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Abstract

Small-molecule FLT3 inhibitors have recently improved clinical outcomes for patients with FL7.3-
mutant acute myeloid leukemia (AML) after many years of development, but resistance remains
an important clinical problem. FF-10101 is the first irreversible, covalent inhibitor of FLT3 which
has previously shown activity against FLT3 tyrosine kinase inhibitor resistance-causing FL73
F691L and D835 mutations. We report that FF-10101 is also active against an expanded panel of
clinically identified FL73 mutations associated with resistance to other FLT3 inhibitors. We also
demonstrate that FF-10101 can potentially address resistance mechanisms associated with growth
factors present in the bone marrow microenvironment but is vulnerable to mutation at C695, the
amino acid required for covalent FLT3 binding. These data suggest that FF-10101 possesses a
favorable resistance profile that may contribute to improved single agent efficacy when used in
patients with FL73mutant AML.
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Introduction

Oncogenic activating mutations in the receptor tyrosine kinase Fms-Like Tyrosine Kinase

3 (FLT3) are the most common genetic alterations in acute myeloid leukemia (AML) and
confer an increased risk of relapse (1-4). Multiple clinically active FLT3 tyrosine kinase
inhibitors (TKIs) have recently demonstrated efficacy as monotherapy or in combination
with chemotherapy in patients with FL7.3mutant AML. Two phase 3 clinical trials
evaluating potent next-generation FLT3 TKIs quizartinib (AC220) (5) and gilteritinib
(ASP2215) (6) demonstrated superior response efficacy and overall survival for patients with
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relapsed/refractory (R/R) FLT3mutant AML compared to salvage chemotherapy. These
findings led to FDA approval of gilteritinib as the first single-agent FLT3 inhibitor in this
patient population.

Despite improved activity of next-generation FLT3 TKIs, the composite complete remission
rate (CRc) and median overall survival for patients treated with gilteritinib in phase 3

study was 54% and 9.3 months compared to 22% and 5.6 months for chemotherapy,
respectively (6). This limited benefit reflects that some patients exhibit primary resistance
and responders inevitably acquire secondary resistance if not bridged to allogeneic stem

cell transplant. Type Il FLT3 inhibitors such as quizartinib and sorafenib bind the inactive
conformation of FLT3, and resistance to these TKIs has most often arisen due to tyrosine
kinase domain (TKD) mutations at the “gatekeeper” F691 residue and the D835 residue
within the activation loop, the latter of which stabilizes the active conformation of FLT3
(7-9). Type | FLT3 inhibitors like crenolanib and gilteritinib target the ATP binding site

of FLT3 in its active conformation and were developed to specifically address resistance

due to D835 activation loop mutations. Both crenolanib and gilteritinib have demonstrated
activity in patients harboring £L73 D835 mutations although not all patients with such a
mutation respond to therapy (6,10), implying that alternate resistance mechanisms also exist.
Moreover, drug resistant FL73F691L mutations still arise in patients receiving crenolanib
and gilteritinib (11,12), highlighting that this mutation remains a clinically relevant problem.

Inadequate response to FLT3 inhibitors is also associated with transient FLT3 signaling
inhibition that results from short drug half-life and significant drug-plasma binding (13,14).
Gilteritinib’s increased single-agent clinical activity relative to midostaurin is thought to

be in part due to better sustained /n vivo FLT3 inhibition (15). Levels of FLT3 ligand

(FL), the cognate agonist for the FLT3 receptor, have also been found to increase with
successive courses of chemotherapy-induced aplasia in patients with AML (16). Exogenous
FL exposure has been shown to blunt FLT3 TKI activity in AML cells through persistent
ERK activation (17). Other growth factors within the bone marrow microenvironment, such
as fibroblast growth factor 2 (FGF2), have also been implicated in FLT3 TKI resistance
through apparent protective ERK signaling (18). Recently, our group and others identified
parallel signaling pathway activation via secondary mutations of RAS/MAPK effectors as a
major mechanism of clinical resistance to gilteritinib and crenolanib (11,12).

There has been a recent resurgence in enthusiasm for the development of covalent kinase
inhibitors, valued for their potential to inhibit their target more potently and durably. Such
inhibitors have transformed treatment of multiple cancers and hematologic malignancies.
One such example has been the use of ibrutinib, the covalent inhibitor of Bruton Tyrosine
Kinase (BTK), in patients with chronic lymphocytic leukemia. Nevertheless, despite its
success, ibrutinib remains vulnerable to BTK mutation at C481 that removes the sulfhydryl
group of the target cysteine required for ibrutinib covalent attachment (19). An analogous
drug-resistant loss of a cysteine linker includes a C797S mutation described in patients
with Epidermal Growth Factor Receptor (EGFR)-mutated lung adenocarcinoma treated with
osimertinib, a clinically effective covalent EGFR inhibitor (20). Mutations of amino acids
adjacent to critical drug-binding cysteine residues that structurally disrupt covalent binding
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are also a theoretical possibility, but this phenomenon has not yet been clinically described
in hematologic malignancies.

FF-10101 is a first-in-class, type | covalent inhibitor of FLT3 with activity hypothetically
limited only by FLT3 protein turnover. FF-10101 has previously been shown to inhibit
proliferation of 32D cells expressing a FL73-Internal Tandem Duplication (ITD) mutation
with quizartinib-resistant D835Y, Y842C/H, and F691L TKD mutations (21). Given its
binding mechanism and established activity profile, FF-10101 has the potential to overcome
cell intrinsic and extrinsic factors that limit the efficacy of other FLT3 TKIs. Here, we report
the activity of FF-10101 against an expanded panel of clinically relevant FL7.3 mutations
utilizing /n vitro cell viability and biochemical experiments as well as structural modeling.
These mutations include those identified in patients or by mutagenesis screening to impart
resistance to a panel of clinically relevant type | and type Il FLT3 inhibitors. We also

assess mutations that potentially impair FF-10101’s irreversible binding to FLT3. Lastly, we
compare the efficacy of FF-10101 and gilteritinib in overcoming cell extrinsic and intrinsic
activators of MAPK signaling identified to induce resistance to FLT3 TKils. Profiling of
FF-10101 against potential resistance mechanisms is important as FF-10101 is currently
undergoing phase 1/2a evaluation in patients with R/R AML (NCT03194685). Preliminary
results of this study have been recently reported with an overall response rate of 27% (4/30
patients with AML with or without a FLT3 mutation evaluable for response achieved a form
of complete remission and 4/30 exhibited partial remission) (22). Notably, patients enrolled
in the study had received a median of 3 prior lines of therapy, and a majority of those
entering the study with a FL73mutation had previously been treated with a FLT3 inhibitor.

FF-10101 and FLA-9430 were provided by FUJIFILM. Gilteritinib (#S7754), quizartinib
(#S1526), crenolanib (#52730), and midostaurin (#S8064) were purchased from
Selleckchem.

Ba/F3 and HS5 cells were a gift from Dr. Neil Shah (University of California, San
Francisco). MOLM-14 and MV4-11 cells were a gift from Dr. Scott Kogan (University of
California, San Francisco). Stable Ba/F3 cell lines were generated by retroviral spinfection
as previously described (7) and all demonstrated cytokine independent growth. Ba/F3
parental cells still cytokine-dependent were continuously cultured in media supplemented
with IL3. MOLM-14 (QS) NRAS-mutant and FLT3 TKD mutant cells were generated

by culturing MOLM-14 parental cells in media containing escalating doses of quizartinib
(0.5 to 20 nmol/L). Quizartinib-resistant cells were subcloned and Sanger sequencing
performed. Unless otherwise specified cells lines were cultured in RPMI-1640 with 10%
FBS and 1% penicillin/streptomycin/L-glutamine. Cells tested negative for Mycoplasma by
the MycoAlert PLUS Mycoplasma Detection Kit (Lonza). Experiments were performed
within three months of cell line thawing. Cell line authentication was performed at the
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University of California, Berkeley, DNA Sequencing Facility using short tandem repeat
DNA profiling.

AML patient samples.

De-identified primary AML samples were collected, stored, and studies performed after
approval of a protocol from the University of California San Francisco Hematologic
Malignancies Tissue Bank by an institutional review board. Informed, written consent
according to the Declaration of Helsinki was obtained from patients prior to tissue
collection.

Cell-viability and apoptosis experiments.

For cell viability experiments, cells were seeded in 96-well plates and exposed to increasing
concentrations of indicated drug for 48 hours. Primary AML samples were rapidly thawed,
promptly diluted to a concentration of 1.0 x 10° cells/mL in HS5 conditioned media, and
then cultured for 24 hours prior to drug exposure. For doxycycline-inducible NRAS cell

line experiments, MOLM-14 and MV4-11 cells transduced with an inducible NRASWT

or NRAS-mutant vector were stimulated for 24 hours with doxycycline 0.1 ug/mL and then
maintained in the same concentration of doxycycline for the duration of an experiment. Cell
viability was measured using CellTiter-Glo Luminescent Cell Viability Assay (Promega) and
normalized to untreated control. For cleaved caspase-3 experiments, cells were cultured in
complete RPMI or HS5 conditioned media for 24 hours prior to 48-hour drug exposure.
CellEvent Caspase-3/7 Green Flow Cytometry Kit (ThermoFisher) was used to measure
fraction of apoptotic cells by FACS. To generate conditioned media, 1.0 x 108 HS5 cells
were plated in 10 mL of complete RPMI in a 10 cm dish and media harvested after 72 hours,
cleared by centrifugation and filtration through a 0.22 uM membrane, and kept at -80°C
until use.

Mutagenesis and resistance screen.

Ba/F3 cells harboring randomly mutagenized FLT3-1TD were generated as previously
described (7). Ba/F3 cells were selected with 100 or 200 nM FF-10101 in soft agar.
Genomic DNA was isolated from resistant Ba/F3 cells and the FLT3 TKD was amplified
and sequenced as described (7).

Immunoprecipitation (IP) and immunoblotting assays.

Exponentially growing cells were plated in complete RPMI or HS5 conditioned media
when noted and treated with specified drug at indicated concentration. After drug
exposure cells were washed in PBS and lysed in buffer (50 mM HEPES, pH 7.4,

10% glycerol, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM EGTA,

1.5 mM MgCI2) supplemented with protease and phosphatase inhibitors. The lysate
was clarified by centrifugation and quantitated by BCA assay (Thermo Scientific).

For MOLM-14 IP experiments, FLT3 was immunoprecipitated from 400 ug of total
protein using anti-FLT3 antibody (Sino Biological #10445-RP02, RRID:AB_2894912)
with samples then resolved on a 10% Bis-Tris gel and transferred to nitrocellulose
membranes. Immunoblotting was performed using anti-phosphotyrosine antibody (clone
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4G10, EMD Millipore #05-321, RRID:AB_309678) and anti-FLT3 antibody. For remaining
western blots, immunoblotting was performed using anti—-phospho-FLT3 (Tyr591, Cell
Signaling #3461, RRID:AB_331060), anti—-phospho-STATS5 (Tyr694, Cell Signaling #9351,
RRID:AB_2315225), anti-STAT5 (D206Y, Cell Signaling #94205, RRID:AB_2737403),
anti-phospho-ERK1/2 (Thr202/Tyr204, Cell Signaling #9101, RRID:AB_331646),
anti-ERK1/2 (3A7, Cell Signaling #9107, RRID:AB_10695739), anti-phospho-AKT
(Ser473, Cell Signaling #4060, RRID:AB_2315049), anti-AKT (Cell Signaling, #9272,
RRID:AB_329827), and anti-FLT3 S-18 antibody (Santa Cruz Biotechnology #sc-480,
RRID:AB_2104968).

Structural modeling of FLT3 inhibitors bound to FLT3.

Binding modes between FF-10101 and FLT3 and between quizartinib and FLT3 were
investigated with reported co-crystal structures (5X02 and 4RT7) (8,21). Modeled structures
of midostaurin and crenolanib bound to FLT3 were constructed with a homology model of
active form FLT3 using c-Kit (PDB:1PKG) and co-crystal structures of the drugs reported
(4NCT and 6BQP) (23,24).

Data availability.

Results

The data generated in this study are available within the article and its supplementary data
files.

FF-10101 displays activity against all mutations associated with resistance to type Il FLT3

inhibitors.

For our experiments we utilized Ba/F3 cells transduced to express FL73-1TD (Ba/F3-ITD)
with and without TKD mutations of interest. We first assessed the activity of FF-10101
against a compendium of mutations at the D835 residue that exhibit broad differential
sensitivity to type Il FLT3 TKIs (25). FF-10101 was previously shown to potently suppress
growth of 32D cells harboring isolated ~L73 D835 mutations in the absence of an ITD,
including FL73 D835H/Y/V/E/IN (21). We assessed FF-10101 activity against these same
mutations in Ba/F3-1TD cells and found FF-10101 still possessed potent anti-proliferative
activity against all such cell lines (Fig. 1A). We found similar activity against MOLM-14
FLT-ITD+ human AML cells harboring the same D835H/Y/V/N mutations (Supplementary
Fig. 1). Additionally, FF-10101 potently inhibited Ba/F3-1TD cells with FL73 D835 deletion
and four other amino acid substitutions not previously tested against FF-10101 (F/I/A/G,
Fig. 1A). Among these mutations, FL73 D835F/I/del have demonstrated marked /in vitro
resistance to type Il FLT3 inhibitors (25), and D835F/I/A have been clinically identified in
patients receiving FLT3 TKI therapy (7,15,26). FL73D835del and D835G have separately
been catalogued in AML patients in the Sanger Cosmic Database. Altogether, these data
reinforce that FF-10101 should be invulnerable to all known type Il inhibitor-resistant FL73
D835 mutations.
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FF-10101 demonstrates favorable in vitro activity against FLT3 TKD mutations causing
resistance to type | FLT3 TKIs.

We next evaluated FF-10101 activity against Ba/F3-1TD cells harboring FL73F691L and
found these to be ~8-fold more resistant to FF-10101 than cells with FL73ITD alone

(Fig. 1A), a similar degree of sensitivity previously seen in 32D cells (21). In contrast,
Ba/F3-ITD/F691L cells treated with gilteritinib exhibited an ~14-fold increase in resistance
(Fig. 1A). The relative resistance of the F691L mutation compared to FL731TD was
approximately the same with crenolanib as with FF-10101 (Fig. 1A), but crenolanib has
exhibited less overall potency as a FLT3 inhibitor with higher I1Csq values as compared to
FF-10101 or gilteritinib (Table 1). Notably, patients treated with gilteritinib and crenolanib
have developed F691L mutations at the time of resistance (11,27).We next directly
compared the /n vitro activity of FF-10101 against other FL73 TKD mutations predicted

to cause resistance to gilteritinib. These mutations were recently identified by our group
using a saturation mutagenesis screen and confirmed to confer moderate-to-severe in vitro
resistance to gilteritinib (27). These mutations included Y693C or N, G697S, and D698N,
all TKD mutations that lie outside the FLT3 activation loop. Notably, a previous mutagenesis
screen identified D698N and Y693C as crenolanib-resistant mutations (28), and D698N
has also been associated with resistance to the type Il FLT3 TKI pexidartinib (8). While
G697S has not been previously identified, G697R was isolated in a mutagenesis screen for
midostaurin resistance (29). In Ba/F3-1TD cells, G697S, Y693C, and Y693N conferred at
least moderate resistance to both gilteritinib and FF-10101 (Fig. 1A). The D698N mutation,
however, was sensitive to FF-10101 but caused 17-fold increase in resistance to gilteritinib
(relative to FLT3-ITD alone) (Fig. 1A).

Next, we assessed FF-10101 activity against a FL7.3 K429E extracellular domain mutation
identified in a single patient who developed resistance to crenolanib (11). FF-10101 potently
suppressed the proliferation of Ba/F3-1TD/K429E cells (Fig. 1A). FF-10101 was also active
against FL73N676K, another mutation identified at relapse in an AML patient treated with
midostaurin (30).

To better characterize the downstream pathways associated with FF-10101 resistance, we
performed western blot analysis of signaling activation in Ba/F3 cells treated with increasing
concentrations of FF-10101. Compared to sensitive Ba/F3-1TD cells, drug-resistant Ba/F3-
ITD/Y693C cells exhibited persistent FLT3 autophosphorylation and downstream activation
of phospho-STAT5, -AKT, and -ERK up to 100 nM of FF-10101. Conversely, FF-10101-
sensitive BaF3-1TD cells with N676K, D698N, or D835V mutations showed concentration-
dependent inhibition of FLT3 and its downstream signaling (Fig. 1B). To evaluate the
possibility that FF-10101 could also inhibit pro-survival pathways downstream of FLT3 in

a non-FLT3-dependent manner, we also assessed signaling in cytokine-dependent Ba/F3
parental cells with and without IL3 growth factor stimulation and in the presence or absence
of FF-10101. We found that FF-10101 had no apparent influence on IL3-stimulated ERK,
AKT, or STATS5 activation (Supplementary Fig. 2), consistent with the expectation that a
significant proportion of FF-10101’s inhibitory activity is due to direct FLT3 inhibition.
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Compound FLT3 KD mutations cause resistance to FF-10101.

In addition to single point mutations within a TKD, “compound” mutations or two mutations
co-occurring in the same TKD are well-described during sequential BCR-ABL-targeted

TKI therapy in CML. Such mutations confer additional resistance to ponatinib, the potent
third generation BCR-ABL inhibitor (31). While not yet described in AML, analogous
compound mutations could emerge with increasing clinical use of FLT3 TKIs with non-
overlapping resistance profiles. To assess the efficacy of FF-10101 against compound FLT3
TKD mutations, we tested FF-10101 against Ba/F3-1TD cells containing D835V and three
second-site amino acid substitutions that confer resistance to type | FLT3 TKIs. We found
that ITD-D698N/D835V and ITD-F691L/D835V induced moderate resistant to FF-10101,
while ITD-Y693C/D835V exhibited severe resistance (Table 1).

FF-10101 activity relies upon only a single covalent bond at C695.

Efforts to develop selective, covalent inhibitors have shown that a small molecule may
unexpectedly and flexibly target more than one binding cysteine (32), raising the possibility
that a drug may rely upon multiple contact cysteine residues for covalent attachment.
Previously, the crystal structure of FF-10101 bound to FLT3 demonstrated covalent bond
formation at cysteine 695 (21). We sought to confirm C695 as the lone cysteine residue
targeted irreversibly by FF-10101 by testing its activity against Ba/F3-1TD cells harboring
single serine substitutions at each cysteine residue in the FLT3 TKD. Except for C695S,
every C to S substitution in the FLT3 KD demonstrated sensitivity to FF-10101 (Fig. 1C),
confirming C695 as the lone site of FF-10101 covalent bonding.

Randomized mutagenesis screening affirms the critical nature of FF-10101 covalent
bonding at C695.

We again utilized a well-validated random mutagenesis screening technique in Ba/F3 cells
expressing FL731TD to identify additional novel FLT3 TKD mutations that might induce
resistance to FF-10101. Based upon a trough plasma concentration of >90 mg/mL achieved
in phase 1 clinical study (22), we performed mutagenesis screening using 100 and 200

nM FF-10101 in 300 million cells per drug concentration. We identified FL73C695Y

in four colonies and FL7.3 C695R in another seven colonies out of a total of 12 drug-
resistant colonies ultimately isolated. We expect these mutations to be FF-10101-resistant
by similar loss of covalent attachment as C695S. FL73M664I was also co-identified in
two C695-mutant colonies but follow up evaluation in Ba/F3-ITD/M6641 cells showed

this mutation did not independently induce FF-10101 resistance (Supplementary Fig. 3).
An additional drug-resistant colony in which FLT3-1TD was amplified demonstrated no
identifiable TKD mutation. These results further confirm that mutation of C695 that renders
FF-10101 incapable of covalently binding FLT3 may be a frequent cause of on-target
clinical resistance to FF-10101.

Structural modeling of FLT3 inhibitors bound to mutant FLT3 clarify mechanisms of
differential TKI sensitivity.

To corroborate our cell viability experiments, we performed structural modeling of FLT3
harboring amino acid substitutions of interest bound to FF-10101 and other clinically
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developed FLT3 TKIs. We focused attention on the Y693C mutation as it appeared nearly
as resistant to FF-10101 as FL73 C695S, suggesting that cysteine substitution at Y693
compromises FF-10101’s capacity to function as a covalent inhibitor. Utilizing the co-crystal
structure of FF-10101 with FLT3, we found that FF-10101 relies upon an aromatic -
interaction with Y693 to orient the electrophilic acrylamide portion of FF-10101 needed

for covalent bond formation near the cysteine residue at 695 (Fig. 2A). This critical rt-n
interaction is lost with cysteine substitution at residue 693. Crenolanib, midostaurin, and
quizartinib also demonstrate rt-7t interactions with Y693 (Fig. 2A), although quizartinib
forms other interactions with FLT3, including a hydrogen bond with the hinge region and
hydrophobic interactions in the back-pocket. These additional interactions likely contribute
to quizartinib’s retained activity against Y693C. In a previous docking model of gilteritinib
with FLT3 (27), it was reported that a phenyl ring within gilteritinib’s structure also formed
a m-1t interaction with Y693, thus likely also explaining gilteritinib’s modest loss of activity
against Y693C and N.

When specifically examining the binding mode of FF-10101 in comparison to midostaurin,
a mutation at N676 de-stabilized midostaurin’s engagement with the FLT3 hinge region
through loss of hydrogen bonding at E692 and K826 (Fig. 2B). FF-10101, on the other hand,
exhibited weak or no interaction with the hinge region (Fig. 2B). These findings appeared
generally consistent with our cell viability experiments in which BaF3-1ITD/N676K cells
displayed a relative resistance to midostaurin in terms of increased half maximal inhibitory
concentration (Table 1) while remaining sensitive to FF-10101.

In concordance with FF-10101"s observed activity against the D698N mutation, we found
that FF-10101 did not interact with D698. In contrast, midostaurin engaged D698 by a
hydrogen bond (Fig. 2C). In prior modeling, gilteritinib docking also required an aspartic
acid at the FLT3 698 position to maintain a hydrogen bonding interaction network with
N701 as loss of this network allowed N701 to sterically clash with gilteritinib in a manner
that disfavored drug binding (27). Crenolanib also interacts with D698 by formation of a
salt bridge (28). These findings likely explain FF-10101’s greater relative activity against
D698N in comparison to other type | FLT3 TKIs.

Finally, we analyzed the binding mode of FF-10101 with FLT3 G697S given the severe
gilteritinib resistance seen with this mutation. Prior gilteritinib docking implicated loss of

a CH-rt interaction with G697 and steric clash of the G697S sidechain with gilteritinib

as likely contributors to severe resistance (27). Interestingly, our modeling did not predict
any unfavorable interaction between FF-10101 and G697 or G697S (Supplementary Fig.
4A-B). A molecular dynamics simulation using midostaurin previously suggested that a
G697R mutation may shield access of midostaurin to the type I inhibitor binding pocket via
disrupted orientation of the P-loop (33). Such a dynamic structural mechanism could also
explain the moderate resistance of G697S to FF-10101 in the absence of direct interaction of
the residue with FF-10101.

Mol Cancer Ther. Author manuscript; available in PMC 2022 November 04.
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An aromatic r-r interaction between FF-10101 and Y693 regulates FF-10101 covalent
binding at C695.

Using the information implied by our structural modeling, we next employed a combined
pharmacologic and mutagenesis approach to confirm the mechanism by which Y693C
interferes with FF-10101 covalent binding. First, we utilized FLA-9430, a compound
identical to FF-10101 except for absence of the acrylamide double bond necessary for
covalent bond formation with FLT3, thus rendering FLA-9430 a reversible inhibitor (21)
(Supplementary Fig. 4C). Using cell viability experiments in Ba/F3-1TD cells, we found that
Y693C exhibited an ~100-fold increase in relative resistance to FF-10101 as compared to
FLT31TD alone, while FLA-9430 exhibited only a ~10-fold increase, strongly suggesting
that Y693C impedes FF-10101s covalent bond to FLT3 (Fig. 3A). To further establish the
importance of the aromatic sidechain of tyrosine at residue 693, we generated Ba/F3-ITD
cells with either a phenylalanine or serine substitution at Y693 (Fig. 3B). We reasoned

that a substitute phenylalanine sidechain that recapitulates the native aromatic interaction
with Y693 would remain sensitive to FF-10101 while a non-aromatic serine substitution
would behave similarly to Y693C. Indeed, we found that Ba/F3-1TD/Y693F cells retained
sensitivity to FF-10101 while cells with Y693S were as resistant to FF-10101 as those

with Y693C (Fig. 3C). These findings suggest any non-aromatic amino acid substitution at
residue 693 would be particularly resistant to FF-10101 and possibly drive clinical relapse in
patients.

FF-10101 may overcome cell extrinsic FLT3 TKI resistance.

Early use of FLT3 inhibitors in AML patients demonstrated clearance of circulating blasts

in the peripheral blood with minimal blast reduction in the bone marrow (34). Cytokine

and bone marrow stroma-stimulated ERK activation has since been identified as a critical
pro-survival signal for FL73-ITD+ blasts during FLT3 TKI treatment (17,18). We compared
the capacity of FF-10101 or gilteritinib to induce apoptosis in FL73ITD+ human AML
cells cultured in the presence of conditioned media harvested from an HS5 immortalized
human bone marrow stromal cell line that secretes FGF2 and other supportive growth factors
that cause resistance to FLT3 TKIs (18,35). We found that FF-10101 induced significantly
more apoptosis of MOLM-14 cells in HS5 conditioned media compared to gilteritinib at

50 and 100 nM doses of each drug (Fig. 4A-B). These results appeared to be in part cell

line and dose-dependent as in MV4-11 cells, another FL73-1ITD+ human AML cell line,
FF-10101 also exhibited greater cytotoxicity at a 50 nM drug dose but similar cytotoxicity as
gilteritinib at 100 nM (Supplementary Fig. 5A).

To explain these findings, we hypothesized that FF-10101 could suppress adaptive ERK
reactivation in response to FLT3 inhibition, a phenomenon that has been previously observed
and is augmented by conditioned media (36). In MOLM-14 cells, we found that FF-10101
exhibited superior inhibition of FLT3 phosphorylation by FF-10101 after 1 and 24 hours

of 50 nM drug exposure as compared to gilteritinib (Supplementary Fig. 2B). While these
changes were subtle, FF-10101 did strikingly suppress rebound ERK re-activation after 24
hours of drug exposure while gilteritinib did not (Fig. 4C).
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We next assessed whether FF-10101 could exert similar activity in three primary FLT3
mutant AML samples also supported by HS5 conditioned media. The clinical characteristics
of these AML patients are summarized in Supplementary Table 1. Of these three samples,
two (AML #1 and #3) were obtained from patients with newly diagnosed FLT3ITD+ AML
while the third (AML #2) came from a patient with new AML and a FL73 D835V mutation.
When compared directly with gilteritinib in either regular or protective HS5 conditioned
media, we found that FF-10101 again appeared to induce greater cytotoxicity of AML cells
at drug doses at or below 50 nM in all three samples (Fig. 4D). At doses of 100 nM (the
approximate plasma concentration of gilteritinib at steady state in patients receiving 120
mg/day), the activity of FF-10101 and gilteritinib appeared similar in the two FL731TD+
samples while FF-10101 induced greater cytotoxicity in AML #2. These findings suggest
that FF-10101 may have greater potential to overcome bone marrow microenvironment-
mediated TKI resistance than gilteritinib and consequently be more active for a subset of
patients with FLT73mutant AML, especially at sub maximal plasma concentrations.

Cell intrinsic NRAS co-mutations that cause resistance to most FLT3 TKIs are likely to also
cause resistance to FF-10101.

Finally, we evaluated FF-10101 against MOLM-14 cells harboring secondary NRAS-G12C
and Q61K mutations following long-term selection with quizartinib (herein MOLM-14
(QS) NRAS-G12C or Q61K cells). Secondary NRAS mutations have been associated

with clinical gilteritinib resistance, and MOLM (QS) NRAS-mutant cells have previously
demonstrated /n vitro resistance to gilteritinib (12). We found that while FF-10101 modestly
suppressed proliferation, MOLM-14 (QS) NRAS-mutant cells exhibited relative resistance
to FF-10101 (Fig. 5A). Consistent with previous reports with gilteritinib (12), addition of

a MEK inhibitor (trametinib) at low dose abrogated a significant degree of this resistance
(Fig. 5B). We affirmed that mutant NRAS alone is sufficient to induce this resistance by
using MOLM-14 and MV4-11 cells transduced with a doxycycline-inducible expression
vector containing NRAS-WT, NRAS-G12C, or NRAS-Q61K (MOLM-14 (tet) and MV4-11
(tet) cells). We previously demonstrated that 24-hour induction of mutant NRAS isoform
expression in MOLM-14 (tet) and MV4-11 (tet) cells activates expected downstream pro-
survival signaling via ERK and AKT (12). Induction of NRAS-G12C or NRAS-Q61K
generated significant resistance to FF-10101, gilteritinib, and quizartinib in both MOLM-14
(tet) and MV4-11 (tet) cells (Fig. 5C), indicating that patients treated with FF-10101 are
likely to remain vulnerable to relapse driven by oncogenic MAPK pathway activation.

Discussion

The clinical utility of FLT3 inhibition in FL73mutant AML has been increasingly realized
with the approvals of midostaurin in combination with chemotherapy for newly diagnosed
patients (37) and gilteritinib as monotherapy for patients with R/R disease. Rigorous
preclinical evaluation of several FLT3 TKIs, correlative studies from clinical trials, and
serial FLT3sequencing in AML patients treated with FLT3 TKIs has generated significant
insight into the requisite traits for a clinically effective FLT3 inhibitor, most importantly the
capability of an inhibitor to overcome FLT3 and non-FLT3 mechanisms of resistance.
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Here, we present evidence that the first covalent FLT3 inhibitor FF-10101 is highly active
against the majority of TKD mutations that render patients resistant to other FLT3 TKIs in
clinical use. Importantly, FF-10101 exerts greater /n vitro potency than gilteritinib against
the gatekeeper F691L mutation. It should be noted that gilteritinib exhibited a similar
preclinical profile and may effectively suppress an F691L clone when administered at
doses higher than the FDA-approved dose of 120 mg (27). Nevertheless, such a therapeutic
strategy has not been evaluated clinically. In the absence of such experience, these data
suggest that FF-10101 could serve as an effective second line TKI for FL73-mutant AML
patients who relapse with known resistance-conferring FLT3 TKD mutations.

FF-10101 is also generally active against several .73 mutations identified in mutagenesis
screening evaluating resistance to other FLT3 inhibitors although loses significant activity
when covalent binding is compromised. We confirm that this impairment from mutation at
Y693 is due to loss of a -7t interaction required to position FF-10101 for covalent bond
formation at C695. Mutations at C695 or Y693 have not been isolated yet in a patient
treated with a FLT3 TKI, but our analysis suggests that both mutations should be carefully
monitored for in patients receiving FF-10101. Altogether, our studies reinforce growing
evidence that unique on-target resistance profiles should be considered when selecting the
most likely effective FLT3 inhibitor for individual patients.

Finally, we demonstrate that FF-10101 often exerts greater cytotoxicity than gilteritinib

at similar dose levels (<100 nM) in AML cell lines and primary AML blasts cultured in

a conditioned media model of the tumor microenvironment, possibly due to suppression

of ERK re-activation following extended drug exposure. These results could be explained
in multiple ways. First, FF-10101 possesses a differential inhibitory profile and targets
non-FLT3 kinases that also stimulate ERK via parallel pathways (i.e. KIT, IRAK4) (21).
Alternatively, the degree of ERK reactivation in AML cells is still modulated by FLT TKIls
in a dose dependent manner (36), suggesting that ERK reactivation is partially driven by
FLT3 signaling. AML cells also can express FL to stimulate autocrine FLT3 signaling

(38). These observations support the possibility that superior FLT3 receptor occupancy
owing to FF-10101’s covalent binding may play a role in increased suppression of ERK
reactivation when compared to gilteritinib. Lastly, other covalent inhibitors have been shown
to stabilize and prolong their target kinase’s half-life while silencing downstream pathways
several hours after drug washout, suggesting that covalent modification may lead to slower
kinase turnover and reduced native kinase synthesis (39). It is possible that FF-10101 could
influence FLT3 receptor expression in a similar manner.

Nevertheless, secondary RAS/MAPK activating mutations have already arisen as a primary
off-target resistance mechanism to gilteritinib and appear to confer resistance to FF-10101.
Parallel or partially redundant signaling pathway activation may become a relevant mediator
of clinical resistance to FF-10101 as on-target FLT3 inhibition is maximized, although
evidence for this remains to be seen in clinical studies.

Careful structural and functional characterization of investigational FLT3 inhibitors such as
FF-10101 as reported in this study are critical to anticipate mechanisms of resistance and
identify optimal clinical uses. FLT3 TKI-naive and TKI-exposed patients harbor genetically
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heterogeneous populations of FL73-ITD, TKD, and co-mutant subclones that determine
clinical response to TKIs with unique resistance profiles (40). Inter- and intra-patient clonal
heterogeneity will likely be increasingly recognized with more widespread use of clinical
NGS, high throughput single-cell genotyping, and other molecular analysis of AML tumors
at multiple therapeutic timepoints. With careful resistance profiling of any FLT3 TKI, the
nature of drug-resistant subclones that could gain competitive fitness under selective drug
pressure may be reasonably inferred and this information used to optimally sequence TKI
therapy for an individual patient. In the future, selection of FL73mutant AML therapy
may then be guided by mutational analysis and side effect profiling akin to how BCR-ABL
inhibitors are selected in BCR-ABL-driven leukemias.

Notably, in recent reports of the phase 1/2a evaluation of FF-10101 in patients with R/R
AML, four patients who experienced a partial remission had previously been treated with
a FLT3 TKI and one patient who achieved a complete remission had already exhibited
disease progression on gilteritinib (22). These results and our findings show that FF-10101
has potential to provide clinical benefit to AML patients that acquire certain FLT3 TKD
resistance mutations or following treatment with other FLT3 inhibitors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. FF-10101 demonstrates favorablein vitro activity against FLT3 KD mutations.
(A) Fold increase in resistance of indicated FL73-ITD + TKD mutations when compared

to FLT3ITD alone. Mutations with ICgq <10-fold higher than FL73-1TD defined as
Sensitive (blue boxes), those with 1C5q 10-50-fold higher than FL73-1TD defined as
Moderate Resistance (orange boxes), and those with 1C5g >50-fold higher than FL73ITD
defined as Severe Resistance (red boxes). (B) Assessment of FLT3 autophosphorylation
and downstream effectors STAT5, AKT, and ERK by western blot analysis in Ba/F3 cells

harboring FL7T3*ITD and

the indicated TKD mutant isoform in the presence of increasing
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concentration of FF-10101 for 1 hour. Not all cell lysates were resolved on the same gel
and thus total protein for each target are used as loading control and normalization across
gels. For all gels, p-ERK and ERK were blotted for simultaneously while membranes with
visualized phospho-protein were stripped and re-blotted with total protein antibody for
remaining targets. (C) Relative proliferation of all cysteine to serine Ba/F3 mutant cell lines
after 48-hour exposure to FF-10101. Error bars represent SD of three technical replicates
from a single experiment representative of three independent experiments.
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Figure 2. Structural modeling of FLT 3 inhibitorsbound to resistant mutants.
(A) Mapped interactions focused upon Y693 residue with FF-10101, crenolanib,

midostaurin, and quizartinib. Two-way arrows indicate distance (A) between an aromatic
moiety of each respective drug forming a w-m interaction with tyrosine. (B) Hinge region

of FLT3 mapped interaction with FF-10101 and midostaurin. (C) FF-10101 and midostaurin
mapped against D698. FF-10101 exhibits no interaction while the A“methyl moiety of

midostaurin forms hydrogen bond with D698.
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Figure 3. FF-10101 activity relies upon a single covalent bond at C695 that may be influenced by
an adjacent TKD mutation at Y 693.

(A) Scatter dot plot showing relative 1C5q of FF-10101 or FLA-9430 against Ba/F3-1TD and
Ba/F3-ITD/Y693C mutant cell lines from proliferation experiments. Each 1Cgsy measured

in six separate experiments with bars indicating mean and SD. (B) Chemical structures

of amino acids evaluated at residue 693 with respective sidechains highlighted (yellow
squares). (C) Relative proliferation after 48-hour exposure of indicated mutant Y693 cell
lines to serial concentrations of FF-10101 in a single experiment with three technical
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replicates that is representative of three independent experiments. C695S dose-response
curve used as relative indicator for loss of covalent drug binding.
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Figure 4. Asacovalent FLT 3 inhibitor, FF-10101 may over come off-tar get mechanismsthat
impede the activity of reversible FLT3 inhibitors.

(A) Apoptosis measured in MOLM-14 cells following 48-hour treatment with gilteritinib or
FF-10101 at indicated concentrations in regular complete RPMI media or HS5 conditioned
media. Live cells negative for caspase-3 were normalized to untreated control cells. Results
represent aggregate data from three independent experiments each with two technical
replicates. Error bars represent SD and statistical analysis performed using paired t-test.
**** P<0.0001. (B) Representative FACS plot to demonstrate gating of cell populations
negative for CellEvent (caspase-3 stain) in 50 nM drug experiment summarized in (A).
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(C) Assessment of ERK phosphorylation by western blot in MOLM-14 cells treated with
FF-10101 (50 nM) or gilteritinib (50 nM) for 1 and 24-hours in HS5 conditioned media.
(D) 48-hour dose-response evaluation of FF-10101 and gilteritinib against three primary
FLT3mutant AML samples using CellTiterGlo. Cells were continuously cultured in either
regular (solid line) or conditioned media (dotted line) during drug exposure. Each graph in
panel (D) is representative of a single experiment with three technical replicates performed
in two independent experiments for each primary sample.
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Figure 5. Secondary activating NRAS mutations are not overcome by FF-10101.
(A) Relative proliferation of MOLM-14 parental cells and MOLM-14 (QS) NRAS-G12C

or NRAS-Q61K cells following 48-hour exposure to FF-10101 at serial concentration. (B)
Relative proliferation MOLM-14 parental or MOLM-14 (QS) NRAS-mutant cells following
48-hour exposure to serial concentrations of FF-10101 in combination with a fixed dose of
trametinib 5 nM. (C) 48-hour dose-response evaluation of FF-10101 (top row), gilteritinib
(middle row), and quizartinib (bottom row) in MOLM-14 (tet) and MV4-11 (tet) cells.
Expression of NRAS-WT or NRAS mutants G12C and Q61K was induced with doxycycline
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for 24 hours prior to beginning drug exposure. All panels are single experiments performed
with three technical replicates and representative of three independent experiments.
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Mean 1Csgg of FF-10101 against FLT 3 mutant isofor ms as compared to other typel and
typell FLT3 inhibitors.

FLT3-ITD
FLT3-ITD/F691L
FLT3-ITD/D698N
FLT3-1TD/Y693C
FLT3-ITD/Y693N
FLT3-ITD/G697S
FLT3-1TD/K429E
FLT3-ITD/N676K
FLT3-ITD/D835V
FLT3-1TD/D835Y
FLT3-ITD/D835H
FLT3-ITD/D835F
FLT3-1TD/D835I1
FLT3-1TD/D835del
FLT3-ITD/D835A
FLT3-1TD/D835E
FLT3-ITD/D835G
FLT3-1TD/D835N

FLT3-1TD/F691L/D835V 76.8
FLT3-ITD/D698N/D835V 24.7
FLT3-ITD/Y693C/D835V 399.9

FLT3-ITD/C695S
FLT3-ITD/C681S
FLT3-ITD/C790S
FLT3-1TD/C807S
FLT3-ITD/C828S
FLT3-1TD/C694S

FF-10101 Gilteritinibl Crenolanibz'3 Quizartinibz'3 Midostaurin
1.8 18 11.2 0.4 5.8
145 254 55.4 151.1 6.2
51 315 85.3 0.6 65.3

116.1 27.9 143.0 22 1717
259 23.8 129.3 1.8 213.3
22.3 117.8 146.8 6.2 169.6
11 6.0 26.1 0.7 20.3
1.9 3.6 27.8 1.8 33.8
4.4 35 13.1 176.7 4.7
11,1 11 13,9 56.7 6.8
8.5 11 12.4 14.0 3.9
13.0 1.2 16.5 457.0 53
7.1 0.9 17.3 222.7 5.2
6.0 4.2 184 99.3 53
6.5 13 175 32 5.0
11.2 14 174 18 5.8
6.3 2.3 18.2 3.0 4.6
4.7 0.9 16.8 2.1 58
17.8 62.5
31.1 68.1
34.2 156.3

316.6
6.7
3.3

14.2
111
14.2
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Mean reported from at least 3 biologic experimental replicates. 1Csg concentrations for specific drugs have
been previously reported where indicated.
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