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Abstract

Constitutively activated mutant FLT3 has emerged as a promising target for therapy for the subpopulation of acute myeloid leukemia (AML) patients who
harbor it. The small molecule inhibitor, PKC412, targets mutant FLT3 and is currently in late-stage clinical trials. However, the identification of PKC412-
resistant leukemic blast cells in the bone marrow of AML patients has propelled the development of novel and structurally distinct FLT3 inhibitors that
have the potential to override drug resistance and more efficiently prevent disease progression or recurrence. Here, we present the novel first-generation
“type II” FLT3 inhibitors, AFG206, AFG210, and AHL196, and the second-generation “type II” derivatives and AST487 analogs, AUZ454 and ATH686.All
agents potently and selectively target mutant FLT3 protein kinase activity and inhibit the proliferation of cells harboring FLT3 mutants via induction of
apoptosis and cell cycle inhibition. Cross-resistance between “type |” inhibitors, PKC412 and AAE871, was demonstrated. While cross-resistance was
also observed between “type I” and first-generation “type II” FLT3 inhibitors, the high potency of the second-generation “type II” inhibitors was sufficient
to potently kill “type I” inhibitor-resistant mutant FLT3-expressing cells. The increased potency observed for the second-generation “type II” inhibitors
was observed to be due to an improved interaction with the ATP pocket of FLT3, specifically associated with introduction of a piperazine moiety and
placement of an amino group in position 2 of the pyrimidine ring. Thus, we present 2 structurally novel classes of FLT3 inhibitors characterized by high
selectivity and potency toward mutant FLT3 as a molecular target. In addition, presentation of the antileukemic effects of “type II” inhibitors, such as
AUZ454 and ATH686, highlights a new class of highly potent FLT3 inhibitors able to override drug resistance that less potent “type I” inhibitors and “type
II” first-generation FLT3 inhibitors cannot.
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Introduction

Acute myelocytic leukemia (AML) has an incidence of
around 10,000 new cases annually in the United States and
is characterized by abnormal proliferation of myeloid pro-
genitor cells, as well as a total or incomplete block in cel-
lular differentiation.' Approximately 30% of AML patients,
and a subset of ALL patients, harbor a mutant form of the
class I1I receptor tyrosine kinase, FLT3 (Fms-Like Tyrosine
kinase-3; STK-1 [human Stem Cell Tyrosine Kinase-1]; or
FLK-2 [Fetal Liver Kinase-2]).” Constitutively activated
FLT3 occurs most frequently as internal tandem duplica-
tions (ITD) within the juxtamembrane domain® and is
observed in approximately 20% to 25% of AML patients
but in below 5% of patients with myelodysplastic syndrome
(MDS).*® The transplantation of murine bone marrow cells
infected with a retrovirus expressing an FLT3-ITD mutant
has been shown to lead to the development of a rapidly
lethal myeloproliferative disease in mice.”

Also occurring are point mutations within the “activa-
tion loop” of FLT3.” These are thought to alter the
conformation of the domain, forcing it into an “activated”

configuration. Approximately 7% of AML cases harbor this
type of mutation, with the majority with a missense muta-
tion in the aspartic acid residue at position 835. Other point
mutations in the kinase domain occurring less frequently
have been identified, including N8411'° and Y842C."

The N-indolocarbazole PKC412 (midostaurin, N-
benzoyl-staurosporine; Novartis Pharma AG, Basel, Swit-
zerland) is a broad-spectrum small molecule inhibitor that
is effective against mutant FLT3-expressing cells.'> A phase
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Ib clinical trial was conducted in
which newly diagnosed AML
patients were treated with PKC412
(at 50 mg po bid) in sequential and
simultaneous combinations with
daunorubicin and cytarabine induc-
tion and high-dose cytarabine con-
solidation. Patients in this trial
experienced transient and/or revers-
ible side effects, and clinical com-
plete responses (CR) were observed
in 100% of patients harboring
mutant FLT3."* PKC412 is currently
in late-stage phase III clinical trials.

While small molecule inhibitors Type Il kinase inhibitors

like PKC412 are showing promise in
the clinic, up to now, none has |
achieved  sustained  cytogenic
responses as a single agent in AML
patients. In addition, a growing
problem for the treatment of acute
leukemia is the development of
resistance due to acquired point
mutations in the molecular tar-
gets."*"> Indeed, the detection of
drug-resistant leukemic blast cells in
AML patients undergoing PKC412 NH,
therapy has sparked the screening
and characterization of novel, struc-
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turally diverse inhibitors of FLT3
that, if used in combination with
antileukemic agents, are predicted to
prevent the development of drug
resistance.

Pharmacological inhibitors of kinase activity are charac-
terized as being in 1 of 3 main classes: “type 1,” “type 11,”
or “non-ATP competitive” inhibitors.'® Type I, or “DFG-in”
ATP competitive inhibitors, directly compete with ATP in
the ATP binding site. Type II, or “DFG-out” ATP competi-
tive inhibitors, in addition to binding the ATP binding site,
also engage an adjacent hydrophobic binding site that is
only accessible when the kinase is in an inactivated con-
figuration. Non-ATP competitive inhibitors bind at sites
outside the ATP binding site that affect the activity of the
kinase.

We report here initial characterization of first-generation
FLT3 inhibitors, AFG206, AFG210, and AHL196, assumed
to be of the “type 1I” class, and second-generation deriva-
tive analog “type II” FLT3 inhibitors, AUZ454 and ATH686.
All are potent and selective inhibitors of mutant FLT3 pro-
tein kinase activity. We show that these compounds, via
inhibition of FLT3 kinase activity, selectively kill leukemic
cells harboring mutant FLT3 with no apparent effect on
cells harboring wild-type FLT3. However, the structural
composition of the second-generation inhibitors allows

Figure |. Chemical structures and classification. Chemical structures of type | kinase inhibitors
(AAE871 and PKC412) and type Il inhibitors (AFG206,AHL196,AUZ454, and ATH686).

these agents to exhibit higher potency than PKC412 and
thus renders them able to override resistance to PKC412, as
well as another FLT3 inhibitor, AAE871, assumed to be of
the “type 1” classification. These results highlight the emer-
gence of a novel class of FLT3 inhibitors that exhibit high
selectivity and potency toward mutant FLT3 as an onco-
genic target and as such can override resistance to “type [”
FLT3 inhibitors, such as PKC412.

Results

Inhibition of mutant FLT3 kinase by first-generation FLT3
inhibitors, AFG206, AFG2 10, and AHLI96. An important class
of “type II” kinase inhibitors is based on the diphenyl urea
chemical motif."” Because their core structure is based on
this motif, the novel first-generation FLT3 inhibitors,
AFG206, AFG210, and AHL196, fall into the “type II” ATP
competitive inhibitor class of kinase inhibitors (see chemi-
cal structures in Fig. 1). Consequently, the binding mode of
these inhibitors was modeled according to the “type II”
phamacophore.”’ This is illustrated in Figure 2 for AFG210,
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where the main interactions of the
inhibitor with the ATP pocket of
FLT3 in a “type II” binding mode are
represented. With no crystal struc-
ture of FLT3 in the “DFG-out” con-
formation (the conformation to
which “type II” inhibitors bind)
being available, we resorted to
homology modeling. A model of
FLT3 in the “DFG-out” conforma-
tion was constructed using the
WHAT IF program, a molecular
modeling and drug design program
(G. Vriend, 1990), based on the
coordinates of the B-Raf kinase in
complex with BAY-43-9006, a
diphenyl urea “type II” inhibitor
(PDB code: 1UWH). This model
was subsequently used to dock
AFG210 and its analogs. The bind-
ing mode of such inhibitors in the
ATP pocket of FLT3 is illustrated
with a model of the enzyme AFG210
complex in Figure 2. The pyridine
moiety binds in the hinge region of

the pocket, establishing a hydrogen i

bond with the backbone NH group
of residue C694, while the trifluoro-
methyl-phenyl moiety occupies the
adjacent hydrophobic site lined by

mez-—x
Q

F691 “gate keeper”

Me64

L ceor
. ﬁ,\_ _
WETE

D329/
DFG motif “out” \\y=="4 »

H809 V808

residues M665, 1674, 1L.802, M664,

and C807. In addition, the urea func-
tion is involved in 2 hydrogen bonds
with the kinase that are characteristic

Figure 2. Structural models of enzyme-drug complexes. (A) Binding model of AFG210 in the ATP
pocket of FLT3. Hydrogen bonds appear as pink lines. (B) Binding model of ATH686 in the ATP pocket
of FLT3. Hydrogen bonds appear as pink lines.

of “type 1I” inhibitors: one with the

aspartic acid residue of the DFG

motif (D829), and the other with the

glutamic acid residue of helix C

(E661). The synthesis of these compounds has been previ-
ously described.?!

Treatment of FLT3-ITD-Ba/F3 cells and D835Y-Ba/F3
cells with AFG206, AFG210, or AHL196 potently inhibited
cell proliferation (IC_  around 0.1 uM) via induction of
apoptosis (Fig. 3). Parental Ba/F3 cells were not affected by
up to 1 uM of each agent (Fig. 3). Supplementation of cul-
ture media with WEHI, used as a source of IL-3, led to res-
cue of the cells from inhibition of proliferation and induction
of apoptosis (Fig. 3 and Suppl. Figs. S1, S2, and S5). This
suggests that these compounds selectively inhibit FLT3-
ITD, with no effect on IL-3 signaling. The antiproliferative
activity of AFG206, AFG210, and AHL196 was only mod-
estly affected by the addition of human serum (Suppl. Fig.
S10).

Treatment of FLT3-ITD- and D835Y-expressing cells
with AFG206, AFG210, or AHL196 inhibited autophos-
phorylation of mutant FLT3 in these cells, with no apparent
reduction in levels of the FLT3 protein (Fig. 3 and Suppl.
Figs. S3A-C and S4). Whole cell lysate Western analysis
showed strong inhibition of pSTATS and pMAPK expres-
sion (with no apparent effects on total STATS or MAPK
expression levels), following 1.5-hour treatments with
AFG206 (1 uM) or AFG210 (1 uM) (Suppl. Fig. S3D and
S3E). These results suggest that FLT3 kinase is a target of
AFG206, AFG210, and AHL196, and inhibition of mutant
FLT3 kinase activity leads to loss of growth factor indepen-
dence and consequent cell death.

The ability of the “type II” FLT3 inhibitors, AFG206 and
AFG210, to positively combine with PKC412 was tested.



1024

Genes & Cancer / vol | no 10 (2010)

- -+ FLT3-ITD-Ba/F3 (-IL-3)
140 ] —= FLT3-ITD-Ba/F3 (+IL-3)
_. BalF3

120 1

100 1

80 1

60 1

40 1

20 1

Cell Number (% of Control)

0 0.001 001 O.1 1 10

[AFG206, uM]

FLT3-ITD-Ba/F3, 15’

Control
AFG206, 1uM
AFG210, 1M

kDa

LP.: FLT3

200
-
O 180 - -~ FLT3-ITD-Ba/F3 (-IL-3)
C 160 —™ FLT3-ITD-Ba/F3 (+IL-3)
o ~BalF3
O 140
‘S 120
2\-‘: 100
H. 80 A1
[}
Q2 60
g 40
E 20 A ®
°© ¢} =
o s 0 0001 001 01 1 10
[AFG210, uM]
D oo = % Viable
90 - = % Apoptotic
g 80 A 0% Necrotic
© 70
8
C 60
8 so
© 40
a 30
W.B.: 20 1
10 A
o

o]

0.1 0.25 0.5
[AFG206, LM]

= % Viable

= % Apoptotic

O % Necrotic

Percentage
)]
o

0.25 0.5 1

0.1
[AFG210, uM

Figure 3. Inhibition of mutant FLT3 kinase by first-generation type Il FLT3 inhibitors, AFG206 and AFG210. Approximately 3-day treatment of Ba/F3
cells (+ IL-3) and FLT3-ITD-Ba/F3 cells (+/— IL-3) with AFG206 (A) and AFG210 (B). (C) FLT3 I.P/Western. (D) Induction of apoptosis following an
approximately 3-day treatment of FLT3-ITD-Ba/F3 cells with AFG206 (upper panel) and AFG210 (lower panel). Staining cells simultaneously with FITC-
AnnexinV and the nonvital dye propidium iodide allows (bivariate analysis) the discrimination of intact cells (FITC—PI-), early apoptotic cells (FITC+PI-),
and late apoptotic or necrotic cells (FITC+PI+). Results shown in the bar graph are derived from cytograms in which early apoptotic cells are in the
lower right quadrant that are AnnexinV positive and Pl negative; late apoptotic or necrotic cells are in the upper right quadrant that are Pl positive and
AnnexinV positive; live cells in the lower left quadrant are negative for both fluorescent probes. Necrotic cells show up in the upper left-hand quadrant.

Dose-response curves corresponding to combination treat-
ments were shifted to the left as compared to dose-response
curves corresponding to single-agent treatments (Suppl.
Figs. S6 and S7). This suggests that “type II” FLT3 inhibi-
tors like AFG206 and AFG210 could potentially be used in
combination with “type I inhibitors like PKC412 to pos-
sibly improve clinical results.

Inhibition of mutant FLT3 kinase by second-generation
FLT3 inhibitors, AUZ454 and ATH686. A class of second-
generation derivatives was developed based on the struc-
tural motif of “type II”” inhibitors. AUZ454 and ATH686 are

structural analogs of previously described AST487.% They
fall into the “type II” ATP-competitive inhibitor class of
kinase inhibitors (see chemical structures in Fig. 1). These
compounds fill the ATP extended pocket existing in a cer-
tain form of inactive conformation of the target kinase yet
also bind to residues that interact with type I inhibitors in
the so-called hinge-adenine region of the pocket. Compared
to the first-generation “type II” inhibitors, AFG206,
AFG210, and AHL196, additional structural features inter-
acting favorably with the ATP pocket of FLT3 have been
introduced in these molecules as shown in Figure 2B, where
a model of the ATH686 kinase complex is represented.
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Figure 4. Inhibition of mutant FLT3 kinase by second-generation type Il FLT3 inhibitors,AUZ454 and ATH686. (A, B) Three-day treatment of FLT3-ITD-
Ba/F3 cells, in the presence and absence of IL-3, with AUZ454 (A) and ATH686 (B). (C) Treatment of FLT3-ITD-Ba/F3 cells for 15 minutes with AUZ454
or ATH686, respectively,at 10 nM. (D, E) Effects of AUZ454 (D) and ATH686 (E) on viability of FLT3-ITD-Ba/F3 cells, in the absence and presence of IL-3.

These consist of an amino group placed in position 2 of the
pyrimidine ring to form an additional hydrogen bond with
the backbone of hinge residue C694 and a piperazine moi-
ety able to form 2 novel hydrogen bonds with the backbone
carbonyl groups of residues H809 and V808 at the bottom
of the extended pocket. The synthesis of these compounds
has been previously described.?!****

Treatment of FLT3-1TD-Ba/F3 cells and D835Y-Ba/F3
cells with AUZ454 or ATH686 very potently inhibited cell
proliferation (IC_ around 0.001 pM) via induction of
apoptosis (Fig. 4 and Suppl. Fig. S9). Parental Ba/F3 cells
were not affected by up to at least 0.1 pM of each agent
(Suppl. Fig. S9). Supplementation of culture media with
WEHI, used as a source of IL-3, led to rescue of the cells
(Fig. 4). As with the first-generation inhibitors, the antip-
roliferative activity of AUZ454 and ATH686 was only
modestly affected by the addition of human serum (Suppl.
Fig. S10). As was observed previously with AST487,%

efficacy was similarly observed for AUZ454 and ATH686
against mutant FLT3-positive AML patient samples
(Suppl. Fig. S11).

Treatment of FLT3-ITD- and D835Y-expressing cells
with AUZ454 and ATH686 inhibited autophosphorylation
of mutant FLT3 in these cells, with no apparent reduction in
levels of the FLT3 protein (Fig. 4). In addition, cells
expressing the novel point mutant, FLT3-N841I, also
showed sensitivity to AUZ454 and ATH686 (Suppl. Fig.
S8). These results suggest that FLT3 kinase is a target of
AUZ454 and ATH686. Whole cell lysate Western analysis
showed strong inhibition of pSTATS and pMAPK expres-
sion (with no apparent effects on total STATS or MAPK
expression levels), following 1.5-hour treatments with
0.1 uM AUZ454 (Suppl. Fig. S3D and S3E).

Resistance of mutant FLT3-expressing cells to “type I” FLT3
inhibitor, AAE871. AAE871 is a “type I” inhibitor, like
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Figure 5. Resistance of mutant FLT3-expressing cells to “type I” FLT3 inhibitor, AAE87 . (A) Approximately 3-day treatment of FLT3-ITD-Ba/F3 cells
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3-day treatment of FLT3-ITD-Ba/F3 cells and AAE87 | -resistant FLT3-ITD-Ba/F3 cells (made resistant to 0.04 or 0.1 uM AAE871) with AAE871. (D) FLT3
|.P/Western treatment of AAE87 | -sensitive or -resistant FLT3-ITD—expressing cells with AAE87 .

PKC412, and interacts with the same residues of the ATP
site as PKC412 (Fig. 1). The synthesis of AAE871 has been
previously described.”® Results of in vitro kinase studies
suggested that PKC412 inhibits the tyrosine kinase activity
of FLT3 with an IC_ 0f0.079 uM and that AAE871 inhibits
the tyrosine kinase activity of FLT3 with an IC_ of 0.034
puM. Cellular proliferation studies suggested that AAE871
potently inhibits proliferation of FLT3-ITD- and D835Y-
expressing cells (IC_ < 0.01 uM) through selective inhibi-
tion of FLT3 kinase activity (Fig. 5 and Suppl. Fig. S12).
Continuous (several months’ duration) cell culture of
FLT3-ITD-expressing Ba/F3 cells in the presence of gradu-
ally increasing concentrations of AAE871 led to the devel-
opment of a cell line exhibiting a drug-resistant phenotype

(highest level of drug resistance achieved at 0.1 uM) (Fig.
5). AAES871-resistant cells were characterized as overex-
pressing FLT3-ITD (Fig. 5). The level of overexpression of
FLT3-ITD in AAE871-resistant cells was comparable to
levels of mutant FLT3 observed in PKC412-resistant cells
(Suppl. Fig. S13A and S13B).

AAER71-resistant cells resistant to 0.1 uM AAE871 and
maintained in the continuous presence of 0.1 uM AAE871
showed a modest increase in levels of phosphorylated
FLT3, as compared to drug-sensitive cells (Fig. 5D). In
Supplementary Figure S13A and S13B, no appreciable
change in the overall levels of phosphorylated FLT3 expres-
sion was observed in AAE871-resistant cells cultured in the
continuous presence of 0.04 uM. These data, which suggest
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Figure 6. Cross-resistance of “type I” FLT3 inhibitor—resistant mutant FLT3-expressing cells to “type I” and “type II” first-generation FLT3 inhibitors.
(A) Approximately 3-day treatment of FLT3-ITD-Ba/F3 cells and AAE87I|-resistant FLT3-ITD-Ba/F3 cells with PKC412. (B) Approximately 3-day
treatment of FLT3-ITD-Ba/F3 cells and PKC412-resistant FLT3-ITD-Ba/F3 cells with AAE871. (C) Approximately 3-day treatment of FLT3-ITD-Ba/F3
and PKC412-resistant Ba/F3 cells with AFG206. (D) Approximately 3-day treatment of FLT3-ITD-Ba/F3 and PKC412-resistant Ba/F3 cells with AFG210.
(E) Approximately 3-day treatment of FLT3-ITD-Ba/F3 and PKC41|2-resistant Ba/F3 cells with PKC412.

that the IC of AAE871 against FLT3 kinase activity is
>0.1 uM in drug-resistant cells, can be compared to data
shown in Supplementary Figure S12A, where the IC of
AAES871 against FLT3 kinase activity in drug-sensitive
cells is >0.01 puM and <0.1 uM (which supports in vitro
kinase assay results suggesting an IC,, of 0.034 uM for
AAES871 against FLT3). These results combined confirm
FLT3-ITD as a target of AAE871. When investigating lev-
els of relevant signaling molecules in the AAE871-resistant
cells, we did not observe a comparable increase in levels of
pSTATS or pMAPK in AAE871-resistant Ba/F3-FLT3-1TD
cells (compared to drug-sensitive Ba/F3-FLT3-ITD cells),
despite overexpression of FLT3 (Suppl. Fig. S13C and
S13D).

Response of “type I” FLT3 inhibitor-resistant mutant FLT3-
expressing cells to “type II” first- and second-generation FLT3
inhibitors. We were interested in determining whether

cellular resistance to one “type I” inhibitor would confer
cross-resistance to other “type I” inhibitors. Treatment of
AAES871-resistant mutant FLT3-expressing cells with
PKC412 showed a significant rightward shift in the dose-
response curve, as compared to treatment of drug-naive
mutant FLT3-expressing cells ac,, for PKC412 against
wild-type FLT3-ITD = 0.01-0.025 uM; IC50 for PKC412
against AAE871-resistant FLT3-ITD = 0.05-0.075 puM)
(Fig. 6). Similarly, treatment of PKC412-resistant mutant
FLT3-expressing cells with AAE871 resulted in a rightward
shift in the dose-response curve, as compared to treatment
of drug-naive mutant FLT3-expressing cells (IC, = for
AAES871 against wild-type FLT3-ITD <0.01 pM; IC for
AAER71 against PKC412-resistant FLT3-ITD <0.05 uM).
Treatment of PKC412-resistant mutant FLT3-expressing
cells with “type II” first-generation FLT3 inhibitors,
AFG206, AFG210, and AHL196, led to rightward shifts in
the dose-response curves, as compared to treatment of
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treatment of FLT3-ITD-Ba/F3 cells with AUZ454,ATH686, or PKC412 (A) and 3-day treatment of PKC412-resistant FLT3-ITD-Ba/F3 cells with AUZ454,
ATH686, or PKC412 (B). (C, D) Three-day treatment of FLT3-ITD-Ba/F3 cells with PKC412 or AUZ454 (C) and 3-day treatment of AAE87 | -resistant

FLT3-ITD-Ba/F3 cells with PKC412 or AUZ454 (D).

drug-naive FLT3-expressing cells (IC_ <0.1 uM against
wild-type FLT3-ITD; IC >0.25 uM against PKC412-
resistant FLT3-ITD) (Fig. 6 and Suppl. Fig. S14). These
results suggest that cross-resistance between “type I” FLT3
inhibitors can occur, as can cross-resistance between “type
I” FLT3 inhibitors and “type II”” FLT3 inhibitors of similar
potency.

We were then interested in investigating the potential of
the highly potent “type II”” second-generation FLT3 inhibi-
tors to override drug resistance conferred by mutant FLT3-
expressing cells made resistant to “type I’ FLT3 inhibitors.
We observed an approximate 10-fold shift in potency
of AUZ454 and ATH686 when tested against PKC412-
resistant FLT3-ITD—positive cells, as compared to wild-
type FLT3-ITD-expressing cells (Fig. 7). For AUZ454 and
ATH686 against PKC412-resistant FLT3-ITD cells, the

IC,  is approximately < 0.01 uM, which, based on IL-3 res-
cue experiments, is a selective and physiologically relevant
concentration (Fig. 7). This is in contrast to the IC50 of
PKC412 against PKC412-resistant cells, which is approxi-
mately 1 pM (Fig. 7). Based on the lack of IL-3 rescue
observed at this concentration of PKC412, this is not a
physiologically relevant concentration, and cell death at
this concentration is likely due to nonselective toxicity.

Discussion

Clinically available therapies for AML often fail due to
treatment-induced mortality or drug resistance.”® While the
use of stand-alone, standard chemotherapy translates into
low therapy-induced mortality, there is a high risk of relapse
stemming from drug resistance.”’ Conversely, a high
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therapy-induced mortality and a lower risk of relapse are
associated with allogeneic transplantation (alloBMT),
which shows more promise in younger patients and thus has
a small influence on the majority of AML patients who tend
to be over the age of 65 years.””**

Constitutively activated mutant FLT3, which is expressed
in a subpopulation of AML patients, is an attractive thera-
peutic target for AML. Presently, several FLT3 inhibitors,
including the late-stage in-development “type I” inhibitor,
PKC412, are undergoing clinical investigation. However,
the FLT3 inhibitors clinically tested up to now generally
induce only partial and transient responses in patients when
used as single agents. This, coupled with the discovery of
drug-resistant leukemic blasts in FLT3 inhibitor—treated
AML patients, highlights a need for identification and
development of novel, structurally diverse FLT3 inhibitors
that could be used to override drug resistance. Such agents
would ideally confer higher potency and/or less toxicity
that could either be used effectively as stand-alone agents
or that could be combined with other agents to effectively
suppress disease progression and prolong patient survival.

We present here a structure-affinity comparison between
the novel class of first-generation “type II” FLT3 inhibitors,
AFG206, AFG210, and AHL196, and the novel class of
second-generation “type II” derivatives and AST487 ana-
logs, AUZ454 and ATH686. All have demonstrated the
ability to potently and selectively inhibit FLT3 protein
kinase activity, and each induced programmed cell death
and inhibited cell cycle progression of cells expressing
mutant FLT3. However, the second-generation “type II”
derivatives exhibit substantially higher potency than the
first-generation “type II”” inhibitors. This increased potency
is due to enhanced target affinity, associated with introduc-
tion of an amino group in position 2 of the pyrimidine ring,
as well as introduction of a piperazine moiety. These fea-
tures result in more favorable interaction with the ATP
pocket of the FLT3 target. The discovery and development
of novel agents, such as AUZ454 and ATH686, with unique
structures conferring higher potency and selectivity toward
FLT3 as a target, may allow for more complete inhibition of
the FLT3 kinase protein target as compared to that of exist-
ing therapies in preclinical and clinical development.

As a way to potentially suppress the emergence of point
mutations in FLT3 conferring drug resistance, 2 different
FLT3 inhibitors could be used together if the mechanism
whereby cells develop resistance to each is different. Dose-
response curve shifts to the left were observed for the com-
bination of AFG206 or AFG210 with PKC412, respectively,
as compared to any one agent alone. CalcuSyn analysis of
these data was carried out by converting the percentage of
viable cells to fraction affected and carrying out standard
CalcuSyn software (Biosoft, Cambridge, UK) analysis. The
numerical values (combination indices) generated by Cal-
cuSyn suggest that the combinations of AFG206 + PKC412

or AFG210 + PKC412 were generally additive to synergis-
tic across a range of doses.

In addition to searching for novel and potent FLT3 inhib-
itors representative of unique structural classes, researchers
are attempting to gain a better understanding of the underly-
ing mechanisms of drug resistance in AML. Clinical trial
data with tyrosine kinase inhibitors show that while there is
rapid and efficient clearance of blasts in the peripheral
blood of patients, a delayed or marginal decrease in bone
marrow blasts has been observed. Stromal cells, which pro-
vide protective viability signals to leukemic cells, have
been implicated in this mode of resistance,” and small mol-
ecule CXCR4 inhibitors have been shown to be effective in
augmenting the antileukemic effects of chemotherapy or
FLT3 inhibitors.””** Other mechanisms of drug resistance
to tyrosine kinase inhibitors include acquired point muta-
tions in the molecular targets.'*'> For example, resistance
to PKC412 in patients has been attributed to pre-existing or
acquired mutations in the kinase domain of FLT3.** Other
resistance mechanisms include deregulation of signaling
molecules, such as those mediating STAT signaling and
apoptotic signaling,***® which lead to a survival advantage
in leukemic cells. Also reported as mechanisms of resis-
tance to tyrosine kinase inhibitors are gene amplification
and overexpression of drug target mRNA and protein.>”>’

Mutant FLT3-expressing Ba/F3-derived cells were made
resistant to PKC412 as previously described,'? as well as
the type 1 first-generation inhibitor, AAE871. Both drug-
resistant cell lines were characterized as having a signifi-
cantly higher expression of mutant FLT3 than their
drug-sensitive counterpart, with levels of phosphorylated
mutant FLT3 sustained in the drug-resistant cells, even in
the continuous presence of inhibitor. However, despite
overexpression of mutant FLT3 protein, levels of phosphor-
ylated STATS and phosphorylated MAPK, signaling mole-
cules associated with FLT3-mediated signal transduction,
were not significantly elevated in drug-resistant cells, as
compared to drug-sensitive cells. We have observed a simi-
lar lack of hyperphosphorylation of STATS and MAPK in
MOLMI13 cells made resistant to PKC412 and the type 11
ATP competitive inhibitor, HG-7-85-01, following long-
term culture in the presence of gradually increasing concen-
trations of inhibitor (unpublished results). In the case of
PKC412- and HG-7-85-01-resistant MOLM13 cells, a sig-
nificant overexpression of mutant FLT3 was observed that
was accompanied by a sharp decrease in pSTATS5 and either
no increase in pMAPK (in the case of HG-7-85-01-
resistant cells) or a modest increase (in the case of PKC412-
resistant cells) (unpublished results). One explanation could
be that the continuous presence of drug in the drug-resistant
cells causes the frequently observed stabilization of target
protein (previously observed for BCR-ABL in nilotinib- or
imatinib-treated cells'™*’ and with FLT3 in PKC412-treated
cells'?). The continuous presence of drug, however, which
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is often necessary to maintain the drug-resistant phenotype,
might still inhibit downstream signaling components as it
would in drug-naive cells. Just as elevated expression of
BCR-ABL or FLT3 in kinase inhibitor—treated cells does
not compensate for the decrease in pTYR levels observed in
drug-treated, drug-sensitive cells, the same might apply
here in the context of the drug-resistant phenotype. These
results point toward overexpression of FLT3-ITD target
protein as a possible contributor to the mechanism of drug
resistance. However, the underlying complete mechanism
of resistance may be more complex and suggests a need for
further investigation.

Cross-resistance between “type 1” FLT3 inhibitors can
occur, as can cross-resistance between “type I’ FLT3 inhib-
itors and “type II” FLT3 inhibitors of similar potency. These
conclusions are supported by the observation of a signifi-
cant rightward shift in the dose-response curve in PKC412-
treated, AAE871-resistant mutant FLT3-expressing cells, as
compared to PKC412 treatment of drug-naive mutant
FLT3-expressing cells. Treatment of PKC412-resistant
mutant FLT3-expressing cells with AAE871 resulted in a
similar rightward shift in the dose-response curve, as com-
pared to treatment of drug-naive mutant FLT3-expressing
cells. Further, treatment of PKC412-resistant mutant FLT3-
expressing cells with “type II” first-generation FLT3 inhibi-
tors, AFG206, AFG210, and AHL196, led to rightward
shifts in the dose-response curves, as compared to treatment
of drug-naive FLT3-expressing cells. The high potency of
the second-generation “type II” inhibitors, AUZ454 and
ATH686, was sufficient to kill “type I” inhibitor-resistant
mutant FLT3-expressing cells.

When considering resistance of cells to agents, the selec-
tive nature of the compound is taken into consideration as
this may be predictive of how effective and nontoxic the
agent might be in patients who have failed conventional
therapies. Thus, when comparing 2 different agents for
effectiveness against a drug-resistant cell, the comparison is
relative and relevant to what can be expected in terms of
efficacy and selectivity in a clinical setting. While the more
potent type II inhibitors were not effective against the drug-
resistant cells at 0.001 pM, they showed considerable effi-
cacy at 0.01 pM, which is a highly selective and
physiologically relevant concentration (IL-3 rescue is
observed at 0.01 uM). This can be compared to the com-
plete lack of efficacy of PKC412 against the resistant cells
at concentrations (<0.1 uM) that are selective and physio-
logically relevant. It can therefore be concluded that the
more potent type Il inhibitors can potentially override drug
resistance, a conclusion that warrants testing in a clinical
setting involving patients who have exhibited PKC412
intolerance or resistance.

The novel “type II” inhibitors, AUZ454 and ATH686,
introduce a new class of highly potent FLT3 inhibitors able
to override certain forms of drug resistance, including che-
moresistance that “type I” inhibitors and first-generation

“type II” FLT3 inhibitors are unable to. The structural com-
parisons between small molecule inhibitors representative
of the different classes of agents detailed here can help to
serve as a guide for development of more efficacious thera-
peutics designed against mutant FLT3-positive AML.

Materials and Methods

Cell lines and cell cufture. The IL-3—dependent murine
hematopoietic cell line Ba/F3 was transduced with either
FLT3-ITD-, FLT3-D835Y-, or N841I-containing MSCV ret-
roviruses harboring a neomycin selectable marker and
selected for resistance to neomycin.*'’ Mutant FLT3-
transduced cells were selected for growth in G418
(1 mg/mL). The PKC412-resistant FLT3-ITD-Ba/F3 cell
line was developed as previously described.'” The AAE871-
resistant FLT3-1TD-Ba/F3 cell line was similarly developed
as previously described for PKC412-resistant FLT3-1TD-Ba/
F3 cells.”?

All cell lines were cultured with 5% CO, at 37°C in
RPMI1640 (Mediatech Inc., Herndon, VA) with 10% fetal
calf serum (FCS) and supplemented with 1% L-glutamine.
Parental Ba/F3 cells were similarly cultured with 15%
WEHI-conditioned medium as a source of IL-3. Trans-
fected cell lines were cultured in media supplemented with
1 mg/mL G418. PKC412- and AAE871-resistant FLT3-
ITD-Ba/F3 cells were cultured in the presence of PKC412
(0.04 uM, 0.05 uM) and AAES871 (0.04 uM, 0.1 puM),
respectively.

Chemical compounds and biological reagents. AFG206,
AFG210, AHL196, AST487, AUZ454, ATH686, PKC412,
AAES871, and imatinib were synthesized by Novartis Pharma
AG. Compounds were initially dissolved in DMSO to make
10-mM stock solutions and then were serially diluted to
obtain final concentrations for in vitro experiments.

Antibodies and immunoblotting. Anti-p-Tyr (clone 4G10,
Upstate Biotechnology, Lake Placid, NY) was used at
1:1,000 for immunoblotting. Anti-FLT3/Flk-2 (rabbit,
C-20, Santa Cruz Biotechnology Inc., Santa Cruz, CA) was
used at 1:200 for immunoblotting. The monoclonal anti-p-
actin antibody (clone AC-15, Sigma-Aldrich, St. Louis,
MO) was used at a 1:1,000 dilution. Phospho-STATS
Tyr694 antibody (rabbit #93518S, Cell Signaling, Danvers,
MA) was used at a 1:1,000 dilution. Total STATS (3H7)
(rabbit mAb #9358, Cell Signaling) was used at a 1:1,000
dilution. Phospho-MAPK-p44/42 (T202/Y204) antibody
(rabbit, Cell Signaling) was used at a 1:1,000 dilution. Total
MAPK (rabbit #9102, Cell Signaling) was used ata 1:1,000
dilution. Protein lysate preparation and immunoblotting
were carried out as previously described."?

In vitro kinase assays. In vitro kinase assays were per-
formed as previously described."”
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AML patient cells. Bone marrow samples from AML
patients identified as harboring mutant FLT3 were processed
using Ficoll-Paque Plus (GE Healthcare, Little Chalfont,
UK) for the isolation of mononuclear cells. Mononuclear
cells were then tested in liquid culture (Iscove’s MDM, sup-
plemented with 20% FCS) in the presence of different con-
centrations of drug. All bone marrow samples from AML
patients were obtained under approval of the Dana Farber
Cancer Institute Institutional Review Board.

Proliferation studies, cell cycle analysis, and apoptosis assay.
Cell counts for proliferation studies were obtained using the
trypan blue exclusion assay, as previously described.'
Error bars represent the standard error of the mean for each
data point. Programmed cell death of inhibitor-treated cells
was determined using the Annexin-V-Fluos Staining Kit
(Boehringer Mannheim, Indianapolis, IN), as previously
described."? Cell cycle analysis was performed as previ-
ously described.'?

Drug combination studies. For drug combination studies,
compounds were added simultaneously at fixed ratios to
cells, and cell viability was determined by trypan blue
exclusion and expressed as the function of growth affected
(FA) drug-treated versus control cells. Synergy was assessed
by CalcuSyn software (Biosoft), using the Chou-Talalay
method."® The combination index = [D], [D ], + [D]z/ D 1.
where [D] and [D], are the concentrations required by each
drug in combination to achieve the same effect as concen-
trations [D ] and [D ], of each drug alone. Values less than
1 indicate synergy, whereas values greater than 1 indicate
antagonism.
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