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ABSTRACT: IRAK4 is an attractive therapeutic target for the
treatment of inflammatory conditions. Structure guided optimiza-
tion of a nicotinamide series of inhibitors has been expanded to
explore the IRAK4 front pocket. This has resulted in the
identification of compounds such as 12 with improved potency
and selectivity. Additionally 12 demonstrated activity in a
pharmacokinetics/pharmacodynamics (PK/PD) model. Further
optimization efforts led to the identification of the highly kinome
selective 21, which demonstrated a robust PD effect and efficacy in
a TLR7 driven model of murine psoriasis.
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Interleukin-1 receptor associated kinase 4 (IRAK4) activity is
integral to the signaling of Toll-like receptors (TLR) and

interleukin-1 family receptors (IL-1R).1 A wide variety of stimuli
including cellular or bacterial degradation products activate
TLRs. These activated receptors in turn lead to the recruitment
of intracellular adapter proteins, such as MyD88, and kinases
including IRAK4 and IRAK1.2,3 The resulting complex, referred
to as the myddosome, activates TRAF6 and TAK1, leading to
the production of pro-inflammatory signaling molecules, such as
tumor necrosis factor α (TNF-α) and interleukin-6 (IL-6).4

Animals lacking functional IRAK4 are resistant to TLR
agonist induced cytokine production and have reduced
responses in murine models of inflammatory disease.5 In
IRAK4 deficient mice, IL-1 receptor and TLR signaling is
severely impaired.6 Additional genetic validation has come from
human patients lacking functional IRAK4, in which immune
cells obtained from these patients have a diminished response to
TLR agonists, IL-1β, and IL-18.7,8 Overall, the combined human
and mouse observations suggest that therapeutic blockade of
this pathway may have beneficial effects in human disease.
Recently, we reported a potent and selective IRAK4 inhibitor
with efficacy in murine models of lupus suggesting promise for
the treatment of systemic lupus erythematosus (SLE) in
humans.9 In addition to our efforts, a number of diverse small

molecule inhibitors have been reported10 with the most
advanced compound, PF-06650833, in phase 2 clinical trials
for rheumatoid arthritis.11,12

We have previously reported the discovery of a series of small
molecule IRAK4 inhibitors and identified (1, Figure 1) as a lead
compound with excellent IRAK4 enzyme activity and moderate
kinome selectivity13 (SI33

14 of 9.7). However, 1 and the close
analog 2 suffered from poor Caco-2 permeability preventing
advancement to in vivo efficacy studies. We postulated that the
alcohol functionality might be contributing to the poor Caco-2
permeability and through a series of straightforward modifica-
tions of the C4 substituent, identified 3. In addition to
maintaining IRAK4 potency, an increase in Caco-2 permeability
was observed with this modification. At this point in our effort
we chose to maintain the C4 substituent as in 3 and optimize
subsequent analogs with respect to kinome selectivity and
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functional potency in IRAK4 mediated cellular and whole blood
assays. In general the series was moderately selective across the
kinome; however compounds exhibited low selectivity against
some tyrosine kinase family members, such as Lck.15 Since
inhibition of Lck could confound interpretation of efficacy data
(adaptive versus innate immunity), we counterscreened against
Lck routinely as a coarse measure of analog selectivity.
The IRAK4 protein is amenable to cocrystallization, and the

X-ray cocrystal structure of 2 with the IRAK4 kinase domain has
been previously disclosed.13 The IRAK4 kinase domain has a
bilobal structure typical of kinases. In addition, two insertion
loops give a distinct character to the region adjacent to the
extended hinge region (known as the front pocket) of IRAK4.
The first insertion loop in the N-terminus is a Schellman type
loop, which contains hydrophobic amino acids such as Pro184,
Ile185, and Val187, as well as the hydrophilic amino acid Ser186.
A second insertion loop in IRAK4 is known as the α-D loop.16

The presence of these two loops in the usually solvent filled front
pocket of other kinases provides a tunnel like shape to this region
with both hydrophobic and polar residues lining the surface. We
reasoned that effective engagement of this “front pocket” could
improve kinome selectivity. The tyrosine gatekeeper residue is
another unusual feature of IRAK4 (Tyr262). We also postulated
that an optimized π-stacking interaction with Tyr262 could be
effectively differentiated from kinases, which have a phenyl-
alanine as a gatekeeper residue.
Utilizing this information, we focused our initial efforts on

extending the amide side chain to engage interactions from N-
terminal residues, such as Ile185 and Ser186, in the Schellman
loop. A diverse amide library was prepared, which led to the
identification of 4. We were gratified to find that the phenethyl
substituted 4 displayed a moderate improvement in biochemical
potency and a noted improvement in kinome selectivity relative
to compounds 1−3. The structure of 4was modeled into IRAK4

(Figure 2) and highlights a potential interaction of the
sulfonamide with Asp278 and possibly Ile185. These additional

interactions relative to 3 could explain the improved kinome
selectivity. However, in vitro profiling data for 4 revealed several
issues including poor liver microsomal stability across species
(<40% remaining after 10 min, mouse), significant CYP3A4
inhibition (IC50 0.9 nM), and reduced Caco-2 permeability
compared to 3. Despite this unfavorable profile, we were
encouraged by the observed enhancements with compound 4
that could be gained by engaging the front pocket.
We proceeded to conduct a more systematic amide SAR study

(Table 1) to identify preferred substitution patterns. An increase
in the length of simple alkyl chains (5−7) had no effect on
IRAK4 enzyme potency. Molecular modeling suggested that a
propanol fragment could engage in a H-bond with the extended
hinge region of the kinase (Pro266) leading to the synthesis of 8.
The addition of the terminal gem-dimethyl group in analogs 9−
12 and 14 and 15 generally led to an increase in biochemical
potency. More importantly, notable increases in both cellular
(IC50 230−730 nM) and human whole blood potency (IC50
810−2800 nM) relative to 8 were observed. Additionally, these
compounds were >100-fold selective over Lck and had
improved liver microsomal stability relative to the non-
hydroxylated analogs (5−7). Fluorine was introduced at the
beta position of the gem-dimethyl alcohol substituent (11, 12)
in an effort to improve liver microsomal stability compared to
the desfluoro analogs 9 and 10.17 This substitution provided
moderate gains in human liver microsomal stability (see 10 to
12, 65% to 90% remaining). Mouse liver microsomal stability
was marginally affected with this change. Replacement of the
fluoro group with a methyl group (13) resulted in the loss of
enzyme and cellular potency. The gem-difluoro analog 14
provided moderate functional potency in PBMCs with an
associated reduction in whole blood potency. The enantiomer of
12, compound 15, trended less potent than 12 and was not
studied further. Kinome-wide selectivity for 11 (SI33 2.5) and 12
(SI33 1.7) was improved over compounds 1−3 (SI33 ∼10). In
summary, this amide SAR study resulted in the identification of
compounds with improved potency, selectivity, and metabolic
stability over earlier analogs (1−3, 7), and compound 12
appeared to be a suitable candidate for further study.
The X-ray cocrystal structure of 12 bound to IRAK4 (Figure

3) showed that the amide side chain at C5 projects into the front
pocket formed by the hydrophobic side chains of the Schellman
loop and α-D loop in a similar manner to the modeled structure

Figure 1. Early lead compounds and key data. aKinase and PBMC
assays were run in triplicate unless otherwise noted. Values represent
mean IC50 ± SD. bCaco-2 permeability, liver microsomal stability, and
kinome selectivity assays were typically single determinations.

Figure 2. Compound 4 modeled into IRAK4, which depicts potential
additional interactions with the front pocket. Residues involved in
hydrogen bonds are labeled, and H-bonds are shown by dotted lines.
Atom color code: yellow, sulfur; red, oxygen; blue, nitrogen; green,
protein carbons; magenta, ligand carbons.
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of 4 in IRAK4. The dimethyl groups point toward the
hydrophobic residues Ile185 and Val187, and those increased
lipophilic interactions may explain the increase in binding from
8 to 9. The increase in cLogD (pH 7.4) from 8 to 9 is consistent
with this observation (1.70 vs 2.44, respectively).18 The
cyclopropyl group at C4 makes a hydrophobic contact with
Val200 of the glycine rich p-loop (interaction not shown); the
benzothiazole ring at C2 is engaged in a π-stacking interaction
with gatekeeper residue Tyr262, and the pyridine N and amide
NH engage the hinge by interacting with Met265 and Pro266,
respectively.
Further profiling data revealed that 12 was more potent in

mouse whole blood (mWB IC50 240 nM) than human whole
blood (hWB IC50 810 nM). In a mouse PK study at 10 mg/kg,
po, serum concentrations greater than the mouse whole blood
IC50 were observed up to 3 h postdose (data not shown). This

level of target coverage in circulation provided an opportunity to
test the ability of 12 to block IRAK4-mediated responses in vivo.
Compound 12 inhibited IL-6 production in an LTA-induced

(TLR2 driven) acute model of murine inflammation with
maximal suppression observed at doses ≥25 mg/kg (Figure 4).9

Serum concentrations for the 10, 25, and 50mg/kg doses at time
of IL-6 measurement were 410, 4500, and 9600 nM,
respectively, consistent with robust levels of target coverage.
Due to the relatively poor PK profile of 12 (Table 3), in addition
to a weak human whole blood potency of 810 nM, it was
considered a challenge to advance this molecule beyond murine
studies. Subsequently, we turned our attention to optimizing the

Table 1. Initial Front Pocket Studies

aKinase activity was measured by Caliper assay. bLTA-induced IL6 assay. Values represent mean IC50 ± SD. All compounds were tested in
duplicate unless otherwise noted. cLiver microsomal stability assays were typically single determinations. dLCK IC50/IRAK4 IC50.

eNT, not tested.

Figure 3. Co-crystal structure of 12 with IRAK4 (PDB code 6VQL).

Figure 4. In vivo inhibition of a TLR2−IRAK4 mediated PD response
in mice. Data are from one experiment with 8 animals per group: **p <
0.01, ***p < 0.0001; one-way ANOVA with a Dunnett test.
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C2 heterocycle in an attempt to identify compounds with
improved bioavailability and reduced clearance to enable to
longer-term efficacy studies.
Having evaluated the C4 and amide substituent previously, a

campaign was undertaken to identify an improved π-stacking
heterocycle at the C2 position. Maintaining whole blood
potency and kinome selectivity while improving PK parameters
to enable longer-term efficacy studies was the focus of this effort.
The results are summarized in Table 2. Metabolite profiling of
12 revealed a degree of oxidation at the benzothiazole C2
position. Accordingly, a methyl group was incorporated at the
benzothiazole in an attempt to block that metabolism; however,
analog 16 suffered from reduced human whole blood potency.
Benzothiadiazole and benzooxadiazole analogs 17 and 18 were
potent against IRAK4 with 18 showing promise in hWB and
kinase selectivity (SI33 of 1.5). In vitro biotransformation data
(not shown) demonstrated that the 1,2,5-oxadiazole ring of 18
was susceptible to ring opening and glutathione conjugation.
Efforts then focused on the all nitrogen heterocycles 19−21.
Pyrazolopyridine 19 and pyrazolopyrimidine 20 demonstrated a
good balance of enzyme, cellular, and hWB potencies and
excellent liver microsomal stability. However, 20 demonstrated
an erosion of kinome wide selectivity (SI33 7.8). We determined
IC50 values on ∼70 kinases, and 11 kinases were inhibited with
an IC50 of less than 1 μM (TNIK 8 nM; cKIT 24 nM;19 TAK1
190 nM; see SI for additional IC50 data).
Since inhibiting cKIT and TAK1 has the potential to confer

toxicity and impart confounding immune suppression activity

(via the TAK/NFκB pathway), we modeled compound 20 in a
published cKIT crystal structure (PDB 4HVS), Figure 5 inset.

Modeling suggests that the pyridine makes similar hinge region
interactions in both cKIT and IRAK4; however, there is a
difference in the way the pyrazolopyrimidine moiety may
interact with these kinases. In the case of IRAK4, the
pyrazolopyrimidine heterocycle π-stacks with the gatekeeper
Tyr262, whereas the conformation of the heterocycle may flip
and engage with the side chains of Thr670 (gatekeeper) and
Asp810 of cKIT. Arguably, these H-bonds confer cKIT potency
for this compound. The fact that the compound is inactive on

Table 2. SAR on the Gatekeeper Interacting Fragment

aKinase activity was measured by Caliper assay. bLTA-IL6 assay. All compounds were tested in duplicate unless otherwise noted. cLiver
microsomal stability and kinome selectivity assays were typically single determinations. Kinome selectivity screens were done at a single
concentration of 1 μM.

Figure 5. Co-crystal structure of 21 with IRAK4. Apart from the other
interactions displayed by 12, a water-mediated interaction with Asp329
was also seen (PDB 6LXY). Inset, model of 20 and 21 with the cKIT
gatekeeper region.
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the Thr670Ile mutant of cKIT lent further credence to this
hypothesis.20 We then reasoned that it was possible to disturb
the binding conformation of this heterocycle on cKIT by
substitution on the 6-position of the pyrazolopyrimidine,
resulting in 21. The improvement in kinome selectivity of 21
(SI33 1.0) based on a single F substitution was remarkable. We
determined discrete IC50 values on 119 kinases for 21, and only
three kinases were inhibited with an IC50 of less than 1 μM
(TNIK 130 nM; IRAK3 760 nM, TYRO3 980 nM). cKIT and
LCK IC50 values were >2000 nM. While we were unable to
obtain a crystal structure of 21 bound to cKIT, modeling
suggested that the gatekeeper interacting heterocycle switched
back to a conformation similar to that of the compound on
IRAK4 (Figure 5). This results in the loss of H-bonds with cKIT
gatekeeper fragment Thr670 and Asp810 residues providing an
improved selectivity profile for compound 21.
Encouraged by the dramatic improvement in the kinase

selectivity achieved by the introduction of a single fluorine, 21
was profiled in a series of in vitro assays. Compound 21 was
potent in cells (PBMC, 370 nM) and moderately potent in
human (920 nM) and mouse (370 nM) whole blood. It was
determined that 21 possessed excellent Caco-2 permeability (A
→ B, 215 nm/s) and robust liver microsomal stability (>90%
rem in HLM and MLM). Pharmacokinetic evaluation in mice
(Table 3) revealed low clearance and high bioavailability relative
to other key molecules in this effort. Compound 21 exhibited
robust inhibition of IL-6 (murine PD, Figure 6) at all doses with

the highest dose (10 mg/kg) exhibiting almost complete
inhibition of IL-6.21 This represents a significant improvement
in the dose response relationship compared to compound 12.
The good pharmacodynamic response, excellent oral bioavail-
ability, and high kinome selectivity suggested that 21 would be a
suitable compound to test in a murine model of IRAK4 driven
inflammation. To that end, 21 was taken into a 6 day
imiquimod-induced murine model of psoriasis and displayed a
dose dependent improvement of the clinical signs of psoriasis

after 6 days of dosing (Figure 7).22 In addition, the drug was well
tolerated in these animals.

The synthesis of described analogs is depicted in Scheme 1.
Ethyl 4,6-dichloro nicotinate (22) was converted into the
corresponding 4-alkylamino derivative (23), which was then
hydrolyzed to acid (24). Coupling of 24 with (R)-4-amino-3-
fluoro-2-methylbutan-2-ol (30, Scheme 2) provided nicotina-
mide (25). Subsequent amination with aryl amines under
Buchwald conditions afforded target compounds (26). (R)-4-
Amino-3-fluoro-2-methylbutan-2-ol was synthesized from a
chiral pool serine ethyl ester 27 following synthetic Scheme
2.23 6-Fluoropyrazolo[1,5-a]pyrimidin-5-amine was prepared
according to the procedures outlined in Scheme 3. Briefly, 5-
amino pyrazole was condensed with diethyl 2-fluoromalonate to
afford 32. Subsequent bis-chlorination to 33 and selective
amination afforded 34. Reductive deamination afforded 35 in

Table 3. Mouse PK Data of Select Molecules

compd Caco-2 (nm/s) dose, mg/kg (iv/po) CL (mL·min−1·kg−1) Vss (L/kg) T1/2 (h) AUC (μM·h) (iv/po) F%

12 81 2/10 47 2.1 2.2 1.6/3.3 40
18 38 2/3 14 3.2 3.6 4.7/4.6 65
20 69 2/2 33 3 2 2.4/0.9 36
21 215 2/5 15 2 1.4 5/24 >100

Figure 6. Efficacy of 21 in the LTA-induced IL-6 pharmacodynamic
model: ***p < 0.0001, one-way ANOVA with a Dunnett test.

Figure 7. Efficacy of 21 in the imiquimod induced psoriasis model. Dex
= dexamethasone; **p < 0.001, ***p < 0.0001, one-way ANOVA with
a Dunnett test.
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high yield, which was converted to the desired fragment 36 upon
reaction with NH4OH.
In summary, we disclose the discovery of a highly selective and

potent IRAK4 inhibitor guided by structural information. By
extending the amide side chain to occupy the front pocket, we
improved potency as well as selectivity against off-target kinases.
Exploration of a limited number of π-stacking fragments led to
the identification of compounds with improved pharmacoki-
netic parameters. Finally, we were able to improve kinase
selectivity by the rational incorporation of a single fluorine atom
to yield compound 21. Nicotinamide 21 provided a robust PD
effect in an LTA-induced model of acute inflammation with

>90% inhibition at a 10 mg/kg dose. Efficacy in a short-term
model of murine psoriasis was demonstrated with robust
inhibition of disease end points in a dose dependent fashion.
The progression of this chemical series to advanced preclinical
and clinical assets will be the subject of future communications.
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