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Abstract

Fms-like tyrosine kinase 3 (FIt3) tyrosine kinase inhibitors (FIt3-TKI) have improved outcomes
for patients with FIt3-mutated acute myeloid leukemia (AML) but are limited by resistance and
relapse, indicating persistence of leukemia stem cells (LSC). Here utilizing a Flt3-internal tandem
duplication (FIt3-1TD) and Tet2-deleted AML genetic mouse model we determined that FLT3-
ITD AML LSC were enriched within the primitive ST-HSC population. FLT3-1TD LSC showed
increased expression of the CXCL12 receptor CXCR4. CXCL12-abundant reticular (CAR) cells
were increased in FIt3-ITD AML marrow. CXCL12 deletion from the microenvironment enhanced
targeting of AML cells by FIt3-TKI plus chemotherapy treatment, including enhanced LSC
targeting. Both treatment and CXCL12 deletion partially reduced p38 mitogen-activated protein
kinase (p38) signaling in AML cells and further reduction was seen after treatment in CXCL12
deleted mice. p38 inhibition reduced CXCL12-dependent and -independent maintenance of both
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murine and human FIt3-ITD AML LSC by MSC and enhanced their sensitivity to treatment. p38
inhibition in combination with chemotherapy plus TKI treatment leads to greater depletion of
FIt3-ITD AML LSC compared with CXCL12 deletion. Our studies support roles for CXCL12
and p38 signaling in microenvironmental protection of AML LSC and provide a rationale for
inhibiting p38 signaling to enhance FIt3-ITD AML targeting.

Introduction

Acute myeloid leukemia (AML) is an aggressive hematopoietic malignancy with poor
survival and high rates of relapse and treatment resistance. For years, the standard-of-care
for AML was a combination of cytarabine and daunorubicin. With further understanding of
recurrent AML mutations, more sophisticated prognostic schema emerged and molecularly-
targeted therapies have been developed and approved for clinical use.

Internal tandem duplications in Fms-like tyrosine kinase 3 receptor (FIt3-ITD) are common
mutations in adult AML(1), and are also seen in pediatric AML(2). FIt3-ITD correlates
with poor prognosis due to increased relapse risk. FIt3-specific tyrosine kinase inhibitors
(TKI) were among the first molecularly-targeted therapeutics developed and FDA-approved
in AML. The FIt3-TKI, midostaurin, was approved after a phase 3 trial showed that addition
to first-line chemotherapy led to a modest increase in overall survival (OS) (3). The more
potent and selective FIt3 TKI, Gilteritinib, was FDA approved for relapsed/refractory FLT3-
mutated AML based on a phase 3 trial that showed increased median OS vs. chemotherapy
and complete response rate (4). These results, while promising, indicate a need for better
understanding of resistance and relapse with targeted therapies.

AML arises from leukemia stem cells (LSC)(5) which result from accumulation of
mutations in hematopoietic stem and progenitor cells (HSPC)(6) in bone marrow (BM), and
are a source of drug resistance and relapse(7). LSC are supported by BM microenvironment
(BMM) niches which are remodeled to selectively support LSC over normal HSC and
contribute to drug resistance(8). The C-X-C motif chemokine ligand 12 (CXCL12) is
important for maintaining the localization and function of HSPC in specific BMM niches(9,
10). Others and we have also identified a role for CXCL12-expressing niches in supporting
LSC(11, 12).

Animal studies suggest that FIt3-ITD is insufficient to give rise to acute leukemia(13). FIt3-
ITD mutations often follow mutations in enzymes that alter DNA methylation (DNMT3A,
IDH1, IDH2, TET2) during AML development. Mouse models have been created with
several of these cooperating mutations in combination with FIt3-1TD(14-17). Here we
characterized a genetically-engineered mouse model (GEMM) of FIt3-ITD AML containing
a hemizygous FIt3-ITD knock-in(13), homozygous flox/flox TET2(18), and Mx-1 cre(19)
and utilized UBC-ERT2-cre(20) CXCL12() knock-out mice to study microenvironmental
mechanisms of resistance to FIt3-TKI, and validated our results using primary human FIt3-
ITD AML cells.
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Patient samples

Mice

BM samples were collected from treatment-naive AML patients at the University of
Alabama at Birmingham (UAB) after obtaining informed consent. Sample acquisition was
approved by the Institutional Review Board at UAB in accordance with assurances filed with
the Department of Health and Human Services and met all requirements of the Declaration
of Helsinki. Patient characteristics are listed in Supplementary Table 1.

B6.129-FIt3!™1D39/3 mice (FIt3-1TD) (The Jackson Laboratory (JAX), Stock no. 011112)
and B6.129S-Tet2tm1.11aaily mjce (TET2floX/floxy (JAX, Stock no. 017573) were crossbred

to obtain double heterozygous mice, back-crossed into C57BL/6j mice (JAX, Stock no.
000664) for 5 generations, and crossbred with B6.Cg-Tg(Mx1-cre)1Cgn/J mice (JAX, Stock
no. 003556) to obtain FIt3-1TDWUki TET2flox/flox \x1-cre mice. Homozygous B6(FVB)-
Cxcl12fm1ILinK|y mice (JAX, Stock no. 021773), with exon 2 of the mouse Cxcl12 gene
flanked by loxP sites, were crossed with UBC-ERT2-cre mice (JAX stock no. 008085)

to obtain UBC-ERT2-cre Cxc/12/m1-1Link mice, CXCL12-GFP knock-in mice (exon 2 of
CXCL12 gene replaced by GFP expression cassette; CD45.2+) were from Dr. Takashi
Nagasawa (Kyoto University, Japan) and maintained in heterozygous state(21). NSG mice
were from JAX (Stock no. 005557). Wild-type (WT) CD45.2 and CD45.1 mice were from
Charles River. Sample size was based on previous studies that established numbers of

mice per group required to detect significant differences. Mice were randomized between
treatment groups based on sex and engraftment levels. Blinding was not used. Mouse care
and procedures were in accordance with federal guidelines and protocols approved by the
Institutional Animal Care and Use Committee (IACUC) at UAB. See Supplemental Methods
for details of hematopoietic cell analysis and for all antibodies used (Supplementary Table
2).

Murine BM transplantation

For syngeneic transplants, recipients received two doses of 4Gy total body radiation, 4 hours
apart, and were transplanted by tail vein injection 2-4 hours after second radiation dose.

For BM mononuclear cell (MNC) transplants, 108 - 107 donor cells were transplanted into
each recipient. Purified HSPC populations were sorted using a BD FACS ARIA cell sorter
and mice were transplanted with 2 x 10° CD45.1 support BM cells plus 5x102, 1.5x103, or
4.5x103 ST-HSC; 5x103, 1.5x10%, or 4.5x10% MPP; or 2x10%, 6x104, 1.8x10° GMP (details
provided in Supplemental Methods).

Patient derived Xenografts

NSG mice were irradiated with 1.5Gy total body radiation 24 hours before transplant. BM
MNC from AML patient samples were mixed with OKT3 anti-CD3 antibody (1 ug/million
cells, BioXCell) prior to injection (5-10 million cells/mouse). For xenografts of purified
HSPC, CMP, GMP and MPP populations were sorted from patient BM MNC using a BD
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FACS ARIA cell sorter (details provided in Supplemental Methods). Each mouse received
CMP, GMP, or MPP sorted from 10’ BM MNC.

Drug Treatments
Mx1-cre mice were injected intraperitoneally with 5 mg/kg polyinosinic-polycytidylic acid
(pIpC, Invivogen) every 48 hours for 7 doses to induce Cre-recombinase activity. UBC-Cre
mice were injected intraperitoneally with 1 mg tamoxifen (10 mg/mL in sterile corn oil)
daily for 5 days to induce cre-recombinase activity. AC220 (Quizartinib, AdooQ) was
administered by gavage at 5-10 mg/kg/day for 21-28 days. Cytarabine (Cayman Chemical)
and Doxorubicin (Cayman Chemical) were injected intraperitoneally with cytarabine, 50
mg/kg/day for 7 days and doxorubicin, 1.5 mg/kg/day for 3 days (details of drug preparation
provided in Supplemental Methods).

Stromal cell analysis

Bone fragments were incubated with collagenase for 1 hour in a shaking incubator at

37°C, then washed 3 times with sterile PBS. Suspended cells were filtered through a 70
micron filter, added to total BM MNC, and stained with antibodies to analyze BM stromal
populations: CD45-AF700, Ter119-AF700, Tie2-APC, VE-Cadherin-PerCp-eFluor710,
CD31-eFluor450, CD51-biotin, Sca-1-APC-Cy7, CD140a-PE-Cy7, and streptavidin-BV605.

RNASeq analysis

RNA was extracted using RNeasy Plus Micro Kit (Qiagen). Libraries were prepared using
SMARTer Ultra Low Input RNA Kits for Sequencing (v4, TaKaRa Clontech) and Nextera
XT DNA Library Preparation Kit (Illumina). Paired-end sequencing with 150 bp reads was
performed using the Novaseq 6000 Sequencing System, S4 flow cell. RNA-Seq FASTQ
reads were aligned to the mouse reference genome (Gencode GRCm39 Release M26) using
STAR (version 2.7.9a) and reads mapping to each gene enumerated using HTSeq-count
(version 0.6.7). Normalization and differential expression were calculated using DESeq2.
Pathway analysis was performed using gene set enrichment analysis (GSEA). Partek
software was used to generate \enn diagrams.

Intracellular flow cytometry

BM MNC were stained for surface markers as above, stimulated with Phorbol
12-myristate-13-acetate (PMA, MedChemExpress) for 15 min, fixed with 16%
paraformaldehyde, permeabilized with Cytofix/Cytoperm (BD), and stained with phospho-
p38 MAPK-PE (1:30 dilution, Santa Cruz Biotechnology) or phospho-ERK-PE (1:10
dilution, Cell Signaling Technology).

Stromal co-culture

Murine BM stromal layers were generated from BM cells from CXCL12-KO mice and
CXCL12-WT littermates. Expanded stromal cells were plated on 96-well plates in a hypoxic
incubator. After 3 days, FACS-sorted LSK cells were added and exposed to drugs for 3 days
followed by flow cytometry analysis. Human AML BM stromal layers were generated from
BM MNC and frozen in aliquots. For co-culture, stromal cells were thawed and plated in
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96-well plates in a hypoxic incubator. After 4 days, CD34+ cells from the same patient were
added and exposed to drugs for 3 days, followed by flow cytometry analysis. Details are
provided in Supplemental Methods.

Results are shown as mean plus/minus standard error of the mean (SEM). Significance
values were calculated using Prism version 9.0 software (GraphPad Prism, La Jolla, CA)
using parametric and nonparametric t tests (Mann-Whitney test), or analysis of variance as
appropriate based on normality of distribution. Survival was analyzed using Kaplan-Meier
analysis.

Data availability statement

The datasets generated during during the current study are available from the corresponding
author on reasonable request.

Data Sharing Statement

Results

RNAseq data is deposited in NCBI’s Gene Expression Omnibus (GEO) and is accessible
through GEO Series accession nhumber: GSE212428

AML development in FIt3-ITD TET2 flox/flox Mx-1 cre mice

We developed a FIt3/TD/WT TET2flox/flox px-1 cre mouse model of AML that allowed
inducible Tet2 deletion from HSC (see methods). A similar model, using Vav-cre to
constitutively target TET2 excision in HSC, was previously described(14). Partial excision
of Tet2 was seen without plpC induction, but complete excision after plpC treatment
(Figure S1A). FIt3-ITD TET2-KO mice developed a 100% penetrant, lethal (Figure 1A)
hematological disorder consistent with AML with leukocytosis (Figure S1B), anemia
(Figure S1C), thrombocytopenia (Figure S1D), and increased immature Grl-intermediate
(Figure 1B, left), c-Kit+ (Figure 1B, center), and Lin—-Scal+cKit+ (LSK) cells in PB (Figure
1B, right). Mice exhibited increased BM cellularity (Figure 1C, left) and splenomegaly
(Figure 1C, center and right). These features were not observed in FLT3-ITD mice without
Tet2 deletion.

FIt3-ITD TET2-KO LSC reside in primitive phenotypic HSPC compartments

Evaluation of BM HSPC populations revealed that FIt3-ITD TET2-KO mice had increased
GMP and MPP3 but not ST-HSC, and significant reduced LT-HSC compared to FLT3-ITD
TET2-WT littermates or WT mice (Figure 2A). Transplantation of BM MNC from FIt3-1TD
TET2-KO mice into WT recipients consistently resulted in leukemia development (Figure
S2A-F). To identify LSC-containing subpopulation(s), we transplanted FACS-sorted GMP,
MPP, and ST-HSC from FIt3-ITD TET2-KO AML mice into WT recipients (Figure 2B,
left). Phenotypic LT-HSC (CD48-CD150+LSK) were almost absent in FIt3-1TD TET2-KO
mice, consistent with previous reports, and were not transplanted(14, 22). We performed
limiting dilution transplantation guided by the average frequency of each population in 1, 3,
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or 9x108 BM MNC (Figure 2B, left). GMP did not engraft at any cell dose tested (Figure
S2G), MPP exhibited low levels of engraftment at the highest cell dose tested (Figure S2H),
and ST-HSC showed dose-dependent engraftment at all cell doses tested (Figure S21). The
stem cell frequency within MPP was 1:63,635 and in ST-HSC was 1:2,730 (Figure 2B,
right).

To identify LSC-containing subpopulation(s) in human FIt3-1ITD TET2-mutated AML
samples, we transplanted FACS-sorted HSPC populations into NSG mice (Figure 2C,

left). As with the mouse model, phenotypic LT-HSC were almost absent in all FIt3-1TD
TET2 mutant samples analyzed (data not shown), consistent with previous reports,(23) and
were not transplanted. We observed engraftment of human CD45+CD33+ cells following
transplantation of primitive CD34+CD38- populations, but not committed progenitor
populations (Figure 2C, right). Therefore the LSC-containing population in this mouse
model recapitulates that of patients with similar mutations.

FIt3-ITD AML alters the BM microenvironment and increases CXCL12 expression in CAR

cells

As CXCL12/CXCR4 signaling is essential for normal HSC function(9, 10, 24) and may
contribute to AML progression and drug resistance(25), we interrogated our FIt3-1TD
TET2-KO AML model for CXCR4 and CXCL12 expression. Expression of CXCR4

was increased in GMP, MPP and ST-HSC from FIt3-1TD TET2-KO vs. FIt3-ITD alone
mice (Figure 3A). Flow cytometry analysis of stromal cell subsets revealed increased
endothelial cell (EC, CD45-Ter119-CD31+) and CXCL12-abundant reticular cell (CAR,
CD45-Ter119-CD31-VECadherin-CD51+Scal-)(26) numbers and frequencies in FIt3-1TD
TET2-KO compared with FIt3-ITD mice, whereas periarteriolar cells (PAC, CD45-Ter119-
CD31-VECadherin-CD51+Scal+)(27) were unaltered (Figure S3A-B). Since Mx-1 cre
has activity in BM MSCs and perivascular cells(28), to ensure that changes in stromal
populations were not related to stromal TET2 deletion, we assessed frequencies, numbers,
and CXCL12 expression of stromal populations in CXCL12-GFP-knock-in reporter mice
transplanted with WT or AML BM (Figure 3B). The frequency of EC and CAR (Figure
3C, left), and absolute number of CAR (Figure S3C), were increased in mice engrafted
with FIt3-1TD TET2-KO cells. The percent and absolute number of CXCL12 expressing
CAR was increased in FIt3-ITD TET2-KO AML engrafted mice (Figure 3C, right, Figure
S3D). The observed increase in CXCR4-expressing HSPC and CXCL12-expressing CAR
cells supported further investigation of the role of BMM CXCL12 expression in supporting
FIt3-1TD TET2-KO AML HSPC.

CXCL12 KO reduces AML disease burden

To assess the role of BMM CXCL12 in AML progression, we transplanted BM

from FIt3-1TD TET2-KO AML mice into CXCL12floX/flox yBC-ERT2-cre mice treated
with tamoxifen to induce CXCL12 deletion (CXCL12-KO) or tamoxifen-treated control
CcXcL12flox/flox cre_negative littermates (CXCL12WT, Figure 4A). Our previous studies
show that Tamoxifen-treated UBC-ERT2-cre mice exhibit complete inhibition of CXCL12
MRNA expression as detected by Q-PCR(29). We observed reduced PB WBC counts
(Figure 4B, left), moderate reduction in dysplastic neutrophils and increase in mature
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neutrophils (Figure S4A), increased RBC counts (Figure 4B, center), and reduced spleen
weight (Figure 4B, right), in CXCL12-KO vs. CXCL12-WT AML mice at 8 weeks post-
transplantation. A trend towards reduced BM cellularity (Figure 4C, left), and a reduction
in BM GMP, but not other HSPC populations, was seen in CXCL12-KO vs. CXCL12-WT
AML mice (Figure 4C, center and right). However, CXCL12 deletion did not result in
significant change in survival of mice transplanted with FIt3-1TD AML BM (Figure S4B).

To determine effects of CXCL12 KO on quizartinib response, we transplanted murine
FIt3-ITD TET2-KO AML BM into CXCL12-KO or CXCL12-WT mice, and four weeks
post-transplantation started 28-days treatment with quizartinib (10 mg/kg) or vehicle control
(Figure 5A). Vehicle- and TKI-treated CXCL12-WT mice showed increased WBC counts
after 4 weeks, while vehicle- and TKI-treated CXCL12-KO mice showed significantly
reduced WBC counts (Figure 5B, left). PB c-Kit+ cells were decreased (Figure S5B)

and RBC counts were increased (Figure S5A) in vehicle- and TKI-treated CXCL12-KO
mice. Spleen weight was significantly reduced in vehicle and TKI-treated CXCL12-KO
mice (Figure 5B, right). BM GMP were reduced by CXCL12 KO, quizartinib or both, but
MPP and ST-HSC were unaffected (Figure 5C). Therefore, CXCL12 KO reduced leukemic
burden in FIt3-1TD TET2-KO AML mice and quizartinib showed modest additional benefit
in CXCL12-KO mice.

CXCL12 KO enhances response to combination chemotherapy plus quizartinib

To assess effects of CXCL12 KO on AML response to combination of quizartinib with
chemotherapy, we transplanted BM from FIt3-1TD TET2-KO AML mice into CXCL12-
KO mice and CXCL12-WT littermate controls, and four weeks post-transplantation began
treatment with cytarabine, doxorubicin, and quizartinib (Figure S6A). Blood was taken
after 2 and 3 weeks of treatment, and mice were sacrificed and BM analyzed immediately
upon completion of 3 weeks of quizartinib treatment. Vehicle-treated mice had increased
WBC counts after 2 weeks, whereas combination-treated mice had stable counts. However,
after 3 weeks, combination-treated CXCL12-WT (WT-Rx) mice developed increased WBC
whereas CXCL12-KO combination-treated (KO-Rx) mice maintained stable counts (Figure
6A, left). Immature c-Kit+ (Figure 6A, center) and LSK cells (Figure S6B) were decreased
in PB of KO-Rx but not WT-Rx mice, whereas Gr-1M9" mature myeloid cells were increased
(Figure 6A, right). Spleen weights (Figure 6B, left) and spleen LSK cells (Figure S6C)
were reduced in KO-Rx mice. BM immature c-Kit+ (Figure S6D) and LSK cells (Figure
6B, center) were increased in vehicle-treated CXCL12-KO (KO-Veh) mice, and decreased
in KO-Rx mice compared to KO-Veh mice, whereas mature myeloid cells were increased
in KO-Rx mice (Figure S6E). ST-HSC numbers were decreased in KO-Rx compared to
KO-Veh mice (Figure 6B, right). BM CXCR4+ expression was increased in KO-Veh mice
(Figure S6F). The percentage of LSK within CXCR4+ BM cells showed a trend toward
increase in WT-Rx mice, but was significantly decreased in KO-Rx mice (Figure S6G).
These observations suggest that CXCL12 KO enhances targeting of CXCR4-expressing LSC
by chemo+TKI.

We also performed secondary transplantation of BM obtained upon treatment completion
into lethally-irradiated WT mice to assess long-term engrafting and leukemia generating
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capacity (Figure 6C). Recipients of BM from WT-Rx mice show an initial survival benefit
compared to WT-Veh recipients, but then rapidly decline, suggesting that treatment may
deplete cells with short-term but not long-term engraftment capacity. Recipients of both
KO-Veh and KO-Rx BM cells showed significant improvement in survival compared

to WT-Veh recipients. We observed similar survival of WT-Rx recipients and KO-Rx
recipients. However, unlike WT-Rx recipients, KO-Rx recipients showed a significant
survival advantage over WT-Veh recipients. These observations suggest that treatment with
CXCL12 KO was superior to treatment without CXCL12 KO.

Changes in gene expression in leukemia stem cells following CXCL12 KO and combination
chemotherapy plus TKI

We performed RNA-sequencing to compare differentially-expressed genes (DEG) in BM
ST-HSC selected from WT-Veh (Control), KO-Veh, WT-Rx, and KO-Rx mice (Figure
S7A). Gene set enrichment analysis (GSEA) revealed enrichment of AML and oxidative
phosphorylation-related gene signatures in WT-Rx ST-HSC, extracellular matrix receptor
interaction-related gene signatures in KO-Veh ST-HSC, and extracellular matrix receptor
interaction and hematopoietic cell lineage gene signatures in KO-Rx ST-HSC vs. Control
ST-HSC (Figure S7B). Interestingly, comparison of genes uniquely upregulated in KO-
Rx vs. Control ST-HSC, revealed that the top enriched gene sets (other than riboflavin
metabolism and porphyrin and chlorophyll metabolism) were driven by upregulation of
MAPK11 (p38 MAPKp) and IL-10 (Figure 7A) gene expression. We also found that all
comparisons showed downregulation of several genes related to p38 and ERK MAPK
signaling (Figure 7B). These observations led us to further investigate the role of MAPK
signaling in treatment response and resistance with or without CXCL12KO.

p38 signaling contributes to AML LSK resistance to chemo + TKI

To confirm changes in MAPK signaling, we utilized intracellular flow cytometry to measure
phosphorylated p38 and ERK in ST-HSC from Control, WT-Rx, KO-Veh, and KO-Rx mice
following PMA stimulation. Phospho-p38 was reduced, but not significantly, in ST-HSC
from WT-Rx and KO-Veh and significantly decreased, but not eliminated, in KO-Rx mice
(Figure 8A). Phospho-ERK showed a trend toward reduction in ST-HSC from KO-Rx mice
(Figure 8A). These observations are consistent with overall decrease in MAPK-related genes
but upregulation of MAPK11 in KO-Rx mice (Figure 7B).

We next evaluated the effect of inhibition of p38 and ERK signaling on AML LSC growth
and response to chemo+TKI. FACS-sorted AML LSK were cultured with or without BM-
derived MSC from CXCL12-WT or CXCL12-KO mice (Figure S8A). IC1g concentrations
for doxorubicin, cytarabine and AC220, and 1C,q concentrations for losmapimod, a p38
MAPK inhibitor (p38i), and ulixertinib, an ERK inhibitor (ERKi) were determined.
Cultures were treated with 0.1% DMSO (vehicle control); doxorubicin, cytarabine, and
AC220 (chemo+TKI, I1Cqg); p38i (20 uM); ERKi (500 nM); chemo+TKI+p38i; or
chemo+TKI+ERKi. Total AML LSK and CD45+ cell numbers were evaluated after 3 days.

AML CDA45+ cell numbers were enhanced by MSC co-culture, but reduced by CXCL12
KO. Both p38i and ERK:i reduced CD45+ cells co-cultured with CXCL12-WT or KO
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MSC (Figure S8B-C). Chemo+TKI reduced CD45+ cell numbers following culture

with CXCL12-KO MSC but not CXCL12-WT MSC, consistent with in vivo studies.
Chemo+TKI+p38i and chemo+TKI+ERKi both led to greater reduction in CD45+ cells than
chemo+TKI with CXCL12-WT MSC. Chemo+TKI+p38i had significantly greater effect

on AML CD45+ cells vs. p38i alone with CXCL12-WT but not CXCL12-KO MSC. In
contrast, chemo+TKI+ERKIi had similar effects as ERKi alone. We conclude that both p38
and ERK signaling contribute to MSC support of AML CD45+ cell growth, and that p38
signaling contributes to CXCL12-mediated protection from chemo+TKI.

Both p38i and ERK:i significantly reduced LSK cell numbers following coculture with
WT-MSC (Figure 8B). There was a trend toward significant reduction of LSK by p38i,
but not ERKI, following coculture with CXCL12-KO MSC (Figure 8B). Treatment with
chemo+TKI+p38i significantly reduced LSK numbers vs. chemo+TKI on CXCL12-WT
but not CXCL12-KO MSC. There was a trend towards significant reduction in LSK
cells cultured on CXCL12-KO MSC with chemo+TKI+p38i compared to controls. On
the other hand, chemo+TKI+ERK:i did not further reduce LSK numbers, with WT-MSC
or CXCL12-KO MSC. These results show that both p38 and ERK signaling contribute
to LSC maintenance by MSC. p38 has both CXCL12-dependent CXCL12-independent
effects. They further show that p38, but not ERK, signaling contributes to AML LSC
resistance to chemo+TKI both with and without CXCL12. p38 inhibition in combination
with chemo+TKI leads to greater inhibition of AML LSC than CXCL12 KO alone, and
could be even more effective than CXCL12 KO in sensitizing FIt3-ITD AML LSC to
chemotherapy and FIt3 inhibition.

Finally we evaluated the effect of inhibition of p38 signaling on human AML LSC growth
and response to chemo+TKI (Figure 8C). AML CD34+ were cultured with or without
BM-derived MSC from the same patient, and with or without an anti-CXCL12 blocking
antibody. Cells were exposed to 0.1% DMSO (vehicle control); chemo+TKI (IC1g); p38i
(20 uM) and chemo+TKI+p38i. AML CD34+CD38- cell numbers were evaluated after

3 days. MSC co-culture significantly enhanced total CD34+CD38- cell numbers, which
were significantly reduced by CXCL12 blockade. p38i significantly reduced CD34+CD38-
cell numbers when co-cultured with MSC. Treatment with chemo+TKI+p38i significantly
reduced CD34+CD38- cell numbers vs. chemo+TKI following co-culture on stroma,

with and without CXCL 12 blockade. Similar results were obtained for cells with the
CD34+CD38-CD45RA+ phenotype that has been associated with primitive AML LSC.(23)
These results indicate that p38 contributes to MSC-mediated support of human AML LSC
and that p38 inhibition in combination with chemo+TKI leads to greater inhibition of AML
LSC than CXCL12 KO or chemo+TKI alone.

Discussion:

While FIt3-TKI show promise in treating FIt3-1TD-mutant AML, their efficacy remains
limited. Clinical trials have combined FIt3 inhibitors with standard chemotherapy(3, 30)
and hypomethylating agents (HMA)(31-33), but more rationally designed combination
therapies are needed to effectively target FIt3-1ITD LSC. Here we characterized the LSC
population in a new GEMM of FIt3-1ITD AML, and correlated with LSC populations in

Leukemia. Author manuscript; available in PMC 2023 December 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Anderson et al.

Page 10

AML patients with similar mutations. Unlike some other AMLs where LSC are present

in phenotypic GMP populations(34-36), LSC in this AML subtype have a more primitive
phenotype(14). We observed upregulation of CXCR4 in LSC, and increased CAR cell
numbers and CXCL12 expression in BM in this FLT3-1TD AML model. Inhibition of LSC
interactions with the BMM by CXCL12 deletion reduced leukemic burden and increased
LSC sensitivity to combined chemotherapy and FIt3 inhibition. Importantly, we identify p38
signaling as a targetable mechanism underlying microenvironmental support of FLT3-1TD
LSC.

The CXCL12-CXCR4 axis is recognized as a potential mediator of AML progression and
drug resistance(25, 37, 38). MSC from mice transplanted with AML upregulate CXCL12
expression(39). High CXCR4 expression is associated with poorer prognosis in AML,

and CXCR4 expression is significantly higher in FIt3-ITD AML and contributes to poor
prognosis(40). CXCR4 inhibitors tested in preclinical studies for the treatment of AML
induced LSC mobilization and improved response to chemotherapy. However, clinical trials
have not yet shown clear benefit over chemotherapy alone(25). In addition to CXCR4,
CXCL12 also signals through CXCR7(41), so CXCR4 inhibition may not inhibit the full
spectrum of CXCL12 signaling. Since CXCL12 expression has also been detected in AML
cells(42), our CXCL12-targeting approach allows us to specifically block CXCL12 mediated
LSC-BMM interactions.

Our studies identify a role for p38 in AML LSC maintenance and therapy resistance in

the FIt3-1TD AML mouse model. Previous reports indicate that CXCL12 can activate ERK
signaling.(43) Persistent ERK activation may contribute to reduced sensitivity to quizartinib
of AML cell lines cultured on stroma.(44) Mutations in the Ras/MAPK pathway are an
important mechanism of acquired resistance to the FIt3 inhibitor gilteritinib(45). The role
of p38 MAPK signaling in FIt3-ITD AML is less well-explored. Forced expression of FIt3-
ITD preferentially activates p38 MAPK.(46) BM stromal cells activate TGF-p-p38-ALDH2
signaling in AML cells to induce therapy resistance(47). p38 blockade enhances AML
responsiveness to 5-fluorouracil in AML cell lines(48) and synergizes with the BCL2
inhibitor Venetoclax in ex vivo inhibition of primary AML cells not selected for FIt3
mutation status(49). However, the role of p38 MAPK in FIt3-ITD AML LSC maintenance
and resistance to therapy remains unstudied. Our studies support a role for p38 signaling

in human and murine FIt3-ITD AML LSC maintenance and for CXCL12-dependent and
independent BMM-mediated resistance to chemo+TKI. p38 inhibition in combination with
chemo+TKI leads to enhanced inhibition of AML LSC compared to CXCL12 KO indicating
that p38 activity may be a critical vulnerability that could be exploited for therapy. These
results provide a strong rationale for further therapeutic testing of p38 inhibitor containing
combinations and investigation of mechanisms underlying p38 activation and mediation of
resistance in LSC. Our results also support a role for ERK signaling in FIt3-1TD AML,

but did not show a combinatorial effect of ERK inhibition with chemotherapy and FIt3
inhibition or with CXCL12 deletion.

Overall, the current study has characterized a new GEMM of FIt3-ITD AML and its LSC
population, and identified a novel approach to target the FIt3-ITD AML LSC population. A
recent phase I clinical trial(50) demonstrated favorable safety and tolerability of losmapimod

Leukemia. Author manuscript; available in PMC 2023 December 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Anderson et al. Page 11

at clinically relevant doses in facioscapulohumeral muscular dystrophy and a phase Il
study is underway. Our findings support further study of combining p38 inhibition with
chemotherapy and FIt3 inhibition in FIt3-ITD AML.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure1l. AML development in FIt3-1TD TET2 flox/flox Mx-1 cre mice
(A) Kaplan-Meier survival analysis for FIt3-1TD and FIt3-1TD TET2-KO mice. (B)

Percentage of Gr-1 intermediate immature myeloid cells (left) and percentage of c-Kit
positive immature cells (center) in peripheral blood of FIt3-ITD and FIt3-ITD TET2-KO
mice over time post administration of plpC, and frequency of LSK cells in peripheral blood
10 weeks post-plpC (right). (C) Bone marrow cellularity (left, spleen weights (center), and
representative spleen images (right) of FIt3-1TD and FIt3-1TD TET2-KO mice. Significance
values: *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. Results represent mean + SEM of
multiple replicates.
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Figure2. FIt3-1TD TET2-KO L SC residein primitive phenotypic HSPC compartments
(A) Bone marrow frequencies of GMP (far left), MPP (left-center), ST-HSC (right-center),

and LT-HSC (far right) in FIt3-ITD vs FIt3-ITD TET2-KO mice. (B) FACS sorting and
transplantation scheme for limiting dilution transplants of sorted populations to identify
leukemia initiating populations (left), limiting dilution plot of cell numbers transplanted
(right-upper), and calculated leukemia initiating cell frequency for each population of
transplanted cells (right-lower). (C) FACS sorting and xenotransplantation scheme for FIt3-
ITD TET2 mutant human AML patient samples transplanted into NSG mice (left) and
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engraftment of the transplanted populations in NSG mouse xenografts (right). Each symbol
represents a unique patient sample. Significance values: *p<0.05; **p<0.01; ****p<0.0001.
Results represent mean = SEM of multiple replicates.
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Figure 3. FIt3-ITD AML altersthe BM microenvironment and increases CXCL 12 expression in

CARcells

(A) CXCR4 positivity in BM HSPC from FIt3-1TD vs FIt3-ITD TET2-KO mice. (B)
Transplant scheme for CXCL12-GFP mice. (C) Frequencies of endothelial cells, PAC, and
CAR cells within CD45-Ter119-population (left) and percentage GFP (CXCL12) positivity
in endothelial, PAC, and CAR cell populations (right) in CXCL12-GFP mice transplanted

with WT vs. FIt3-ITD TET2-KO AML cells. Significance values: *p<0.05; **p<0.01;
***n<0.001; ****p<0.0001; ns, not significant. Results represent mean + SEM of multiple

replicates.
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Figure4. CXCL12 KO reduces AML disease burden

(A) Experimental design for transplanting AML cells into CXCL12 flox/flox UBC-cre
mice to assess the effect of global CXCL12 KO on AML development. (B) WBC counts
(left), RBC counts (center), and spleen weights (right) in CXCL12-WT vs. CXCL12-KO
mice transplanted with AML cells. (C) BM cellularity (left), BM HSPC numbers (center),
and BM ST-HSC (right) in CXCL12-WT vs. CXCL12-KO mice transplanted with AML
cells. Significance values: *p<0.05; **p<0.01. Results represent mean + SEM of multiple

replicates.
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Figure5. Effect of CXCL 12 KO modestly on quizartinib response
(A) Experimental design for single-agent quizartinib (AC220) treatment in CXCL12-WT

and CXCL12-KO AML mice. (B) WBC counts (left) and spleen weights (right) and (C)
HSPC (left) and ST-HSC numbers (right) in BM of CXCL12-WT or CXCL12-KO mice
transplanted with AML BM and treated with vehicle control or single-agent quizartinib.
Significance values: *p<0.05; **p<0.01; ***p<0.001. Results represent mean = SEM of
multiple replicates.
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Figure 6. CXCL 12 KO enhances response to combination chemotherapy plus quizartinib
(A) WBC counts (left), %c-Kit+ cells (center), and %Gr-1 high mature neutrophils in

PB (right), and (B) spleen weights (left), BM LSK (center) and BM ST-HSC (right)

in CXCL12-WT or CXCL12-KO mice treated with vehicle control or combination
chemotherapy plus quizartinib. (C) Kaplan-Meier survival analysis of secondary transplants
of 2 x 106 BM MNC from control, KO-Veh, WT-Rx, or KO-Rx mice into WT

recipient mice. Significance values: *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
Results represent mean £ SEM of multiple replicates.
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Figure 7. Changesin gene expression in leukemia stem cellsfollowing CXCL 12 KO and
combination chemother apy plus TKI

(A) Pathways exclusively upregulated in KO-Rx vs. Control. (B) DEG downregulated in
KO-Veh vs Control, WT-Rx vs. Control, and/or KO-Rx vs. Control. Lists represent selected
DEG related to MAPK signaling, with the relevant class of MAPK (ERK, p38, or INK)
indicated in parentheses.
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Figure 8. p38 signaling contributesto AML L SK resistanceto chemo + TKI
(A) Normalized mean fluorescence intensity — (MFI with PMA stimulation minus MFI

without stimulation)/WT-Veh control — of phosphorylated p38 (left) and phosphorylated
ERK (right) in BM cells from CXCL12-WT and CXCL12-KO mice treated with
combination chemotherapy plus quizartinib (Rx) or vehicle as shown in Figure 6. (B)
Total number of live AML LSK cells following co-culture with or without CXCL12-WT
and CXCL12-KO stromal cells and treatment with DMSO (vehicle), p38i, chemo+TKI,
or chemo+TKI+p38i (left); or vehicle, ERKIi, chemo+TKI, or chemo+TKI+ERKIi (right)
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for 3 days; MSC=mesenchymal stem cells; Chemo+TKI=combination chemotherapy plus
quizartinib; p38i= losmapimod; and ERKi=ulixertinib. (C) Total number of live human
AML CD34+CD38- cells following treatment of AML CD34+ cells with DMSO (vehicle),
p38i, chemo+TKI, or chemo+TKI+p38i, with or without co-culture with stromal cells from
the same patient, and with or without addition of CXCL12 blocking antibody. Results from
two different AML samples, AML395 (left) and AML172 (right) are shown. Significance
values: *p<0.05; **p<0.01, ***p<0.001, ****p<0.0001. Results represent mean + SEM of
multiple replicates.
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