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Regular Article

MYELOID NEOPLASIA

TTT-3002 is a novel FLT3 tyrosine kinase inhibitor with activity against
FLT3-associated leukemias in vitro and in vivo

Hayley Ma," Bao Nguyen,' Li Li," Sarah Greenblatt,” Allen Williams,! Ming Zhao," Mark Levis," Michelle Rudek,’
Amy Duffield,? and Donald Small'-3

"Departments of Oncology, 2Pathology and ®Pediatrics, The Johns Hopkins University School of Medicine, Baltimore, MD

More than 35% of acute myeloid leukemia (AML) patients harbor a constitutively
activating mutation in FMS-like tyrosine kinase-3 (FLT3). The most common type,
internal tandem duplication (ITD), confers poor prognosis. We report for the first time on
TTT-3002, a tyrosine kinase inhibitor (TKI) that is one of the most potent FLT3 inhibitors
discovered to date. Studies using human FLT3/ITD mutant leukemia cell lines revealed
the half maximal inhibitory concentration (ICs,) for inhibiting FLT3 autophosphoryla-
tion is from 100 to 250 pM. The proliferation IC5, for TTT-3002 in these same cells was
from 490 to 920 pM. TTT-3002 also showed potent activity when tested against the most
frequently occurring FLT3-activating point mutation, FLT3/D835Y, against which many
current TKls are ineffective. These findings were validated in vivo by using mouse
models of FLT3-associated AML. Survival and tumor burden of mice in several FLT3/ITD
transplantation models is significantly improved by administration of TTT-3002 via oral
dosing. Finally, we demonstrated that TTT-3002 is cytotoxic to leukemic blasts isolated
from FLT3/ITD-expressing AML patients, while displaying minimal toxicity to normal hematopoietic stem/progenitor cells from
healthy blood and bone marrow donors. Therefore, TTT-3002 has demonstrated preclinical potential as a promising new FLT3 TKI

Key Points

e A novel TKIl is discovered with
potent and selective activity
against FLT3-mutant cell lines
and primary patient samples.

e TTT-3002 is effective in vivo
in several mouse tumor
models of FLT3/ITD-
associated AML with minimal
toxicity.

in the treatment of FLT3-mutant AML. (Blood. 2014;123(10):1525-1534)

Introduction

Acute myeloid leukemia (AML) is a hematologic malignancy
characterized by myeloproliferation and a block in cellular dif-
ferentiation, leading to expansion of immature blasts in the bone
marrow (BM) and peripheral blood (PB)." This disease causes
approximately 7000 deaths in the United States annually.! FMS-
like tyrosine kinase-3 (FLT3) is a receptor tyrosine kinase ex-
pressed in hematopoietic stem/progenitor cells.> Upon binding
FLT3 ligand, the receptor undergoes dimerization and activation
of its kinase domain resulting in autophosphorylation and
phosphorylation of substrate proteins with subsequent stimula-
tion of downstream signaling cascades via the STATS, PI3K/
AKT, and RAS/MAPK pathways.>* Approximately 35% of
AML patients harbor a mutation in the FLT3 gene leading to
constitutive activation.”*® The most commonly observed mutation
(25% of AML patients) occurs in the juxtamembrane domain
as an internal tandem duplication (FLT3/ITD) of variable-length
sequence repeats.’ Activating point mutations (FLT3/PM) are
also observed in 7% to 10% of patients.® Constitutive activation
of FLT3 in a ligand-independent manner provides a survival and
proliferative advantage to cells.” ITD mutations in FLT3 in
particular confer a poor prognosis, and many studies are directed
at developing and testing novel FLT3 inhibitors for the treatment
of AML.'*"?

Several clinical trials are now underway for novel tyrosine kinase
inhibitors (TKISs) that target FLT3, such as sorafenib (developed as an
inhibitor of Raf-1 kinase and approved for advanced renal cell car-
cinoma and hepatocellular carcinoma),’*"! lestaurtinib (CEP-701;
completed phase 3 trials in AML),'”"'® quizartinib (AC220; completed
phase 2 trials for relapsed/refractory AML)," and midostaurin
(PKC412; currently in phase 3 trials).'®*° While some interim results
are encouraging, overall there have been limitations in the responses
observed in patients on these trials, often related to insufficient
achievement of FLT3 inhibition and the emergence of resistance
mutations in FLT3/ITD.?'"? Therefore, the search for novel FLT3
TKIs with improved potency against FLT3/ITD- and FLT3/PM-induced
phosphorylation is necessary to improve the cure rate of this disease.

In this study, we demonstrate that TTT-3002 is the most potent
FLT3 inhibitor to date, with picomolar half maximal inhibitory
concentrations (ICsps) for autophosphorylation of FLT3/ITD and
FLT3/PM mutations. This compound is also well tolerated and
effective in vivo in a variety of xenograft mouse models of FLT3-
mutant AML. Further studies reveal that TTT-3002 is active against
FLT3-expressing blasts from primary patient samples while showing
minimal toxicity to normal BM mononuclear cells and CD34™
progenitors at biochemically relevant doses, making it a promising
new candidate for the treatment of AML.
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Methods

Compounds

TTT-3002 was a generous gift of TauTaTis, Inc. (San Diego, CA). CEP-701,
AC220, and sorafenib were purchased from LC Laboratories. Compounds
were dissolved in 100% dimethylsulfoxide (DMSO) and prepared as 10 mM
stock solutions in RPMI with 0.1% DMSO and stored at —80°C.

Growth inhibition

Cells were seeded at a density of 1 to 2.5 X 10° cells per milliliter in the
presence or absence of inhibitor for the indicated times. Viable cell counts were
measured every 24 hours by Trypan blue exclusion assay. Cell proliferation
was measured using the 3-(4,5-dimethylthiazol-2-yl)-2,5-dimethyltetrazolium
bromide (MTT) assay according to the manufacturer's instructions (Roche
Applied Science). ICsps were calculated by linear regression analysis of optical
density measured at 570 nm, relative to DMSO control (CalcuSyn; Biosoft).
For the colony-forming unit (CFU) assay, cells were plated at a density of
5 X 107 cells per milliliter to 2 X 10* cells per milliliter in methylcellulose
(MethoCult H4230 or M3434; Stem Cell Technologies) and incubated at
37°C. Colony counts (total and/or burst-forming unit erythroid, CFU-
granulocyte-macrophage, CFU-granulocyte, and CFU-macrophage) were
obtained 7 to 14 days after plating.

Immunoprecipitation and western blotting

Cells were cultured in the presence of inhibitor for 1 hour at 37°C, and FLT3
and phospho-FLT3 (pFLT3) expression were analyzed by performing im-
munoprecipitation of whole-cell extracts for FLT3 (S-18), followed by
sodium dodecyl sulfate polyacrylamide gel electrophoresis and western
blotting. Proteins were transferred to a polyvinyl difluoride membrane
(Millipore) and probed for FLT3 and pFLT3 by using S-18 and 4G10
phosphotyrosine antibodies, respectively, followed by fluorescent anti-
rabbit and anti-mouse secondary antibodies. FLT3 was then detected on
aLI-COR Biosciences imager using Odyssey software. Other proteins were
detected in whole-cell lysates by using the indicated antibodies and a
horseradish peroxidasel conjugated goat anti-rabbit secondary antibody
followed by enhanced chemiluminescence.

Transplantation experiments

Transplantation of Ba/F3-ITD luciferase (Luc) [expressing cells was per-
formed as described previously.?® For engraftment, 2 X 10° cells were injected
by tail vein into BALB/C mice (day 0). Starting 7 days later, mice were treated
with 6 mg/kg of TTT-3002 hydrochloride suspended by brief sonication 1 hour
prior to dosing in 1 mM HCl twice daily by oral gavage for 2 to 4 weeks. Mice
were imaged by intraperitoneally injecting D-luciferin (3 mg) and visualizing on
an IVIS Spectrum imager (Caliper LifeSciences) using Living Image software
for analysis on day 7 postinoculation to monitor engraftment and once weekly
thereafter to assess response to drug.

Transplantation of leukemic NUP98-HOXD13 (NHD13)/ITD BM was
performed as described previously.?” In brief, 5 X 10° BM donor cells
(CD45.2") from leukemic mice, together with 5 X 10° CD45.1" wild-type
(WT) BM cells as helper cells, were injected into the lateral tail vein of
sublethally irradiated (750 rads) C57BL/6 CD45.1" recipient mice. PB was
obtained from recipient mice every 2 weeks for assessment of complete PB
counts and expression of CD45.1 and CD45.2 on the cell surface. Mice were
treated with 6 mg/kg of TTT-3002 as described above or 10 mg/kg of sorafenib
suspended in 30% (weight/volume) Cremophor EL, 30% weight/volume
polyethylene glycol 400, 10% ethanol absolute proanalysis, and 10% glucose, as
described previously (all Sigma-Aldrich) once daily by oral gavage.” Discase
progression was measured by white blood cell (WBC) counts, spleen weight,
CD45.2 engraftment, and histopathology.

For histopathologic analysis, PB, femur, tibia, hips, and spine were iso-
lated from NHD13/ITD or Ba/F3-ITD Luc™ transplant recipients. BM cells
were isolated by crushing and cytospin preparation. BM and PB smears were
stained with Wright-Giemsa stain (Richard-Allan Scientific). Slides were
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imaged on an Olympus BX46 microscope with an Olympus DP72 camera at
X20 and X100 magnifications with 0.5 and 1.3 apertures, respectively.
Olympus cellSens Standard 1.5 image acquisition software was used.

Patient samples

Human AML and normal BM samples were collected under an institutionally
approved protocol with informed patient consent in accordance with the
Declaration of Helsinki. Samples were obtained prior to therapy or at relapse.
Mononuclear cells were isolated by Ficoll centrifugation and cryopreserved
in liquid nitrogen until use. All studies used freshly thawed cells. CD34*
stem/progenitor cells were isolated from human cord blood (100 mL) by
using the CD34 MicroBead Kit (Miltenyi Biotech) following the manufac-
turer's instructions.

Statistical analysis

Statistical analysis was performed with Student 7 test and log-rank test by
using the GraphPad software analysis program (Prism). P values <.05
were considered to be statistically significant. All data are presented as the
mean * standard deviation (SD).

Results
Activity of TTT-3002 in FLT3-dependent leukemia cell lines

TTT-3002 is a small molecule kinase inhibitor of the indolocarba-
zole class with a molecular weight of 465 g/mol (Figure 1A).?° To
determine whether TTT-3002 targets FLT3 kinase activity and
inhibits autophosphorylation, we studied the effect of TTT-3002
treatment on the FLT3/ITD-expressing human leukemia cell lines
Molm14 and MV4-11. Cells were subjected to 1 hour of treatment
with increasing concentrations of TTT-3002 or AC220, previously
the most potent published FLT3 TKI. Western blotting analysis
showed that FLT3 phosphorylation was downregulated in a dose-
dependent manner (Figure 1B). The ICs for FLT3 phosphoryla-
tion in both cell lines was six- to sevenfold lower for TTT-3002
compared with AC220 at 0.2 vs 1.3 nM, respectively, making TTT-
3002 the most potent FLT3 inhibitor investigated to date.

We next studied the effect of TTT-3002 treatment on the viability
of the Molm14 and MV4-11 cells. Exposure to this compound
potently inhibited the rate of cell proliferation in culture at con-
centrations of 1 nM or greater and greatly decreased colony formation
ability of these cells (Figure 1C-D). Cell cycle arrest followed by
marked induction of apoptosis was observed by propidium iodide and
Annexin V binding analysis at low concentrations of TTT-3002, along
with concurrent activation of caspase 3 and poly ADP ribose poly-
merase cleavage (Figure 1E-G). Cytotoxic effects of TTT-3002, but
not AC220, were also observed in the HB11;19 cell line, harboring
an FLT3/D835H mutation, which renders it insensitive to treatment
with AC220 (supplemental Figure 1A-C on the Blood Web site). No
cytotoxic effects were observed in HL60 cells, an AML cell line that
does not express FLT3 (supplemental Figure 2A-D).

To further examine whether TTT-3002 was a relatively selective
FLT3 inhibitor, we tested whether the drug would have a greater
effect on FLT3-dependent cells (cells with FLT3-activating muta-
tions or high levels of WT expression with autocrine activation) than
on FLT3-independent cells (cells with low or no levels of WT FLT3
expression or autocrine activation). A panel of FLT3/ITD, FLT3/
PM, and FLT3/WT cell lines were plated in increasing concen-
trations of TTT-3002 (0 to 200 nM), and cell proliferation was mea-
sured by MTT assay (Figure 2A). The mutation status and 1Cs
values of each cell line are summarized in Table 1. In cell lines
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Figure 1. TTT-3002 is a potent inhibitor of FLT3/ITD in AML cell lines. (A) Structure of TTT-3002. (B) Inhibition of pFLT3 in Molm14 and MV4-11 cells treated with TTT-
3002 or AC220; fraction of pFLT3/FLT3 relative to DMSO control is indicated below each western blot. (C) Viable cell counts by Trypan blue exclusion assay; error bars
represent average *+ standard deviation (SD). (D) Inhibition of colony formation by TTT-3002; error bars represent average + SD. (E) Cell cycle arrest at 24 hours following
treatment with TTT-3002 (0 to 10 nM); error bars represent average + SD. (F) Annexin V binding at 48 hours; data represent average percentage of Annexin V—positive cells
=+ SD. (G) Expression of proapoptotic markers, cleaved poly ADP ribose polymerase (PARP), and cleaved caspase-3 was increased at 12 and 24 hours by western blotting of
Molm14 and MV4-11 cell lysates following treatment with TTT-3002 at the indicated concentrations.
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Figure 2. TTT-3002 is a kinase inhibitor of FLT3 signaling. (A) Proliferation of leukemia cell lines at 48 hours following treatment with TTT-3002, measured by MTT assay.
Error bars represent average = SD. Data are representative of 3 independent experiments. (B) STAT5 signaling is rescued by interleukin-3 (IL-3) stimulation. Expression of
pFLT3 and pSTATS5 by western blotting of Ba/F3-FLT3/ITD cell lysates following treatment with TTT-3002 + IL-3 (10 ng/mL). (C) Ba/F3-FLT3/ITD cell proliferation is rescued
by IL-3 stimulation. Ba/F3-FLT3/ITD cells were plated in quadruplicate with TTT-3002 (0 to 10 nM) with and without IL-3 (10 ng/mL), and proliferation was measured at 48
hours by MTT assay. Error bars represent average of 3 independent experiments + SD. (D) FLT3 phosphorylation is inhibited by TTT-3002 in FLT3/ITD, FLT3/PM, and FLT3/WT
cell lines. Expression of FLT3 and pFLT3 was measured by western blotting following 1 hour of treatment with TTT-3002. Data from 3 independent experiments are
represented as a fraction of pFLT3/FLT3 relative to DMSO control = SD. ICs, is indicated on the graph. (E) FLT3/ITD (Ba/F3-FLT3/ITD), FLT3/PM (Ba/F3-FLT3/D835Y), and
overexpressed FLT3/WT (SEM-K2) cells were treated with TTT-3002 for 1 hour, and expression of pFLT3, FLT3, pSTAT5, STAT5, pAKT, AKT, pMAPK, and MAPK were
measured by western blotting. Data are representative of 3 independent experiments.

expressing FLT3/ITD, TTT-3002 had ICsq values of <1 nM, which  were noted against the FLT3/PM lines, and a highly expressed
is similar to the activity of AC220 with regard to cell proliferation  autocrine-activated FLT3/WT cell line had an ICsy of 3.5 nM. By
when compared side by side (supplemental Table 1). ICspsof 1toSnM  comparison, AC220 had an ICs, of >100 nM against the FLT3/PM
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Table 1. FLT3 mutational status and proliferation IC5, for TTT-3002
treatment of leukemia cell lines

Cell line FLT3 status IC5o (NM)
Ba/F3-ITD ITD 0.62
MV4-11 ITD <0.25
Molm14 ITD 0.72
HB-11;19 PM 4.24
Ba/F3-D835Y PM 1.74
SEM-K2 WT (overexpressed with autocrine activation) 3.45
REH WT 112
HL60 No expression 138.3
K562 No expression >200

Proliferation ICso (NM) measured after 48 hours of drug exposure (0 to 200 nM) in
RPMI-1640 with 10% fetal bovine serum, relative to DMSO control, as in Figure 2A.

cell line HB11;19 (supplemental Table 1). In contrast, in the cell lines
without FLT3 activation, TTT-3002 showed ICss of 112 to >200 nM.
Rescue of inhibition and cell viability was achieved in Ba/F3-FLT3/
ITD cells through activation of parallel downstream signaling
proteins such as interleukin-3 receptor stimulation of STATS sig-
naling, providing further evidence that selective FLT3 inhibition by
TTT-3002 caused the observed decreases in cell proliferation
(Figure 2B-C).

To assess the activity of TTT-3002 in inhibiting FLT3 phos-
phorylation, the leukemia cell line panel was subjected to treatment
with TTT-3002 followed by western blotting analysis, which con-
firmed that FLT3 phosphorylation was potently downregulated in
adose-dependent manner (Figure 2D-E). We observed ICs( values of
; 100 to 250 pM for FLT3/ITD and FLT3/PM, and 500 pM for
highly expressed autocrine-activated FLT3/WT cell lines. The ICs,
was ; 10-fold higher (>2 nM) for REH and Ba/F3-FLT3/WT cells.
We also observed that TTT-3002 treatment inhibited phosphorylation/
activation of downstream targets of FLT3 signaling, including STATS,
AKT, and MAPK, in Ba/F3-FLT3/ITD, Ba/F3-FLT3/D835Y, and
SEM-K?2 cells (Figure 2E).

TTT-3002 is effective against FLT3/ITD mutations in vivo

To assess the efficacy of TTT-3002 in vivo, we used a mouse model
of leukemia in which transplantation of luciferase-expressing Ba/F3-
FLT3/ITD cells (Ba/F3-ITD Luc*) was monitored with biolumi-
nescence imaging, enabling us to measure the response of the
leukemia cells in vivo at multiple time points. The Ba/F3-ITD Luc™*
cell line maintained drug sensitivity in vitro by MTT and western
blotting analyses with subnanomolar ICs, values (supplemental
Figure 3A-B). The cells engrafted by day 7 following tail vein
injection of 2 X 10° cells in BALB/c mice and tumor burden were
measured by bioluminescence imaging periodically during a 4-week
course of treatment. An oral dose of 6 mg/kg TTT-3002 twice per day
was well-tolerated in BALB/c mice with no significant changes in
animal weight and was sufficient to eliminate the presence of Ba/F3-
ITD Luc™ cells by day 17 (10 days of treatment; Figure 3A). Mice
treated with vehicle (1 mM HCI) alone succumbed to disease at
a median of 17.5 days posttransplantation, whereas survival of
TTT-3002[ treated mice was significantly prolonged (P < .0001;
Figure 3B). BM and PB samples revealed a predominance of leukemic
blasts in vehicle-treated mice. In contrast, there was no evidence of
disease in TTT-3002(treated mice at the end of treatment, and
normal trilineage hematopoiesis was observed in the BM samples
from these mice (Figure 3C). Relapse occurred in 44% of the mice
in the TTT-3002treated cohort after cessation of dosing at 4
weeks, with reappearance of luciferase-expressing cells. A small
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number of these mice were treated with TTT-3002 (6 mg/kg), and
we observed decreases in tumor burden yet again, indicating that
the cause of relapse was unlikely to be selection for resistance
mutations, but rather that a minute population of leukemic cells
was protected from drug exposure and allowed to expand upon
cessation of treatment (data not shown). However, there was long-
term survival (greater than 6 months posttransplantation) in all
other cases.

Pharmacokinetics and pharmacodynamics of TTT-3002

The Ba/F3-ITD Luc™ transplant model was also used to study the
pharmacodynamics of TTT-3002 in BALB/c mice. Because plasma
inhibitory assay is used in human clinical trials of FLT3 TKIs, we
wanted to determine whether the dose of 6 mg/kg was sufficient to
achieve trough plasma concentrations capable of inhibiting FLT3
phosphorylation by >90%, a level of inhibition which has been
shown to correlate with improved clinical outcome. 8?12 We treated
leukemic engrafted mice (confirmed by luminescence imaging) with
asingle 6-mg/kg dose of TTT-3002 and harvested spleen and BM cells
and plasma at 0, 4, 6, 8, 12, and 24 hours (Figure 3D). Plasma was
analyzed for total drug level by liquid chromatography/tandem mass
spectrometry. After oral administration, TTT-3002 was rapidly ab-
sorbed with a biphasic maximum serum concentration (Cp,ax)
followed by amonoexponential decay. The C,,,,, and area under the
concentration-time curve from time 0 to infinity (AUCy ..) were
613 nM and 3127 nMh, respectively. The half-life, apparent volume
of distribution, and apparent clearance were 3.6 hours, 21 L/kg, and
4.1 L/h per kilogram, respectively (Figure 3E). In parallel, total cell
lysates from BM and spleen from mice were analyzed by western
blotting to determine the extent of FLT3 inhibition in vivo (Figure 3F).
Phosphorylation of FLT3 was inhibited >90% by the first time point at
4 hours posttreatment, and this level of inhibition was maintained for
up to 24 hours. Potent inhibition of phosphorylation of STATS, an
important downstream target of FLT3, was also observed (Figure 3F).
These studies provide evidence that free drug levels achieved in the
mice were sufficient to disrupt FLT3 signaling and thus prevent cell
proliferation.

TTT-3002 improves survival and other measurements of
disease in a transgenic murine model of leukemia

Aside from testing the leukemia generated by an FLT3/ITD-
transfected Ba/F3 cell line, we also wanted to test the therapeutic
potential of TTT-3002 in vivo against a fully transformed, spontaneous
murine myeloid leukemia that results from a genetically engineered
mouse model that recapitulates many features of human disease. Our
laboratory has previously characterized an AML that is generated in
4 to 5 months with 100% penetrance when NHD13 fusion transgenic
mice are bred to FLT3/ITD knockin mice (hereafter referred to as
NHD13/ITD).?’ These leukemic mice are sensitive to treatment with
sorafenib at the maximum-tolerated dose in C57BL/6 mice of 10 mg/
kg daily,?® and we sought to determine whether TTT-3002 would
also be effective against this FLT3/ITD-associated leukemia. We
also performed ex vivo drug sensitivity studies on leukemic cells
harvested from the spleens of primary leukemic NHD13/ITD mice
to assess the effects of TTT-3002 on cell signaling. Activation of
STATS, a major downstream target of the FLT3 pathway, was sub-
stantially reduced in TTT-3002 treated NHD13/ITD leukemic cells
in a dose-dependent manner, with an ICs of <2 nM (Figure 4A).
In contrast, there was no effect on STATS signaling in the spleen of
normal mice, where it is reflective of B-cell pathways activated
via normal growth factors. Whole BM harvested from primary
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Figure 3. FLT3/ITD is an in vivo target of TTT-3002. BALB/c mice (female, age 6 to 8 weeks) received 2 X 10° Ba/F3-ITD Luc™ cells by tail vein injection on day 0.
Engraftment was confirmed on day 7 by luminescence imaging, and mice were treated with TTT-3002 (6 mg/kg twice per day) or vehicle control (1 mM HCI twice per day) for
28 days. (A) Tumor cell abundance on days 7 and 17 by luminescence imaging; representative mice (n = 10) from each treatment cohort shown. (B) Overall survival of
vehicle-treated (n = 18; median survival, 17.5 days) and TTT-3002—treated (n = 18; median survival, >100 days) mice at day 100 (P < .0001). (C) Histopathology of PB and
BM preparations (Wright-Giemsa stain) of representative mice from each cohort euthanized at day 18 (vehicle) or day 35 (TTT-3002). Red arrows represent examples of
leukemic blasts, yellow arrow represents a normal lymphocyte, and green arrow indicates a normal neutrophil. Slides were imaged on an Olympus BX46 microscope with an
Olympus DP72 camera at X20 and X100 magnifications with 0.5 and 1.3 apertures, respectively; Olympus cellSens Standard 1.5 image acquisition software was used. (D)
BALB/C mice (female, age 6 to 8 weeks) received 2 x 10° Ba/F3-ITD Luc* cells by tail vein injection, and mice were administered a single dose of TTT-3002 (6 mg/kg)
anywhere from day 17 to day 20 as they were succumbing to disease when they had high tumor burden. Spleen and BM cells and plasma samples were harvested from these
per time point,
represented as average + SD. (F) pFLT3 and pSTATS5 are inhibited in vivo by the earliest time point (4 hours postdosing) and maintained for 12 to 24 hours. Fraction of

mice at the indicated time points. (E) Total plasma concentrations of TTT-3002 as measured by liquid chromatography/tandem mass spectrometry; n = 3 mice

pFLT3/FLT3 and pSTAT5/STATS relative to time 0 hours is indicated below each blot. Western blot is representative of 3 independent experiments.
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Figure 4. TTT-3002 improves survival and measures of disease in the NHD13/ITD transgenic mouse model of AML. (A) Cells were harvested from the spleens of age-
matched WT and leukemic NHD13/ITD mice (age 10 weeks). Expression of pSTAT5 relative to total STAT5 of WT and NHD13/ITD cells following 1 hour of treatment with
TTT-3002 (0 to 100 nM) at equivalent protein loading and exposure time. (B) Whole BM was harvested from a CD45.2" NHD13/ITD leukemic donor mouse (age 10 weeks)
and used in cell proliferation studies following treatment with 0 to 50 nM TTT-3002 or sorafenib in vitro for 24 hours; error bars represent average + SD. (C-H) In all, 5 X 10°
CD45.2" donor NHD13/ITD leukemic cells and 5 X 10° CD45.1" WT helper cells were transplanted by tail vein injection into sublethally irradiated CD45.1" WT recipients.
Engraftment of CD45.2" cells in PB was confirmed on day 14 by flow cytometry, and mice were divided into 3 treatment cohorts: TTT-3002 (n = 6; 6 mg/kg twice per day),
sorafenib (n = 8; 10 mg/kg once per day), or vehicle (n = 8; 1 mM HCI twice per day). (C) Percentage of engrafted CD45.2" leukemic cells in the PB on days 14, 21, and 28.
(D) WBC counts on days 14, 21, and 28 (WBC, 10%/mL) ***P < .001. (E) Splenomegaly is decreased in FLT3 TKI-treated mice. Spleens were harvested and weighed from
vehicle-treated mice as they succumbed to disease, and spleens were harvested from mice in the TTT-3002—-treated (n = 3; **P < .01) and sorafenib-treated (n = 3;
**P < .01) cohorts on day 28 posttransplantation, corresponding with cessation of treatment. (F) TKI treatment impairs leukemic colony formation of whole BM harvested from
vehicle-, TTT-3002—, and sorafenib-treated mice (n = 3 per cohort) at time points described in (E). Data represent average of 3 mice per cohort = SD; **P < .001. (G)
Histopathology of PB and BM preparations (Wright-Giemsa stain) of representative mice from each cohort. PB and BM were harvested from mice at time points described in (E).
Arrows indicate examples of leukemic blasts or atypical monocytes (red) in the BM and PB of vehicle- and sorafenib-treated mice. The PB image of the TTT-3002 representative
mouse contains normal mature lymphocytes (yellow arrow), but blasts and atypical monocytes are virtually absent. Slides were imaged on an Olympus BX46 microscope with
an Olympus DP72 camera at X100 magnification with 1.3 aperture. Olympus cellSens Standard 1.5 image acquisition software was used. (H) Overall survival
of vehicle- (n = 8), TTT-3002— (n = 3) and sorafenib- (n = 5) treated cohorts, with median time to death of 22, 51, and 50 days, respectively; **P < .01; ns, not
significant.
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leukemic NHD13/ITD mice engrafts in sublethally irradiated re-
cipient mice with reconstitution of leukemia in as little as 2
weeks. CD45.2" whole BM cells isolated from an NHD13/ITD
leukemic donor mouse were sensitive to TTT-3002 and sorafenib ex
vivo by MTT assay (Figure 4B). To study the effects of TTT-3002 on
NHD13/ITD leukemia in vivo, sublethally irradiated CD45.1%
recipients received 5 X 10° CD45.27 cells by tail vein injection,
and PB engraftment (blasts >95% CD45.2%) was confirmed by
flow cytometry analysis of CD45.2" and CD45.1% cells at day 14.
In PB, ; 10% of cells were CD45.2" (range, 0.5% to 14.6%), and
the mice were found to have slightly elevated WBC counts (range,
10 to 20 X 10*/mL) (Figure 4C-D). A 2-week course of treatment
(TTT-3002 6 mg/kg twice daily, sorafenib 10 mg/kg once per
day, or vehicle 1 mM HCI) was initiated at day 14. By day 21, we
observed profound effects on WBC counts and engraftment
of CD45.2" cells in the PB of drug-treated mice (P < .001)
(Figure 4C-D). The vehicle cohort succumbed to disease on days 21
to 22 with elevated WBC counts of >100 X10*/mL and an average
of >80% engraftment (range, 56% to 92%) of CD45.2™" cells in the
PB. The mice were processed for histopathology of the BM and
spleen, measurement of spleen weight, and assay of BM colony
formation ability (Figure 4E-G). Drug treatment was ceased at
day 28, and specimens from the TTT-3002Jand sorafenib-treated
cohorts were processed for analysis (n = 3). Two-week treatment
with TTT-3002 or sorafenib had significant effects on engraftment
(P < .001), WBC counts (P < .001), spleen weight (P < .01), and
colony formation ability (P < .001) (Figure 4C-F). Histopatho-
logic analysis demonstrated that TTT-3002 treatment resulted in
clearance of leukemic blasts from the BM and PB compared with
vehicle control, with normal WBC counts at the end of treatment
(Figure 4G). Sorafenib also reduced evidence of disease by histopa-
thology, although to a lesser extent since leukemic blasts were still
present along with atypical monocytes. A subset of drug-treated mice
was monitored for signs of relapse. Survival of both drug-treated
groups was significantly prolonged compared with vehicle-treated
mice (P < .01), indicating that TTT-3002 was as effective as
sorafenib in an FLT3/ITD-associated leukemia in vivo (Figure 4H).
The TTT-3002[ treated (n = 3) and sorafenib-treated (n = 5) cohorts
eventually relapsed at days 44 to 55 (16 to 27 days after stopping drug)
with elevated WBC counts at the time of euthanasia (data not shown).

TTT-3002 is cytotoxic to human AML patient blasts but not
normal BM

We further characterized the effects of this new FLT3 TKI on samples
from newly diagnosed and relapsed human AML patients with FLT3/
ITD mutations (Table 2). We observed dose-dependent inhibition of
FLT3/ITD phosphorylation (Figure 5A-B). A significant induction of
apoptosis was observed in TTT-3002(treated FLT3/ITD* AML
blasts; conversely, there was no significant cytotoxicity induced
by TTT-3002 treatment of normal whole BM cells (Figure 5C).
Furthermore, treatment of normal whole BM and CD34" pro-
genitors obtained from healthy donors did not reduce hematopoi-
etic colony-forming ability despite treatment with up to 50 nM
TTT-3002 (Figure SD-F). These data suggest the potential for
a broad therapeutic window for this compound.

Discussion

One of the obstacles to successfully treating FLT3/ITD-expressing
leukemia patients with FLT3 TKIs is the failure to achieve adequate
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Table 2. AML patient characteristics

Patient  Age (y) Sex Status Cytogenetics  Length of ITD (bp)
1 52 F Diagnosis Normal 48
2 59 M Diagnosis Normal 96
3 27 F Relapse Normal 159
4 54 F Relapse Normal 51
5 81 M Relapse Normal 33
6 30 M Relapse (6;9) +8 81
7 74 M Diagnosis Normal 60

FLT3 inhibition. This is thought to be primarily due to insufficient
potency and/or low free-drug availability in the plasma.>!*?
Therefore, the search for novel FLT3 TKIs with increased activity
against FLT3 phosphorylation is necessary to be able to test whether
FLT3 TKIs can improve the cure rate of FLT3-mutant AML. In this
study, we demonstrate the potent activity of TTT-3002 against
FLT3-activating mutations, including both FLT3/ITD and FLT3/
PM, as well as FLT3/WT cells with overexpression of autocrine-
activated FLT3. These data provide strong evidence that TTT-3002
is the most potent FLT3 TKI reported to date, even exceeding the
activity of AC220 against autophosphorylation of FLT3/ITD.*°
Interestingly, unlike TTT-3002, the ICs5y of AC220 for cell prolif-
eration by MTT assay is lower than its ICsq for inhibiting FLT3
phosphorylation in MV4-11 and Molm14 cells. This finding has also
been reported previously for AC220°" and suggests that AC220 may
have off-target effects even at low nanomolar concentrations, given
that there are changes in cell proliferation without inhibiting significant
levels of FLT3 activity. TTT-3002 activity against FLT3 phosphor-
ylation correlates strongly with its activity in proliferation and
cytotoxicity assays, implying that its action is most likely due to its
activity against FLT3. Thus, it may be a fairly selective FLT3 inhibitor
under a realistic clinical dosing regimen. Indeed, when profiled
against a panel of 140 kinases by Yao et al,>®> TTT-3002 has
a rather high degree of selectivity in vitro. In our studies with
TTT-3002, we observed an ICyy of 1 nM against FLT3/ITD
phosphorylation. Of the 140 kinases in the Yao et al panel, there
was only 1 kinase (MKK1) with an ICqq of # 1 nM, giving this
compound a selectivity score of S(90) = 0.007 at 1 nM. At 10 nM,
which is 10-fold higher than the ICy, for FLT3, the selectivity score is
S(90) = 0.11, with 16 of the 140 kinases inhibited by more than 90%
vs control. Thus, given the observation that <1% of kinases in this
panel are targeted at the ICq, of FLT3/ITD, and only about 11% of
kinases are targeted at a concentration 10-fold higher than this ICqq
concentration, we feel that this compound is relatively selective for
activity against FLT3.%

While mice with complete genetic knock-out of Fit3 have only
subtle deficits in hematopoietic stem cell activity, combination with
partial inactivating c-Kit mutation results in severe hematopoietic
stem cell defects.>? Thus, it is desirable that FLT3 TKIs not have
significant activity against c-Kit because combination trials with
chemotherapy would likely result in delayed hematopoietic re-
covery. We directly tested the activity of TTT-3002 against WT c-KIT
phosphorylation and found the ICso for TTT-3002 was 100-fold
lower for FLT3/ITD than for WT c-KIT (supplemental Figure 4)30
Several FLT3 TKIs have shown evidence of delayed count recovery
when used in combination with chemotherapy and some require
a several-week break from TKI treatment to allow for recovery. The
selectivity and potency of TTT-3002 is somewhat surprising because
it is structurally related to CEP-701 and PKC412, being derivatives
of K252a and staurosporine, respectively. This exemplifies the large
impact on potency and specificity profiles that can result from relatively
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Figure 5. TTT-3002 inhibits FLT3 signaling and
reduces cell viability in primary FLT3/ITD AML
patient blasts. (A) Inhibition of pFLT3 in leukemic cells
from FLT3/ITD AML patients treated ex vivo with TTT-
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minor changes to a lead compound and demonstrates that the general
bias against the indolocarbazole scaffold may be unjustified.

Seven percent to 10% of AML patients harbor an FLT3/PM
activating mutation, and these mutations are completely resistant to
inhibition by sorafenib and AC220.%%*23¢ Furthermore, AML pa-
tients often develop secondary point mutations in FL73 that lead to
TKI resistance and relapse.?*"° TTT-3002 potently inhibits FLT3
phosphorylation by activating mutations at residue D835. We have
preliminary data showing that TTT-3002 also has a broad spectrum of
activity against a variety of FLT3/PMs and mutations conferring re-
sistance to several FLT3 TKIs that have been selected for in recent
clinical trials. This suggests that TTT-3002 is a candidate to overcome
some of these mechanisms of primary and secondary drug resistance.

Oral dosing of TTT-3002 was well tolerated in mice, with no
significant changes in animal weight over the course of treatment
(supplemental Figure 5A). Spleen and liver weights of drug-treated
animals were within the normal range (supplemental Figure 5B).
Further toxicity studies were performed to determine whether there
were any myelosuppressive effects at the dose of 6 mg/kg twice per
day. Analysis of PB and BM of healthy mice treated for 2 weeks
with TTT-3002 or vehicle indicated that blood counts and BM
differentiation were normal, with the presence of normal lymphocytes,
monocytes, granulocytes, and platelets in the PB and normal mega-
karyocytes and myeloid and erythroid precursors in the BM. Tissue
examination of brain, BM, esophagus, stomach, small bowel, colon,
pancreas, liver, heart, kidney, lung, spleen, thymus, ovary, and skin
was histologically unremarkable on hematoxylin and eosin/ stained
sections and revealed no evidence of lesions or other signs of drug-
related toxicity (supplemental Figure 5C-D).

Pharmacodynamic studies revealed that a single dose causes
>90% inhibition of FLT3 signaling that is maintained over the

Drug Conc. (nM)

course of 12 hours. This level of FLT3 inhibition has been shown to
correlate with improved outcome in human clinical trials and has not
always been achieved.'** The pSTATS signal reemerges in the BM
cells at 24 hours, just as the pFLT3 signal increases to 12% of the basal
level. Thus, given these pharmacodynamic data, a twice daily dosing
schedule in mice is appropriate for this compound in order to inhibit the
survival and proliferation pathways driven by FLT3 signaling.

Taken together, these data illustrate the promising activity of
TTT-3002 against FLT3-dependent cells both in vitro and in vivo
and promote the further exploration of this compound as a next-
generation FLT3 inhibitor in the treatment of AML.
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