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ABSTRACT: We report the optimization of a series of IRAK1/4/pan-FLT3 kinase inhibitors. These efforts have produced a key
compound 27 that displays potent and selective inhibition of IRAK1, IRAK4, and FLT3, reduced block of hERG, and good
pharmacokinetic properties. In a mouse xenograft model of acute myeloid leukemia (AML), 27 produces survival prolongation
superior to that of gilteritinib, the leading FDA-approved FLT3 inhibitor currently used to treat AML.
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Acute myeloid leukemia (AML) is an aggressive blood cell
cancer that is currently not well treated.1 Existing therapies

include classical chemotherapeutic agents, FLT3 kinase
inhibitors, and, for patients healthy enough to withstand the
procedure, hematopoietic stem cell transplantation.2 Even with
those options, however, the prognosis for AML patients is often
poor, with most surviving only a few years postdiagnosis.3

FLT3 is a receptor tyrosine kinase that can initiate signaling
through multiple pathways associated with cell growth and
proliferation.4 In AML, a variety of FLT3mutations can produce
constitutive activation of the kinase and its downstream
signaling pathways.5 That aberrant, unchecked signaling
promotes the rapid growth and proliferation of AML tumor
cells, and is a key driver of disease progression.6

Significant efforts have been directed toward the discovery of
FLT3 inhibitors as treatments for AML.7 These efforts have
culminated in FDA approval of three agents to date:
midostaurin, a first-generation inhibitor of FLT3 and other
kinases, as well as gilteritinib and quizartinib, more selective
second-generation inhibitors (Figure 1). Treatment of AML
patients with these inhibitors can produce promising initial
response rates. However, for many patients durable remission

proves elusive, in part because of the emergence of adaptive
signaling pathways that circumvent the effects of the inhibitors.
Recent work has established the importance of IRAK-

mediated signaling as a critical adaptive resistance pathway
that emerges in AML.8 In patients treated with a FLT3 inhibitor,
signaling through the FLT3-mediated pathway is effectively
blocked, but compensatory signaling through IRAK1 and
IRAK4 is upregulated. This adaptive signaling promotes the
continued growth and proliferation of the cancer. Selective
knockdown or inhibition of IRAK4 can attenuate signaling
through this pathway. However, to maximize block of signaling
and antileukemic efficacy in cell or mouse models of AML,
knockdown or inhibition of both IRAK1 and IRAK4 is
required.9
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Our goal is to discover compounds that potently and
selectively inhibit IRAK1, IRAK4, FLT3, and key mutant
forms of FLT3. These agents should effectively block signaling
through both the IRAK- and FLT3-mediated pathways, and
should thus offer improved efficacy relative to the FLT3
inhibitors that have advanced previously into the clinic as
treatments for AML.
Prior work in this series led to the identification of compounds

such as 1 (Figure 2) that displayed potent and selective
inhibition of IRAK1, IRAK4, and FLT3.10 Unfortunately, many
of these earlier compounds also exhibited block of hERG, a
voltage-gated potassium channel that is critical for normal
cardiac functioning.
The pharmacophore of compounds that block hERG is

known, and is embodied in compounds such as 1.11 As noted in a
recent review, compounds that potently block hERG typically
contain a centrally located basic amine connected to several
lipophilic aromatic groups.12 In the Pearlstein variant of the
pharmacophore, one of those aromatic groups may be replaced
by a polar ‘tail’. Compound 1 and other early compounds in this
series all contain key features of the Pearlstein pharmacophore: a
centrally located 2-aminopyridine (pKa ∼ 6.9, highlighted in
red) connected to an aromatic group (the bicyclic imidazopyr-
idine, in yellow) and a polar tail (the pyrrolidine, in green).
Perhaps not surprisingly, compound 1 displays moderately
potent hERG block (IC50 = 0.9 μM) as measured in a manual
patch-clamp assay (Figure 2).

Problematically, each of the substructures that putatively
contribute to hERG block also appeared, based on prior SAR, to
be essential for on-target potency.10 It was thus clear that
reduction of hERG in this series would require judicious
modification of these structures.
Working within those constraints, we endeavored to reduce

hERG block while maintaining potent inhibition of our key
targets. Toward that end, we initially attempted to reduce the
lipophilicity of the hinge-binding imidazopyridine by deleting
the C6-cyclopropyl group of 1 to afford compound 2 (Figure 2).
That excision delivered a nearly 10-fold reduction in hERG
potency while preserving potent inhibition of IRAK1, IRAK4
and FLT3. Encouraged by these results, we sought to further
explore the potential of this C6−H series.
We began our SAR studies by examining the effects of

substitution at the imidazopyridine C7 position. As shown in
Table 1, the parent unsubstituted compound in this series
(compound 3) displayed moderate inhibition of IRAK1, as well
as more potent inhibition of IRAK4 and FLT3. Substitution at
C7 with fluorine (compound 4) proved detrimental to IRAK1
and IRAK4 inhibition. In contrast, substitution with chlorine
(compound 5) or, even better, cyclopropyl (compound 6)
afforded improved IRAK1 and IRAK4 inhibition. Since
cyclopropyl substitution appeared beneficial, we also prepared
methylcyclopropyl and trifluoromethylcyclcopropyl analogs 7
and 8. Unfortunately, as the steric bulk of the cyclopropyl moiety
increased, IRAK inhibitory potencies decreased. In contrast to
the results obtained with compound 4, substitution at C7 with
an electron-donating methoxy group (compound 2) imparted
improved IRAK1 and IRAK4 inhibition relative to unsubstituted
parent 3. As compound 2 exhibited reduced stability in rat liver
microsome (RLM) incubations, we prepared a variety of C7-
fluoroalkoxy analogs (compounds 9−11), as well as several
bulkier alkoxy derivatives (compounds 12 and 13), in an
attempt to block any oxidative metabolism that might be
occurring at the ether methyl group. Notably, compounds 9−13
all displayed improved stability in RLM incubations relative to
methoxy analog 2. Of the three fluoroalkoxy analogs,
compounds 9 and 11, which contained less electron-with-
drawing difluoromethoxy and difluoroethoxy groups, exhibited
improved IRAK4 inhibition relative to trifluoromethoxy
derivative 10.
We also examined the effect of incorporating polar functional

groups at C7. These groups could conceivably disrupt bonding
interactions between the imidazopyridine and the aromatic side
chains that line the hERG channel pore, thereby affording
reduced hERG block. To test this hypothesis, we synthesized

Figure 1. FDA-approved FLT3 inhibitors.

Figure 2. The Pearlstein hERG pharmacophore informs strategies for hERG reduction.
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amides 14−16. As shown in Table 2, primary amide 14 and
methyl amide 15 displayed potent inhibition of IRAK4 and
FLT3, and moderate inhibition of IRAK1. In contrast, dimethyl
amide 16 proved much less potent.
Pyrrolidine amides 14 and 15 offered reasonable potency

profiles, but suffered from poor permeability.13 We had
previously observed that the permeabilities of analogous
piperidine derivatives were often higher than those of the
corresponding pyrrolidines.10 We thus prepared piperidine
methyl amide 17, but were disappointed to see that it exhibited
low permeability comparable to that of pyrrolidinemethyl amide
15. Attempting to further improve permeability in this series, we
synthesized a large set of derivatives wherein the amide R group
was varied. Isopropyl amide 18 serves as a representative
example from this set, and illustrates that variation in the amide
R group afforded, at best, only modest permeability enhance-
ment. Finally, a variety of compounds containing heterocyclic
amide isosteres were also prepared. As shown in Table 2,
imidazole 19 and triazole 20 displayed potencies and ADME
properties similar to those of their amide counterparts. In
contrast, regioisomeric imidazole 21 and triazole 22 evinced
greatly improved IRAK1 inhibition. Unfortunately, like other
compounds in this series, they suffered from low permeability.
Various strategies to improve permeability by modifying other
parts of the molecule were unsuccessful, and as a result, it
ultimately proved difficult to incorporate these polar C7 groups
into more advanced analogs.
With substitution at C7 optimized, we next examined

modifications of the central pyridine ring, focusing on those
that could potentially reduce hERG block. As shown in Table 3,
the parent compound in this series (compound 23) displayed
potent inhibition of IRAK1, IRAK4, and FLT3, high
permeability and metabolic stability, and moderate hERG

block asmeasured in amanual patch-clamp assay. The Pearlstein
pharmacophore implicated the pyridine as a key feature
contributing to hERG block. However, prior work had
established that the pyridine and the 2-amino substituent that
increased its basicity were both essential for potent IRAK and
FLT3 inhibition.10 With that in mind, we focused on
modifications that would retain the pyridine or an isostere
thereof while attenuating that ring’s basicity. We began by
substituting the pyridine with electron-withdrawing groups at
the 3-, 4- and 5-positions. Early, as-yet-unpublished work in this
series had shown that only small substituents such as hydrogen
and fluorine were tolerated at these positions, and that
incorporation of even slightly larger groups typically led to
significant reductions in potency. We thus prioritized fluoro
substitution, and synthesized monofluorinated analogs 24−26.
Each of those exhibited IRAK and FLT3 potencies comparable
to those of unsubstituted pyridine 23. Unfortunately, none of
the monofluorinated analogs evinced significant reductions in
hERG block. The 3,5-difluoropyridine derivative 27 was also
prepared, and gratifyingly displayed potent IRAK1 inhibition as
well as slightly reduced hERG block compared to 23.
Noting that the dual nature of fluorine (electron-withdrawing,

but also lipophilicity-enhancing) made it an imperfect tool for
hERG reduction, we next employed a different approach, one
that would afford reductions in both basicity and lipophilicity.
Toward that end we synthesized the pyrimidine and pyrazine
analogs 28−30. As shown in Table 3, there was a clear
preference for location of the second ring nitrogen. Relative to
pyridine 23, pyrimidine 28 displayed greatly reduced IRAK1
and IRAK4 inhibition. In contrast, pyrazine 29 and pyrimidine
30 offered potencies comparable to those of 23, while also
affording modest reductions in hERG block. Thiazole and
thiadiazole derivatives 31−33 were also prepared. Each of these

Table 1. Effect of C7 Substitution on Potency and In Vitro ADME Properties

aData are the geometric mean of two independent experiments (n = 2) unless otherwise specified. Assay details reported in Supporting
Information. bPermeability (Papp × 10−6 cm/s) as measured in PAMPA assay. cHalf-life of compound incubated with rat liver microsomes (RLM).
dData are from a single experiment (n = 1).
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less basic pyridine isosteres afforded moderate reductions in
hERG block, but only thiadiazole 33 delivered acceptable IRAK
inhibition. Finally, as thiadiazole 33 exhibited a promising
profile, we synthesized the related oxadiazole 34. While 34
provided the most effective hERG reduction in this series, it
offered only weak inhibition of IRAK1, IRAK4, and FLT3. From
this set, the difluoropyridine, pyrazine, pyrimidine, and
thiadiazole cores imparted the best overall balance of properties,
and were thus featured in a final round of SAR studies detailed
below.
With optimal central rings identified, we made one final

modification to the structure, and replaced the C7 isopropoxy
group with a methoxy group to reduce lipophilicity and
potentially further reduce hERG block. As shown in Table 4,
we prepared C7 methoxy derivatives that contained the 3,5-
difluoropyridine, pyrazine, pyrimidine, and thiadiazole central
cores (compounds 35−38). Of these, compounds 35−37
maintained IRAK1, IRAK4, and FLT3 potencies comparable to
or better than those observed with the corresponding C7
isopropoxy analogs. In contrast, compound 38 exhibited weaker
IRAK1 inhibition than its C7 isopropoxy counterpart 33.
Compound 36 displayed a 3-fold reduction in hERG IC50
relative to isopropoxy analog 29, and in doing so exhibited the
weakest hERG block we had observed in this series, a 20-fold
reduction relative to starting point 1. Compounds 35 and 37, on

the other hand, showed no further reductions in hERG block
relative to their isopropoxy counterparts. On the basis of the data
presented above, compounds 27, 30, and 36 were judged to
provide the best balance of potent on-target inhibition, reduced
hERG block, and good in vitro ADME properties, and were thus
selected for advanced profiling as described below.
Key compounds 27, 30 and 36 displayed potent binding to

IRAK1, IRAK4, FLT3, and clinically relevant FLT3 mutant
isoforms (see Supporting Information Table S7 for details).
Key compounds also exhibited potent activity across a variety

of cell-based assays. As shown in Table 5, compounds 27, 30,
and 36 were tested in NanoBRET assays that measure IRAK4,
FLT3, and FLT3 (D835Y) potencies in a cellular context. These
assays allow potency to be measured versus the full-length
kinase, and in the presence of physiological levels of ATP,
partner proteins, and cofactors that might be absent in a
biochemical assay. For these reasons, potencies determined in
cellular NanoBRET assays are presumed to be more translatable
to preclinical and clinical in vivo settings than those obtained
from simpler biochemical assays. Compounds 27, 30, and 36
proved highly potent in the IRAK4, FLT3, and FLT3 (D835Y)
NanoBRET assays, thus building confidence that the activities
observed in earlier-stage biochemical assays would translate to in
vivo efficacy.

Table 2. Effect of C7 Substitution on Potency and In Vitro ADME Properties

aData are the geometric mean of two independent experiments (n = 2) unless otherwise specified. Assay details reported in Supporting
Information. bPermeability (Papp × 10−6 cm/s) as measured in PAMPA assay. cHalf-life of compound incubated with rat liver microsomes (RLM).
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Key compounds displayed potent block of IRAK1/4-
mediated signaling in a cellular NF-κB assay (Table 5). In this
assay, signaling was initiated at either the TLR2 or IL1R
receptors using Pam3SCK4 or IL1B, respectively. That signaling
proceeds through IRAK1 and IRAK4 and results in production
of NF-κB. Compounds 27, 30, and 36 all showed potent
inhibition of NF-κB production, and thus potent block of
signaling through the IRAK1/4 mediated pathway, when
signaling was initiated with either Pam3SCK4 or IL1B.
Finally, compounds 27, 30, and 36 potently inhibited the

growth of AML tumor cells. As shown in Table 5, these
compounds all potently inhibited the growth of MOLM14
tumor cells that contained FLT3 (D835Y) or (F691L)
mutations. These data suggest that compounds 27, 30, and 36
could prove efficacious in in vivo settings as treatments for
cancers that harbor these mutations.

In Western blot experiments employing THP1 or MOLM14
(D835Y) cells, compounds 27, 30 and 36 inhibited phosphor-
ylation of IRAK or FLT3 substrates at concentrations similar to
their IC50s in the NF-κB or MOLM14 (D835Y) assays (see
Supporting Information Figure S2 for details).
Compounds 27, 30, and 36 exhibited little or no activity when

tested versus a panel of cardiac ion channels and cytochrome
P450 (CYP) enzymes. As shown in Table 6, these compounds
displayed moderate block of hERG, but no appreciable block of
Nav1.5 or Cav1.2 at concentrations up to 30 μM.Compounds 27
and 30 displayed modest inhibition of CYP2D6, but no
significant inhibition of six other CYP isoforms. Similarly,
compound 36 evinced moderate inhibition of CYP2C9 and
CYP2D6, but no significant inhibition of the other five CYP
isoforms tested.
Compounds 27, 30, and 36 selectively inhibited key targets

relative to other kinases. These compounds were initially tested

Table 3. Effect of Central Ring on Potency, hERG, and In Vitro ADME Properties

aData are the geometric mean of two independent experiments (n = 2) unless otherwise specified. Assay details reported in Supporting
Information. bPermeability (Papp × 10−6 cm/s) as measured in PAMPA assay. dHalf-life of compound incubated with rat (R), mouse (M), or
human (H) liver microsomes (LM). eData are from a single experiment (n = 1).
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for inhibition of a representative set of 50 kinases (see
Supporting Information Tables S3−S5 for details). From this
set, 27 displayed significantly higher kinase selectivity than 30 or

36. Compound 27 was then further profiled for inhibition of a
larger set of 370 wild-type kinases. As shown in Figure 3, relative

to its inhibition of IRAK4, compound 27 displayed >100-fold
selectivity vs 85% of the 370 kinase panel. Compound 27 thus
displays improved kinase selectivity relative to key compounds
from this series reported previously, and high kinase selectivity
overall.
Select compounds were profiled in rat pharmacokinetic (PK)

experiments (Table 7). Compound 23, the parent compound
for this series, displayed high oral bioavailability and moderate
oral exposure (AUC), but suffered from a high rate of plasma
clearance. Compounds 30 and 36 exhibited similarly high rates
of plasma clearance as well as lower oral bioavailability and oral
exposure. Compound 27 displayed the best overall PK profile in
this series, one that features lower clearance, higher oral

Table 4. Effect of Central Ring on Potency, hERG, and In Vitro ADME Properties

aData are the geometric mean of two independent experiments (n = 2) unless otherwise specified. Assay details reported in Supporting
Information. bPermeability (Papp × 10−6 cm/s) as measured in PAMPA assay. dHalf-life of compound incubated with rat (R), mouse (M), or
human (H) liver microsomes (LM). eData are from a single experiment (n = 1).

Table 5. Cellular Potencies of Key Compounds

27 30 36

NanoBRET IRAK4 IC50 (nM)a <0.5 <0.5 1
NanoBRET FLT3 IC50 (nM)a 0.8 0.8 71
NanoBRET FLT3 (D835Y) IC50 (nM)a <0.5 N.D. <0.5
NF-κB (Pam3SCK4) IC50 (nM)b 16 25 16
NF-κB (IL1B) IC50 (nM)b 25 35 17
MOLM14 (D835Y) IC50 (nM)c 15 18d 20e

MOLM14 (F691L) IC50 (nM)b 139 85 55f

aData are the geometric mean of two independent experiments (n =
2). bData are the geometric mean of two independent experiments (n
= 2) unless otherwise specified. cData are the geometric mean of three
independent experiments (n = 3) unless otherwise specified. dData
are the geometric mean of four independent experiments (n = 4).
eData are the geometric mean of two independent experiments (n =
2). fData are from a single experiment (n = 1).

Table 6. Off-Target Activities of Key Compounds

27 30 36

hERG IC50 (μM)a 6.7 5.1 20.5
Nav1.5 IC50 (μM)a >30 >30 >30
Cav1.2 IC50 (μM)a >30 >30 >30
CYP3A4 IC50 (μM)a >25 >25 >25b

CYP2C9 IC50 (μM)a >25 >25 4b

CYP2D6 IC50 (μM)a 15 8 12b

CYP1A2 IC50 (μM)b >25 >25 >25
CYP2B6 IC50 (μM)b >25 >25 >25
CYP2C8 IC50 (μM)b >25 >25 >25
CYP2C19 IC50 (μM)b >25 >25 >25

aData are the geometric mean of two independent experiments (n =
2) unless otherwise specified. bData are from a single experiment (n =
1).

Figure 3. Kinase selectivity profile of compound 27. For each off-target
kinase, selectivity was calculated vs IRAK4 and represented as fold
selectivity (IC50 of off-target kinase/IC50 IRAK4). Percentages refer to
percent of 370 kinase panel.
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exposure, and a longer half-life relative to those observed for
compounds 23, 30 or 36.
The pharmacokinetic profile of compound 27 was also

examined in mouse. As shown in Table 7, 27 displayed a mouse
PK profile that was broadly similar to its profile in rat, albeit with
slightly higher clearance and concomitantly lower oral exposure.
Compound 27 was selected for testing in a mouse xenograft

model of AML. In this study, we anticipated testing several
compounds in experiments that would collectively require
dosing 70 mice per day for up to 60 days. Although compound
27’s mouse PK profile permitted oral dosing, intraperitoneal
(IP) dosing was considered a more practical choice given the
large volume of dosing expected. The xenograft studies were
thus conducted using IP dosing with PKmonitored in a separate
study arm.
In a mouse xenograft model of AML, compound 27 produced

survival prolongation superior to that of gilteritinib, the leading
FDA-approved FLT3 inhibitor currently used to treat AML. In
this model, NSG-SGM3 mice were intravenously xenografted
with MOLM14 AML tumor cells that contained clinically
important FLT3 (D835Y) and (ITD)mutations. Compound
dosing was initiated 21 days following engraftment. Mice were
dosed once daily Monday−Friday with either vehicle (PBS), 10
mg/kg IP gilteritinib, or 10 mg/kg IP compound 27 (n = 10
mice per dosing arm).14 As shown in Figure 4, mice dosed with

vehicle survived for a median of 15 days from the start of dosing,
while mice dosed with the positive control gilteritinib survived
for a median of 29 days. In comparison, mice dosed with
compound 27 survived significantly longer (median 52 days)
than those dosed with either vehicle or gilteritinib. In each case,
the difference in median survival time was statistically significant
(log-rank test, P = 0.0001 for 27 vs vehicle; P = 0.004 for 27 vs
gilteritinib).

In a separate PK arm of the study, NSG-SGM3 mice were
dosed once daily Monday through Friday with 10 mg/kg IP
compound 27. Blood samples were collected 1 h postdose on
dosing days 1, 5, 22 and 26, and 4 h postdose on day 5. The
unbound plasma concentrations of compound 27 1 h postdose
ranged from 41 to 66 nM, or roughly 3−4× above the
compound’s MOLM14 (D835Y) IC50 (15 nM). On day 5, the
unbound plasma concentration of 27was 39 nM at 4 h postdose,
or 2−3× above the target IC50. The unbound plasma
concentrations of gilteritinib were similar, and ranged from 41
to 146 nM 1 h postdose. Thus, at equivalent doses, and at similar
concentrations, compound 27 produced survival prolongation
superior to that of gilteritinib.
In summary, we have reported herein the optimization of a

series of IRAK-FLT3 inhibitors. Key compound 27 from this
series displays potent and selective inhibition of IRAK1, IRAK4,
and FLT3, reduced block of hERG, good ADME and PK
properties, and efficacy superior to that of gilteritinib in a mouse
xenograft model of AML. Further optimization in this series is
ongoing, and will be reported in due course.
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