Chapter 13
Small-Molecule Inhibitors of LRRK?2

John M. Hatcher, Hwan Geun Choi, Dario R. Alessi, and Nathanael S. Gray

Abstract Mutations in the leucine-rich repeat kinase 2 (LRRK2) protein have been
genetically and functionally linked to Parkinson’s disease (PD). The kinase activity
of LRRK?2 is increased by pathogenic mutations; therefore, modulation of LRRK2
kinase activity by a selective small-molecule inhibitor has been proposed as a poten-
tially viable treatment for Parkinson’s disease. This chapter presents a historical
overview of the development and bioactivity of several small-molecule LRRK2
inhibitors that have been used to inhibit LRRK?2 kinase activity in vitro or in vivo.
These compounds are important tools for understanding the cellular biology of
LRRK2 and for evaluating the potential of LRRK?2 inhibitors as disease-modifying
PD therapies.
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Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disease in
the world. It affects over one million Americans and more than 60,000 patients are
newly diagnosed each year [1, 2]. Recent genetic studies have revealed an underly-
ing genetic cause in at least 10% of all PD cases [3], which provides new opportuni-
ties for the discovery of molecularly targeted therapeutics that may ameliorate
neurodegeneration. Among the genes associated with PD, leucine-rich repeat kinase
2 (LRRK?2) is unique because a missense mutation, G2019S, is frequently found in
both familial and sporadic Parkinson’s disease cases [4, 5]. The G2019S mutation
increases kinase activity which may result in activation of the neuronal death signal
pathway, suggesting that small-molecule LRRK?2 kinase inhibitors may be able to
serve as a new class of therapeutics for the treatment of Parkinson’s disease [6, 7].
Transgenic G2019S LRRK2 mice aged 12-16 months display progressive degen-
eration of the substantia nigra pars compacta (SNpc) dopaminergic neurons and
Parkinson’s phenotypes of motor dysfunction suggesting that this mutation may be
functionally relevant to the disease [8]. Recent work indicates that LRRK2 directly
phosphorylates a subset of the Rab GTPases on an evolutionary conserved residue
within the effector interacting-switch II domain [9]. Pathogenic LRRK2 including
G2019S mutation increases phosphorylation of endogenous Rabs, and this strongly
decreases their affinity to regulatory proteins that bind to the switch II domain
including Rab GDP dissociation inhibitors [9]. Given the dearth of potential targets
for the treatment of PD and the popularity of kinases as therapeutic targets, it is
perhaps not surprising that there has been a very substantial effort to develop potent
and selective LRRK?2 inhibitors. This chapter presents a historical overview of the
development of small-molecule LRRK?2 inhibitors from a chemist’s perspective.

The first reported LRRK2 inhibitors in 2009 were several ROCK (Rho kinase)
inhibitors such as Y-27632 and H-1152, which suppressed LRRK2 with similar
potency to which they inhibited ROCK?2 as well as sunitinib, a structurally unrelated
multikinase inhibitor that suppresses LRRK?2, but not ROCK [10]. This study also
described for the first time the mutant LRRK2[A2016T] that was normally active
but resistant to H-1152, Y-27632, and sunitinib [10]. Prior to the recent identifica-
tion of Rab GTPase substrates, the effectiveness of inhibitors was assessed by moni-
toring the dephosphorylation of two phosphorylation sites (Ser910 and Ser935) that
mediate binding to 14-3-3 as the phosphorylation of these residues is indirectly
controlled by LRRK?2 kinase activity through a mechanism that is still not under-
stood [11] (Table 13.1).

Subsequent screening of libraries resulted in compounds that were quite promis-
cuous kinase inhibitors [12]. A significant advance in the field of small-molecule
LRRK2 inhibitors came in 2011 when more selective inhibitors LRRK2-IN-1 (1)
[13] and CZC-25146 (2) [14] were developed through screening of historical kinase
inhibitor libraries. LRRK2-IN-1 inhibited both truncated wild-type LRRK2 and
LRRK2-G2019S with IC50 values of 13 and 6 nM, respectively, but LRRK2-
A2016T and LRRK2-A2016T + G2019S mutants were found to be ~400-fold more
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resistant to LRRK2-IN-1. The reason for this resistance was explained using a
molecular docking study of LRRK2-IN-1 bound to a homology model of LRRK2-
A2016T, which revealed an unfavorable interaction between the anthranilic acid
moiety and the A2016T residue. The large degree of resistance conferred by the
A2016T mutation provides a convenient method for assessing the degree to which
LRRK2-IN-1 observed pharmacology is “on target” to LRRK2 through rescue
experiments. LRRK2-IN-1 was moderately selective inhibiting 12 of 440 kinases
with <10% activity of control using KINOMESscan profiling. LRRK?2-IN-1 induced
dose-dependent Ser910 and Ser935 dephosphorylation and loss of 14-3-3 binding to
endogenous LRRK2 in human-derived neuroblastoma SHSYSY cells and Swiss3T3
mouse cells. PK studies of LRRK2-IN-1 showed a half-life of 4.5 h and a bioavail-
ability of 49.4% in mice. However, insufficient blood—brain barrier penetration was
found based on evaluation of Ser910 and S935 phosphorylation status in the kidney
versus the brain. Subsequent characterization of LRRK?2-IN-1 has revealed signifi-
cant off-target activity on ERKS [15], DCLKI1 [16], and Brd4 (unpublished obser-
vations). The activity of LRRK2-IN-1 on Brd4, a general transcriptional coactivator
protein [17], confounds the use of LRRK2-IN-1 as a selective LRRK2 inhibitor, and
newer compounds described below represent superior pharmacological probes.
CZC-25146 inhibited the activity of recombinant human wild-type LRRK2 with an
IC50 ranging from 1 to 5 nM. The LRRK2-G2019S mutant was inhibited with an
IC50 ranging from 2 to 7 nM in a TF-FRET assay. CZC-21546 was screened against
a kinase panel of 184 kinases and only inhibited 4 other kinases with high potency.
Additionally, it protects against mutant LRRK2-induced injury of cultured human
and rodent neurons with nanomolar potency [14]. Unfortunately, this compound
also suffered from poor brain penetration of only 4% [14]. TAE684 (3) [18], which
was initially reported as an ALK inhibitor [19], was also found to inhibit LRRK?2. It
possesses similar structural features as LRRK2-IN-1 and CZC-25146 and displayed
similar biochemical potency against LRRK2. TAE684 also inhibits in vivo phos-
phorylation of mouse Ser910 and Ser935 in the kidney and spleen in a dose-
dependent manner following oral administration. Unfortunately, this compound is
highly promiscuous inhibitor which binds tightly to 27 of 440 kinases with <10%
activity of control.

Diaminopyrimidines

The major drawback of compounds 1-3 is their inability to probe the effects of
LRRK2 inhibition in the CNS. As a result, simplified hybrid structures of 1, 2, and
3 were created leading to a variety of lower molecular weight diaminopyrimidines.
Compound 4 was reported independently by Gray et al. [20] and Genentech [21]
and was found to maintain the ability to potently inhibit the biochemical activity of
both wild-type and G2019S mutant LRRK2. Compound 4 exhibited biochemical
IC50 values of 20.3 and 3.2 nM against LRRK2-wt and LRRK2-G2019S, respec-
tively. Compound 4 also maintains inhibition of the A2016T mutant due to the
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removal of the 4-anilino moiety. Compound 4 was profiled against a panel of 451
kinases using KINOMEscan technology at a concentration of 0.1 pM, which
revealed no other interactions except for a mutant form of c-Kit (L576P). The mouse
pharmacokinetic profile showed good oral bioavailability (%F = 67), a short half-
life (0.13 h), and a low plasma exposure [502 h*ng/mL, area under the concentra-
tion—time curve (AUC),y]. The short half-life was attributed to rapid first-pass
metabolism because incubation with mouse liver microsomes revealed a half-life of
13 min. In vivo testing of compound 4 showed LRRK?2 inhibition of ~40% at 30
mg/kg and ~70% at 50 and 100 mg/kg in the mouse brain following intraperitoneal
administration. An independent medicinal chemical effort by researchers at
Genentech resulted in the identification of compound 5 [22]. Compound S also fea-
tured a high degree of kinase selectivity with no other interactions found in a panel
of 178 kinases with >50% inhibition. Compound 5 showed a threefold improvement
in the pS1292 cellular assay and an improved in vivo rat PK profile. Compound §
was used as an in vivo tool to demonstrate the inhibition of in vivo kinase activity in
G2019S transgenic mouse brains (pS1292) and the reversal of cellular effects of
LRRK2 PD mutations in cultured primary hippocampal neurons. The in vivo
unbound brain concentration required to effectively reduce pS1292 autophosphory-
lation (IC50 = 12 nM) was similar to compound 4. Additionally, a statistically sig-
nificantreversal of the neurite outgrowth defects associated with the LRRK2-G2019S
mutant [23] was observed upon treatment of LRRK2-G2019S mouse embryonic
hippocampal neurons with compound 5 at 100 nM. Compound 5 was screened
against a targeted subset of kinases that share a similar ATP-binding site sequence
to LRRK2 and showed strong inhibition of TTK. Genentech used the JAK2-based
homology model and the TTK cocrystal structures to determine that substitution on
the phenyl ring para to the methoxy group would produce steric clash with Asp608
of TTK to increase the selectivity for LRRK2 over TTK. Thus, a few minor struc-
tural modifications, including fluorine substitution para to the methoxy group on the
phenyl ring position, resulted in the discovery of compound 6 [22]. Compound 6
possessed a nearly identical activity and DMPK profile as compound S but with an
improved TTK selectivity index (53-fold) and good kinome selectivity at a concen-
tration (0.1 pM) [2/449 kinases with <30% activity of control]. The excellent selec-
tivity profile of optimized inhibitor 6 at 0.1 uM was further established in an
Invitrogen kinase selectivity panel [1/197 kinases with >50% inhibition (TTK)].

In an effort to increase the structural diversity and selectivity of the brain-
penetrant diaminopyrimidine compounds, Genentech explored aniline bioiso-
steres, which led to the identification of aminopyrazoles GNE-0877 (7) [24] and
GNE-9605 (8) [24] (Table 13.2) as highly potent and specific LRRK2 inhibitors.
Compound 7 was tested in a panel of 188 kinases and showed >50% inhibition of
4 other kinases (Aurora B, RSK2, RSK3, RSK4). Compound 8 inhibited no other
kinases to greater than >70% inhibition when tested at a concentration of 1
pM. Compound 8 was tested in a panel of 178 kinases and inhibited one other
kinase with >50% inhibition (TAKI-TABI). Compound 8 inhibited no other
kinases with >50% inhibition. Compounds 7 and 8 also showed excellent DMPK
profiles (Table 13.3).
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Table 13.3 In vivo and in vitro rat DMPK profiles of diaminopyrimidine LRRK2 inhibitors

hep Cly,(mL min~" | % rat |CI(Cl,) (mL MDRI1¢ P-gp ERf
Compd | kg™ h/r¢ PPB | min-'kg)' |ive,(h) | %F | (B:A/AB)E
4 4.9/24 92 51 (616) 0.5 67 2.8
5 1.8/7.6 86 24 (156) 1.2 80 1.2
6 3.2/14 97 8.3 (244) 3.1 40 0.9
7 3/25 79 44 (210) 1.3 90 0.8
8 1/21 79 26 (261) 1.5 90 0.8

*Compounds 4-8 were dosed p.o. (I mg kg~') as an aqueous suspension with 1% methylcellulose,
i.v. (0.5 mg kg™") as a 60% PEG solution or 20-60% NMP solution for systemic PK, and i.v.
(0.5 mg kg~') as a 60% NMP solution for brain PK [21-24]

"In vitro stability in cryopreserved hepatocytes

h/r = human/rat

4Cl, = unbound clearance = total clearance/f,,, where f,, is the unbound plasma free fraction
‘MDCK-MDRI1 human P-gp transfected cell line

'Efflux ratio

¢Basolateral to apical/apical to basolateral

Table 13.4 In vivo NHP PK profiles of Genentech aminopyrimidine LRRK?2 inhibitors

hep Cl,e, CI (Cl,) MDR ¢
(mL min™' | % NHP | (mL min™" |iv#, P-gp ER®
Compd |kg™")*NHP |PPB kgt (h) %F | (BA/A:B) |B/Pg |CSF/P}
6 14 95 11 (200) 7.7 17 0.9 0.6 1.1
7 19 80 20 (100) 2.2 35 0.8 0.7 1.2
8 13 82 8 (43) 4.0 74 0.8 n/a 1.1

2Compounds 6-8 were dosed p.o. (1 mg kg™!') as an aqueous suspension with 1% methylcellulose
and i.v. (0.5 mg kg™') as a 20-60% NMP solution [22-24]

"In vitro stability in cryopreserved hepatocytes

¢Cl, = unbound clearance = total clearance/f,,, where f,, is the unbound plasma free fraction
MDCK-MDR1 human P-gp transfected cell line

*Efflux ratio

Basolateral to apical/apical to basolateral

¢Unbound brain/unbound plasma AUC ratio

"CSF/unbound plasma AUC ratio

In vivo nonhuman primate (NHP) PK profiles of compounds 6, 7, and 8 are
summarized in Table 13.4. All three compounds demonstrated good in vitro—in vivo
correlation, moderate plasma clearance rates, and good i.v. half-lives. Additionally,
CSF/P ratios extracted from low-dose PK studies suggested that all three com-
pounds possessed approximately equal free brain to free plasma distribution [25].
Desirable B ratios were later confirmed for compounds 7 and 8 during NHP safety
assessments (vide infra).

In the absence of a LRRK2-dependent PD efficacy model, in vivo PD knock-
down for compounds 6-8 was assessed through the use of LRRK2 BAC transgenic
mice expressing human LRRK?2 protein with the G2019S mutation [23]. Inhibitors
were evaluated for their ability to inhibit LRRK2 S1292 autophosphorylation
in vivo. Tissue samples were harvested and examined from the hippocampus and
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spleen [22]. Dose-dependent inhibition of S1292 phosphorylation was observed
for all inhibitors tested in both the brain and peripheral tissues. In vivo unbound
brain IC50 values of 7, 3, and 20 nM were calculated for 6, 7, and 8, respectively.

Toxicities Observed with Aminopyrimidine LRRK2 Inhibitors

In 2011, Novartis published a report indicating that lung and kidney abnormalities
existed in LRRK2 genetic knockout mice [26]. In order to assess these potential
liabilities, Genentech advanced their aminopyrimidine compounds into safety stud-
ies. Due to low anti-pS1292 antibody sensitivity, in vivo PD target engagement in
all of the studies was assessed using pS935. Male C57BL/6 mice were dosed p.o.
with compound 6 (200 and 300 mg kg~! b.i.d.) and compound 7 (30 and 65 mg kg™!
b.i.d.) for 15 days. Toxicokinetic analysis showed dose-dependent increases in
plasma and brain levels with average free drug exposures of 5- and 36-fold above
pS1292 cellular IC50 values for the higher doses. While evidence of lung, kidney,
and brain PD knockdown was observed with both inhibitors, no microscopic effects
were observed in the lung or kidney, and both compounds were well tolerated.
Similar 7-day repeat-dosing studies were conducted in male and female Sprague—
Dawley rats. Once daily p.o. administration of compound 6 (10, 50, and 100 mg kg™")
and compound 7 (30, 75, and 200 mg kg~') showed dose-dependent exposure
increases. The highest tolerated doses for compounds 6 (100 mg kg=!) and 7 (30 mg
kg™") translated to maximum free drug exposures of 22- and 195-fold over the cel-
lular IC50 of compound 6 and 7, respectively. No macroscopic or microscopic
effects were seen in the lung or kidney with either compound. Finally, NHPs were
dosed orally with compound 6 (10, 25, and 65 mg kg~! q.d.) for 7 days. Toxicokinetic
analysis showed a dose-dependent increase in plasma exposures with average free
drug levels correlating to 4-, 14-, and 35-fold above the cellular IC50s. Terminal B,/
P, and CSF/P,AUC ratios of 0.6 and 0.8 were achieved, respectively, showing a high
degree of brain penetration. Statistically significant PD inhibition of pS935 was
observed at all doses tested. Transient and reversible clinical observations included
tremors (=10 mg kg™!) and hypoactivity and decreased reactivity to stimulus (25 and
65 mg kg=!). The only anatomic pathology observation linked to compound 6 was
limited to the lung and characterized by abnormal cytoplasmic accumulation of
secretory lysosome-related organelles known as lamellar bodies in type II pneumo-
cytes of all animals administered 25 and 65 mg kg~! in both sexes. Comparison of
these findings with the published LRRK2 knockout mouse data showed that the
lung phenotypes were essentially identical. With the goal of examining potential
on-target- versus off-target-related effects, structurally distinct aminopyrazole 7 (6
and 20 mg kg! b.i.d.) and anilinoaminopyrimidine 6 (30 mg kg=! b.i.d.) were
administered to NHPs in a 29-day repeat-dose study. Significant free drug coverage
above cellular IC50 values and excellent brain penetration were achieved in both
tests. PK/PD knockdown of pS935 in the brain, kidney, and lung was confirmed at
all doses. Upon microscopic evaluation of the lung, abnormalities identical to those
observed in LRRK?2 knockout mice were observed at all doses with both inhibitors.
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These findings are consistent with an on-target effect of reduction of LRRK?2 kinase
activity that leads to lamellar body accumulation in type II pneumocytes in the lung
of certain species. Interestingly, the morphologic abnormality described for the
LRRK?2 knockout mouse kidney was absent in both NHP studies.

Arylbenzamides

Researchers at GSK developed a series of arylbenzamides exemplified by
GSK2578215A which were reported on in 2012 [27] (9, Table 13.5). Compound 9 is
a structurally distinct, potent, and highly selective LRRK2 kinase inhibitor that
shows inhibition of only 2 other kinases with <10% activity of control (ALK and
FLT3) in a panel of 449 kinases. Compound 9 demonstrates moderate mouse plasma
clearance (30 mL min~' kg™"), low oral bioavailability (12% at 10 mg/kg), and a total
B/P ratio of 1.4 (Table 13.5). In addition, Gray and coworkers were able to demon-
strate dose-dependent inhibition of pS910 and pS935 in stably transfected HEK293
cells (wild-type and G2019S LRRK?2), with endogenous LRRK2 from lymphoblas-
toid cells (G2019S PD patient sample) and in mouse Swiss 3T3 cells at approxi-
mately 0.3—1.0 pM. In vivo PK/PD analysis of normal mice revealed strong inhibition
of pS910 and pS935 in peripheral tissues (spleen and kidney lysates); however, no
significant inhibition was detected in the mouse brain despite a total brain to plasma
ratio of 1.4. One possible explanation for the lack of brain target engagement could
be insufficient free drug levels in the brain relative to the cellular potency. Compound
9 has recently been used to probe the relationship between kinase activity and syn-
aptic vesicle release [28]. Additionally, a patented N-methylpiperazine inhibitor
BMPBB-32 [29, 30] (10, Table 13.5) closely related to 2-fluoropyridine 9 was pro-
filed. It was reported that piperazine 10 could improve contrast sensitivity in
Drosophila that overexpress the human LRRK2[G2019S] transgene. Additionally, it
was found that N-methylpiperazine benzamide 10 lacks the off-target effects seen
with the less selective inhibitor 1 in Drosophila in vivo models.

Quinolines and Cinnolines

Elan Pharmaceuticals published their findings on a series of cinnoline [31] and
quinoline [32] LRRK?2 small-molecule inhibitors, which were identified from a
kinase-focused HTS of an in-house library. The screen used a homogeneous time-
resolved fluorescence (HTRF) assay measuring the inhibition of phosphorylation of
LRRKtide. Hits from this scaffold were known P-gp substrates and inhibitors of
PDE4 and CSFI1R. Using a MLK 1-based homology model, Garofalo and coworkers
employed structure-based drug design to develop potent and modestly LRRK2-
selective quinolines represented by compound 11 and cinnolines represented by
compound 12 (Table 13.6). Quinoline 11 had a biochemical IC50 = 3 nM against
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LRRK2-G2019S and a cellular pS935 EC50 = 140 nM using HEK293 cells stably
transfected with LRRK2-G2019S. Quinoline 11 was screened against a panel of 39
kinases and showed inhibition of 11 kinases with >50% inhibition. Guided by the
hypothesis that an amide functionality in the original HTS hit was linked to the
P-gp-mediated efflux, suitable replacements were discovered, leading to the 3-cyano
substitution in 11, which removed this liability. This also led to a total mouse B/P
ratio of 1.2 for quinoline 11 and statistically significant reduction of pS935 in the
brains of G2019S LRRK2 transgenic mice at 3 h following oral doses of 30 and 100
mg/kg [31]. Cinnoline 12 had a biochemical IC50 = 5 nM against LRRK2-G2019S
and a cellular pS935 EC50 = 62 nM using HEK293 cells stably transfected with
LRRK2-G2019S. Cinnoline 12 was found to have a total mouse B/P ratio of 1.5;
however, when cinnoline 12 was screened against a panel of 40 kinases, it was
found to be highly promiscuous [32].

Triazolopyridazine and Indazole

Elan Pharmaceuticals discovered a series of triazolopyridazines based on a kinase-
focused HTS of an in-house library [33]. The screen used a homogeneous time-
resolved fluorescence (HTRF) assay measuring the inhibition of phosphorylation of
LRRKtide. Based on a homology model built using MLK1, they found that the tri-
azolopyridazines made a single hydrogen bond contact between the triazolo ring
and A1950. These compounds displayed a moderate level of selectivity for LRRK2-
G2019S over LRRK2-wt with the lead compound 13 having a biochemical IC50 =
76 nM for LRRK2-wt and a biochemical IC50 = 10 nM for LRRK2-
G2019S. However, these compounds suffered from oxidative metabolism due to the
sulfur linker as well as poor permeability. Pfizer later reported a series of related
triazolopyridazines exemplified by compound 14 [34]. This compound was also
developed by optimizing a hit from an HTS library screen. Using TYK2 cocrystal
structures, they found a single point contact between the kinase hinge (N-H of
Val981) and a nitrogen atom of the triazole ring. The absence of hydrogen bond
donors in compound 14 is notable, since hydrogen bond donors increase the prob-
ability of P-gp recognition and reduce CNS penetration [35]. Through the applica-
tion of CNS physicochemical property constraints and by use of TYK2 cocrystal
structures to facilitate structure-based drug design, compound 14 (Table 13.7) was
developed. Triazolopyridazine 14 has a LRRK2-wt IC50 of 64 nM. Compound 14
was screened against a panel of 391 kinases and was found to be highly selective
inhibiting only 2 other kinases with <30% of control (TYK?2 and JAK3). The in vivo
tolerability profile of 14 was assessed in a repeat-dose 14-day PK/PD study in mice
at 30 and 300 mg kg=! (n = 5 males/dose). No test article-related findings were
reported from the examined tissues, which included microscopic examinations of
the lung and kidney. This compound did not show inhibition of pS935 or pS1292 in
mouse brains at any dose levels [34].
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Researchers at Merck recently disclosed the indazole MLi-2 (15) [44], a structur-
ally novel, highly potent, and selective LRRK2 kinase inhibitor with central nervous
system activity. MLi-2 exhibits exceptional potency in a purified LRRK2 kinase
assay in vitro (IC50 = 0.76 nM), a cellular assay monitoring dephosphorylation of
LRRK?2 pSer935 LRRK?2 (IC50 = 1.4 nM), and a radioligand competition binding
assay (IC50 53.4 nM). MLi-2 showed inhibition of only 1 other kinase with <20%
activity of control in a panel of 144 kinases at a concentration of 10 pM. MLi-2 sup-
presses LRRK?2 Ser935 phosphorylation as well as Rab10 Thr73 phosphorylation at
1-10 nM in mouse embryonic fibroblasts (MEFs) [9]. In mice, a dose of 3 mg/kg of
MLi-2 reduces Ser395 phosphorylation as well as Rab8 (Thr72) and Rab12 (Ser105)
phosphorylation in the brain to undetectable levels. Treatment of mice with MLi-2
was found to be well tolerated, with no adverse effects of MLi-2 on body weight,
food intake, or behavioral activity observed at brain and plasma exposures 100 x the
in vivo IC50 for CNS LRRK?2 kinase inhibition. Morphologic changes in the lung,
consistent with enlarged type II pneumocytes, were observed in MLi-2-treated
MitoPark mice. Moreover, the A2016T mutation renders LRRK?2 nearly tenfold
resistant to MLI-2. Consistent with this, 10 nM MLi-2 induces dephosphorylation
of Ser935 and Rab10 (Thr73) in mouse embryonic fibroblasts of wild type but not
in LRRK2[A2016T] knockin cells [44]. Furthermore, MLi-2 at 3 mg/kg injected
into mice induces complete dephosphorylation of Ser935 in the brain, kidney, lung,
and spleen of wild-type mice but not of littermate LRRK2[A2016T] knockin ani-
mals (unpublished data).

Indolinones

Sunitinib (16) was originally identified as a potent inhibitor of LRRK2; however,
high kinase promiscuity precluded the use of this compound for reliable model
studies of LRRK2 function. Recently, scientists at Novartis reported the optimiza-
tion of sunitinib to indolinones 17 [36] and 18 [36] (Table 13.8) with single-digit
nanomolar LRRK2 biochemical activity and modest in vivo pharmacokinetic prop-
erties. By using an IRAK4-based homology model, the 5-position of the indolinone
core was targeted for improving kinase selectivity. This strategy led to the introduc-
tion of 5-alkoxy substituents in 16 and 17 that demonstrated improved selectivity
profiles over other indolinone-based inhibitors against a small panel of off-target
kinases (ALK, KDR, LCK, PDGFRa, and RET). When administered to mice, com-
pound 17 reduced LRRK2 protein levels in the kidney and in the brain. Inhibitor 17,
along with the less selective LRRK2 kinase inhibitor H-1152, was subsequently
used by Longo et al. to ameliorate the observed age-dependent hyperkinetic pheno-
type of LRRK2-G2019S knockin mice [37]. These results suggest that the enhanced
kinase activity of the LRRK2[G2019S] protein is responsible for the observed lack
of age-related decline in stepping activity and immobility time that was demon-
strated by wild type.
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Pyrrolopyrimidines

The Gray lab reported the discovery of a highly potent and selective brain-penetrant
pyrrolopyrimidine LRRK2 inhibitor JH-1I-127 (19) [38]. This compound was
designed based on an intramolecular hydrogen bond between a fluorine of the —CF3
group and the -NHMe group on the pyrimidine of GNE-7915 (6) forming a pseu-
dobicycle. Researchers in the Gray lab constructed the ring-closed version to give
the pyrrolopyrimidine 19. They proposed that a fused bicyclic analogue would
increase the binding affinity due to the additional third hydrogen bond donor at the
7 position, which is predicted to hydrogen bond with M1949. In addition, they rea-
soned that a fused bicyclic compound should be able to better fill the hydrophobic
area around the hinge region, thus leading to an increase in binding affinity. Their
molecular docking study based on the crystal structure of Roco kinase also pre-
dicted a sulfur—halogen interaction between the chlorine of the pyrrole ring and the
Met1947 residue. Compound 19 had a biochemical IC50 of 6.6 nM against
LRRK2-wt and 2.2 nM against LRRK2-G2019S. Compound 19 induced a dose-
dependent inhibition of Ser910 and Ser935 phosphorylation in both wild-type
LRRK?2 and LRRK2-G2019S stably transfected into HEK293 cells. Substantial
dephosphorylation of Ser910 and Ser935 was observed at approximately 0.3 pM
concentrations of 19 for wild-type LRRK?2 and LRRK?2-G2019S, which is a similar
potency to that observed for LRRK2-IN-1 (1). Consistent with the biochemical
results, 19 also induced dephosphorylation of Ser910 and Ser935 at a concentration
of 0.3—1 pM in the drug-resistant LRRK2[A2016T + G2019S] and LRRK2[A2016T]
mutants, revealing that the A2016T mutation does not induce resistance to 19.
Compound 19 was tested on endogenously expressed LRRK?2 in human lympho-
blastoid cells derived from a control and Parkinson’s patient homozygous for the
LRRK?2-G2019S mutation. Increasing doses of 19 led to similar dephosphorylation
of endogenous LRRK2 at Ser910 and Ser935, as was observed in HEK293 cells
stably expressing wild-type LRRK2 or LRRK2-G2019S. Moreover, endogenous
LRRK2 was also more sensitive to 19 than LRRK2-IN-1 (1), which is consistent
with the trend observed in HEK293 cells. It was also found that 19 induced similar
dose-dependent Ser935 dephosphorylation of endogenous LRRK2 in mouse Swiss
3T3 cells. The mouse pharmacokinetic profile of 19 demonstrated good oral bio-
availability (116 %F), a half-life of 0.66 h, and a plasma exposure of 3094 (hr * ng/
mL, AUC,,) following 10 mg/kg p.o. dosing (Table 13.9). Additionally, following
2 mg/kg i.v. dosing, 19 showed a plasma exposure of 533 (hr * ng/mL, AUC,,,) and
a brain exposure of 239 (hr * ng/mL, AUC,,,), which equates to a brain/plasma
concentration ratio of 0.45. They compared the pharmacodynamic properties of 19
with GNE-7915 (6) by monitoring inhibition of LRRK2 Ser910/Ser935 phosphory-
lation in the kidney, spleen, and brain following intraperitoneal delivery of each
compound at 100 mg/kg. They observed near-complete dephosphorylation of
Ser935 of LRRK2 in all tissues including the brain at this dose for both compounds.
They repeated the study at lower doses of 50, 30, and 10 mg/kg of 19 and 6. With
19, they observed near-complete inhibition in all tissues at 30 mg/kg but only partial
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inhibition in the brain at the 10 mg/kg dose. However, with 6, complete inhibition
in the brain was only observed at the 100 mg/kg. These results indicate that 19 is a
promising chemo-type for achieving dephosphorylation of Ser935 in the brain.
KINOMEscan analysis against a near comprehensive panel of 451 kinases at a con-
centration of 1 pM resulted in no interactions with kinases other than
LRRK2[G2019S] with the exception of TTK and RPS6KA4 [38].

Pfizer reported the identification of a pyrrolopyrimidine scaffold that provided a
highly efficient starting point with favorable CNS properties for lead optimization.
Using MST3 as a crystallographic surrogate for LRRK?2 (reported MST3-LRRK?2 ATP-
binding site residue similarity of 73%), they improved the off-target liabilities of early
HTS leads. This led to the discovery of PF-06447475 (20, Table 13.9) [39] with in vitro
LRRK2-wt and LRRK2-G2019S biochemical IC50 values of 3 and 11 nM, respec-
tively, and a pS935 cellular IC50 of 25 nM. KINOMEscan profiling of 449 kinases at
1 pM showed inhibition of 3 kinases with <30% activity of control. Selectivity profiling
of pyrrolopyrimidine 20 in a cellular context was performed using the ActivX KiNativ
technology demonstrating good selectivity in human peripheral blood mononuclear
cells at 1 pM and an ActivX LRRK2 cellular IC of 15 nM. Compound 20 is not a P-gp
substrate and has moderate and high turnover in human and rat liver microsomes,
respectively. The oral in vivo PK profile for 20 in rat, dog, and NHP was also deter-
mined. While low oral exposure in higher species precluded further clinical advance-
ment, sufficient oral bioavailability in rodents was achieved, which enabled in vivo
mouse PK/PD studies. Additionally, inhibitor 20 exhibited approximate equal distribu-
tion of free drug between the rat brain, plasma, and kidney tissues. Dose-dependent
reduction in phosphorylation in the brain and kidney was observed in wild-type and
G2019S BAC transgenic mice [39]. From these experiments, in vivo unbound brain EC
values of 8§ nM LRRK2-wt and 103 nM LRRK2-G2019S were calculated using the
pS935 biomarker, and 21 nM (G2019S) was calculated for pS1292. On the basis of a
clean in vitro safety profile (Ames, MNT, THLE cell viability), pyrrolopyrimidine 20
was evaluated in a 14-day repeat-dose rat toxicity study (3, 10, and 30 mg kg=' b.i.d.).
No major test article-related findings were observed with day 11 maximum free drug
exposures 6-, 25-, and 70-fold over the cellular EC (15 nM), respectively. Similar to the
rat toxicity studies carried out with Genentech aminopyrimidines, no changes were
noted upon close examination of the kidney and lung tissue.

Docking Studies

Molecular docking studies were recently conducted by our lab on representative
classes of LRRK2 inhibitors, including HG-10-102-01 (4), JH-1I-127 (19),
GSK2578215A (9), and compound 13 (Elan), based on a crystal structure of Roco
kinase (PDB accession code: 4F1T). These studies predicted two hydrogen bonds
between the hinge region A1950 and the aminopyrimidine motif of HG-2-102-01 (4)
as well as a sulfur—halogen interaction between the 5-chloro substituent on the
pyrimidine ring and M 1947 (Fig. 13.1a). The docking model of JH-1I-127 (19) pre-
dicted the same two hydrogen bonds between the hinge region A1950 and the
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Fig. 13.1 Molecular model of HG-10-102-01 (a), JH-1I-127 (b), GSK2578215A (c), and com-
pound 13 from Elan (d)

aminopyrrolopyrimidine motif and the sulfur—halogen interaction between the
5-chloro substituent on the pyrrolopyrimidine ring and M1947; however, the dock-
ing study also predicted an additional hydrogen bond between the -NH of the pyr-
rolopyrimidine ring and the carbonyl group of L1949 (Fig. 13.1b). Surprisingly, the
docking study for both GSK2578215A (9) and compound 13 (Elan) predicted only
a single hydrogen bond between the hinge region A1950 and the carbonyl group of
GSK2578215A (Fig. 13.1c) and the —N- of the triazolopyridazine of compound 13
(Elan) (Fig. 13.1d).

LRRK2 GTP-Binding Inhibitors

Li et al. recently discovered a series of novel LRRK2 GTP-binding inhibitors 20 and
21 (Fig. 13.2) [40] through virtual screening using an LRRK2 GTPase ROC domain
crystal structure (PDB code 2zej) [41]. Both compounds demonstrate in vitro LRRK2
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GTP-binding and kinase inhibitory activities in the nanomolar range. Inhibitors 21
and 22 also inhibited LRRK2-induced neuronal degeneration in SH-SY5Y cells and
mouse primary cortical neurons at nanomolar concentrations. Compound 21 was
selected for in vivo studies using G2019S BAC transgenic mice due to a better solu-
bility profile. At 1 h after i.p. injection of 20 mg/kg, reduction of LRRK2 GTP-binding
activity and LRRK2 phosphorylation in mouse brains was observed, indicating CNS
penetration. Based on a recent study that found increases in LRRK?2 expression and
kinase activity following lipopolysaccharide (LPS) stimulation [42, 43], they exam-
ined the effects of compound 21 in G2019S BAC transgenic mice following LPS
injection. Reduction in LPS-induced microglia activation, LRRK2 expression, and
LRRK?2 phosphorylation in activated microglia cells was observed. These studies
support a potentially promising and orthogonal approach, compared to ATP kinase
inhibitors for the use of LRRK2 GTP inhibitors in LRRK2-associated PD.

Conclusions

LRRK?2 was found to be linked to PD in several studies and by the examination of
families with high incidence of disease. Over the past decade, researchers have been
working to advance our understanding of LRRK?2 protein and its function. Several
structurally diverse inhibitors of LRRK2 function have been discovered, which can
be used to monitor LRRK2 in vivo. Given the significant expense and complexity of
clinical studies assessing inhibitors of neurodegeneration, a more complete under-
standing of the cellular function of LRRK?2 will most likely be required before stud-
ies can be performed to assess the clinical utility of LRRK2 inhibitors.

Although initially it seemed that LRRK2-focused genetic manipulation of
rodents would cause accumulation of deficits that resemble PD with age, these ani-
mals have exhibited fairly subtle and variable phenotypes. Only recently has a
selective LRRK?2 kinase inhibitor been reported to modulate some of these deficits.
More importantly, LRRK?2 knockout rodents and the LRRK2 kinase-dead knockin
mice display unusual lung and/or kidney pathology. While several LRRK2 kinase
inhibitors have been well tolerated in rats, two molecules have been found to be
associated with lung toxicities in NHPs that are histopathologically identical to the
LRRK?2 knockout rodent phenotype, suggesting an LRRK?2-related effect. There is
some uncertainty surrounding the clinical consequences of this type II pneumocyte
lamellar body accumulation in the lungs of patients, and pulmonary toxicities are
challenging to monitor in the clinic. These findings indicate the need for mutant-
selective LRRK2 inhibitors, which may not cause the accumulation of lamellar bodies.
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Further examination of the toxicities associated with structurally diverse LRRK2
inhibitors in higher species will permit a more complete assessment of the risks of
inhibiting LRRK?2 kinase activity in man; however, a large degree of uncertainty
regarding the therapeutic index of LRRK2 inhibitors is likely to remain due to the
absence of direct biomarkers of LRRK?2 function and the lack of suitable efficacy
models.

To study the impact of inhibiting LRRK2, we would strongly recommend the use
of MLi-2 inhibitor which is the most selective or potent in conjunction with one of
the other highly characterized structurally diverse LRRK2 inhibitors such as 19 and
20. In addition we would strongly advocate where possible to combine the power or
pharmacological and genetic approaches by exploiting inhibitor-resistant
LRRK2[A2016T] knockin cells or mice model. As the A2016T mutation renders
LRRK?2 ~10-fold resistant to MLi-2 [44], genuine effects that are mediated through
inhibition of LRRK2 would be suppressed at a ~10-fold lower dose in wild-type
compared to LRRK2[A2016T] mice or cells.

From a kinase inhibitor pharmacology perspective, LRRK?2 is amenable to inhi-
bition by a surprisingly diverse array of structurally distinct ATP-competitive inhib-
itors. In addition, these LRRK2 inhibitors are among the most selective and
“drug-like” inhibitors reported for any kinase. To date no LRRK2 kinase structures
have been solved, but eventually acquisition of such structures will provide a means
to rationalize the remarkable kinase selectivity achieved by some of these
inhibitors.

Conflict of Interest The author declares no conflicts of interest.
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