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Abstract

Increased leucine-rich repeat kinase 2 (LRRK2) kinase activity is an established 
risk factor for Parkinson’s disease (PD), and several LRRK2-kinase inhibitors are 
in clinical development as potential novel disease-modifying therapeutics. 
This biomarker characterization study explored within- and between-subject 
variability of multiple LRRK2 pathway biomarkers (total LRRK2 [tLRRK2], phos-
phorylation of Ser935 on LRRK2 [pS935], phosphorylation of Rab10 [pRab10], 
and total Rab10 [tRab10]) in different biological sources (whole blood, PBMCs, 
neutrophils) as candidate human target engagement and pharmacodynamic 
biomarkers for implementation in phase 1/2 pharmacological studies of 
LRRK2 inhibitors. PD patients with a LRRK2 mutation (n=6), idiopathic PD 
patients (n=6) and healthy matched control subjects (n=10) were recruited 
for repeated blood and cerebrospinal fluid (CSF) sampling split over two days. 
Within-subject variability (geometric CV, %) of these biomarkers was lowest in 
whole blood and neutrophils (range: 12.64 to 51.32%) and considerably higher 
in PBMCs (range: 34.81 to 273.88%). Between-subject variability displayed a 
similar pattern with relatively lower variability in neutrophils (range: 61.30 
to 66.26%) and whole blood (range: 44.94 to 123.11%), and considerably higher 
variability in PBMCs (range: 189.60 to 415.19%). Group level differences were 
observed with elevated mean pRab10 levels in neutrophils and a reduced 
mean pS935/tLRRK2 ratio in PBMCs in PD LRRK2-mutation carriers compared 
to healthy controls. These findings suggest that the evaluated biomarkers 
and assays could be used to verify pharmacological mechanisms of action 
and help explore the dose-response of LRRK2-inhibitors in early phase clinical 
studies. In addition, comparable α-synuclein aggregation in CSF was observed 
in LRRK2-mutation carriers compared to idiopathic PD patients.

Introduction

Gain-of-kinase-function mutations in the gene encoding the leucine-rich 
repeat kinase 2 (LRRK2) protein confer the highest population-attributable 
risk to Parkinson’s disease (PD), accounting for approximately 4-5% of familial 
PD and 1-2% of sporadic PD.1-3 Moreover, emerging evidence suggests that 
LRRK2 activity is also increased in a proportion of idiopathic PD patients,4,5 
which has sparked an interest in the development of LRRK2-kinase inhibitors 
as potential disease-modifying therapeutics.6-10 

Pathogenic LRRK2 mutations associated with PD reside in the guanosine 
triphosphatase (GTPase) and kinase domains of the protein (Figure 1). The 
most common LRRK2 mutation, G2019S, is located in the kinase domain and 

increases LRRK2 kinase function approximately 2-3 fold.6,7,11-14 Surprising-
ly, mutations in the neighboring GTPase domain, including the R1441C/G/H 
and Y1699C mutations, seem to have substantially larger (indirect) effects 
on LRRK2 kinase activation of up to 2-15-fold in model systems.6,7 This effect 
appears to be mediated through intramolecular regulation of the kinase ac-
tivity by the GTPase.7,12,15,16 

Increased LRRK2 kinase activity results in excessive phosphorylation of 
substrates, including a subset of Rab GTPases. These Rab GTPases are a family 
of key players in intracellular trafficking events and lysosomal homeosta-
sis.6 Together, the LRRK2-Rab GTPase pathway is believed to play a role in 
regulating endo-lysosomal biology via multiple mechanisms, including endo-
cytosis, autophagy and lysosomal functioning.15,17-20 In PD, lysosomal damage 
and dysfunctioning (resulting from increased LRRK2 kinase activity) may be 
a central mechanism impairing degradation of proteins, ultimately result-
ing in the accumulation of α-synuclein (αSyn), a cardinal pathological feature 
of PD.8,21-23 

Several LRRK2 pathway and inhibition biomarkers have been described 
in recent years including total LRRK2 (tLRRK2) protein for safety evaluation, 
potential pathway engagement, and normalization purposes,7,8,10,24-29 
phosphorylation of the serine 935 (pS935) residue on LRRK2 as an indirect 
LRRK2-inhibitor target engagement marker,7,8,13,30,31 phosphorylation of 
the Thr73 residue on the direct LRRK2 substrate Rab10 (pRab10) as a direct 
pharmacodynamic marker, and total Rab10 (tRab10) for pRab10 normaliza-
tion purposes (Figure 1).6,8,9,13,31-33 In addition, LRRK2 autophosphorylation of 
serine 1292 and phosphorylation of several other Rab family substrates (e.g. 
Rab1B, Rab7A, Rab8A and Rab12) have been investigated as potential LRRK2 
pathway biomarkers, but these carry less ideal properties for use in a clinical 
setting.8,31-34 More downstream pathophysiological biomarkers that could 
be of interest in clinical studies with LRRK2-inhibitors include bis(mono-acyl-
glycerol)phosphate (BMP) isoforms as a readout of lysosomal functioning,9,35 
and/or potentially direct measurement of pathologic αSyn aggregation po-
tency.36,37 

To establish a potential treatment effect in PD, LRRK2 inhibition would 
need to reach the central nervous system (CNS). CNS tissue, however, cannot 
be used to assess biomarker levels of target and pathway engagement in a 
clinical setting. Fortunately, LRRK2 is present throughout the brain and body 
– with the highest expression in circulating immune cells, the lungs and the 
kidney – , which offers an opportunity to investigate blood-based biomark-
ers as surrogates for CNS LRRK2 activity.7,38 
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In addition, it has recently been demonstrated that total LRRK2 can be 
evaluated in cerebrospinal fluid (CSF).29 In vitro and in vivo experiments have 
demonstrated that LRRK2 inhibition shows a similar dose-response pattern in 
peripheral tissues and cells compared to the CNS.9,13 This provides an oppor-
tunity for clinical studies with LRRK2-inhibitors to use blood (and CSF) based 
pathway biomarkers, combined with drug concentration measurements in 
blood and CSF, to predict CNS pharmacodynamic effects.7,9,13,38 Moreover, 
recently new assay techniques have become available that make it possible 
to detect small quantities of αSyn aggregates circulating in CSF.36 αSyn ag-
gregation potency might provide an interesting pathophysiological response 
biomarker to LRRK2-inhibtion, and more relevant than total αSyn levels that 
can display little difference between PD patients and healthy controls.37

Before any anticipated pharmacological effect biomarker can be im-
plemented in a clinical study, it is essential to understand the within- and 
between-subject variability as this influences the minimal detectable ef-
fect-sizes as well as the overall biomarker sampling and analysis strategy. 
Therefore, the purpose of this biomarker characterization study was to ex-
plore within- and between-subject variability in tLRRK2, pS935, pRab10, and 
tRab10 in different biological sources (whole blood, peripheral blood mono-
nuclear cells [PBMCs], neutrophils) as candidate human target engagement, 
pharmacodynamic, and potential patient stratification biomarkers for fur-
ther formal validation studies.13 Additionally, this study aimed to explore 
group level differences in LRRK2 pathway activity and αSyn aggregation in CSF 
between PD patients with and without a LRRK2 mutation and healthy control 
subjects, all with the aim to develop a robust biomarker strategy for imple-
mentation in phase 1/2 pharmacological studies of novel LRRK2 inhibitors.9,10

Methods
Study design and population

This single-center, non-interventional study used a design with repeated 
blood sampling split over two days to investigate both day-to-day within-
subject (intraindividual) and between subject (interindividual) variability in 
LRRK2 pathway biomarkers. In addition, group level differences in biomarker 
levels between PD patients with a LRRK2 mutation (LRRK2+PD), idiopathic PD 
patients (iPD) and healthy matched control subjects (HC) without Parkinson’s 
disease were assessed. In each group six subjects were planned to complete 
two visits to the clinic at least 10 days and up to 4 weeks apart, for blood 
sample and CSF collection after a low-fat breakfast followed by 4 hours of 

fasting. Four additional healthy control subjects were planned to complete 
only 1 clinic visit for blood sample and CSF collection in a fasted state. All 
biomarker samples were collected during the same part of the day (morning), 
at approximately the same time. Subjects had a safety follow-up visit or 
telephone call approximately one week after completing the last clinic visit. 

The LRRK2+PD and iPD patients were recruited from a database of 3402 
genotyped PD patients (CHDR, Leiden, the Netherlands) in 2018.39 LRRK2+PD 
patients had to have completed genetic screening showing one of the 
following LRRK2 mutations: G2019S, I2020T, R1441G, R1441C, R1441H, N1437H, 
or Y1699C, absence of PD associated glucocerebrosidase gene (GBA) mutations, 
and a clinical diagnosis of PD (Hoehn & Yahr stage 1-4). The iPD patients had to 
have completed genetic screening showing absence of PD associated LRRK2 
and GBA mutations. Healthy control subjects were matched to a LRRK2+PD or 
iPD patient for gender, age (+/- 5 years) and BMI (+/- 3.5 kg/m2), had to have no 
clinical history or signs/symptoms of PD and no first order relatives diagnosed 
with PD. Subjects were allowed to maintain stable doses and regimens for 
concomitant medication, herbal treatments, medical marijuana, and dietary 
supplements during the study. Only non-smokers were included. 

The sample size was based on practical considerations based on the 
estimated prevalence of LRRK2+PD in the Netherlands and is considered suf-
ficient to provide descriptive information on LRRK2 pathway biomarkers. 

This study was conducted in accordance with the International Conference  
for Harmonization (ICH) of Technical Requirements for Pharmaceuticals  
for Human Use, Good Clinical Practice (GCP), and the principles of the  
Declaration of Helsinki. The study was registered in the Netherlands Trial 
Register (NTR7647), approved by an independent ethics committee (Stichting  
Beoordering Ethiek Biomedisch Onderzoek, Assen, the Netherlands), and 
all subjects provided their written informed consent before participation.

Biomarker assessments

Neutrophil and PBMC lysates were analyzed for pS935, tLRRK2, pRab10, and 
tRab10. Whole blood was analyzed for pS935 and tLRRK2 only, because Rab10 
was not detectable in whole blood with available assays. 

For neutrophil isolation, whole blood was collected in a K2EDTA tube and 
neutrophil isolation was performed within 1 hour using a Direct Human Neu-
trophil Isolation Kit and RoboSep device (StemCell, Germany) following the 
manufacturer’s protocol. Frequency of neutrophils in whole blood, yield 
and purity (CD16+, CD66b+, CD45+) of the negative fraction containing the 
neutrophils were assessed by flow cytometry using a MACSQuant 10 analyser 
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(Miltenyi Biotec, Germany). Neutrophils were pelleted by centrifugation and 
then resuspended in lysis buffer. The lysates were incubated on ice for 20 
min, followed by centrifugation. Supernatants were aliquoted and stored 
at − 80 °C for later immunoassay analysis.

For PBMC analysis, blood was collected into CPT-sodium heparin tubes 
and PBMCs were isolated following the manufacturer’s protocol. Cells were 
counted on a MACSQuant 10 analyzer (Miltenyi Biotec, Germany). PBMCs were 
pelleted by centrifugation and resuspended in PBMC lysis buffer.13 The lysates 
were incubated on ice for 20 min, followed by centrifugation. Supernatants 
were aliquoted and stored at − 80 °C for later immunoassay analysis.

pS935, tLRRK2, pRab10, and tRab10 in all samples were quantified using 
Meso Scale Discovery (MSD)-based assays according to methods described 
elsewhere,13 with the exception that at the time of this study these assays 
were still in a developmental stage and not yet validated. Results were plot-
ted with MSD arbitrary units (A.U.).

CSF was collected in polypropylene tubes following lumbar puncture with 
an atraumatic 22G needle, centrifuged and the supernatant was aliquoted and 
stored at –80°C. Samples were analyzed using an αSyn Seed Amplification 
Assay (αS-SAA) that uses amplification cycles and an excess of recombinant 
αSyn to elongate and detect misfolded αSyn aggregates (αSyn seeds) in CSF. The 
assay was performed by Amprion using previously published methods.40-42 
Briefly, CSF samples were blindly analyzed in triplicate (40 µL each) in a 
reaction mixture comprising 0.3 mg/mL recombinant αSyn (Amprion, cat# 
S2020), 100 mM PIPES pH 6.50, 500 mM NaCl, 10 µM Thioflavin T (ThT), and 
one 3/32’ Si3N4 bead blocked with 1% BSA. Reaction mixtures were analyzed 
in 96-well plates. Plates were orbitally shaken at 800 rpm for 1 minute every 
29 minutes at 37 °C for 150 hours. Fluorescence readings (RFU, 440-10/490-
10) were collected every 30 minutes. The results from each triplicate were 
combined to determine the samples result (positive/negative for αSyn seeds) 
using a probabilistic algorithm already described.40 

Statistical analysis

All statistical analysis was performed using SAS statistical software (version 
9.4). Within-subject variability between two visits and between-subject vari-
ability are expressed as geometric coefficient of variation (CV, %). Geometric 
CV was estimated within a repeated measures mixed effects model with 
group, visit, and group by visit as fixed factors, and visit as repeated factor 
within subject, and a compound symmetry variance/covariance structure 
within group, if possible. Where possible, pS935 was normalized to tLRRK2 

(pS935/tLRRK2) and pRab10 to tRab10 (pRab10/tRab10) and to tLRRK2 (pRab10/
tLRRK2) to explore if this would reduce variability. Neutrophil and PBMC 
biomarker values were also normalized to cell number and glyceraldehyde 
3-phosphate dehydrogenase (GADPH; PBMCs only) as an exploratory analysis 
to determine whether this would reduce within- and between-subject 
variability. Within the model, mean (95% confidence intervals [CI]) group 
level differences in pS935, tLRRK2, pS935/tLRRK2, pRab10, tRab10, pRab10/
tRab10, and pRab10/tLRRK2 levels were explored on log-transformed data. 
Inconclusive test results in the αS-SAA were treated as false negatives for 
calculation of the assay sensitivity and specificity, with their 95% CI (Wilson 
Score Intervals). The αS-SAA ThT fluorescence signal between the LRRK2+PD, 
iPD and HC groups was analyzed with a repeated measures mixed effects 
model, with time as repeated factor within subject by visit, and group, visit, 
time, and group by time as fixed factor. The contrasts between the 3 groups 
were estimated within the model, with their 95% CI. Estimated means per 
group and timepoint were generated and graphically presented. The level of 
significance was set at p < .05. 

Results
Demographics and baseline characteristics

Six LRRK2+PD, six iPD and ten matched HC subjects were enrolled into the 
study, with an age of between 47 and 81 years and a BMI between 21.0 and 32.9 
kg/m2. Most subjects were male (86%). Baseline characteristics (except for the 
PD diagnosis) were generally comparable between the three groups (Table 1). 
The six LRRK2+PD patients had a shorter mean time since diagnosis (6.7±4.0 
vs 9.8±3.8 years), a slightly lower mean Hoehn & Yahr score (1.8±1.2 vs 2.0±0.8), 
and included more subjects from North African descent (33% vs 0%) compared 
to the six iPD patients. Five (83%) LRRK2+PD patients carried a G2019S LRRK2 
mutation and one (17%) patient carried a R1441C mutation. None of the iPD 
subjects had mutations in the LRRK2 and GBA genes. All patients with PD and 
6 healthy control subjects completed two visits to the clinic, and four healthy 
control subjects only completed 1 clinic visit (Table 1). Two LRRK2+PD patients 
only completed 1 out of the 2 planned lumbar punctures.

Within-subject variability per biomarker and biological source 

Within-subject variability (geometric CV, %) between Visit 1 and 2 for each 
biomarker (pS935, tLRRK2, pS935/tLRRK2, pRab10, tRab10, pRab10/tRab10, and 
pRab10/tLRRK2) in each biological source (whole blood, PBMCs, and neutro-
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phils) is depicted in Figure 2A. Within-subject variability was lowest in whole 
blood (ranging from 12.64 to 30.37% [pS935/tLRRK2 and pS935, respectively]) 
and neutrophils (ranging from 43.55 to 51.32% [tRab10 and pRab10, respective-
ly]). Both pS935 and tLRRK2 were below quantification limits in all neutrophil 
lysate samples. In PBMCs within-subject variability was considerably higher 
for all biomarkers (ranging from 121.49 to 273.88% [pS935/tLRRK2 and tLRRK2, 
respectively]), except for tRab10 (34.81%). When normalizing pS935 to tLRRK2 
(pS935/tLRRK2) and pRab10 to tRab10 (pRab10/tRab10) within-subject vari-
ability decreased in each biological source, though only marginally (Figure 2A). 
Normalizing pRab10 to tLRRK2 (pRab10/tLRRK2) in PBMCs resulted in the high-
est within-subject variability with a geometric CV of 789.46%. Normalizing 
to total cell number or GADPH (PBMCs only) did not decrease variability ob-
served in PBMCs (Supplemental Figure S1A) or neutrophils (data not shown). 

Between-subject variability within each subject group

Between-subject variability (geometric CV, %) for each biomarker in each bio-
logical source is depicted in Figure 2B. Between-subject variability was lowest 
in neutrophils (ranging from 61.30 to 66.26% [pRab10/tRab10 and pRab10, 
respectively]), followed by whole blood (ranging from 44.94 to 123.11% [pS935 
and tLRRK2, respectively]). In PBMCs between-subject variability was again 
considerably higher (ranging from 189.60 to 415.19% [pS935 and pRab10/
tRab10, respectively]), except for tRab10 (74.32%) and pS935/tLRRK2 (96.27%). 
Normalizing pS935 to tLRRK2 (pS935/tLRRK2) approximately halved between-
subject variability of pS935 in PBMCs, but more than doubled it in whole blood. 
Normalizing pRab10 to tRab10 (pRab10/tRab10) did not significantly decrease 
between-subject variability in neutrophils and increased variability in PBMCs 
(Figure 2B). Controlling pRab10 for tLRRK2 (pRab10/tLRRK2) in PBMCs resulted 
in the highest between-subject variability with a geometric CV of 798.71%. 
Normalizing to total cell number or GADPH (PBMCs only) did not decrease 
variability observed in PBMCs (Supplemental Figure S1B) or neutrophils (data not 
shown). There were no apparent differences in between-subject variability 
between the three populations, except for substantially higher between-
subject variability in tLRRK2, pRab10, and pRab10/tRab10 in the HC group, and 
for pRab10/tLRRK2 in the HC and LRRK2+PD groups (Supplemental Figure S2E).  

Group level differences for each biomarker

No group level differences were observed for pS935, tLRRK2, and tRab10 
between the LRRK2+PD, iPD and HC groups in either whole blood, PBMCs, 
or neutrophils. Furthermore, no group level differences were observed for 

pRab10 in PBMCs (Supplemental Table S1). However, the mean phosphoryla-
tion of Rab10 (pRab10) was significantly elevated in the LRRK2+PD (4795 A.U.) 
compared to the HC (2595 A.U.) group in neutrophils (p = 0.0404). Though 
numerically higher, the mean pRab10 level in neutrophils in the iPD group 
(3309 A.U.) did not significantly differ from the HC group (Figure 3A). After 
correcting for tRab10 in neutrophils, the mean pRab10/tRab10 ratio was 
approximately two-fold higher in the LRRK2+PD (1.40) compared to the HC 
(0.67) group (p = 0.0062). The mean pRab10/tRab10 ratio in the iPD group 
(1.26) was also elevated compared to the HC group, but this difference was 
not significant (p = 0.0698), nor was there a significant difference between 
the LRRK2+PD and iPD groups. The single subject with a LRRK2R1441C mutation 
had the highest pRab10 level in neutrophils of all participants (pink dot Figure 
3A). No group level differences were observed for pRab10/tRab10 or pRab10/
tLRRK2 in PBMCs. 

When pS935 was corrected for tLRRK2, the mean pS935/tLRRK2 ratio was 
significantly lower in LRRK2+PD vs HCs (1.53 vs 3.12, p = 0.0327) and in LRRK2+PD 
vs iPD (1.53 vs 4.46, p = 0.0006) in PBMCs (Figure 3B), but not in whole blood.

Presence of pathogenic αSyn in CSF

Five out of six (83%) LRRK2+PD patients tested positive for αSyn seeds in all 
three replicates of all CSF samples, and 1 (17%, G2019S mutation) subject only 
tested positive in two of the three replicates in both CSF samples (result 
considered inconclusive). For the six iPD patients, four (67%) tested positive 
in all three replicates of both visits’ samples, one patient (17%; 70 years; H&Y 
stage 2) only tested positive in one of the three replicates for both visits (result 
considered negative) and one patient (17%; 47 years; H&Y stage 3, DAT SPECT 
confirmed) did not test positive in any of the three replicates for both visits. 
These two αSyn seeds-negative iPD patients had the lowest mean pRab10 and 
highest pS935/tLRRK2 levels within their group (blue dots Figure 3). Eight out 
of the ten (80%) HC subjects tested negative in all replicates. One HC subject 
(10%) tested negative in all replicates during his first visit, but positive in all 
three replicates is second visit, and one HC subject (10%) tested positive in all 
three replicates during his first and only study visit. Assuming diagnosis of 
the participants is correct, the calculated overall sensitivity (%, 95% CI) of the 
αS-SAA was 80.0% (49.0-94.3%) for the LRRK2+PD and 58.3% (32.0-80.7%) for the 
iPD population. Specificity was 87.5% (64.0-96.5%) in the healthy controls. The 
kinetics of αS-SAA aggregation (mean ± 95% CI) for all three groups are shown 
in Figure 4. The mean αS-SAA signal (RFU) was highest in the LRRK2+PD group 
and lowest in the HC group. Though the mean time to reach 50% aggregation 
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(T50) was not significantly different between the LRRK2+PD and iPD groups, 
the total mean αS-SAA signal at the last recorded timepoint was approximately 
1.3-fold higher in the LRRK2+PD group.

Discussion
Variability

Reproducible, blood-based, biomarker assays are essential to allow for simple 
and reliable evaluation of LRRK2 pathway and inhibition levels in clinical 
studies with LRRK2-inhibitors. Such biomarker assays are especially helpful 
in early phase studies to explore the safety profile of novel compounds at 
different levels of LRRK2-inhibition and to help select dose levels within 
the anticipated therapeutic window for follow-on larger late-stage patient 
trials.38 

The within-subject variability observed between two visits for pS935 and 
tLRRK2 (CV = 30.37 and 27.41%) in whole blood suggests that the investigated 
assays would be fit-for-purpose to evaluate tLRRK2 levels and LRRK2 inhibition 
via pS935 in whole blood in a clinical study setting. During further validation 
of the assays described in this manuscript, even lower within-subject variabil-
ity was observed over the course of 24 hours with a CV of 16% and 7% for pS935 
and tLRRK2 respectively,13 and these assay have now successfully been used 
during the early stage clinical evaluation of two novel LRRK2-inhibitors.9,10 
Much higher within-subject variability with CVs >100% was observed for the 
investigated LRRK2 and downstream Rab10 biomarkers in PBMCs, which 
could make it difficult to quantitatively differentiate the lower end of the 
LRRK2-inhibition dose-response curve in PBMCs in a clinical setting. How-
ever, it was anticipated that in a clinical study a level of LRRK2 inhibition 
would be achieved that would enable characterization of the pRab10 pharma-
codynamic response to LRRK2 inhibition in PBMCs. Measurement of pRab10 
reduction in PBMCs was subsequently implemented in phase 1 and phase 1b 
studies of two LRRK2 inhibitors which showed a clear pharmacodynamic 
response alongside pS935 reduction, demonstrating that pathways down-
stream of LRRK2 were inhibited in those studies.9,10 Total LRRK2 in human 
PBMCs can vary widely among individuals,43 however, correcting for tLRRK2 
– or tRab10 for that matter – did not significantly reduce the pS935 or pRab10 
variability observed in PBMCs in this small-size exploratory study. Correcting  
for cell number or GAPDH also did not meaningfully reduce variability in 
PBMCs. An observed higher biomarker variability in PBMCs can be explained 
by the fact that PBMCs consist of a heterogeneous cell population and only a 

minority of these cells (monocytes, which make up 5-20% of PBMCs) express 
LRRK2 and Rab10.31 LRRK2 and Rab10 are expressed roughly 2-fold higher in 
neutrophils compared to monocytes, which likely translates to the consider-
ably lower within-subject variability observed for pRab10 and tRab10 in the 
neutrophils (CV = 51.32 and 43.55%). The downside of working with neutro-
phils in a clinical setting, however, is a more complicated isolation procedure 
and the fact that LRRK2 in neutrophil extracts may undergo considerable 
proteolytic degradation, which could explain why pS935 and tLRRK2 in this 
study’s neutrophil assays were below the limit of detection.31 The source of 
variability of pS935, tLRRK2, pRab10, and tRab10 in this study is likely to be 
due mainly to biological variability, as a subsequent characterization of the 
assay technical variabilities in whole blood and PBMCs showed CVs < 20% be-
tween technical replicates.13 In addition, only two observations were used 
to calculate the within-subject variability which introduces a risk for over-
estimating the variability.

Between-subject variability was higher than within-subject variability for 
all investigated biomarkers in all biological sources, which is consistent with 
observations by others.13,31 There are a few (counter-intuitive) exceptions to 
this observation when the within- and between-subject variability is broken 
down per subgroup (Supplemental Figure S2B, C, E and F), which likely results 
from the small sample size per subgroup and the fact that only two observa-
tions were used to calculate the within-subject variability. The considerable 
between-subject variability indicates that when assessing LRRK2 levels and 
inhibition in clinical studies, values should be analyzed relative to an individ-
ual’s baseline value, rather than looking at absolute group level differences 
between active treatment and placebo, as has been done in published clini-
cal studies with LRRK2 inhibitors.9,10

One disadvantage of monitoring LRRK2 biomarkers in the peripheral cir-
culation only, is that it will always leave some uncertainty about how well this 
correlates to biomarker levels in the brain and peripheral organs including 
the lungs and kidney.27 This caveat has been partially addressed in a recent 
report showing similar LRRK2 inhibition in the periphery (PBMC) and brain in 
cynomolgus macaques treated with DNL201, as assessed by pS935.9 Current-
ly, there are no clinically translatable methods to monitor LRRK2 inhibition 
using CSF-based methods or via imaging directly in the brain. 

In addition, one caveat in using pRab10 as a biomarker for LRRK2 kinase 
inhibition is that although in peripheral tissues and cells such as PBMCs, 
kidney, and lung LRRK2 knockout or kinase inhibition as measured by pS935 
is accompanied by a reduction in pRab10 similar in magnitude to pS935, in 
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brain, phosphorylation of Rab10 is only partially reduced with LRRK2 genetic 
ablation or kinase inhibition.13,44 This may indicate that other kinases besides 
LRRK2 are also able to phosphorylate Rab10, especially in the brain where 
LRRK2 expression is restricted to specific cell types including microglia 
and oligodendrocyte precursor cells.45 This seems to be confirmed by the 
recent discovery that PPM1H can act as a modulator of LRRK2 signaling via 
controlling dephosphorylation of Rab proteins.46 In the absence of a clinically 
translatable biomarker of LRRK2 activity in CSF, peripheral pRab10 may serve 
as a useful surrogate likely to be indicative of inhibition of LRRK2 in the subset 
of brain cells that do express LRRK2, on the condition that the investigational 
compound is also demonstrated to be highly CNS-penetrant with comparable 
peripheral and central (unbound) drug exposure levels.

Group level differences

LRRK2 kinase function has been reported to be elevated in the range of 2 to 
15-fold in LRRK2 mutation carriers, while total LRRK2 levels were comparable 
between wildtype and LRRK2G2019S mutation carriers.6,7,11-13 These previous 
observations are replicated in this study, despite its small sample size, with 
no observed group level difference in total LRRK2 and an approximately 
2-fold elevation in LRRK2’s phosphorylation of Rab10 in neutrophils in the 
LRRK2+PD group, suggesting ≥50% LRRK2-inhibition as target for therapeutic 
efficacy in clinical studies.9 Although not significant, potentially due to 
the small sample size, pRab10 levels were also numerically higher the iPD 
group compared to HCs, which is in line with some previous reports4,47 but 
has not been universally reported in studies of PBMC LRRK2 biochemical or 
downstream pathway activity in iPD patients.9,13,48-51 The elevation in pRab10 
in iPD patients could potentially be explained by an increase in LRRK2 activity 
in response to lysosomal stress and inflammatory stimuli in idiopathic Par-
kinson’s disease.13 Interestingly, the single LRRK2R1441C mutation carrier had 
the highest observed pRab10 levels in neutrophils, which matches previous 
findings where an R1441C mutation displayed an approximate a 4-fold and a 
G2019S mutation an approximate 2-fold increase in Rab10 phosphorylation 
compared to LRRK2 wildtype.6,8,33 As LRRK2 kinase is only known to affect the 
phosphorylation and not production of Rab10,6 no group level differences in 
tRab10 were expected or observed.

When corrected for tLRRK2, phosphorylation of LRRK2-Ser935 (pS935/
tLRRK2) was found to be reduced in the LRRK2 mutation carriers compared 
to the iPD and HC groups in PBMCs, but not in whole blood, similar to previous 
findings in PBMCs.13,43 In PD, pS935 plays a role in LRRK2 binding to the 14-3-3 

protein family that can regulate LRRK2 kinase activity, drive translocation of 
LRRK2 into exosomes followed by secretion into the urine, and protect LRRK2 
from proteasomal degradation by inhibiting ubiquitylation.52 Observations 
of reduced Ser935 phosphorylation have also been reported in G2019S knock-
in mouse astrocytes, in R1441C, R1441G, R1441H, Y1699C, and I2020T knock-in 
HEK-293 cells, and in the substantia nigra of iPD patients.13,16,53 

Presence of pathogenic αSyn in CSF

The percentage of αSyn seeds positive subjects in the LRRK2+PD group (83%) 
was higher compared to previous reports using similar assays (40%; n=15, and 
78%; n=9), which could result from assay differences and/or the low sample 
size in these studies, but does seem to contradict speculated αSyn structural, 
self-aggregation potency, and/or αSyn burden diversity between LRRK2+PD 
and iPD patients.37,54

In the αS-SAA both T50 and the top fluorescence value appear to be related 
to the concentration of αSyn seeds in the original CSF sample.36 The T50 and 
the top fluorescence value were comparable between the LRRK2+PD and iPD 
groups, despite on average a shorter time since PD diagnosis in the LRRK2+PD 
group. This could suggest that αSyn aggregation is present at least to similar 
extend in LRRK2-mutation carriers compared to iPD patients, which is further 
supported by previous reports of elevated αSyn levels in CSF for LRRK2-muta-
tion carriers.37,55,56 However, at this time the αS-SAA is not validated to detect 
and/or quantify potential αSyn aggregation level differences and therefore 
these observations should be interpreted with care. But this does open up the 
possibility to investigate αS-SAA as a potential pharmacodynamic biomark-
er in the future.

Two iPD patients tested negative for αSyn with the αS-SAA, resulting in a 
low assay sensitivity for this population (58.3%), which is surprising consid-
ering the αS-SAA’s previously reported high sensitivity of 88.5%,36 and these 
patients’ confirmed PD diagnosis. Interestingly, these two patients also had 
the lowest pRab10 levels within the iPD group. This could support a correla-
tion between LRRK2-activity and αSyn aggregation, which could make αS-SAA 
an interesting pathophysiological biomarker in future LRRK2-inhibitor stud-
ies, although this would first require confirmation in a larger population. 
The two HC subjects that tested positive via the αS-SAA do not have a clini-
cal PD diagnosis to date. The high sensitivity and specificity of the αS-SAA in 
larger cohorts supports its continued use and investigation as a diagnostic 
assay in PD.41
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To conclude, LRRK2-inhibition offers a promising therapeutic strategy for 
the treatment of PD patients with LRRK2-mutations and potentially also for 
idiopathic Parkinson’s disease. While it has proved challenging to robustly 
demonstrate target engagement and pharmacodynamic effects of LRRK2-
inhibition in the central compartment, several reliable peripheral biomarkers 
and assays have been identified over the past few years. Together with CSF 
concentrations of an investigational compound, measuring tLRRK2, pS935, 
tRab10, and pRab10 peripherally could verify pharmacological mechanisms 
of action and help explore the dose-response of novel LRRK2-inhibitors in 
early phase clinical studies. The large variability observed for pRab10 in 
PBMCs indicates that this true LRRK2 pharmacodynamic marker would be 
useful only in situations where there is a very large effect size (e.g. as pRab10 
approaches depletion due to LRRK2 inhibition9,10) and is unlikely in this assay 
to be very useful as a method to distinguish very small changes in pRab10 (e.g. 
as a patient stratification marker). pS935 and tLRRK2 in whole blood, on the 
other hand, seem particularly suitable to explore the full dose response curve 
in early phase LRRK2-inhibitor trials.

Table 1  Subject baseline characteristics at screening. 

Characteristic PD patients with LRRK2 
mutation (LRRK2+PD)

Idiopathic PD patients 
(iPD)

Healthy controls (HC)

Subjects  
with 2 visits

Subjects  
with 2 visits

Subjects  
with 2 visits

Subjects 
with 1 visit1

Total subjects (n) 6 6 6 4

Age, years, mean (SD) 62.3 (11.8) 62.7 (10.7) 64.0 (10.2) 66.0 (3.1)

Gender, male, n (%) 5 (83%) 5 (83%) 5 (83%) 4 (100%)

BMI, kg/m2, mean (SD) 27.8 (3.7) 28.5 (2.8) 27.0 (3.3) 26.8 (2.6)

Race, n (%)
White
North African
Mixed (White/Asian)

4 (67%)
2 (33%)
-

6 (100%)
-
-

6 (100%)
-
-

3 (75%)
-
1 (25%)

Years since PD diagnosis  
at screening, mean (SD)

6.7 (4.0) 9.8 (3.8) N/A N/A

Baseline Hoehn & Yahr stage, n (%)
Stage 1
Stage 2
Stage 3
Stage 4

4 (66%)
-
1 (17%)
1 (17%)

2 (33%)
2 (33%)
2 (33%)
-

N/A N/A

LRRK2 mutation status, n (%)
G2019S
R1441C

5 (83%)
1 (17%)

N/A N/A N/A

1) The 4 subjects that had only 1 clinic visit are not included in the analyses of within-subject variability.
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Figure 1  Leucine-rich repeat kinase 2 protein schematic, downstream substrate, 
phosphorylation sites and common mutations. LRRK2 is a 2527 amino-acid, multido-
main, protein consisting of a guanosine triphosphatase (GTPase) domain – comprised of 
the Ras of complex protein (ROC) terminating with a spacer domain called the C-terminal 
of the Roc-domain (COR) – immediately followed by a serine/threonine kinase domain 
and surrounded by several protein-protein interaction domains including the leucine-rich 
repeat (LRR) domains towards the N-terminus and WD40 domain at the C-terminus.12 
LRRK2 has a phosphorylation site at serine 935 (involved with inactive LRRK2 binding 
to the 14-3-3 family of proteins), that has been demonstrated to dephosphorylate upon 
LRRK2-inhibitor binding. The Rab10 GTPase is a direct substrate for the LRRK2 kinase 
domain with phosphorylation at the threonine 73 residue. Phosphorylated Rab10 is 
recruited onto stressed lysosomes in PD and may impact lysosomal vesicle formation/
budding and exocytosis, which in turn may impair protein degradation (red cross in figure) 
and aggregation of misfolded proteins including pathogenic αSyn. Common pathogenic 
mutations associated with PD include R1441C/G/H in the GTPase domain and G2019S in the 
kinase domain, increasing LRRK2 kinase activity 2-3 and 2-15-fold, respectively.  
Image created with BioRender.com.

Figure 2  Variability of each biomarker in each biological source. a. Within-subject 
(intrasubject) variability between Visits 1 and 2. B. Between-subject (intersubject) 
variability of pS935, tLRRK2, pS935/tLRRK2, pRab10, tRab10, pRab10/tRab10, and pRab10/
tLRRK2 in whole blood, PBMCs and neutrophils expressed as geometric coefficient of 
variation (%). Data from all 3 subpopulations (LRRK2+PD, iPD, and HC) was pooled for 
this analysis. Within-subject and between-subject variability were low in whole blood 
and neutrophils, and substantially higher in PBMCs. Supplemental Figure S2A-F for a 
breakdown per subpopulation.

a 

b
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Figure 3  Group level differences in biomarker expression levels in neutrophils and 
PBMCs. A. Differences in phosphorylation of Rab10 in neutrophils between LRRK2+PD, 
iPD and HC subjects. The mean pRab10 level was significantly higher in neutrophils in 
the LRRK2+PD group compared to the HC group (p = 0.0404). The mean pRab10 levels 
did not significantly differ between the LRRK2+PD and iPD, and the iPD and HC groups. 
For subjects with two visits the values are averaged for each timepoint. B. Differences 
in phosphorylation of Ser935, corrected for total LRRK2 (pS935/tLRRK2) in PBMCs 
between LRRK2+PD, iPD and HC groups. The mean pS935/tLRRK2 level was significantly 
lower in PBMCs in the LRRK2+PD group compared to both the iPD (p = 0.0006) and the 
HC group (p = 0.0327). There was no difference between the iPD and HC groups. Values 
expressed with interquartile range and group level mean (black square). The pink dot 
marks the subject with a LRRK2R1441C  mutation. The blue dots mark two iPD subjects 
that tested negative for αSyn seeds in CSF with the αS-SAA at both visits. The strength of 
the pRab10 signal in the plate-based immunoassays is expressed in arbitrary units (A.U.). 
One timepoint for one subject in the iPD group was confirmed to be an outlier and not 
included in the final analysis.

Figure 4  αSyn Seed Amplification Assay (αS-SAA) in CSF samples from LRRK2+PD, iPD 
and control subjects. Values correspond to the mean (±95% CI) for each subjects group, 
with each individual sample analyzed in triplicate. All but 2 LRRK2+PD and 4 HC subjects 
had CSF collected during 2 visits. Curves of LRRK2+PD and iPD groups were not signifi-
cantly different as evaluated by a mixed effects model (p = 0.2882), but both PD groups 
did differ from the control subjects (p < .0001). Two iPD patients that tested negative for 
αSyn with the αS-SAA are excluded from this analysis.
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Figure S1  Variability of pS935, tLRRK2, pRab10, and tRab10 in PBMCs when corrected 
for cell number or GAPDH. A. Within-subject variability between Visits 1 and 2.  
B. Between-subject variability, both expressed as geometric CV (%). Data from all 3 
subpopulations (LRRK2+PD, iPD, and HC) was pooled for this analysis. Correcting for total 
cell number or GAPDH did not significantly reduce variability for any of the investigated 
biomarkers in PBMCs.

A

B

Figure S2  Variability of each biomarker in each biological source per population 
subgroup (LRRK2+PD, iPD and HC). Within-subject (intrasubject) variability expressed 
as geometric CV (%) between Visits 1 and 2 of pS935, tLRRK2, and pS935/tLRRK2 in whole 
blood (A), pS935, tLRRK2, pS935/tLRRK2, pRab10, tRab10, pRab10/tRab10, and pRab10/
tLRRK2 in PBMCs (B), and pRab10, tRab10, and pRab10/tRab10 in neutrophils (C). Between-
subject (intersubject) variability of pS935, tLRRK2, and pS935/tLRRK2 in whole blood 
(D), pS935, tLRRK2, pS935/tLRRK2, pRab10, tRab10, pRab10/tRab10, and pRab10/tLRRK2 
in PBMCs (E), and pRab10, tRab10, and pRab10/tRab10 in neutrophils (F). Within-subject 
variability of tLRRK2 and pS935/tLRRK2 in whole blood is pooled for all 3 subgroups 
because estimates per subgroup were not possible in the statistical model.
A		  B

C		  D

E		  F
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Table S1  Group level differences in biomarker expression levels. No group level 
differences were observed for pS935, tLRRK2, and tRab10 between the LRRK2+PD, iPD 
and HC groups in either whole blood, PBMCs, or neutrophils. Furthermore, no group level 
differences were observed for pRab10 in PBMCs. Group level differences were observed 
for pRab10 in neutrophils (Figure 3a).

Biomarker Matrix Group LSmean 95% CI lower 95% CI upper
pS935 PBMC LRRK2+PD 2260.9 561.39 9105
pS935 PBMC iPD 6687.7 2647.5 16893
pS935 PBMC HC 7628.6 3798.7 15320
pS935 Whole blood LRRK2+PD 2047.2 1307.5 3205.4
pS935 Whole blood iPD 3124.1 2307.8 4229
pS935 Whole blood HC 2806.2 2087.4 3772.5
tLRRK2 PBMC LRRK2+PD 1796.5 290.04 11127
tLRRK2 PBMC iPD 1500 500.62 4494.2
tLRRK2 PBMC HC 2927.2 792.82 10808
tLRRK2 Whole blood LRRK2+PD 4166.3 1863.1 9317
tLRRK2 Whole blood iPD 5494.5 2457 12287
tLRRK2 Whole blood HC 3144.4 1675.3 5901.6
pS935/tLRRK2 PBMC LRRK2+PD 1.5252 1.1505 2.0219
pS935/tLRRK2 PBMC iPD 4.4631 2.9399 6.7753
pS935/tLRRK2 PBMC HC 3.1198 1.6582 5.8697
pS935/tLRRK2 Whole blood LRRK2+PD 0.4908 0.2259 1.0666
pS935/tLRRK2 Whole blood iPD 0.5688 0.2618 1.2362
pS935/tLRRK2 Whole blood HC 0.8838 0.4838 1.6147
pRab10 PBMC LRRK2+PD 43997 21746 89015
pRab10 PBMC iPD 22291 8301.2 59858
pRab10 PBMC HC 17279 4867.8 61331
tRab10 Neutrophil LRRK2+PD 2893.7 1547.3 5411.9
tRab10 Neutrophil iPD 2181.3 1011.2 4705.3
tRab10 Neutrophil HC 3900.4 3116.2 4881.8
tRab10 PBMC LRRK2+PD 6896.9 3139.4 15152
tRab10 PBMC iPD 9971.5 5472.4 18170
tRab10 PBMC HC 9872.1 6406.1 15213
pRab10/tRab10 Neutrophil LRRK2+PD 1.4022 0.9423 2.0864
pRab10/tRab10 Neutrophil iPD 1.255 0.6515 2.4174
pRab10/tRab10 Neutrophil HC 0.6743 0.4645 0.9788
pRab10/tRab10 PBMC LRRK2+PD 6.3811 1.5651 26.016
pRab10/tRab10 PBMC iPD 2.2367 0.5037 9.9311
pRab10/tRab10 PBMC HC 1.59 0.4269 5.9212
pRab10/tLRRK2 PBMC LRRK2+PD 26.152 1.4453 473.19

pRab10/tLRRK2 PBMC iPD 14.867 5.6148 39.367

pRab10/tLRRK2 PBMC HC 6.5449 1.7434 24.57

References

1	 Healy DG, Falchi M, O’Sullivan SS, Bonifati 
V, Durr A, Bressman S. Phenotype, genotype, 
and worldwide genetic penetrance of LRRK2-
associated Parkinson’s disease: a case-control 
study. Lancet Neurol. 2008;7:583-590. doi:10.1016/
S1474

2	 Hernandez DG, Reed X, Singleton AB. Genetics 
in Parkinson disease: Mendelian versus 
non-Mendelian inheritance. J Neurochem. 
2016;139(Suppl 1):59-74. doi:10.1111/jnc.13593

3	 Trinh J, Guella I, Farrer MJ. Disease penetrance 
of late-onset parkinsonism: A meta-analysis. 
JAMA Neurol. 2014;71(12):1535-1539. doi:10.1001/
jamaneurol.2014.1909

4	 Di Maio R, Hoffman EK, Rocha EM, et al. LRRK2 
activation in idiopathic Parkinson’s disease. Sci 
Transl Med. 2018;10(451):eaar5429. doi:10.1126/
scitranslmed.aar5429

5	 Rocha EM, Keeney MT, Di Maio R, De Miranda BR, 
Greenamyre JT. LRRK2 and idiopathic Parkinson’s 
disease. Trends Neurosci. 2022;45(3):224-236. 
doi:10.1016/j.tins.2021.12.002

6	 Steger M, Tonelli F, Ito G, et al. Phosphoproteomics 
reveals that Parkinson’s disease kinase LRRK2 
regulates a subset of Rab GTPases. Elife. 
2016;5:e12813. doi:10.7554/eLife.12813.001

7	 West AB. Achieving neuroprotection with 
LRRK2 kinase inhibitors in Parkinson disease. 
Exp Neurol. 2017;298:236-245. doi:10.1016/j.
expneurol.2017.07.019

8	 Thirstrup K, Dächsel JC, Oppermann FS, et 
al. Selective LRRK2 kinase inhibition reduces 
phosphorylation of endogenous Rab10 and Rab12 
in human peripheral mononuclear blood cells. Sci 
Rep. 2017;7(1):1-18. doi:10.1038/s41598-017-10501-z

9	 Jennings D, Huntwork-Rodriguez S, Henry AG, et 
al. Preclinical and clinical evaluation of the LRRK2 
inhibitor DNL201 for Parkinson’s disease. Sci Transl 
Med. 2022;14(648):2658. doi:10.1126/scitranslmed.
abj2658/suppl_file/scitranslmed.abj2658_mdar_
reproducibility_checklist.pdf

10	 Jennings D, Huntwork-Rodriguez S, Vissers MFJM, 
et al. LRRK2 Inhibition by BIIB122 in Healthy 
Participants and Patients with Parkinson’s Disease. 
Mov Disord. Published online 2023:Online ahead of 
print. doi:10.1002/mds.29297

11	 West AB, Moore DJ, Choi C, et al. Parkinson’s 
disease-associated mutations in LRRK2 link 
enhanced GTP-binding and kinase activities to 

neuronal toxicity. Hum Mol Genet. 2007;16(2):223-
232. doi:10.1093/hmg/ddl471

12	 Wallings R, Manzoni C, Bandopadhyay R. Cellular 
processes associated with LRRK2 function and 
dysfunction. FEBS J. 2015;282(15):2806-2826. 
doi:10.1111/febs.13305

13	 Wang X, Negrou E, Maloney MT, et al. 
Understanding LRRK2 kinase activity in preclinical 
models and human subjects through quantitative 
analysis of LRRK2 and pT73 Rab10. Sci Reports 2021 
111. 2021;11(1):1-17. doi:10.1038/s41598-021-91943-4

14	 West AB, Moore DJ, Biskup S, et al. Parkinson’s 
disease-associated mutations in leucine-rich repeat 
kinase 2 augment kinase activity. Proc Natl Acad 
Sci U S A. 2005;102(46):16842-16847. doi:10.1073/
pnas.0507360102

15	 Cookson MR. LRRK2 Pathways Leading to 
Neurodegeneration. Curr Neurol Neurosci Rep. 
2015;15(7):42. doi:10.1007/s11910-015-0564-y

16	 Nichols RJ, Dzamko N, Morrice NA, et al. 14-3-
3 Binding to LRRK2 is disrupted by multiple 
Parkinson’s disease-associated mutations and 
regulates cytoplasmic localization. Biochem J. 
2010;430(3):393-404. doi:10.1042/BJ20100483

17	 Henry AG, Aghamohammadzadeh S, Samaroo H, et 
al. Pathogenic LRRK2 mutations, through increased 
kinase activity, produce enlarged lysosomes with 
reduced degradative capacity and increase ATP13A2 
expression. Hum Mol Genet. 2015;24(21):6013-6028. 
doi:10.1093/hmg/ddv314

18	 Taylor M, Alessi DR. Advances in elucidating the 
function of leucine-rich repeat protein kinase-2 
in normal cells and Parkinson’s disease. Curr 
Opin Cell Biol. 2020;63:102-113. doi:10.1016/j.
ceb.2020.01.001

19	 Berwick DC, Heaton GR, Azeggagh S, Harvey K. 
LRRK2 Biology from structure to dysfunction: 
Research progresses, but the themes remain 
the same. Mol Neurodegener. 2019;14(1):1-22. 
doi:10.1186/s13024-019-0344-2

20	 Bonet-Ponce L, Cookson MR. LRRK2 recruitment, 
activity, and function in organelles. FEBS J. 
Published online 2021. doi:10.1111/FEBS.16099

21	 Dehay B, Martinez-Vicente M, Caldwell GA, et al. 
Lysosomal impairment in Parkinson’s disease. 
Mov Disord. 2013;28(6):725-732. doi:10.1002/
mds.25462

22	 Cresto N, Gardier C, Gubinelli F, et al. The unlikely 
partnership between LRRK2 and α-synuclein in 
Parkinson’s disease. Eur J Neurosci. 2019;49(3):339-
363. doi:10.1111/ejn.14182



Mechanistic Early Phase Clinical Pharmacology Studies with Disease-Modifying Drugs  
for Neurodegenerative Disorders

4 – a leucine-rich repeat kinase 2 (lrrk2) pathway biomarker characterization study 113112

23	 Schapansky J, Khasnavis S, DeAndrade MP, et 
al. Familial knockin mutation of LRRK2 causes 
lysosomal dysfunction and accumulation of 
endogenous insoluble α-synuclein in neurons. 
Neurobiol Dis. 2018;111:26-35. doi:10.1016/j.
nbd.2017.12.005

24	 Fuji RN, Flagella M, Baca M, et al. Effect of 
selective LRRK2 kinase inhibition on nonhuman 
primate lung. Sci Transl Med. 2015;7(273):273ra15. 
doi:10.1126/scitranslmed.aaa3634

25	 Herzig MC, Kolly C, Persohn E, et al. LRRK2 
protein levels are determined by kinase function 
and are crucial for kidney and lung homeostasis 
in mice. Hum Mol Genet. 2011;20(21):4209-4223. 
doi:10.1093/hmg/ddr348

26	 Boddu R, Hull TD, Bolisetty S, et al. Leucine-
rich repeat kinase 2 deficiency is protective in 
rhabdomyolysis-induced kidney injury. Hum Mol 
Genet. 2015;24(14):4078-4093. doi:10.1093/hmg/
ddv147

27	 Kelly K, Wang S, Boddu R, et al. The G2019S 
mutation in LRRK2 imparts resiliency to kinase 
inhibition. Exp Neurol. 2018;309:1-13. doi:10.1016/j.
expneurol.2018.07.012

28	 Baptista MAS, Merchant K, Barrett T, et al. LRRK2 
kinase inhibitors induce a reversible effect in the 
lungs of non-human primates with no measurable 
pulmonary deficits. Published online 2018. 
doi:10.1101/390815

29	 Mabrouk OS, Chen S, Edwards AL, Yang M, Hirst 
WD, Graham DL. Quantitative Measurements 
of LRRK2 in Human Cerebrospinal Fluid 
Demonstrates Increased Levels in G2019S 
Patients. Front Neurosci. 2020;14. doi:10.3389/
FNINS.2020.00526

30	 Dzamko N, Deak M, Hentati F, et al. Inhibition of 
LRRK2 kinase activity leads to dephosphorylation 
of Ser(910)/Ser(935), disruption of 14-3-3 binding 
and altered cytoplasmic localization. Biochem J. 
2010;430(3):405-413. doi:10.1042/BJ20100784

31	 Fan Y, Howden AJM, Sarhan AR, et al. Interrogating 
Parkinson’s disease LRRK2 kinase pathway 
activity by assessing Rab10 phosphorylation in 
human neutrophils. Biochem J. 2018;475(1):23-44. 
doi:10.1042/BCJ20170803

32	 Atashrazm F, Hammond D, Perera G, et al. LRRK2-
mediated Rab10 phosphorylation in immune cells 
from Parkinson’s disease patients. Mov Disord. 
2019;34(3):406-415. doi:10.1002/mds.27601

33	 Lis P, Burel S, Steger M, et al. Development of 
phospho-specific Rab protein antibodies to 

monitor in vivo activity of the LRRK2 Parkinson’s 
disease kinase. Biochem J. 2018;475(1):1-22. 
doi:10.1042/BCJ20170802

34	 Sheng Z, Zhang S, Bustos D, et al. Ser1292 
autophosphorylation is an indicator of LRRK2 
kinase activity and contributes to the cellular 
effects of PD mutations. Sci Transl Med. 
2012;4(164). doi:10.1126/SCITRANSLMED.3004485/
SUPPL_FILE/4-164RA161_SM.PDF

35	 Alcalay RN, Hsieh F, Tengstrand E, et al. Higher 
Urine bis(Monoacylglycerol)Phosphate Levels in 
LRRK2 G2019S Mutation Carriers: Implications 
for Therapeutic Development. Mov Disord. 
2020;35(1):134-141. doi:10.1002/mds.27818

36	 Shahnawaz M, Tokuda T, Waraga M, et al. 
Development of a Biochemical Diagnosis of 
Parkinson Disease by Detection of α-Synuclein 
Misfolded Aggregates in Cerebrospinal Fluid. 
JAMA Neurol. 2017;74(2):163-172. doi:10.1001/
JAMANeuroL.2016.4547

37	 Brockmann K, Quadalti C, Lerche S, et al. 
Association between CSF alpha-synuclein seeding 
activity and genetic status in Parkinson’s disease 
and dementia with Lewy bodies. Acta Neuropathol 
Commun. 2021;9(1). doi:10.1186/S40478-021-01276-
6

38	 Vissers MFJM, Heuberger JAAC, Groeneveld GJ. 
Targeting for success: Demonstrating proof-of-
concept with mechanistic early phase clinical 
pharmacology studies for disease-modification 
in neurodegenerative disorders. Int J Mol Sci. 
2021;22(4):1-33. doi:10.3390/ijms22041615

39	 den Heijer JM, Cullen VC, Quadri M, et al. A Large-
Scale Full GBA1 Gene Screening in Parkinson’s 
Disease in the Netherlands. Mov Disord. 
2020;35(9):1667-1674. doi:10.1002/MDS.28112

40	 Concha-Marambio L, Farris CM, Holguin B, et 
al. Seed Amplification Assay to Diagnose Early 
Parkinson’s and Predict Dopaminergic Deficit 
Progression. Mov Disord. 2021;36(10):2444. 
doi:10.1002/MDS.28715

41	 Russo MJ, Orru CD, Concha-Marambio L, et al. 
High diagnostic performance of independent 
alpha-synuclein seed amplification assays for 
detection of early Parkinson’s disease. Acta 
Neuropathol Commun. 2021;9(1). doi:10.1186/
S40478-021-01282-8

42	 Arnold MR, Coughlin DG, Brumbach BH, et al. 
α-Synuclein Seed Amplification in CSF and Brain 
from Patients with Different Brain Distributions 
of Pathological α-Synuclein in the Context of Co-

Pathology and Non-LBD Diagnoses. Ann Neurol. 
2022;92(4):650-662. doi:10.1002/ANA.26453

43	 Padmanabhan S, Lanz TA, Gorman D, et al. An 
Assessment of LRRK2 Serine 935 Phosphorylation 
in Human Peripheral Blood Mononuclear Cells 
in Idiopathic Parkinson’s Disease and G2019S 
LRRK2 Cohorts. J Parkinsons Dis. 2020;10(2):623. 
doi:10.3233/JPD-191786

44	 Kluss JH, Mazza MC, Li Y, et al. Preclinical 
modeling of chronic inhibition of the Parkinson’s 
disease associated kinase LRRK2 reveals altered 
function of the endolysosomal system in vivo. Mol 
Neurodegener. 2021;16(1). doi:10.1186/S13024-021-
00441-8

45	 Langston RG, Beilina A, Reed X, et al. Association 
of a common genetic variant with Parkinson’s 
disease is mediated by microglia. Sci Transl 
Med. 2022;14(655):eabp8869. doi:10.1126/
SCITRANSLMED.ABP8869/SUPPL_FILE/
SCITRANSLMED.ABP8869_DATA_FILES_S1_TO_
S3.ZIP

46	 Berndsen K, Lis P, Yeshaw WM, et al. PPM1H 
phosphatase counteracts LRRK2 signaling by 
selectively dephosphorylating Rab proteins. Elife. 
2019;8:e50416. doi:10.7554/eLife.50416

47	 Fraser KB, Rawlins AB, Clark RG, et al. Ser(P)-1292 
LRRK2 in urinary exosomes is elevated in 
idiopathic Parkinson’s disease. Mov Disord. 
2016;31(10):1543-1550. doi:10.1002/mds.26686

48	 Atashrazm F, Hammond D, Perera G, et al. LRRK2-
mediated Rab10 phosphorylation in immune cells 
from Parkinson’s disease patients. Mov Disord. 
2019;34(3):406-415. doi:10.1002/MDS.27601

49	 Fan Y, Howden AJM, Sarhan AR, et al. Interrogating 
Parkinson’s disease LRRK2 kinase pathway 
activity by assessing Rab10 phosphorylation in 

human neutrophils. Biochem J. 2018;475(1):23-44. 
doi:10.1042/BCJ20170803

50	 Fan Y, Nirujogi RS, Garrido A, et al. R1441G but 
not G2019S mutation enhances LRRK2 mediated 
Rab10 phosphorylation in human peripheral blood 
neutrophils. Acta Neuropathol. 2021;142(3):475-494. 
doi:10.1007/S00401-021-02325-Z

51	 Karayel Ö, Tonelli F, Winter SV, et al. Accurate 
MS-based Rab10 Phosphorylation Stoichiometry 
Determination as Readout for LRRK2 Activity 
in Parkinson’s Disease. Mol Cell Proteomics. 
2020;19(9):1546-1560. doi:10.1074/MCP.
RA120.002055

52	 Manschwetus JT, Wallbott M, Fachinger A, et 
al. Binding of the Human 14-3-3 Isoforms to 
Distinct Sites in the Leucine-Rich Repeat Kinase 
2. Front Neurosci. 2020;14:302. doi:10.3389/
FNINS.2020.00302/BIBTEX

53	 Dzamko N, Gysbers AM, Bandopadhyay R, et al. 
LRRK2 levels and phosphorylation in Parkinson’s 
disease brain and cases with restricted Lewy 
bodies. Mov Disord. 2017;32(3):423-432. doi:10.1002/
mds.26892

54	 Garrido A, Fairfoul G, Tolosa ES, Martí MJ, Green 
A. α-synuclein RT-QuIC in cerebrospinal fluid of 
LRRK2-linked Parkinson’s disease. Ann Clin Transl 
Neurol. 2019;6(6):1024. doi:10.1002/ACN3.772

55	 Vilas D, Shaw LM, Taylor P, et al. Cerebrospinal 
fluid biomarkers and clinical features in leucine-
rich repeat kinase 2 (LRRK2) mutation carriers. Mov 
Disord. 2016;31(6):906-914. doi:10.1002/MDS.26591

56	 Podlesniy P, Vilas D, Taylor P, Shaw LM, Tolosa E, 
Trullas R. Mitochondrial DNA in CSF distinguishes 
LRRK2 from idiopathic Parkinson’s disease. 
Neurobiol Dis. 2016;94:10-17. doi:10.1016/J.
NBD.2016.05.019 


