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Foretinib Is Effective in Acute Myeloid Leukemia by

Inhibiting FLT3 and Overcoming Secondary Mutations

Check for
updates

That Drive Resistance to Quizartinib and Gilteritinib
Peihong Wang', Yvyin Zhang?, Rufang Xiang®, Jie Yang', Yanli Xu', Tingfen Deng', Wei Zhou',

Caixia Wang', Xinhua Xiao?, and Shunging Wang'

FLT3 internal tandem duplication (FLT3-ITD) mutations are ~ mutations. Foretinib also significantly extended the survival of
one of the most prevalent somatic alterations associated with ~ mice bearing cell-derived and patient-derived FLT3-ITD xeno-
poor prognosis in patients with acute myeloid leukemia (AML).  grafts, exhibiting stronger efficacy than clinically approved FLT3
The clinically approved FLT3 kinase inhibitors gilteritinib and  inhibitors in treating FLT3-ITD AML. Moreover, foretinib
quizartinib improve the survival of patients with AML with  showed potent activity against secondary mutations of FLT3-
FLT3-ITD mutations, but their long-term efficacy is limited by =~ ITD that confer resistance to quizartinib and gilteritinib. These
acquisition of secondary drug-resistant mutations. In this study, findings support the potential of foretinib for treating patients
we conducted virtual screening of a library of 60,411 small with AML with FLT3-ITD mutations, especially for those car-
molecules and identified foretinib as a potent FLT3 inhibitor.  rying secondary mutations after treatment failure with other
An integrated analysis of the BeatAML database showed that  FLT3 inhibitors.
foretinib had a lower ICs, value than other existing FLT3
inhibitors in patients with FLT3-ITD AML. Foretinib directly Significance: Foretinib exhibits superior efficacy to approved
bound to FLT3 and effectively inhibited FLT3 signaling. Fore-  drugs in AML with FLT3-ITD mutations and retains activity in
tinib potently inhibited proliferation and promoted apoptosis in ~ AML with secondary FLT3 mutations that mediate resistance to
human AML cell lines and primary AML cells with FLT3-ITD  clinical FLT3 inhibitors.

Introduction (FLT3-ITD), which is associated with poor overall survival and

Acute myeloid leukemia (AML) is an aggressive hematopoietic
malignancy characterized by uncontrolled proliferation of hemato-
poietic stem and progenitor cells and failure to differentiate into
mature blood cells (1, 2). Activating mutations in FMS-like tyrosine
kinase 3 (FLT3) are the most prevalent genetic alterations in patients
with AML and occur in approximately 30% of patients (3). In general,
two types of FLT3 mutations can frequently be identified in AML.
Approximately 23% of patients with AML acquire an internal tandem
duplication mutation in or near the juxtamembrane domain of FLT3
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relapse-free survival. In approximately 7% of patients with AML (4, 5),
FLT3 point mutations have been detected within the activation
loop of the tyrosine kinase domain (FLT3-TKD), with missense
mutations at D835 being the most frequently occurring TKD muta-
tion (6). FLT3-TKD mutations do not appear to affect the progno-
sis (7, 8). FLT3-ITD mutations promote ligand-independent receptor
dimerization, resulting in autonomous phosphorylation and consti-
tutive activation of the receptor with subsequent activation of down-
stream proliferative signaling cascades, including those of JAK/
STATS, MAPK, and PI3K/AKT (9-11), which ultimately block dif-
ferentiation, inhibit apoptosis, and promote cytokine-independent
proliferation of leukemia cells.

To date, multiple FLT3 kinase inhibitors have been developed, and
some are approved for clinical use, such as midostaurin, quizartinib
(AC220), and gilteritinib (12); however, most patients develop drug
resistance just a few months after receiving treatment with FLT3
inhibitors. One particular mechanism of resistance involves the acqui-
sition of additional mutations in the TKD (13-16). In a phase II trial of
quizartinib monotherapy, 9 patients with AML with FLT3-ITD
relapsed after remission due to secondary mutations at the D835 and
Y842 residues, as well as at the “gatekeeper residue” F691 in the kinase
domain (13, 17). During treatment with gilteritinib, a consistently
active inhibitor against both FLT3-ITD-AML and FLT3-TKD-AML,
secondary mutations at FLT3-F691 L have also been reported at relapse
in patients after the initial response (18). In addition, it has been
confirmed that subclones carrying both FLT3-ITD and D835 muta-
tions already exist in leukemia initiating cells (19). Patients with FLT3-
ITD mutations were prone to relapse due to the development of FLT3-
TKD mutations during treatment with FLT3 kinase inhibitors (17).
Therefore, it is highly desirable to develop new FLT3 inhibitors against
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both FLT3-ITD and FLT3-TKD mutations to treat refractory/relapsed
FLT3-ITD-positive patients.

Foretinib is a novel tyrosine kinase inhibitor (TKI) designed to
target c-MET and VEGFR2, while also has affinity for other tyrosine
kinases, such as PDGFR (20). Foretinib showed good clinical activity in
solid tumors with MET mutations, including gastric cancer, ovarian
cancer, renal cell carcinoma, liver cancer, and non-small cell lung
cancer (21-26). Currently, no studies have evaluated the activity of
foretinib in AML, especially FLT3-ITD and TKD AML. Through
virtually screening the ZINC in vivo library and analyzing the drug
screening data of patients with AML in BeatAML database (27), we
found that foretinib might be an effective FLT3 inhibitor.

Our results of the cellular thermal shift assay (CETSA) confirmed
the direct binding of foretinib and FLT3. Foretinib exerted a potent
inhibitory effect against leukemia cells expressing FLT3-ITD and
overcame resistance to existing FLT3 inhibitors conferred by second-
ary mutations in FLT3 in vitro. Furthermore, we showed that foretinib
treatment significantly prolonged the survival of mice in both the
FLT3-ITD models and the drug-resistant models. Compared with
gilteritinib and quizartinib, foretinib displayed more favorable ther-
apeutic effects on primary AML cells with FLT3 mutations both
in vitro and in mice xenografted with primary AML cells [patient-
derived xenografts (PDX)].

Thus, we identify foretinib as a potent FLT3 inhibitor, and this
finding provides a rationale for its application in patients with AML
with FLT3-ITD mutations, as well as refractory/relapsed patients with
secondary FLT3-TKD mutations.

Materials and Methods

Patient sample preparation

Bone marrow (BM) samples were collected from patients with AML
(patient details are provided in Supplementary Table S1). Mononu-
clear cells were separated with Lymphoprep reagent (Stemcell Tech-
nologies) using density gradient centrifugation. They were subse-
quently cultured in StemSpan SFEM medium (Stemcell Technologies)
supplemented with 10 ng/mL human stem cell factor, 10 ng/mL
human IL3, 10 ng/mL human IL6 (all cytokines were purchased from
R&D Systems), 100 U/mL penicillin, and 100 pg/mL streptomycin
(both from BBI Life Sciences).

Written informed consents were obtained from all patients in
accordance with the Declaration of Helsinki, and all manipulations
were approved by the Institutional Review Board of Guangzhou First
People’s Hospital, School of Medicine, South China University of
Technology (Guangzhou, P.R. China).

Compounds

Foretinib (Targetmol), quizartinib (Targetmol), and gilteritinib
(Abmole) was dissolved in 100% DMSO to make a 10 umol/L stock
solution and stored at —20°C.

Virtual screening and docking

AutoDock Vina, AutoDock Tools, Schrodinger, Discovery Studio
2019, and PyMOL were used for the computational modeling exper-
iment. The structure of FLT3-ITD (residues 587-947) was prepared on
the basis of the sequence from the Protein Data Bank (accession
number: 5x02). Schrodinger’s Protein Preparation Wizard module
was used to process the protein as follows: crystal water was removed,
missing hydrogen atoms were added, missing bond information was
repaired, missing peptides were repaired, and energy optimization was
performed under the OPLS_2005 force field. Then, the original

906 Cancer Res; 84(6) March 15, 2024

eutectic ligand was selected in the Grid Generation module to generate
a grid file for the docking site. Small molecules from the in vivo library
of the ZINC database, which consisted of 60,411 ligands by that time,
were docked onto the ATP binding site of FLT3 using AutoDock Vina.
For macromolecule preparation, all water molecules were deleted and
all polar hydrogens were added to the structure. The docking of each
ligand was performed five times, and each repeated simulation gen-
erated 20 poses, yielding a total of 100 poses for each ligand. The top 1%
scoring pose (according to the binding free energy estimated by
AutoDock Vina) was selected for Schrodinger standard precision
docking. The lower the score was, the lower the binding free energy
between the compound and the protein, and the higher the binding
stability.

For the detailed docking of foretinib to FLT3, the OPLS_2005 force
field and the Liand Docking module were used to perform XP precision
docking. The LigPrep module was used to protonate small molecules at
pH 7.0 & 2.0. The results were visualized with Discovery Studio 2019
and PyMOL.

Public databases analysis

The gene mutation and drug susceptibility data of patients with
AML were obtained from the BeatAML database including Vizome
(http://vizome.org/aml2/) and BeatAML2 (https://biodev.github.
io/BeatAML2/). In patients with AML, the high FLT3-ITD allelic
ratio was defined as 0.5 or greater and the low ratio was less than 0.5.

Cell lines and cell culture

The construction of Ba/F3 cell lines stably expressing human FLT3
with different mutations (FLT3-ITD, FLT3-D835Y, FLT3-D835V,
FLT3-N676K, FLT3-Y842C, FLT3-ITD-D835Y, FLT3-ITD-D835V,
FLT3-ITD-Y842C, FLT3-ITD-F691L) has been described previous-
ly (17). Ba/F3 (DSMZ, RRID: CVCL_0161) cells were grown in
RPMI1640 medium (Gibco) supplemented with 10% FBS (Gibco)
and mouse interleukin IL3 (1 ng/mL; R&D Systems). By expressing the
tyrosine kinase construct, the Ba/F3 cells were transformed into cells
that could grow independent of IL3. Then, they were grown in the
absence of IL3. MV4-11 (ATCC, RRID: CVCL_0064), MOLM13
(DSMZ, RRID: CVCL_2119), NB4 (DSMZ, RRID: CVCL_0005),
THP1 (ATCC, RRID: CVCL_0006), HL60 (ATCC, RRID:
CVCL_0002), OCI-AML2 (DSMZ, RRID: CVCL_1619) and OCI-
AML3 (DSMZ, RRID: CVCL_1844), and K562 (ATCC, RRID:
CVCL_0004) cell lines were cultured in RPMI1640 supplemented
with 10% FBS. NRAS-WT containing MSCV-GFP-IRES (MGI) ret-
roviral constructs were generated as described previously (28). NRAS-
G12C mutants were generated from the NRAS-WT plasmid using
Quickchange Site-Directed Mutagenesis Kit (Stratagene) with the
forward primer 5-TGGAGCATGTGGTGTTGGGAAAAGCG-
CACTGA-3' and reverse primer 5'-CAACACCACATGCTCCAAC-
CACCACCAGTTTG-3'. Then the lentivirus of NRAS-G12C mutants
was produced and transduced to MOLM13 and MV4-11 cells as
described previously (28). The MycoFluor mycoplasma detection kit
(Invitrogen) was used for regular inspections, and the antibiotic
Mycoplasma (Invivogen) was used to eliminate Mycoplasma contam-
ination. Short tandem repeat profiling was performed on all cell lines.
All the cell lines were used within 10 passages.

Cell viability assay

Cell viability assays were carried out using the CellTiter-Glo Lumi-
nescent cell viability assay as described previously (29). The cells were
seeded into a 96-well cell culture plate at a density of 5,000 cells per
well, and different concentrations of the designated drugs were added.
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After 48 hours of incubation, the cells were lysed by adding CellTiter
Glo Reagent (Promega) for 30 minutes at room temperature. The
luminescence signal produced by ATP molecules in living cells was
measured by VICTOR Nivo (Revvity).

Cell apoptosis and cell cycle assay

MOLM13 and MV4-11 cells (2.0 x 10°) were seeded in 6-well plates
and incubated with foretinib or gilteritinib for 24 or 48 hours. For cell
cycle analysis, cells were fixed with 70% ethanol at 4 °C overnight and
then stained with propidium iodide (PI; Sigma-Aldrich). Cell cycle
distribution was determined using flow cytometry (BD LSRFortessa).
APC-Annexin V and PI (Invitrogen) were used for staining and
detecting apoptotic cells. After washing off excess dye with PBS, flow
cytometry was performed. Single dyes were used to adjust the com-
pensation between instrument channels during the experiment. The
results were analyzed using Flow]Jo software.

Western blotting analysis

Cell samples were counted and washed in PBS. They were then lysed
in 2x SDS sample loading buffer (Sigma-Aldrich) supplemented with
protease inhibitors (Targetmol). The protein samples were then sub-
jected to sodium lauryl sulfate polyacrylamide electrophoresis and
transferred to a nitrocellulose membrane. The following antibodies
were used for this experiment: anti-phosphorylated (p)-FLT3 (catalog
no. 3464, Cell Signaling Technology, RRID:AB_2107051), anti-FLT3
(catalog no. 3462, Cell Signaling Technology, RRID: AB_2107052),
anti-pSTAT5 (catalog no. 9351, Cell Signaling Technology, RRID:
AB_2315225), anti-STATS5 (catalog no. 9363, Cell Signaling Technol-
ogy, RRID: AB_2196923), anti-ERK (catalog no. 4695, Cell Signaling
Technology, RRID: AB_390779), anti-pERK (catalog no. 4370, Cell
Signaling Technology, RRID: AB_2315112), anti-AKT (catalog no.
9272, Cell Signaling Technology, RRID: AB_329827) and anti-pAKT
(catalog no. 4060, Cell Signaling Technology, RRID: AB_2315049),
horseradish peroxidase-conjugated tubulin (catalog no. HRP-66031,
Proteintech, RRID: AB_2687491), PARP1 (catalog no.13371-1-AP,
Proteintech, RRID: AB_2160459) and caspase8 (catalog no.13423-1-
AP, Proteintech, RRID: AB_2068463). Western blotting images were
taken using the ChemiDoc MP (Bio-Rad).

CETSA

Twenty million Ba/F3 cells expressing FLT3-ITD were collected and
incubated with foretinib (1 umol/L) or DMSO for 90 minutes. Then,
the cells were resuspended in PBS supplemented with protease inhib-
itor and evenly divided into seven parts to receive heat treatment at a
temperature range of 43 °C to 55 °C for 3 minutes in a Veriti thermal
cycler (Applied Biosystems). The heated cells were lysed using liquid
nitrogen through freeze-thaw cycles. The mixtures were centrifuged,
and the supernatants were subjected to SDS-PAGE for Western
blotting analysis. The dose effect of foretinib on the thermal stability
of FLT3 was evaluated as follows. Twenty million Ba/F3 FLT3-ITD
cells were divided into eight portions and incubated with various
concentrations of foretinib for 30 minutes. Subsequently, the cells were
heated at 51.1°C for 3 minutes and lysed in liquid nitrogen. The
mixtures were then centrifuged, and the supernatants were subjected
to immunoblotting analysis. Image] was used to quantify the density of
the blot.

In vivo efficacy studies

Human AML cell lines (MOLM13, MV4-11 cells, 5 x 10°) were
injected into the tail vein of NOD/SCID gamma (NSG) mice (Shanghai
Model Organisms Center) to construct mouse xenograft models. After
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1 week, the mice were randomly administered with oral gilteritinib
(30 mg/kg), quizartinib (10 mg/kg), foretinib (15 mg/kg), or control for
2 weeks. Three days after ending the treatment, cells from the BM and
spleen (SP) were collected and stained with anti-human CD45 anti-
body (hCD45, HI30, BioLegend) to measure the percentage of leuke-
mia cells using flow cytometry.

In the FLT3-ITD/-TKD Ba/F3 mouse model, 6-week-old female
BALB/c mice (Charles River) were injected intravenously with Ba/F3
FLT3-ITD or FLT3-ITD-TKD cells (2 x 10°), and the animals were
randomly assigned to the control group or the treatment group.
Foretinib (15 mg/kg), quizartinib (10 mg/kg), gilteritinib (30 mg/kg),
or control were administered every day until the first mouse died in the
vehicle group. To assess the leukemia burden, peripheral blood (PB)
was collected, and 3 mice of each group were sacrificed to collect BM
and SP cells. In the flow cytometry analysis, leukemia cells were defined
as GFP-positive cells. Tissue morphology was visualized using hema-
toxylin and eosin (H&E) staining.

In the PDX model, 6-week-old female NOG mice (Charles River)
were sublethally treated with busulfan (20 mg/kg) 24 hours before
injection of 2 x 10° human AML cells harboring FLT3-ITD (PDX #1)
or 2 x 10° human AML cells harboring FLT3-ITD, DNMT3A, and
NPM1 (PDX #2). The percentages of primary human AML cells in PB
of mice were followed monthly by flow cytometry analyses. When the
percentage of human AML cells [human CD45-positive cells
(hCD45")] reached at least 90% in PB, BM, and SP cells were collected,
pooled, and cryopreserved. The collected BM cells (2 x 10° PDX #1
cells/mouse and 5 x 10° PDX #2 cells/mouse) were injected by tail vein
into 6-week-old female NOG mice pretreated with busulfan
(20 mg/kg). Residual leukemia cells were defined as hCD45™ cells.
PB was collected from the orbital vein at several timepoints, and 3 mice
from each group were sacrificed to collect BM and SP cells. The
percentage of AML cells was determined by flow cytometry. SP
morphology was visualized using H&E staining and THC with hCD45.
The survival of mice was determined when the animals exhibited
hindlimb paralysis and became moribund.

All animal studies were approved by the Animal Ethics Committee
at South China University of Technology (Guangzhou, P.R. China).
This study complied with all relevant ethical regulations regarding
animal research.

Colony-forming assays

Human cord blood was obtained after full-term delivery with
informed consent, under the approval of Institutional Review Board
of Guangzhou First People’s Hospital. Mononuclear cells were isolated
with Lymphoprep reagent (Stemcell Technologies) through density
gradient centrifugation and then seeded in MethoCult methylcellulose
medium (H4435; Stemcell Technologies) supplemented with various
concentrations of gilteritinib or foretinib at a density of 2 x 10*
cells/plate. After 10 days, burst-forming unit-erythroid (BFU-E),
colony-forming unit-granulocyte, macrophage (CFU-GM), and col-
ony-forming unit-granulocyte, erythrocyte, monocyte/macrophage,
megakaryocyte (CFU-GEMM) colonies were counted under the
microscope.

Statistical analysis

GraphPad Prism 9 software was used for statistical analysis. A two-
tailed unpaired Student f test was used for comparison between the
two groups, whereas the Kaplan-Meier survival curve and log-rank
test were used to estimate survival. P values < 0.05 were considered
statistically significant, and different levels were denoted as *, P < 0.05;
**, P<0.01; ***, P <0.001; ****, P <0.0001
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Data availability

The gene mutation and drug susceptibility data of patients with
AML were obtained from the BeatAML database including Vizome
(http://vizome.org/aml2/) and BeatAML2 (https://biodev.github.
io/BeatAML2/). All other raw data generated in this study are available
upon request from the corresponding author.

Results

Identification of foretinib as a FLT3 inhibitor

To find hit compounds targeting FLT3, we performed molecular
docking simulations of the ZINC in vivo library (60,411 molecules)
to the catalytic site of FLT3 (5x02). The docking results were
ranked by predicted binding affinity, and the small molecules within
the top 1% in terms of binding capacity (523 small molecules) were
used for standard precision screening by Schrodinger software.
After standard precision screening, there were 78 small molecules
with higher affinity than quizartinib (Supplementary Fig. S1A; Sup-
plementary Tables S2-5S4). We next analyzed the 122 compounds in
BeatAML and found that two of these compounds were included in
the group of 78 small molecules. One of these compounds was
ibrutinib, which has been identified as a FLT3 inhibitor (30);
however, the effect of foretinib on FLT3 mutations has not been
reported. Foretinib was developed as a c-MET/VGEFR2 inhibitor
and has shown some therapeutic effects for the treatment of solid
tumors in clinical trials (21, 23, 26). Through analyzing the drug
screening results from the BeatAML database (27), we found that
foretinib could specifically inhibit primary leukemia cells carrying
the FLT3-ITD mutation, and the ICs, values were lower in patients
with a high FLT3-ITD allele ratio (Fig. 1A and B; Table 1). Com-
pared with FLT3 inhibitors used in clinical (gilteritinib, quizartinib,
midostauin, and sorafenib), foretinib was the most potent in
inhibiting the growth of FLT3-ITD primary cells (Fig. 1C
and D; Supplementary Fig. S1B-S1E). Patients with FLT3-ITD,
NPM1, and DNMT3A mutations have an extremely poor prognosis
and are always resistant to chemotherapy (31). These patient
samples were also more sensitive to foretinib (Fig. 1E and F).

To better understand the inhibitory activity of foretinib against
FLT3-ITD at the structural level, we carried out computational
modeling of FLT3 (5x02) with foretinib (32). The docking study
revealed nine putative binding positions of foretinib with the ATP
binding sites of FLT3. We selected the position with the lowest
binding energy (—13.01 kcal/mol) for analysis. The docking results
indicated that foretinib bound to the FLT3 protein via amino acid
residue Cys-695. The hydrogen bond between the nonpolar hydro-
gen atom of foretinib and the Cys-695 residue was 2.14 A in length,
which was far smaller than the 3.5 A standard hydrogen bonds. The
model also indicated that Tyr-696, Leu-616, Leu-818, and Asp-698
could form hydrophobic bonds with foretinib (Fig. 1G), which
contributed to improving the stability of foretinib binding in the
protein pocket.

To demonstrate whether the small molecule foretinib directly
bound to the FLT3-ITD protein, we performed CESTA in Ba/F3
FLT3-ITD cells. Using DMSO treatment as a control, there was an
obvious thermal shift of the melting curve following foretinib treat-
ment. The temperature of 51.1°C was selected for isothermal dose-
response experiments, at which most FLT3 protein disappeared with
DMSO treatment, but was detectable following foretinib treatment
(Fig. 1H). Foretinib at 0.1 nmol/L to 100 nmol/L stabilized FLT3 in a
dose-dependent manner, confirming the interaction between FLT3
and foretinib (Fig. 1I).
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Foretinib is active against cell lines with FLT3-ITD
mutations in vitro

We tested the growth inhibitory effect of foretinib on human
leukemia cell lines with FLT3-ITD mutation or wild-type FLT3.
Foretinib effectively inhibited the growth of MV4-11 and MOLM13
cells carrying FLT3-ITD mutations with ICs, values of 0.16 and
0.89 nmol/L, respectively, whereas cell lines expressing wild-type FLT3
(NB4, THP1, HL60, OCI-AML2, OCI-AML3, and K562) were barely
affected by foretinib (Fig. 2A). The cytotoxicity of foretinib on MV4-
11 and MOLMI13 cells was stronger than that of gilteritinib and
quizartinib (Fig. 2A). Analysis of the cell cycle revealed that foretinib
induced cell cycle arrest in MV4-11 and MOLM13 cells in a dose-
dependent manner 24 hours after administration (Fig. 2B; Supple-
mentary Fig. S2A). Significant apoptosis was observed in MV4-11 and
MOLM13 cells after 48 hours of treatment with foretinib (Fig. 2C;
Supplementary Fig. S2B), and simultaneous activation of caspase 8 and
PARP1 cleavage was detected by Western blotting (Supplementary
Fig. S2C). Notably, the cell cycle arrest and apoptosis-promoting
effects of foretinib were superior to those of gliteritinib, which was
consistent with the ICs, values. Immunoblotting showed that foretinib
prominently inhibited the phosphorylation of FLT3 and its down-
stream targets STATS5, ERK, and AKT in MV4-11 and MOLM13 cells
(Fig. 2D; Supplementary Fig. S2D). Foretinib had a stronger inhibitory
effect than glitertinib on the activity of FLT3 signaling pathways. We
also engineered Ba/F3 cells to express FLT3-ITD mutations, which
rendered these Ba/F3 cells able to survive independent of IL3. Foretinib
potently inhibited the growth of Ba/F3 FLT3-ITD cells. The selective
and potent activity of foretinib was found to come from the inhibition
of FLT3-ITD because antiproliferation was rescued in Ba/F3 FLT3-
ITD cells in the presence of IL3 (Fig. 2E). In consistent with the results
from the human cell lines, foretinib more significantly inhibited the
activity of FLT3 pathways than gilteritinib in Ba/F3 FLT3-ITD cells
(Fig. 2F; Supplementary Fig. S2E). It has been reported that plasma
protein binding is a leading cause limiting the clinical efficacy of FLT3
inhibitors (33). We compared the ICs, values of foretinib and gilter-
itinib for MOLM13 and MV4-11 cells cultured in 100% AML patient
plasma. The addition of human plasma increased the ICs, values of
both foretinib and gilteritinib. However, the ICs, values of gilteritinib
were apparently higher than those of foretinib for MV4-11 cells
(92.39 vs. 11.98 nmol/L) and MOLM13 cells (124.3 vs. 25.57 nmol/L)
in human plasma (Fig. 2G). As a control, the ICs, values of
midostaurin in human plasma increased to more than 1 mmol/L,
which accounted for the failure of midostaurin monotherapy in
clinical (Supplementary Fig. S2F). These results indicated that
foretinib specifically and potently inhibited the growth of cells with
FLT3-ITD mutations in vitro. We also tested the inhibitory effect of
foretinib on common clinically identified FLT3-TKD mutants.
Ba/F3 cells expressing D835Y, D835V, Y842C, and N676K were
all resistant to quizartinib. Foretinib inhibited all assessed TKD
mutations with ICs, values comparable to gilteritinib, indicating
that foretinib also has efficacy against cells carrying FLT3-TKD
alone (Supplementary Fig. S3A-S3D).

Comparison of the antileukemic effects of foretinib, quizartinib,
and gilteritinib in cell-derived leukemia mouse models

On the basis of the results of in vitro experiments, we further
evaluated the efficacy of foretinib in vivo. NSG mice were injected with
MOLM13 or MV4-11 cells and then subsequently received foretinib,
gilteritinib, quizartinib, or control treatment randomly (Fig. 3A). The
administration dose of each drug was determined on the previous
studies. We detected the proportion of leukemia cells (hCD45) in the
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Figure 1.

Foretinib is a potential FLT3 inhibitor. A, Heat map depicting the effect of FLT3-ITD mutations on the ICso values of foretinib and other FLT3 inhibitors in the
same 189 patient samples. Samples were grouped by FLT3 mutation status. B, Analysis of the effect of the FLT3-ITD mutation and allelic ratio on sensitivity to
foretinib and its I1Cso. C=F, Comparison of the ICsq values of foretinib, gilteritinib, quizartinib, sorafenib, and midostaurin in patients with FLT3-ITD mutation
(C), high allelic ratio of FLT3-ITD mutation (D), and FLT3-ITD (high allelic ratio), NPM1, DNMT3A mutation (E and F). ICso values are the mean of all patient
values. G, Computational modeling of foretinib binding to wild-type FLT3 (Protein Data Bank: 5x02). Foretinib formed a hydrogen bond with the amino acid
residue Cys-695, with a distance of 2.14 A. It also had hydrophobic interactions with Leu-616, Tyr-696, Asp-698, and Leu-818. H, Ba/F3 FLT3-ITD cells were
treated with foretinib (1 umol/L) or DMSO and subjected to heat treatment staring at 43.0°C and up to 55°C. Top, representative Western blotting of FLT3.
Bottom, melting curve of FLT3. Quantitative analysis of FLT3 protein expression was measured using ImageJ. Data are presented as the mean 4 SD of three
independent experiments. I, Ba/F3 FLT3-ITD cells were treated with increasing concentrations of foretinib (0-100 nmol/L) and heated at 51.1°C. Top,
representative blotting of FLT3. Bottom, isothermal dose-response curve of FLT3. Quantitative analysis of FLT3 protein expression was measured using
ImageJ. Data are presented as the mean &+ SD of three independent experiments. *, P < 0.05; **, P < 0.07; ***, P < 0.001; ****, P < 0.001.
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Table 1. ICsq values of various FLT3 inhibitors against patients with FLT3-ITD AML in BeatAML database.

1Cs50 (mol/L) Foretinib Quizartinib Gilteritinib Sorafenib Midostaurin
FLT3-WT 1.03 2.56 2.62 4,58 5.83
FLT3-ITD 0.28 1.06 0.92 2.09 3.97
FLT3-ITD (Low) 0.45 1.61 1.29 272 5.00
FLT3-ITD (High) 0.07 0.74 0.49 1.44 347
FLT3-ITD, NPM1, DNMT3A 0.34 0.66 0.72 17 410
FLT3-ITD (High), NPM1, DNMT3A 0.05 0.44 1.02 0.98 2.84

BM and SP of the mice by flow cytometry. In the MOLM13 animal
model, leukemia cells in the BM were almost absent (0.07%) following
treatment with foretinib; in comparison, leukemia cells made up 74.6%
of cells in the control group, 2.13% of cells in the quizartinib group, and
13.8% of cells in the giltertinib group (Fig. 3B; Supplementary
Fig. S4A). Consistent with the BM sample, leukemia cells in the SP
were almost absent (0.56%) in the foretinb group, while they made up
22.3% of cells in the control group, 1.43% in the quizartinib group, and
6.08% in the giltertinib group (Fig. 3C; Supplementary Fig. S4A).
The mice in the control group died at an average of 26 days
after transplantation, while the mice treated with gilteritinib and
quizartinib survived for 37.5 days and 44 days, respectively. The
median survival time of mice in foretinib group was significantly
extended to 61 days (P <0.0001 compared with the control, gilteritinib
and quizartinib groups; Fig. 3D). The same therapeutic advantages
were observed in the MV4-11 animal model. All of the drugs reduced
the leukemia burden in mice, while the foretinib group had a lower
percentage of leukemia cells in the BM and SP than the quizatinib and
gilteritinib groups (Fig. 3E and F; Supplementary Fig. S4B). Foretinib
treatment prolonged the survival of MV4-11 diseased mice from
30.5 days in the control group, 46 days in the gilteritinib group and
51 days in the quizartinib group to 57 days (Fig. 3G). We further
injected GFP-positive Ba/F3 FLT3-ITD cells into BALB/c mice, and
drugs were administered randomly from the second day (Fig. 3H). The
infiltration of leukemia cells in the PB, BM, and SP were reduced by
gilteritinib while GFP-positive cells were almost undetectable in the
quizartinib and foretinib groups (Fig. 3I-K; Supplementary Fig. S4C).
The survival of mice in the foretinib group was significantly longer
than that in the gilteritinib group and slightly longer than that in the
quizartinib group (Fig. 3L). Collectively, these data support the super-
ior efficacy of foretinib in the treatment of FLT3-ITD AML.

Foretinib effectively inhibits clinical drug resistance mediated
by secondary mutations both in vitro and in vivo

To evaluate whether foretinib can inhibit the growth of cells with
various types of FLT3-ITD-TKD resistance mutations, especially the
F691 L gatekeeper mutation, we engineered Ba/F3 cells stably expres-
sing FLT3-ITD-D835Y/D835V/Y842C/F691L. As reported previous-
ly, gilteritinib was effective against cells with secondary mutations
other than F691L, while cells with any secondary mutations were
resistant to quizartinib. However, foretinib inhibited the growth of all
tested cells, with ICs, values ranging from 0.65 to 16.4 nmol/L (Fig. 4A
and B; Supplementary Fig. S5A and S5B). Consistently, foretinib
effectively inhibited the phosphorylation of FLT3 and its downstream
signaling pathways, including STAT5, ERK, and AKT, in Ba/F3 FLT3-
ITD-D835Y/D835V/Y842C/F691 L cells (Fig. 4C). BALB/c mice were
injected intravenously with Ba/F3 FLT3-ITD-F691L/D835Y/Y842C
cells and were randomly divided into four groups to receive control,
foretinib, quizartinib, or gilteritinib treatment (Fig. 4D). In the PB,
BM, and SP of FLT3-ITD-F691 L mice, gilteritinib slightly inhibited
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the growth of GFP-positive cells, and quizartinib had no therapeutic
effects; meanwhile, there were almost no leukemia cells following
foretinib treatment (Fig. 4E-G; Supplementary Fig. S6A). The weight
of SPs in foretinib-treated mice was lighter than those of mice in the
quizartinib, gilteritinib, and control groups (Fig. 4H). H&E staining of
the SPs and livers demonstrated that treatment with foretinib signif-
icantly reduced the infiltration of AML cells in these tissues, which is a
characteristic of AML invasion and spreading (Supplementary
Fig. S6B). Compared with control or quizartinib group, mice in the
gilteritinib group had mildly increased survival rates. Importantly,
foretinib showed significant therapeutic benefits on median survival
than gilteritinib (24 vs. 15 days, P < 0.0001; Fig. 4I). During treatment,
no significant weight loss (Supplementary Fig. S6C) or any other signs
of toxicity were observed in any group. Foretinib was slightly better
than gilteritinib at prolonging the survival time of mice in the D835Y
model (Fig. 4]), and foretinib was comparable to gilteritinib in the
Y842C animal model (Fig. 4K); meanwhile, quizartinib was ineffective
in both animal models. Overall, our results showed that foretinib could
overcome secondary mutations that occurred during the treatment of
existing clinical drugs.

Activating NRAS mutations that cause resistance to gilteritinib
and quizartinib also decrease the efficacy of foretinib

In addition to on-target resistance mutations, it has been reported
that off-target mutations of other genes also account for resistance to
FLT3 inhibitors, especially for type I FLT3 inhibitor (34). The genetic
profile of patients following gilteritinib treatment showed that acti-
vating NRAS mutation is the most common mechanism of resis-
tance (16). We tested the efficacy of foretinib against MV4-11 and
MOLM13 cells expressing NRAS-G12C (Supplementary Fig. S7A). As
expected, expression of NRAS-G12C significantly increased viabilities
of MOLM13 and MV4-11 cells under gilteritinib and quizatinib
treatment. Although foretinib retained a better and more stable
inhibitory effect against cells harboring NRAS-G12C than gilteritinib
and quizartinib, NRAS-G12C mutation also induced upward shift in
the dose-response curves of foretinib, indicating that foretinib were
also likely vulnerable to the emergence of off-target mutations (Sup-
plementary Fig. S7B-S7G).

Foretinib shows potent antileukemia activity against primary
AML blasts harboring FLT3 mutations

We evaluated the in vitro antileukemia effects of foretinib on
primary AML cells from 10 patients with FLT3 mutations and 2
patients with FLT3-WT. In primary samples with FLT3-ITD muta-
tions, foretinib effectively reduced cell viability in a dose-dependent
manner, and its overall activity was more potent than that of gilter-
itinib and quizartinib (Fig. 5A-D; Supplementary Fig. S8A and S8B).
In primary blast harboring FLT3-D835V/E point mutation or FLT3-
ITD/-D835V/Y secondary mutation, foretinib and gilteritinib dem-
onstrated comparable inhibitory effects while quizartinib showed
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Figure 2.

Foretinib shows potent antileukemia activity in AML cells harboring FLT3-ITD mutations. A, Dose-response curves of eight AML cell lines treated with increasing
concentrations of foretinib for 48 hours. Data are representative of three experiments. The ICsq values of quizartinib, gilteritinib, and foretinib in the AML cell lines
harboring FLT3-ITD are shown. Data are presented as the mean of three experiments. B, Cell cycle analysis of MV4-11 and MOLMI13 cells treated with foretinib
(3 nmol/L) or gilteritinib (3 nmol/L) for 24 hours by flow cytometry. Data are representative of three experiments. C, Apoptosis analysis of MV4-11and MOLM13 cells
treated with foretinib (3 nmol/L) or gilteritinib (3 nmol/L) for 48 hours by flow cytometry. Data are representative of three experiments. D, The phosphorylation and
total levels of FLT3, STAT5, ERK, and AKT protein in MV4-11 and MOLMI13 cells detected by Western blotting after incubation with the indicated concentrations of
foretinib and gilteritinib for 2 hours. Tubulin was used as a loading control. E, Dose-response curve of Ba/F3 FLT3-ITD cells treated with foretinib for 48 hours in the
presence or absence of IL3. Data are representative of three experiments. F, Western blotting analysis of pFLT3, FLT3, pSTAT5, STATS5, pAKT, AKT, pERK, and ERK in
Ba/F3 FLT3-ITD cells treated with foretinib or gilteritinib for 2 hours. Tubulin was used as a loading control. G, Dose-response curves of MV4-11 and MOLM13 cells in
100% AML patient plasma treated with increasing concentrations of foretinib or gilteritinib for 48 hours. Data are representative of three experiments.
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Figure 3.

In vivo antileukemia activity of foretinib in the FLT3-ITD-AML mouse model. A, Schematic illustration of the MV4-11 and MOLM13 xenograft AML mouse model. Female
NSG mice engrafted with MV4-11and MOLM13 cells were orally administered with vehicle, quizartinib (10 mg/kg), gilteritinib (30 mg/kg), or foretinib (15 mg/kg) daily
for14 days beginning on day 8. Three days after ending the treatment, three mice of each group were randomly sacrificed, and then the percentages of leukemia cells
infiltrated in the BM (B and E) and SP (€ and F) were determined by flow cytometry. Survival of mice engrafted with MOLM13 (D) and MV4-11 (G) cells is shown by
Kaplan-Meier analysis. H, Schematic illustration of the Ba/F3 FLT3-ITD mouse model. Female BALB/c mice engrafted with Ba/F3 FLT3-ITD cells were orally
administered with vehicle, quizartinib (10 mg/kg), gilteritinib (30 mg/kg), or foretinib (15 mg/kg) daily from the second day until the first mouse in the vehicle group
died. I, After 8 days of treatment, the percentages of leukemia cells that infiltrated the PB were determined by flow cytometry. J and K, After 9 days of treatment,
three mice were randomly sacrificed, and the percentages of leukemia cells infiltrated in the BM (J) or SP (K) were determined by flow cytometry. L, Kaplan-Meier

analysis of the survival of mice engrafted with Ba/F3 FLT3-ITD cells. Data are presented as the mean + SD. *, P< 0.05; **, P < 0.01; ***, P < 0.007; ****, P < 0.007; ns,
nonsignificant.
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Figure 4.

Foretinib is effective in cells with FLT3-ITD-TKD mutations that confer resistance to approved FLT3 inhibitors. A, Dose-response curves of Ba/F3 cells with or without
the indicated FLT3 mutations and treated with increasing concentrations of foretinib for 48 hours. Data are representative of three experiments. B, The ICsq values of
quizartinib, gilteritinib, and foretinib in Ba/F3 FLT3-ITD-TKD cells. Data are presented as the mean + SD of three experiments. C, Western blotting analysis of pFLT3,
FLT3, pSTATS5, STATS, pAKT, AKT, pERK, and ERK in Ba/F3 FLT3-ITD-TKD cells treated with foretinib for 2 hours. Tubulin was used as a loading control. D, Schematic
illustration of the Ba/F3 FLT3-ITD-TKD mouse model. BALB/c mice engrafted with Ba/F3 FLT3-ITD-F691 L cells were orally administered with vehicle, quizartinib
(10 mg/kg), gilteritinib (30 mg/kg), or foretinib 15 (mg/kg) daily until the first mouse died in the vehicle group. E, After 7 days of treatment, the percentages of
leukemia cells infiltrated in the PB were determined by flow cytometry. F and G, Ten days after cell injection, the percentages of leukemia cells that infiltrated the BM
(F) and SP (G) of three mice in each group were determined by flow cytometry. H, The SP weight was measured. I, The survival of mice engrafted with Ba/F3 FLT3-
ITD-F691L cells was monitored by Kaplan-Meier analysis. J and K, Kaplan-Meier analysis of the survival of BALB/c mice engrafted with Ba/F3 FLT3-ITD-D835Y (J) or
Ba/F3 FLT3-ITD-Y842C (K) cells with different treatments. Data are presented as the mean & SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.001.
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Potent inhibition by foretinib in primary AML blasts harboring FLT3 mutations. A=D, Cell viabilities of four primary AML samples harboring FLT3-ITD after treatment
with the indicated concentrations of quizartinib, gilteritinib, or foretinib for 48 hours. E and F, Cell viabilities of two primary AML samples harboring FLT3-D835 point
mutation after treatment with the indicated concentrations of quizartinib, gilteritinib, or foretinib for 48 hours. G and H, Cell viabilities of two primary AML blasts with
FLT3-ITD and FLT3-D835 point mutation after treatment with the indicated concentrations of quizartinib, gilteritinib, or foretinib for 48 hours. Cell viability data are
representative of three experiments. I-K, Western blotting analysis of pFLT3, FLT3, pSTATS5, STATS, pAKT, AKT, pERK, and ERK in three primary AML samples
harboring FLT3-ITD after treatment with foretinib (F) for 2 hours. Tubulin was used as a loading control. L, Mononuclear cells isolated from cord blood were seeded in

methylcellulose medium and treated with increasing concentrations of foretinib (F) or gilteritinib (G) for 10 days. CFU-GM, BFU-E, and CFU-GEMM colonies were
counted after 10 days (n = 3). Data are presented as the mean & SD. ns, nonsignificant, P > 0.05.

much weaker efficacy (Fig. 5E-H). The two primary AML samples
expressing FLT3-WT had no or little response to foretinib, gilteritinib,
and quizartinib (Supplementary Fig. S8C and S8D). Western blotting
showed that foretinib potently inhibited phosphorylation of FLT3 and

its downstream signaling pathways in patient primary cells (Fig. 5I-
K). These results indicated that foretinib exhibited significant thera-
peutic effect on AML blasts harboring FLT3 mutation in vitro. We also
tested the effect of foretinib on PB mononuclear cells from healthy
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donors. The results showed that foretinib did not inhibit the cell
viability of normal blood cells (Supplementary Fig. SS8E). Moreover,
the impact of foretinib on normal hematopoiesis was evaluated using
human cord blood. Both foretinib and gilteritinib inhibited the colony
formation in a dose-dependent manner and there was little difference
in the number of colonies reduced by the two drugs, which suggests
an acceptable toxicity of foretinib on normal hematopiesis (Fig. 5L;
Supplementary Fig. S8F).

Antileukemia effects of foretinib in the FLT3-ITD-AML
PDX model

To translate our experimental results into clinical applications, we
tested the in vivo effects of foretinib on two AML PDX models. Mice in
the first PDX (PDX #1) model were transplanted with cells from a
patient with relapsed FLT3-ITD AML, and mice in the second PDX
(PDX #2) model were injected with cells from a patient with refractory
AML harboring FLT3-ITD, DNMT3A, and NPM1 mutations. Admin-
istration started 21 days after transplantation, and mice were treated
with control, foretinib (15 mg/kg/day), quizartinib (10 mg/kg/day), or
gilteritinib (30 mg/kg/day) for 3 weeks (Fig. 6A). The gilteritinib and
quizartinib treatment groups had reduced hCD45 leukemia cells in the
PB of mice, and there were almost no leukemia cells in the PB of the
mice treated with foretinib in PDX #1 (Fig. 6B). The same results were
observed in the refractory leukemia PDX #2 model (Fig. 6C). We
detected hCD45 leukemia cells in the BM and SP by flow cytometry
in PDX mice. Leukemia cells in the BM of PDX #1 were almost
absent (1.1%) following treatment with foretinib; in comparison,
leukemia cells made up 88.8% of cells in the control group, 65.3% of
cells in the quizartinib group, and 56.3% of cells in the giltertinib
group (Fig. 6D). Consistent with the BM samples, leukemia cells in
the SP were almost absent (1.6%) in the foretinib group, while they
made up 68.3% of cells were in the control group, 24% of cells in the
quizartinib group, and 47.7% of cells in the giltertinib group
(Fig. 6E). Similar results were observed in the PDX#2 animal model
(Fig. 6F and G). Compared with the control, quizartinib and
giltertinib, foretinib significantly reduced the SP size in both PDX
models (Supplementary Fig. S9A and S9B). Results of H&E staining
and hCD45 THC of the SPs also demonstrated that there was almost
no infiltration of leukemia cells in foretinib-treated mice (Fig. 6H
and I). No differences in body weight were observed among groups
during the dosing period (Supplementary Fig. S9C). Compared with
control-treated mice, mice in the quizartinib or gilteritinb groups
had prolonged survival and foretinib exhibits the most potent effect
on prolonging the survival period in both PDX models (Fig. 6]
and K). We treated BM cells from mice in the control groups of
PDX models with foretinib or gilteritinib for 2 hours, and found
that foretinib had stronger inhibition of pFLT3, pERK and pAKT
than gilteritinib (Supplementary Fig. S9D and S9E). These results
strongly suggest that foretinib had higher efficacy to eliminate
primary FLT3-ITD AML cells in vivo.

Discussion

FLT3 is one of the most promising targets for AML because FLT3
mutations are the most frequently identified genetic alterations in
AML and are associated with poor prognosis (2, 35, 36). Among
the multiple FLT3 inhibitors currently available, gilteritinib, quizarti-
nib, and midostaurin have been approved for clinical application.
Unfortunately, remission is short, and relapses usually occur quickly;
for example, gilteritinib is the only monotherapy widely used in
the clinic for refractory/relapsed patients, but approximately one-
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third of patients do not respond and the median survival is only
9.3 months (37). Resistance to FLT3 inhibitors as a result of acquired
point mutations in the TKD or other mechanisms has limited the
sustained efficacy of treatments, and a “gatekeeper” mutation (F691L)
is known to cause resistance to all currently available FLT3 inhibi-
tors (16, 17, 38, 39). Therefore, finding more effective FLT3 inhibitors
that can overcome the drug resistance caused by F691 L and other
mutations is still an urgent problem. Here, we demonstrated that
foretinib is effective against cells with FLT3-ITD and drug-resistant
FLT3-ITD-TKD mutations; in particular, it is effective against cells
with FLT3-ITD-F691L, which is currently understood as the most
difficult mutation to overcome.

First, we found that the multi-kinase inhibitor foretinib was a
potential FLT3 inhibitor through virtual screening. CESTA confirmed
the direct interaction between FLT3 and foretinib. Foretinib exerted
effective inhibitory activities against FLT3-ITD AML cell lines and
patient primary cells in vitro. In CDX and PDX leukemia animal
models, foretinib displayed the most potent therapeutic effect among
the tested FLT3 inhibitors. The BeatAML database also showed that
foretinib was superior to the existing clinical drugs. The therapeutic
advantages of foretinib may be due to its lower ICs, values and stronger
inhibition of the downstream phosphorylation of ERK and AKT.
Previous studies have shown that the activation of AKT and ERK
impeded the efficacy of gilteritinib (16, 40). An important reason
limiting the clinical efficacy of FLT3 inhibitors is plasma protein
binding (33). In particular, previous studies and our results showed
that the concentration at 1 mmol/L did not reach the ICs, values of
midostaurin in plasma, which explains the little therapeutic effect
of midostaurin monotherapy (41). In our tests, the IC5, values of
foretinib were significantly lower than those of gilteritinib in 100%
patient plasma, demonstrating the potential of foretinib to achieve
clinical efficacy. In addition, foretinib was originally developed as an
inhibitor of c-MET and VEGFR2 (20). It has been reported that
MET signaling was aberrantly activated in AML and MET blockade
inhibited the proliferation of leukemia cells (42, 43). Early studies
have also shown that VEGFR2 can be used as a target for AML
therapy (44, 45). These may also be part of the reasons why foretinib
is superior to the existing clinical drugs in vivo. Interestingly, the
FLT3-ITD, DNMT3A, and NPM1 AML PDX model was also
more sensitive to foretinib. This represents a type of leukemia with
a very poor prognosis that accounts for approximately 10% of all
patients (31). This result is conducive to the screening of patients in
subsequent clinical trials.

Although most of the clinically relevant on-target secondary
mutations can be suppressed by gilteritinib, F691 L site mutations
occur in relapsed patients following gilteritinib treatment and
cannot be overcome by clinically used FLT3 inhibitors (16, 18).
Through in vitro and in vivo experiments, we have shown that
foretinib can overcome a variety of drug-resistant mutations in
cells, including D835, F691, and Y842 site mutations, at concentra-
tions far lower than the safe plasma concentration determined by
clinical trials. These results suggest that foretinib may be an effective
second-line TKI for patients with AML with acquired resistance to
gilteritinib, quizartinib, or sorafenib due to secondary TKD muta-
tions in F691, D835, and Y842. However, secondary off-target
mutation of NRAS, which developed as a common resistance
mechanism to gilteritinib, also decreased the efficacy of foretinib.
Whether NRAS or other mutation arises to confer resistance after
foretinib treatment deserves further clinical study.

Foretinib was originally developed for the treatment of various
solid tumors and has been tested in clinical trials (22, 26, 46). On the
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Foretinib has a potent therapeutic effect in two PDX models. A, Schematic illustration of the PDX model. Primary BM cells harboring FLT3-ITD were injected into
busulfan (20 mg/kg)-pretreated NOG mice via the tail vein. After engraftment was confirmed, the BM cells were collected and then injected into busulfan-pretreated
NOG mice for secondary transplantation. After secondary transplantation was confirmed, groups of mice were orally administered with vehicle, quizartinib
(10 mg/kg), gilteritinib (30 mg/kg), or foretinib (15 mg/kg) daily for 3 weeks. B-G, Primary blasts expressing hCD45 infiltrated in PB (B and C), BM (D and F), or
SP (E and G) were detected by flow cytometry. H and I, H&E staining and IHC results of hCD45 in the SPs of PDX mice are shown. J and K, The survival of
mice in the two PDX models treated with vehicle, quizartinib, gilteritinib, or foretinib was analyzed. Data are presented as the mean + SD. **, P< 0.01; ***, P< 0.001;
4+ P < 0.007; ns, nonsignificant.
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basis of our preclinical data of foretinib, it would be reasonable to
conduct clinical trials in patients with AML with FLT3 mutations,
especially those who developed mutations for resistance to gilteritinib,
quizartinib, or sorafenib. Although the current trials of foretinib in
solid tumors have been terminated considering that its efficacy is no
better than that of current clinical drugs, the drug dosage and
pharmacokinetic data could provide some indications. In phase II
clinical trials of patients with solid tumors, the two general dosing
schedules were 240 mg once per day on days 1 through 5 every 14 days
or 80 mg daily, both of which were well tolerated and showed similar
safety profile (21, 23, 47). The pharmacokinetic data of phase I clinical
trials in solid tumors showed that the maximum plasma drug con-
centrations (Cmax) of foretinib were 0.34 umol/L/mL on day 8 after
intermittent dosing with 240 mg and 0.072 pmol/L/mL on day22 after
daily dosing with 80 mg (24, 48). As for gilteritinib, the Cmax is
0.51 umol/L on dayl5 with the clinical dosage of 120 mg/day (49).
Considering the ICs, values of foretinib and gilteritinib for patients
with AML in BeatAML database are 0.28 umol/L and 0.92 umol/L,
respectively, intermittent dosing with 240 mg may be a more suitable
dosing regimen for further clinical trials of foretinib in patients with
AML and is expected to show effective inhibition against AML blasts.
We believe that foretinib may be a key advancement in the treatment of
FLT3-mutated AML, and foretinib has promising potential to achieve
durable responses in the clinic.
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