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Abstract

Kinase activating missense mutations in leucine-rich repeat kinase 2 (LRRK2) are pathogenically linked to neurodegenera-
tive Parkinson’s disease (PD). Over the past decade, substantial effort has been devoted to the development of potent and
selective small molecule inhibitors of LRRK?2, as well as their preclinical testing across different Parkinson’s disease mod-
els. This review outlines the genetic and biochemical evidence that pathogenic missense mutations increase LRRK?2 kinase
activity, which in turn provides the rationale for the development of small molecule inhibitors as potential PD therapeutics.
An overview of progress in the development of LRRK?2 inhibitors is provided, which in particular indicates that highly selec-
tive and potent compounds capable of clinical utility have been developed. We outline evidence from rodent- and human-
induced pluripotent stem cell models that support a pathogenic role for LRRK?2 kinase activity, and review the substantial
experiments aimed at evaluating the safety of LRRK2 inhibitors. We address challenges still to overcome in the translational
therapeutic pipeline, including biomarker development and clinical trial strategies, and finally outline the potential utility
of LRRK?2 inhibitors for other genetic forms of PD and ultimately sporadic PD. Collective evidence supports the ongoing
clinical translation of LRRK?2 inhibitors as a therapeutic intervention for PD is greatly needed.

Increased LRRK?2 kinase activity is implicated in both
familial and sporadic forms of Parkinson’s disease.

symptoms of bradykinesia, resting tremor and rigidity occur
when approximately 50% of dopaminergic neurons, located in
the substantia nigra, have degenerated [1, 2]. Current estimates
suggest that PD actually commences at least a decade before
the onset of motor symptoms [3]. PD is also associated with
a host of non-motor symptoms including depression, anxiety,
dementia, sleep dysfunction, gastrointestinal dysfunction and
hyposmia [4]. The non-motor symptoms of PD contribute sub-
stantially to the burden of disease and are potentially related to
the accumulation of pathological forms of the a-synuclein pro-
tein [5]. This accumulation of insoluble a-synuclein into neu-
ral cytoplasmic aggregates, called Lewy bodies, is a defining
hallmark of PD [6]. However, exactly how the accumulation
of pathogenic a-synuclein occurs still remains to be defined.

Aberrant LRRK?2 kinase activity can be targeted with
highly potent and selective small molecule inhibitors.

Preclinical and early clinical testing to date support con-
tinued efforts to advance LRRK?2 inhibitors to the clinic.

1 Introduction

Parkinson’s disease (PD) is a common neurodegenerative
movement disorder and a global health burden. The clinical
course of PD is long, progressively disabling, and currently
cannot be halted, reversed or prevented. The typical PD motor
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Evidence suggests that pathogenic forms of a-synuclein are
transmitted throughout multiple brain regions in a distinc-
tive pattern based on Braak staging [7], although it should
be noted that exceptions to this concept have been identified
[8, 9]. Irrespective of mechanism, the current front-line treat-
ment for PD is symptomatic relief from motor symptoms using
dopamine replacement medication, or in some instances, deep-
brain stimulation. Such treatments though, are not without side
effects or complications and can become less effective as PD
progresses. Moreover, current treatments do not address the
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non-motor symptoms, which remain a great unmet need for
PD patients. For these reasons, disease-modifying treatments
targeting pathogenic pathways in PD have been researched and
developed over decades, and while much has been learnt, the
underlying causes and pathological mechanisms of PD still
remain unclear. Importantly however, a number of relatively
recent pivotal discoveries have demonstrated an underlying
role for genetics in PD. Missense mutations have been identi-
fied in a number of genes that are pathogenic for familial PD,
that is PD that has been inherited in a recessive or dominant
manner, whilst whole genome sequencing has identified pol-
ymorphisms that increase susceptibility to sporadic PD (for
recent reviews on the genetics of PD see [10-13]). There is
now much interest in understanding PD-linked genes and the
proteins they encode, as they may not only provide insight into
disease pathogenesis, but may also comprise potential novel
therapeutic targets. One such PD-linked gene that has received
substantial interest as a potential therapeutic target is leucine
rich repeat kinase 2 (LRRK2).

First linked to autosomal dominantly inherited PD in 2004
[14, 15], LRRK2 has emerged as a key player in PD research.
LRRK?2 mutations account for nearly half of all genetic vari-
ants identified in database analyses of familial and sporadic PD
cases [16, 17]. In addition, LRRK2-associated PD clinically
closely resembles typical sporadic PD, in terms of onset age,
symptoms and disease progression [18-20]. Genetic and clini-
cal evidence therefore suggests that LRRK2 may play a gen-
eral role in the disease mechanisms of both genetic and spo-
radic forms of PD. Most importantly, increased LRRK?2 kinase
activity has been demonstrated to mediate PD-associated
pathogenic phenotypes, including inflammation, autophagy-
lysosomal impairment, dysfunctional vesicle trafficking, defec-
tive neurite outgrowth and neuronal differentiation [21-23].
Thus, particular attention and intensive efforts have been paid
to inhibiting LRRK?2 kinase activity with small-molecule
compounds. This review will outline the therapeutic rationale
behind targeting LRRK2 and provide an update on current
developments and challenges of this potentially exciting novel
treatment for PD.

2 LRRK2 Kinase Hyperactivity in Parkinson’s
Disease

2.1 Genetic and Biochemical Evidence

2.1.1 Overview of the LRRK2 Protein and Genetics

The LRRK?2 gene is made up of 51 exons that encode a

large protein of 2527 amino acids. The LRRK2 protein
incorporates both active kinase and GTPase functions and
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this enzymatic core is surrounded by N-terminal arma-
dillo repeats (ARM), ankyrin repeats (ANK), leucine-rich
repeats (LRR) and C-terminal WD40 repeats (Fig. 1).
More than 100 different LRRK2 sequence variants have
been discovered in familial and sporadic PD patients,
with six of these directly associated with PD pathogen-
esis (G2019S, R1441C, R1441G, R1441H, Y1699C and
12020T7) [24, 25]. Interestingly, all six pathogenic muta-
tions lie in the catalytic core of LRRK2 (Fig. 1), with
the ROC domain containing R1441C/G/H mutations, the
COR domain containing Y1699C, and the kinase domain
harbouring G2019S and 12020T [26]. The LRRK2 G2019S
mutation is by far the most frequent genetic determinant
of PD, although its frequency varies widely across dif-
ferent ethnic populations [24, 25]. The highest reported
frequency for the LRRK2 G2019S mutation, of up to
37%, has been reported in familial PD patients (and 3% in
healthy controls) from North African Arab descent [27].
Mutations at the LRRK2 R1441 residue are the second
most common pathogenic mutations, with the most fre-
quent being R1441C, which was first discovered in West-
ern Nebraska families [15]. The R1441G mutation was
first reported in individuals from a Basque ethnic back-
ground [14] with the highest prevalence of 46% in famil-
ial Basque patients [28], whilst the R1441H mutation has
been identified in a small number of PD families from the
USA, western Europe and Australia [24]. The Y1669C
mutation was identified in two independent large families
of UK ancestry [14] and German—Canadian ancestry [15,
29], while the 12020T mutation is responsible for familial
PD cases of German ancestry [15, 30] and a kindred from
Sagamihara in Japan [31, 32]. The penetrance of LRRK2 is
incomplete and dependent on age and ethnic background.
Estimates of penetrance for the G2019S mutation range
from 20 to 75% [25].

In addition to the six known pathogenic mutations,
several other LRRK?2 variants have also been associated
with increased PD risk (E334K, A419V, R13250Q, T1410M,
RI1628P, M1646T, N2081D and G2385R), or indeed pro-
tection (A221V, A1151T and N551K-R1398H-K1423K
haplotype) [25]. The frequency of these risk polymor-
phisms again varies across populations, but they are much
more common than pathogenic LRRK2 mutations and
have a vastly reduced penetrance, potentially modulating
PD risk by a few percent. The extent to which risk variants
modulate LRRK?2 kinase activity is still unclear; however,
an understanding of both pathogenic risk and protective
variants of LRRK?2 can help to build genomic susceptibil-
ity profiles and stratify patient groups who might benefit
most from targeted LRRK?2 therapies.
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Fig.1 The LRRK2 protein. The domain structure of the LRRK2
protein is shown along with the pathogenic missense mutations that
increase LRRK2 activity. Biomarker readouts of LRRK2 activ-

2.1.2 Biochemical Evidence that Pathogenic LRRK2
Mutations Increase LRRK2 Kinase Activity

Most LRRK?2 research has focused on the pathogenic mis-
sense mutations and in particular if/how these mutations
affect the proteins enzymatic functions. Initial in vitro assays
using autophosphorylation or optimised peptide substrates
consistently demonstrated that the LRRK2 G2019S muta-
tion, which is located in the activation loop of the kinase
domain, had the greatest effect on LRRK?2 kinase activity
resulting in a twofold increase [33, 34]. The development of
antibodies to LRRK?2 autophosphorylation sites, in particu-
lar Ser1292, allowed for subsequent assessment of LRRK2
activity in cell and animal models. This revealed that all
known pathogenic LRRK2 mutations increase the enzyme’s
kinase activity [35]. This finding was confirmed following
the identification and validation of a subset of Rab GTPase
proteins as bona fide in vivo LRRK?2 substrates [36, 37]. The
Rab GTPase family is the largest family of small GTPase
proteins and collectively are critical regulators of vesicle
trafficking [38]. LRRK2 phosphorylates up to 14 members
of this ~70 member GTPase family, with phosphorylation
of Rab8 and Rab10 at Thr72 and Thr73, respectively, resi-
dues located in the effector-binding switch II domain, being
particularly robust [37, 39]. Using these in vivo readouts
of activity, it is evident that the pathogenic mutations in
the ROC-COR domain (R1441C, R1441G, R1441H and
Y1699C) have a greater effect on kinase activity than
G2019S, consistently enhancing it by up to four-fold [35, 39,
40]. Why the LRRK2 ROC-COR mutations have a greater
effect on LRRK?2 kinase activity in vivo still remains to be

| mutations
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ity include phosphorylation sites on the LRRK2 protein, as well as
downstream Rab GTPase substrates

fully elucidated. Recent evidence suggests that mutations in
the ROC-COR domain cause LRRK2 to be more efficiently
recruited to membrane-bound Rab proteins, which in turn
exert an allosteric level of regulation on LRRK?2 activity [41,
42]. A lack of direct association between in vitro and in vivo
LRRK?2 activity readouts is also illustrated by the G2385
risk variant, which has decreased LRRK2 activity when
assayed in vitro [43], but not in vivo using Rab10 as a sub-
strate [42]. Thus, despite the mechanistic complexities sur-
rounding how, that all known pathogenic mutations increase
LRRK?2 kinase activity strongly implicates kinase activity as
a main effector of LRRK2-mediated pathobiology.

2.2 Pathobiological Evidence Implicating LRRK2
Kinase Activity

Mounting evidence has indicated that LRRK?2 kinase activ-
ity is critical for PD phenotypes induced by mutant LRRK?2,
and a reduction in kinase activity using small molecule com-
pounds could have a neuroprotective impact in both animal
and cell models. Here we will highlight some results from
rodent and patient-specific induced pluripotent stem cell
(iPSC) models. For additional reviews on LRRK?2 pathobi-
ology please refer to [44—46].

2.2.1 Brief Overview of Evidence from Rodent Models
Preclinical studies to date have largely employed transgenic
rodent models to evaluate LRRK?2 inhibitor efficacy in dif-

ferent PD models. Mice overexpressing the kinase activat-
ing LRRK?2 G2019S showed progressive degeneration of

A\ Adis



1040

Y. Zhao, N. Dzamko

dopaminergic neurons, which could be attenuated with early
LRRK?2 kinase inhibitors [47, 48]. Moreover, a-synuclein-
induced dopaminergic neurodegeneration could also be
effectively attenuated by inhibiting LRRK?2 following
adeno viral mediated expression of a-synuclein in LRRK?2
G2019S transgenic rats [49]. In a-synuclein overexpress-
ing Thyl transgenic mice, LRRK?2 kinase inhibition sig-
nificantly reduced trans-axonal a-synuclein aggregates and
a-synuclein propagation [50], and LRRK?2 inhibitors could
block potentiated pathology in G2019S overexpressing mice
that had been inoculated with a-synuclein fibrils [51]. Inhi-
bition of LRRK2 kinase activity also reversed neurite short-
ening in primary neuronal cultures from transgenic mice
overexpressing LRRK2 G2019S or R1441G [52], and could
enhance dopamine release and synaptic vesicle mobilisation/
recycling in R1441G mice [53]. LRRK2 kinase inhibition
has also been shown to attenuate proinflammatory microglial
signalling in rats [54]. Collectively these results point to
a key role for LRRK?2 kinase activity in mediating neuro-
degenerative phenotypes, however it would be prudent to
continue to evaluate this concept as both the rodent models
and LRRK?2 inhibitors continue to improve. Indeed, recent
studies have described the characterisation of more physi-
ological point mutation Knockin mice [55-58]. Phenotypes
of these animals with regard to dopaminergic dysfunction
and a-synuclein pathology are subtle compared to trans-
genic overexpression models and it will be of interest to
determine the effectiveness of LRRK2 inhibitors under these
conditions.

2.2.2 Brief Overview of Evidence from Induced Pluripotent
Stem Cell Models

In the absence of readily available human neuron samples,
IPSC models have emerged as important tools for evalu-
ating LRRK?2 inhibitors in primary human cell lines [59].
Somatic cells obtained from patients can be reprogrammed
to disease-relevant iPSCs and then differentiated to neural
stem cells and neurons. Liu and colleagues applied this
technology to generate iPSC-derived neural stem cells from
PD patients harbouring the LRRK2 G2019S mutation [60].
The mutant cells showed deficiencies in nuclear envelope
organisation and potentiated senescence compared to control
cells, and these phenotypes were rescued with LRRK2 inhi-
bition [60]. Enhanced mitochondrial DNA damage is also
evident in iPSC-derived lymphoblastoid cells from LRRK?2
G2019S patients and notably, this damage can be restored
with LRRK2 inhibitor treatment [61]. Reduced oxygen
consumption and increased cytotoxicity after exposure to
valinomycin were observed in a population of iPSC-derived
neural cells with LRRK2 G2019S or R1441C mutations, and
again these mitochondrial phenotypes could be reduced by
pharmacological LRRK? inhibition [62]. Sensory neurons
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with the LRRK2 G2019S mutation also showed altered
calcium dynamics, which was again rescued with LRRK2
kinase inhibitors [63]. Thus, as for rodent studies, evidence
can be found for a key role of LRRK?2 kinase activity in
mediating pathological events, and again, as cell models,
inhibitors and understanding of LRRK2 biology improve, it
will be important to strengthen this evidence.

3 Translation of LRRK2 Therapeutics
to the Clinic

3.1 Overview of Drug Development

3.1.1 Early Non-selective and First Generation of Selective
Compounds

Over the past decade, many compounds capable of inhibiting
LRRK?2 kinase activity have been identified through drug
discovery studies, and up to now there have been four gener-
ations of advancement [64] (Table 1). For additional reviews
on LRRK?2 inhibitor development readers are referred to [21,
65—-67]. Generation “0” are the earliest compounds, includ-
ing H-1152, GW5074, staurosporine and sunitinib, and are
largely non-selective pan-kinase inhibitors with relatively
poor potency and poor blood—brain barrier (BBB) perme-
ability [47, 68—70]. Their limited clinical and research appli-
cation facilitated further development of more favourable
compounds. Subsequent kinase profiling screens resulted
in the first-generation selective compounds with improved
potency including LRRK2-IN-1 [71], CZC-54252, CZC-
25146 [72] and TTT-3002 [73]. These compounds could
not robustly cross the BBB, but comprised useful in vitro
tool compounds for accelerating understanding of LRRK?2
biology and pharmacology.

3.1.2 Highly Potent and Selective Compounds

Second-generation inhibitors had improvements in all
areas, including higher potency, higher selectivity, better
brain penetrance and fewer off-target effects. HG-10-102-1
was the first selective LRRK2 inhibitor reported to block
LRRK2 activity in mouse brain in a dose-dependent manner
[74], with the pyrrolopyrimidine JH-II-127 another brain
penetrant selective inhibitor [75]. A seemingly reason-
able candidate, GSK2578215A, failed to inhibit LRRK2 in
mouse brain via intraperitoneal injection, although being
highly potent and BBB penetrant [76]. GNE-7915, GNE-
0877 and GNE-9605 were developed later and showed
enhanced potency even following oral administration [77,
78]. Moreover, GNE-0877 and GNE-9605 blocked LRRK?2
in a robust, dose-dependent manner in the brain of LRRK?2
G2019S mice [77]. PF-06447475, another characteristic
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Table 1 Progression and overview of LRRK?2 kinase inhibitor development
Gen- Example compounds Drug discovery company Characteristics References
eration
[68]
‘0 H-1152 - Non-selective kinase inhibitors with relatively poor potency and no [68-70]
GW5074 _ brain penetration
Staurosporine -
Sunitinib -
‘r LRRK2-IN-1 - Potent tool compounds with improved selectivity but little brain pen- [71-73]
CZC-54252 Cellzome etration
CZC-25146 Cellzome
TTT-3002 -
A HG-10-102-1 - Oral availability, higher potency, higher selectivity, low-to-high brain [74-79]
JH-1I-127 _ penetration but poor half-life
GSK2578215A GlaxoSmithKline
GNE-7915 Genentech
GNE-0877 Genentech
GNE-9605 Genentech
PF-06447475 Pfizer
‘3 MLi-2 Merck Highly potent and selective compounds with better brain penetration [80-82]
PF-06685360 Pfizer and optimised dosing strategies

second-generation LRRK?2 inhibitor, revealed a decrease in
LRRK?2 activity after 90 min even with a low dose (3 mg/kg)
in rodent brain and kidney [79]. Meanwhile, PF-06447475
had minimal effects on off-target enzymes and demonstrated
exceptional brain permeability since it shows similar con-
centrations of unbound compound in the brain and plasma.
This inhibitor also displays good tolerance with a relatively
high dose (65 mg/kg) in a 2-week toxicological assessment
[79].

3.1.3 Highly Potent and Selective Compounds with Blood-
Brain Barrier Penetration

A more recently developed and structurally novel inhibi-
tor, MLi-2, belongs to the third-generation inhibitors [64].
MLi-2 exhibited exceptional potency in vitro (half maximal
inhibitory concentration (IC50) =0.76-3.4 nM depending on
LRRK2 biochemical assay employed) and a dose-dependent
reduction in LRRK?2 kinase activity in mice peripherally
(IC50=0.8 nM) and in brain (IC50=1.1 nM) [80]. This
inhibitor was shown to have exceptionally high selectivity
for LRRK?2 when screened against over 300 kinases and a
number of receptors and ion channels [80, 81]. Moreover,
it remained well tolerated over a 15-week period when
administered daily at 30 mg/kg [80]. No adverse effects of
MLi-2 were noticed on body weight, food intake, or behav-
ioural performances at plasma exposures > 100 X the in vivo
IC50 for brain LRRK?2 kinase inhibition in the MitoPark
mouse model of PD [80]. Another third-generation inhibitor,

PF-06685360 (also known as PFE-360), also showed higher
kinase selectivity, improved oral bioavailability and good
brain permeability with IC50 of 3 nM [82]. A pharmacoki-
netic experiment indicated that an oral dose of 7.5 mg/kg
was necessary for this inhibitor to achieve full peripheral
LRRK?2 inhibition at both 1 h and 12 h time points after
dosing in rats [82].

Taken together, LRRK?2 kinase inhibitors have advanced
from relatively non-selective inhibitors through to highly
selective and potent compounds, and now, to those also
capable of penetrating the BBB with few off-target effects.
The development of newer LRRK2 kinase inhibitors with
better efficacy profiles has provided impetus for further
translation, including into human clinical trials.

3.2 Preclinical Safety of LRRK2 Kinase Inhibitors

One important aspect for translation of LRRK2 inhibitors to
the clinic is a comprehensive understanding of any potential
safety liabilities of such compounds. This is complicated
as the exact biological function of LRRK?2 has remained
elusive. Moreover, LRRK2 is not a brain-specific protein,
being also highly expressed in kidney, lung and immune
cells in particular [21].

3.2.1 Kidney Lysosomal Phenotypes

To begin to address safety concerns, LRRK?2 knockout (KO)
rodents were employed to assess the physiological effects
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of complete LRRK2 loss of function. Combined studies of
LRRK?2 KO rodents suggest that LRRK2 has little effect on
lifespan or general health, but aberrant lysosomal pheno-
types can emerge in the kidney [83—-86]. Enlarged vacuoles
in renal tubules and impaired lysosomal-autophagy func-
tion with a subsequent accumulation of lipids in the kidney
have been observed in LRRK?2 KO rodents, but their renal
function was still unremarkable [84-86]. Importantly, kidney
phenotypes have not been observed in heterozygous LRRK?2
KO mice [86], and no renal toxicity has been observed in
rodents or nonhuman primates after treatment with second-
generation LRRK?2 kinase inhibitors for up to 29 days [87].
In contrast, rats treated with PF-06685360 administered
orally at 7.5 mg/kg for up to 12 weeks, exhibited noticeable
kidney darkening as well as progressive accumulation of
hyaline droplets in the renal proximal tubules, resembling
the pathology of the LRRK2 KO rats [82]. These changes
were detectable following 2 weeks of treatment and were
partially reversible within a 30-day treatment-free period
[82]. In addition, no evidence of renal tubular injury or
abnormalities in the urinalysis and serum kidney markers
were observed after 12 weeks of treatment suggesting that
PF-06685360 may not have kidney toxicity or adverse con-
sequences for kidney function [82]. Moreover, MitoPark
mice receiving MLi-2 at 30 mg/kg per day for 15 weeks did
not exhibit kidney darkening or accumulation of pigment
in renal cortical tubules [80], and in nonhuman primates,
LRRK?2 inhibitor treatment did not induce kidney deficits
[87]. One caveat in using LRRK2 KO models to mimic
LRRK?2 kinase inhibitor-induced phenotypes is that kinase
activity is only one of the main functions of LRRK?2 and
phenotypes observed in KO animals might be attributed to
the loss of its non-kinase functions such as GTPase, dimeri-
sation or scaffolding. Collective evidence thus suggests that
aberrant kidney phenotypes are unlikely to be a significant
liability for LRRK2 kinase inhibitors.

3.2.2 Lung Lysosomal Phenotypes

In contrast to kidney, preclinical toxicity studies showed that
a number of earlier LRRK? kinase inhibitors could induce
morphological changes and abnormal cytoplasmic accumu-
lation of lysosome-related lamellar bodies in type II pneu-
mocytes in lungs of rodents and nonhuman primates [86,
87]. Although, not all inhibitors, like the second-generation
GNE-7915, GNE-0877 or PF-06447475, revealed pathologi-
cal changes in the lungs of rodents [49, 87]. MitoPark mice
receiving MLi-2 at 30 mg/kg per day for 15 weeks displayed
randomly scattered and very slight enlargement of type II
pneumocytes in the lungs [80]. Non-human primates receiv-
ing either of three structurally diverse compounds MLi-2,
PF-06685360 and GNE-7915, also developed mild accumu-
lation of lamellar bodies in type II pneumocytes following

A\ Adis

2 weeks of high-dose treatment [88]. Collectively, these
results indicate this phenotype as an on-target effect of
LRRK?2 kinase inhibition. Importantly however, lower doses
of PF-06685360 and MLi-2, that still substantially inhibited
LRRXK2 in brain, failed to induce lung pathology in the non-
human primates [88]. Moreover, lung pathology induced by
high-dose treatment was reversible upon drug withdrawal
and no deficits in pulmonary function were detected, even
at the highest doses employed [88]. Thus, preclinical toxi-
cology studies do not preclude the ongoing clinical study
of LRRK?2 inhibitor therapeutics and suggest that a safety
margin can be achieved in which brain LRRK?2 is inhibited
without effects on lung pathology.

3.2.3 Immune Cell Phenotypes

The highest expression of LRRK?2 appears to be in inflam-
matory regulating immune cells, particularly monocytes and
neutrophils [89-91]. Intriguingly, LRRK?2 variants have also
been implicated in an increased risk of developing Crohn’s dis-
ease [92, 93] and to an increased susceptibility to infection [94,
95], suggesting a biological function of LRRK2 in immunity
[96]. Indeed, LRRK?2 has been implicated in monocyte matu-
ration and function [97-99], innate immune signalling path-
ways [93, 100, 101] and pathogen clearance [89, 102, 103]. An
initial study showed reduced LRRK?2 expression in peripheral
mononuclear cells from a small cohort of subjects with the
T2397M Crohn’s disease risk mutation [93]. That LRRK?2
loss of function may be associated with immune phenotypes
has further been demonstrated using LRRK2 KO mice, which
are more susceptible to models of inflammatory bowel dis-
ease and Salmonella infection [93, 102]. However, LRRK2-
mediated immune regulation is likely a more complicated
story. Indeed, a recent study has demonstrated that LRRK2
KO mice are better able to clear Mycobacterium tuberculosis
[103]. Moreover, treatment of murine macrophages with the
second-generation GSK2578215A LRRK?2 inhibitor promoted
clearance of M. tuberculosis [103], but in another study, the
same inhibitor impaired clearance of Salmonella typhimurium
[102]. Meanwhile, the activating LRRK2 G2019S mutation
has been associated with potentiated peripheral inflammation
in asymptomatic carriers [104] and potentiated neuroinflam-
mation in an overexpressing mouse model [105], with some
studies, but certainly not all, reporting anti-inflammatory
effects of LRRK?2 inhibitors. That both activation and inhibi-
tion of LRRK?2 are implicated in immune function suggests a
potential, and likely complicated role for LRRK?2 in immune
homeostasis. The extent to which this is of concern for advanc-
ing LRRK?2 inhibitors as PD therapeutics is still unclear and
remains an interesting and active area of research.

In summary, preclinical findings to date do not necessar-
ily preclude the advancement of LRRK?2 kinase inhibitors
to the next stages of drug development. However, a better
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understanding of LRRK?2 biology would further aid in antici-
pating side effects, and it may be important to determine a
therapeutic window of drug administration and/or considera-
tion of cyclic therapies, particularly for long-term use as a
treatment for PD. Indeed, determining safely tolerated levels of
LRRK?2 inhibitor is currently a goal of the first Phase 1 clinical
trials currently being performed.

3.3 Early Phase 1 Clinical Trials

Although a majority of LRRK?2 kinase inhibitors remain in late
stages of preclinical evaluation, favourable candidates have
now entered phase 1 clinical trials to determine the safety and
dosage profiles in healthy volunteers. Recently, the DNL201
LRRK?2 inhibitor from Denali Therapeutics reported positive
results from its safety, pharmacokinetic, and pharmacody-
namic data [106]. In this randomised, double-blind, placebo-
controlled first in human phase 1a study, 122 healthy subjects
received either single or multiple ascending oral doses of
DNL201 or placebo. The treatment was safe and well tolerated
without serious adverse events at a drug level that resulted in
a greater than 90% of inhibition of peripheral LRRK?2 activ-
ity. This inhibitor also reached high concentrations in cerebro-
spinal fluid (CSF), suggesting good brain penetration [106].
Detailed clinical data from this study are currently unavailable
but outcomes disclosed to date suggest a promising outlook
for further drug development and clinical testing. Indeed, an
ongoing DNL201 phase 1b study (NCT03710707) is proposed
to be performed in mild-to-moderate PD patients with and
without a LRRK? mutation and is designed to last for 28 days
[107]. Meanwhile, Denali Therapeutics has announced that
its second LRRK?2 inhibitor, DNL-151, is now being tested
in a phase 1 dose escalation study of healthy volunteers in the
Netherlands [106]. Understandably there is substantial interest
in the outcomes of these trials and whether LRRK?2 inhibitors
can progress to phase 2.

3.4 Some Remaining Challenges for Clinical
Translation

3.4.1 LRRK2 Activity Readouts and Biomarkers

In spite of the great progress in clinical development of
LRRK?2 kinase inhibitors, ongoing translation is still fac-
ing hurdles. One of which is a lack of suitable biomarkers
that could be monitored to assess the target engagement and
subsequent efficacy of LRRK?2 inhibitors. To date, the most
widely used pharmacodynamic biomarker of LRRK?2 target
engagement is to measure LRRK2 phosphorylation levels
on serine residues Ser910 and Ser935 [108]. These two
residues, which regulate LRRK?2 binding to 14-3-3 family
adaptor proteins [109], are constitutively phosphorylated on
LRRK?2 and even though they are not autophosphorylation

sites, constitutive phosphorylation of wild-type LRRK?2
requires kinase activity [108]. Consequently, all tested
LRRK?2 inhibitors cause loss of phosphorylation at these
sites in around 1-2 h, and in a dose-dependent manner in
all cell and animal models tested. Two additional residues
located nearby, Ser955 and Ser973 appear to be regulated in
a similar manner [110], and all four of these phosphorylation
sites have been demonstrated to be LRRK?2 inhibitor sensi-
tive in peripheral blood mononuclear cells from control and
sporadic PD subjects treated ex vivo with LRRK?2 inhibitors
[111]. However, exactly how LRRK?2 kinase activity regu-
lates LRRK?2 phosphorylation at these residues is largely
unknown. It has been suggested as an indirect regulation
via either phosphatases [112], or upstream kinases other
than LRRK?2 itself [100, 113, 114]. Thus, LRRK2 dephos-
phorylation at Ser910, Ser935, Ser955 and Ser973 remains
an indirect measure of LRRK?2 kinase activity and requires
careful validation owing to the intricate regulation. Addi-
tionally, pathogenic LRRK2 mutations in the ROC-COR
domain result in a loss of constitutive phosphorylation of
the Ser910, Ser935, Ser955 and Ser973 residues, making
this an unsuitable readout of inhibitor engagement in these
patients [108, 109]. Another method for assessing LRRK?2
kinase activity is to measure levels of LRRK?2 phosphoryla-
tion at Ser1292 [35]. In contrast to Ser910, Ser935, Ser955
and Ser973, Ser1292 is a physiological autophosphorylation
site with its dephosphorylation thus a direct consequence
of LRRK?2’s own kinase activity. Although Ser1292 phos-
phorylation could be detected in urinary exosomes from
sporadic PD patients [115], the very low stoichiometry
of phosphorylation on this residue and consequential dif-
ficulties with its robust detection has limited its practical
utilisation in other biospecimens. Most recently, phospho-
rylation of the direct LRRK?2 substrate Rab10 at Thr73 has
been evaluated as a biomarker readout of LRRK2 activity.
Rab10 Thr73 phosphorylation decreases in a dose-dependent
manner with LRRK?2 inhibitors in cell and animal models,
including in peripheral immune cells from both healthy
controls [36] and PD patients [91, 116]. Indeed, the use of
Rab10 Thr73 phosphorylation in combination with LRRK?2
Ser935 provides a seemingly robust readout of peripheral
LRRK?2 inhibitor target engagement. However, the extent
to which Rab10 Thr73 phosphorylation is a biomarker of
increased LRRK?2 activity is less clear. As outlined above,
LRRK2-mediated Rab phosphorylation contains a number
of potential rate-limiting steps including membrane recruit-
ment, allosteric interactions and guanidine nucleotide bind-
ing [41, 42]. Moreover, Rab10 phosphorylation was not
significantly increased in peripheral immune cells from a
small cohort of LRRK2 G2019S [91], and in peripheral
immune cells from sporadic PD patients there was no cor-
relation between LRRK2 levels and Rab10 phosphorylation
[116]. It is also important to note that there are currently
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no validated central readouts of LRRK?2 activity or inhibi-
tor target engagement. In this regard, the development of
CSF biomarkers is still ongoing, as are efforts to generate
imaging agents [117, 118]. In addition to direct measures of
target engagement, there is also much interest in develop-
ing specific assays that can determine the extent to which
inhibitors are impacting on LRRK2-mediated pathobiology.
Again, such biomarkers remain to be fully validated and
LRRK?2 biology to be better understood, but mitochondrial
function, lysosomal function and inflammation are continu-
ally implicated in LRRK?2 pathobiology and may provide
key readouts of LRRK?2 inhibitor efficacy suitable for a clini-
cal trial time frame.

3.4.2 Who to Recruit for Trials and When

There are some important considerations for patient recruit-
ment in clinical trials, specifically regarding suitable patient
populations and the appropriate therapeutic window for
intervention. That is, will LRRK?2 inhibitors have disease-
modifying effects at later stages of PD, will they be most
efficacious upon diagnosis of PD, or indeed should they be
given before the onset of clinical symptoms? The incomplete
understanding of LRRK?2 inhibitor mechanisms of action
makes it difficult to determine the extent to which inhib-
iting LRRK2 will be efficacious in advanced disease with
substantial Lewy pathology, neuroinflammation and neuro-
degeneration. Additionally, careful assessment of LRRK2
levels in post-mortem brain tissue of PD patients with and
without LRRK?2 mutations suggests a reduction in LRRK?2
protein at end-stage PD, decreasing the size of the LRRK?2
pool that might be actively targeted with inhibitor therapy
[119, 120]. Declining LRRK?2 protein levels in brain were
associated with increasing disease duration, while interest-
ingly, an upregulation of LRRK?2 protein in brain tissue from
patients with restricted Lewy body disease was observed
[119, 120]. Restricted Lewy body cases are a potential pro-
dromal PD cohort [121] and the prospect of early treatment
to prevent neurodegeneration is clearly exciting. However,
the treatment of mutation carriers before the onset of clinical
symptoms is complicated by the relatively low and incom-
plete disease penetrance of LRRK?2 mutations [22, 122,
123]. Thus, to facilitate asymptomatic treatment, predictors
for pheno-conversion to clinical PD first need to be identi-
fied. Currently proposed clinical prodromal markers involve
subtle non-motor symptoms [124], arm swing asymmetry
[125], axial rotation smoothness [125] and dopaminergic
nigrostriatal denervation [126], while inflammatory profil-
ing or uric acid levels may also identify LRRK2 G2019S
mutation carriers at higher risk of developing PD [104,
127]. However, longitudinal follow up of mutation cohorts
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is still required to validate the sensitivity and specificity of
any identified markers. Finally, there are also considera-
tions regarding the LRRK?2 mutation carriers themselves.
The pathogenic mutations in the ROC-COR domain increase
LRRK2 activity the most, and potentially subjects with these
mutations will show the most benefit with LRRK2 inhibitors
over a clinical trial timeframe. However, these mutations are
relatively rare and finding a sufficient cohort for a properly
powered trial may be difficult. Indeed, even with G2019S
subjects included, recruitment for a clinical trial is likely
to require a coordinated international effort. Consequently,
there is also interest in identifying other PD patient popula-
tions that may benefit from LRRK?2 inhibitor therapy.

4 LRRK2 Inhibitors as Potential Therapeutics
Beyond LRRK2-Mutation Carriers

4.1 LRRK2 Inhibitors in Other Genetic Forms of PD

LRRK?2 has been implicated to share common biological
pathways with other PD-associated genes, leading to sugges-
tions that LRRK?2 therapeutic strategies may have potential
for PD patients beyond those carrying LRRK2 mutations.

4.1.1 LRRK2 and VPS35

Missense mutations in vacuolar protein sorting associated
protein 35 (VPS35) were linked to PD in 2011 [128, 129].
VPS35 is a member of the retromer complex, which controls
endosomal protein trafficking, and is particularly important
for membrane protein recycling between endosomes and the
trans Golgi network [130]. Like pathogenic LRRK?2 muta-
tions, VPS35 mutations are autosomal dominant and carriers
share close clinical phenotypes, in terms of age at onset and
clinical symptoms, to sporadic PD [131]. The most common
pathogenic VPS35 mutation is D620N, which is proposed
to induce a loss of function [132, 133]. Drosophila stud-
ies have functionally linked LRRK2 and VPS35 indicating
convergence on the same intracellular vesicle trafficking
pathway in the endosomal-lysosomal/Golgi sorting system
to mediate neurodegeneration [134, 135]. Altered VPS35
levels and evidence of retromer dysfunction have also been
observed in post-mortem brain tissue from LRRK2 mutation
carriers [120]. Importantly, biochemical studies show that
LRRK2-mediated Rab10 phosphorylation is enhanced in the
presence of D620N mutant VPS35, and suppressed in the
absence of VPS35 [136]. That mutant VPS35 may directly
modulate LRRK2 activity suggests that PD patients with
VPS35 mutations may also potentially benefit from LRRK2
inhibitor treatment.



LRRK2 Inhibitors for Parkinson’s Disease

1045

4.1.2 LRRK2 and PINK1/Parkin

Loss of function missense mutations in both PTEN-induced
kinase 1 (PINK1) and Parkin are the most common cause
of recessively inherited early-onset forms of PD [12, 137],
with both proteins important for the regulation of mitophagy
and mitochondrial quality control [138]. LRRK?2 has been
linked to mitochondrial impairments in PD patients with
the G2019S mutation [139], and also to the regulation of
PINK1/Parkin-dependent mitophagy in patient derived
fibroblast and induced pluripotent stem cell models [140,
141]. Importantly, the LRRK2-IN-1 inhibitor was able to
attenuate impaired PINK1/Parkin-mediated mitophagy in
fibroblasts from LRRK?2 G2019S mutation patients [140].
The expression of LRRK?2 has been reported to be modu-
lated by levels of PINK1, being increased in fibroblasts from
PINK1 mutation carriers and decreased upon PINK1 over-
expression [142]. LRRK?2 inhibitors can also reduce valin-
omycin-induced mitochondrial dysfunction in cells derived
from patients carrying PINK1, Parkin or LRRK?2 mutations
[62, 143]. Intriguingly, Rab GTPases are also downstream
substrates of PINK1 [144] suggesting further convergence
with the LRRK?2 pathway. Thus, LRRK? kinase inhibitors
may also have potential for rescuing mitochondrial defects
in PINK1/Parkin-associated PD patients.

4.1.3 LRRK2 and GBA

Another potentially interesting subcategory of PD patients
are those with missense mutations in lysosomal glucocer-
ebrosidase (GBA). Homozygous GBA mutations cause the
lysosomal storage disorder Gaucher’s disease, which also
results in a higher incidence of PD [145-147]. Indeed,
heterozygous missense mutations in GBA are now consid-
ered one of the more common established risk factors for
PD, with a penetrance similar to LRRK2 mutations [148,
149]. Apart from a higher risk of cognitive decline [150],
GBA mutation carriers again show a similar clinical dis-
ease course to both sporadic and LRRK2-associated PD.
Although GBA and LRRK?2 are yet to be directly function-
ally linked, it is apparent that both proteins show substantial
biological overlap. Both enzymes are highly expressed in
monocytes [89, 90, 151-154], both have been implicated in
(i) immune function and inflammation [92, 93, 96, 153, 155,
156], (ii) lysosomal function [157-161], (iii) a-synuclein
pathology [51, 161, 162], and missense mutations alter the
activities of both enzymes increasing the risk of developing
PD. Whether there is a direct interaction between these two
proteins is an active area of investigation. If LRRK?2 kinase
inhibitors also benefit PD patients with GBA mutations, then
the pool of patients that may be therapeutically targeted will
be substantially increased.

4.2 LRRK2 Inhibitors in Sporadic PD

As outlined in Sect. 2, genome-wide association studies have
identified variations in non-coding regions in and around the
LRRK?2 locus that comprise increased risk factors for spo-
radic PD, with the prevalence ranging from around 2 to 40%
in certain populations [163, 164]. Given that LRRK2-associ-
ated PD patients also present with clinical and neuropatho-
logical profiles largely indistinguishable from late-onset
idiopathic PD [19], an exciting prospect is whether more
common sporadic PD could also potentially be treated with
LRRK?2 kinase inhibitors. Technical challenges have made
assessing LRRK?2 activity difficult, but recent advances do
allude to a potential role in sporadic PD. In particular, Di
Maio et al. developed a proximity ligation assay to improve
detection of LRRK2 Ser1292 and show that its phosphoryla-
tion was increased in the remaining dopamine neurons from
sporadic PD post-mortem brain tissue [165]. Cross valida-
tion of these results and extension to other brain regions
is still required, moreover it remains unknown if brain
LRRK2 activity is increased earlier in PD pathogenesis or
just at end-stage disease. The Ser1292 proximity ligation
assay also revealed that LRRK?2 activity in rodent brain was
increased by oligomeric a-synuclein [165]. Additionally,
studies in sporadic PD-relevant cell and rodent a-synuclein
models suggest a neuroprotective effect of LRRK?2 inhibi-
tors [49, 50, 143, 166], although this has not always been
observed [167, 168]. LRRK?2 protein levels were also found
to be increased in sporadic PD patient immune cells [116,
169], although the specificity for PD and the way in which
increased immune cell LRRK?2 relates to PD pathogenesis,
still remains to be determined.

Also of interest to sporadic PD is the emerging link
between LRRK2 and Rab29 (also known as Rab7L1) risk
variants. Genome-wide association studies first identified the
PARK 16 region as modulating the risk of sporadic PD [163,
170, 171]. The PARK16 locus contains a number of candi-
date genes, and although not conclusive, functional evidence
implicates Rab29 as a candidate risk gene. In particular, ele-
gant functional studies in cell and drosophila models demon-
strated that modulating Rab29 expression could rescue PD
phenotypes induced by LRRK2 G2019S [135]. Moreover,
Rab29 was found to directly interact with LRRK2 [135].
The LRRK2-Rab29 interaction occurred at the Golgi appa-
ratus, an observation that has been independently confirmed
by a number of research groups [41, 172—174]. Pathogenic
LRRK?2 variants are more efficiently recruited to Golgi
bound Rab29 and impact upon Golgi morphology, retromer
trafficking, autophagy and centrosomal function, with a
number of phenotypes dependent on LRRK2 kinase activity
[41, 135, 172, 173]. Further strengthening this interaction is
that Rab29 protein levels can increase LRRK?2 activity [42],
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and that Rab29 is in turn phosphorylated by LRRK2 [41].
Importantly, genetic evidence suggests that LRRK?2 and
Rab29 variants function together to modulate PD, further
implicating LRRK2 dysfunction in sporadic PD, or at least
in a subset of patients [135]. It is certainly early days with
regard to the potential use of LRRK2 inhibitors in sporadic
PD; however, assessing LRRK2 activity and function in spo-
radic PD patients will be an important area of investigation
as clinical trials of LRRK2 inhibitors progress.

5 Summary

Accumulating evidence suggests that increased LRRK?2
kinase activity may play an important role in PD pathogen-
esis. Consequently, there is substantial interest in blocking
LRRK?2 kinase activity as a potential treatment for PD.
Through a concerted international effort involving close
relationships between academia and industry, over the past
decade LRRK?2 drug development has progressed remark-
ably, to a point where potent and selective inhibitors have
yielded positive initial results in preclinical studies and
early-stage clinical trials. Preclinical studies suggest a neu-
roprotective role of these drugs, and potential safety con-
cerns in peripheral tissues such as lung, appear manageable
although a complete understanding of LRRK?2 pathobiology
and mechanisms of action of LRRK2 inhibitors remain elu-
sive. In addition, biomarker strategies to measure efficacy
of LRRK?2 inhibitors need to improve to ensure successful
implementation of drugs in clinical trials. Moreover, it will
also be important to define patient populations, safe doses
and therapeutic windows for optimal design of clinical trials
for treating PD patients with, and possibly beyond, LRRK?2
mutations. In particular, further work examining LRRK?2
activity and function in sporadic PD is warranted to deter-
mine if this major PD population, or at least a subset thereof,
may also benefit from LRRK2 inhibitor-based therapies.
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