HMA prior to gilteritinib; and one received
BI 836858/azacytidine as frontline therapy followed by venetoclax/
azacytine then AZD5991 before gilteritinib. High-quality data were
acquired from 76862 cells after QC. Cell clusters were generated
by partitioning and cell identities were established by expression of
canonical gene markers and label transfer from reference data sets
(Figure 2A; supplemental Figure 2A-B; supplemental Table 3).
Based on UMAP dimensionality reduction, there were clear differ-
ences in global transcriptional state within the myeloblast population

between pre- and post-treatment samples and between gilteritinib-
sensitive and -unresponsive patients (Figure 2B). After treatment
was initiated, a significant decrease in the myeloblast population in
the sensitive group was observed, as expected based on clinical
myeloblast counts. The myeloblast population was maintained in the
unresponsive group; however, there was a shift in the UMAP coordi-
nates of this group, suggesting overall change in transcriptional state
after initiating gilteritinib treatment (Figure 2B).

Given the differences we observed in the global transcriptional state
of the myeloblast populations, we stratified the cells by treatment
timepoint and used pseudobulk RNA-seq analysis to examine genes
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Figure 2. Single cell RNA-seq reveals gene expression alterations in response treatment. (A) UMAP representation of the complete dataset of 76862
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that were differentially regulated between gilteritinib-sensitive and
-unresponsive patients post-treatment to identify potential mecha-
nisms of adaptive resistance (Figure 2C; supplemental Table 6).
Expression of cytokines and chemokines was upregulated in
gilteritinib-unresponsive patients, including CCL5, CXCL1, and
CXCL2 (Log2-fold change, 2.90, 7.76, and 3.00; adjusted P values,
0.0264, 0.069, and 0.089, respectively; Figure 2C; supplemental
Table 6). The observation that CXCL1 and CXCL2 were upregu-
lated along with CCL5 is noteworthy given that resistance to FLT3
inhibitors due to BM-derived hematopoietic and inflammatory cyto-
kines/chemokines has been documented in preclinical studies.25-29

Based on these findings, exploratory analysis into expression of
other cytokines, including CXCL8, showed a clear pattern of down-
regulation in gilteritinib-sensitive patients on treatment but upregula-
tion in gilteritinib-unresponsive patients on treatment (Figure 2D). By
contrast, expression of the receptors for these cytokines by myelo-
blasts was low (Figure 2D). Using the CellChat algorithm to infer

cell interactions,23 we could identify no autocrine interactions in the
myeloblast population involving CCL3, CCL5, CXCL1, CXCL2, or
CXCL8 (supplemental Figure 2C). These data support a model in
which the BM microenvironment provides a protective sanctuary
from gilteritinib in unresponsive patients via paracrine signaling from
the myeloblasts.

Per-cell expression of FLT3 was also noted to increase post-
treatment in unresponsive patients (Figure 2D). Samples from
a gilteritinib-sensitive and -unresponsive patient pre-treatment
at approximately cycle 1 day 30 were analyzed (supplemental
Table 2) for FLT3/CD135 and pSTAT5 expression via spectral flow
(Figure 3; supplemental Figure 3). In the sensitive sample, there
was a decrease in the MFI for both FLT3 and pSTAT5 (Figure 3A).
Furthermore, when specifically looking at the pSTAT5 scatter plot in
the pre-treatment sample, there were two positive populations, of
which the brightest population decreased post-treatment. For the
unresponsive sample, there was an increase in MFI for FLT3
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(Figure 3B). We also observed marginal changes in pSTAT5 (Figure
3B). These spectral flow data support our scRNASeq observations
that there are differences in FLT3 signaling/expression between the
sensitive and unresponsive groups.

BMX kinase mediates gilteritinib resistance

In order to identify differentially regulated genes that may predis-
pose myeloblasts to gilteritinib resistance, we examined the pseudo-
bulk RNA-seq signatures at pre-treatment. We observed higher
gene expression for BMX and JAK3 (Log2-fold change, 6.65 and
1.72; adjusted P values, 0.00186 and 0.0391, respectively; Figure
4A; supplemental Table 5). BMX is a Tec kinase that has been
associated with sorafenib resistance in FLT31 AML through a
STAT5-dependent compensatory signaling mechanism.30 JAK3 is
also able to signal independently of FLT3 through STAT5.31 Given
the important role that BMX plays in sorafenib resistance through
activation of pro-survival signaling pathways in FLT3-ITD1 AML, we
wanted to further explore a possible role for BMX in mediating gil-
teritinib resistance. BMX expression was strongly upregulated in
unresponsive pre-treatment samples compared with the sensitive
pre-treatment samples; BMX expression increased further post-
treatment in unresponsive patients (Figure 4B). Furthermore, even
though the relative levels of BMX expression in the sensitive group
were low initially, a decrease in BMX expression was observed in
the post-treatment myeloblasts (Figure 4B).

To decipher the functional role of BMX in mediating gilteritinib resis-
tance, we cultured FLT31 cell lines, MV4-11 and MOLM-13 in hyp-
oxia, which activates BMX (supplemental Figure 4A),30 and
analyzed the response to gilteritinib. Reduced sensitivity to gilteritinib
under hypoxic conditions compared with normoxia was observed
(Figure 4C-D). We then pharmacologically inhibited BMX to deter-
mine if treatment could restore gilteritinib sensitivity in hypoxia.
BMX-IN-1 and CHMFL-BMX-078 were used as selective inhibitors
for BMX, determined by KdElect and a Kinase assay32,33 (supple-
mental Tables 8-9). Remibrutinib, a selective BTK inhibitor, was
used as control34 (supplemental Table 8). BMX-IN-1 has been
reported to dephosphorylate and degrade BMX, whereas CHMFL-
BMX-078 results in dephosphorylation of BMX, but not degrada-
tion.32,33 We observed similar results when MV4-11 and MOLM-13
cells were treated with BMX-IN-1 and CHMFL-BMX-078 (supple-
mental Figure 4B). Inhibitor concentrations were selected that had
minimal effects on viability but inhibited BMX, as determined by
western blot (supplemental Figure 4B-C). When combined with

gilteritinib at a single concentration, treatment with selective BMX
inhibitors restored gilteritinib sensitivity under hypoxic conditions;
conversely, no change in gilteritinib resistance was observed when
treated with remibrutinib under hypoxic conditions (Figure 4C-D).
We then used MV4-11 cells to look for changes in gilteritinib IC50

when treated with BMX inhibitors under hypoxic conditions. Rever-
sal in gilteritinib resistance was also observed after treatment with
BMX-IN-1 or CHMFL-BMX-078, with a shift in IC50 from 19.2 to
12.3 or 15.2 nM, respectively (Figure 4E). To further verify the func-
tional role BMX plays in mediating gilteritinib resistance, a BMX
CRISPR KO line was generated from MV4-11 cells (supplemental
Figure 4D-E). Two BMX CRISPR KO clones were carried forward
for analysis to account for potential off-target effects. IC50 analysis
showed a shift in gilteritinib sensitivity for both BMX KO clones (6.7
and 11.4 nM) compared with wild-type MV4-11 cells (19.5 nM)
under activating hypoxic conditions (Figure 4F).

Next, we wanted to test whether pharmacological inhibition of BMX
by CHMFL-BMX-078 in primary FLT31 AML samples ex vivo
altered gilteritinib sensitivity under hypoxic conditions. Using primary
FLT31 AML samples, with common co-occurring mutations (sup-
plemental Table 10) and expressing BMX (supplemental Figure 4F),
we found CHMFL-BMX-078 sensitized cells to gilteritinib (Figure
4G; supplemental Figure 4G). Additionally, the combination of gilter-
itinib and CHMFL-BMX-078 was additive-to-synergistic in these pri-
mary AML samples (supplemental Figure 4H).

To understand the mechanism responsible for BMX-mediated gilteri-
tinib resistance, we examined pSTAT5 signaling in the MV4-11
wild-type and BMX KO clones. Previously, BMX was shown to pro-
vide a STAT5-dependent compensatory signaling mechanism in
FLT3-ITD1 cell lines in response to sorafenib treatment.30 We
found that under BMX-activating conditions, pSTAT5 signaling
decreased minimally in the wild-type MV4-11 cells after gilteritinib
treatment. However, under the same culturing conditions, the BMX
KO clones showed a greater decrease in pSTAT5 signaling (Figure
4H; supplemental Figure 4I).

These data suggest that BMX alters STAT5 signaling and supports
the notion that BMX contributes to gilteritinib resistance in a
hypoxia-dependent manner, as well as may help to explain the lack
of response in primary patient samples with high baseline expres-
sion of BMX. Furthermore, inhibition of BMX, with an inhibitor like
CHMFL-BMX-078, can increase antileukemic activity of gilteritinib in
FLT31 primary samples with high BMX baseline expression.

Figure 4 (continued) BMX kinase mediates resistance to gilteritinib. (A) Differential gene expression for gilteritinib-unresponsive patients. Red indicates genes with

adjusted P , .1 and fold change $1.5; see also supplemental Table 5. (B) UMAP representation of myeloblast cells stratified by gilteritinib response (rows) and time point

relative to starting therapy (columns). BMX expression is shown as the Log10-transformed and color scheme corresponds to scale shown. (C) MV4-11 and (D) MOLM-13

grown under normoxic (2) or hypoxic (1) conditions for 24 hours, followed by treatment with gilteritinib (1) alone or in combination with BMX-IN-1 (1.5 and 2.5 mM,

respectively), CHMFL-BMX-078 (3 and 5 mM, respectively) or remibrutinib (3 and 5 mM, respectively) for 48 hours. Cell viability was assessed by MTT (n 5 4-6).

Representative data of three independent experiments. (E) MV4-11 was cultured in hypoxia (H) or normoxia (N) for 24 hours. Inhibition by gilteritinib alone or in combination

with BMX-IN-1 (1.5 mM) or CHMFL-BMX-078 (3 mM) was determined after 48 hours by MTT (n 5 6). Representative data of two independent experiments. (F) MV4-11

wild-type and BMX CRISPR KO was cultured in hypoxia (H) or normoxia (N) for 24 hours, treated with increasing concentration of gilteritinib for 48 hours and assessed by

MTT (n 5 6). Representative data of two independent experiments. (G) Inhibition of cell growth of human primary FLT3-mutated AML samples treated with gilteritinib (100

nM) alone, CHMFL-BMX-078 (1.5 mM) alone, or the combination. Samples were grown in hypoxia for 24 hours, treated for 48 hours, and viability was determined by

CellTiter-Glo assay (n 5 3). (H) MV4-11 wild-type and BMX CRISPR knockout cells were cultured in hypoxia for 24 hours and treated with 5 nM gilteritinib for 1 hour.

Western blots were carried. Representative data from three independent experiments shown. For statistical analysis, **P # .01, ***P # .001, ****P # .0001, as determined

by two-tailed, unpaired Student t test.
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BMX alters the cytokine/chemokine network

Although the signal transduction pathways involving BMX are poorly
characterized, various investigations suggest that BMX can signal
downstream from multiple growth factor and cell surface recep-
tors.35 We wanted to determine if BMX could modulate cytokine/
chemokine secretion under activating conditions. We focused on
the AML CCL2-4/CXCL1/8 chemokine/cytokine cluster whose

levels are known to increase with exposure to hypoxia36 and CCL5,
which was upregulated in the pseudobulk RNA-seq analysis. When
comparing the secretion of these chemokines between MV4-11
wild-type and BMX CRISPR KO clones in hypoxic conditions, both
KO clones were found to have lower secretion compared with wild
type (Figure 5A). When BMX was pharmacologically inhibited
by CHMFL-BMX-078, secretion of these chemokines was also
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Figure 5. Cytokine/chemokine secretion in response to BMX inhibition or knockout. (A) Cytokines/chemokines secreted by MV4-11 wild-type and BMX CRISPR

KO cells, after 72 hours in hypoxia (Luminex multiplex assay, n 5 2). Representative data from two independent experiments are shown. Cytokines/chemokines secreted by

(B) MV4-11 and (C) MOLM-13, after growth in hypoxic conditions for 24 hours, followed by treatment with CHMFL-BMX-078 (3 and 5 mM, respectively) for 48 hours

(Luminex multiplex assay, n 5 2). Representative data from two independent experiments shown. (D) Secretion of cytokines/chemokines by human primary FLT31 AML

samples cultured in hypoxia for 24 hours, followed by treatment with CHMFL-BMX-078 for 48 hours (Luminex multiplex assay, n 5 2). For statistical analysis, *P # .05;

**P # .01; ***P # .001, as determined by two-tailed, unpaired Student t test.
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decreased in both MV4-11 and MOLM-13 under hypoxic conditions
(Figure 5B-C). Furthermore, when we treated primary FLT31 AML
samples with CHMFL-BMX-078 in hypoxia, we also observed a
downregulation of these chemokines (Figure 5D; supplemental
Table 11). These results support a novel role for BMX in modulating
the cytokine/chemokine network with AML cells in the hypoxic
microenvironment.

Discussion

Lack of response or relapse after initial response to a FLT3 inhibitor
remains an issue in FLT31 AML. Deciphering these molecular
mechanisms involved in resistance is essential to improving treat-
ment strategies and outcomes. Here we show that BMX expression
is higher in gilteritinib-unresponsive patients prior to treatment, pos-
sibly related to a hypoxic state in the marrow microenvironment, and
that BMX expression is essential for chemokine and cytokine pro-
duction by AML cells under hypoxic conditions. BMX activation in
the AML cells potentiates a set of signaling pathways leading to
production of cytokines and chemokines after initiation of gilteritinib,
which then act on the marrow microenvironment in a paracrine fash-
ion. In addition, upregulation of BMX expression can bypass FLT3
and directly activate STAT5, a pro-survival signal for the mainte-
nance and expansion of AML blasts.37,38 BMX has previously been
shown to signal through STAT5 independently of FLT3.30,39,40

Indeed, we observed sensitization to gilteritinib treatment in hypoxic
conditions when BMX was either knocked out or pharmacologically
inhibited, which was associated with a reduction in STAT5 phos-
phorylation. Thus, BMX activation bypasses FLT3 inhibition by gilteri-
tinib and can act as a resistance pathway in AML.

In gilteritinib-unresponsive patient samples, upregulation of BMX
expression was associated with an increase in BM-derived cytokine/
chemokine expression that was not observed in gilteritinib-sensitive
patient samples. BM microenvironmental factors have been shown
to protect FLT31 AML from FLT3 inhibitors,25-28,41 other studies
have shown that AML utilizes these factors to promote disease pro-
gression and relapse.42,43 In AML, CCL2-4/CXCL1/8 cluster
reshapes the microenvironment through bidirectional interactions
within BM niche cells: CCL2/CCR2 have been implicated in the
activation of intracellular pathways connected with survival, prolifera-
tion, and growth, as well as the suppression of the infiltration of
tumor-associated macrophages.44,45 CXCL8 and its receptors
CXCR1/CXCR2 are involved in bidirectional cross talk between the
primary AML cells and the microenvironment, but also contribute to
leukemia progression through an autocrine loop.43 CCL3 signaling
is involved in leukemogenesis46 and remodeling of the microenviron-
ment to further support leukemic cell growth.43 In our study, the
myeloblast population showed low levels of expression of the recep-
tors for these microenvironmental factors, arguing against autocrine
action and suggesting the presence of paracrine effects on the
microenvironment supporting gilteritinib resistance.

Here we demonstrated a novel, functional link between BMX and its
ability to modulate the cytokine/chemokine network: genetic or
chemical interruption of BMX signaling reduced chemokine produc-
tion by AML cell lines and primary cells under hypoxic conditions.

The ENCODE transcription factor target database predicts CXCL2,
CCL3, CCL4, and CCL5 as potential targets of STAT5, linking
BMX and STAT5 activation to the cytokine/chemokine network.
CXCL8 is primarily activated by NF-kB, which in turn can be acti-
vated by BMX.47,48 The ability of BMX inhibition to reduce the
secretion profile of these chemokine/cytokines by AML cells sug-
gests the potential benefit of pursuing BMX as a therapeutic target.
For example, FLT31 AML patients with high BMX expression could
benefit from the addition of TL-895, a leading clinical BMX inhibitor
candidate, to gilteritinib. Thus, an improved understanding of the
molecular mechanisms of gilteritinib resistance may allow for the
advancement of rational combination of therapies that could improve
the poor prognosis of patients with FLT31 AML.
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