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Abstract. The phosphorylated form of LRRK?2, pS935 LRRK?2, has been proposed as a target modulation biomarker for
LRRK?2 inhibitors. The primary aim of the study was to characterize and qualify this biomarker for therapeutic trials of LRRK?2
inhibitors in Parkinson’s disease (PD). To this end, analytically validated assays were used to monitor levels of pS935
LRRK?2 and total LRRK?2 in peripheral blood mononuclear cells (PBMCs) from the following donor groups: healthy controls,
idiopathic PD, and G2019S carriers with and without PD. Neither analyte correlated with age, gender, or disease severity.
While total LRRK?2 levels were similar across the four groups, there was a significant reduction in pS935 LRRK?2 levels
in disease-manifesting G2019S carriers compared to idiopathic PD. In aggregate, these data indicate that phosphorylation
of LRRK2 at S935 may reflect a state marker for G2019S LRRK2-driven PD, the underlying biology for which requires
investigation in future studies. This study also provides critical foundational data to inform the integration of pS935 and total
LRRK?2 levels as biomarkers in therapeutic trials of LRRK2 kinase inhibitors.
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INTRODUCTION [1, 2]. The G2019S mutation in the activation loop of
LRRK?2 is the most common genetic cause of PD [3]

Missense mutations in the gene encoding leucine- and increases LRRK?2 kinase activity, which appears
rich repeat kinase 2 (LRRK?2) have been associated to be obligatory for the toxic effects [4]. Thus, dis-
with autosomal dominant Parkinson’s disease (PD) covery and development of LRRK2 kinase inhibitors

is an actively pursued therapeutic strategy.
Direct assessment of LRRK2 activity has relied
upon autophosphorylation of serine 1292 (S1292)
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[5] or phosphorylation of its substrates, Rab8 and
Rab10 [6]. However, the low stoichiometry of S1292
phosphorylation [5, 7] and non-specificity of Rab
phosphorylation by LRRK2 [6] have hampered
their utility as pharmacodynamic biomarkers. An
alternative robust, but indirect, marker of LRRK?2
activity is phosphorylation of serine 935 (pS935).
Although the kinase responsible for phosphoryla-
tion of S935 remains an area of conjecture [8], all
known LRRK2 kinase inhibitors reduce pS935 in
cellular and animal studies [9, 10] indicating its use-
fulness as a pharmacodynamic biomarker of LRRK2
kinase inhibitors. However, since complex biological
mechanisms appear to regulate phosphorylation/de-
phosphorylation of S935 [11, 12], it is critical to
qualify its utility in clinical samples from intended
patient populations.

To this end, the Michael J. Fox Foundation
for Parkinson’s research (MIJFF) established the
“LRRK2 Detection in PBMC Consortium”, a pre-
competitive alliance among MIJFF, scientists from
five pharmaceutical companies and Columbia Uni-
versity Irving Medical Center (CUIMC). As a
prerequisite to join the alliance, each pharmaceu-
tical company presented their in-house assays for
pS935 LRRK2 and total LRRK?2 developed on a clin-
ically viable platform and characterized for dynamic
range, accuracy, precision, test-retest reliability using
their preferred peripheral blood mononuclear cell
(PBMC) collection protocols. As a first step of
this study, a head-to-head comparison of analytical
performance of the assays representing three dif-
ferent platforms (Meso Scale Discovery, Quanterix
SIMOA single molecule array and CisBio homo-
geneous time-resolved fluorescence) was performed
by each member using PBMCs collected under a
standardized protocol at CUIMC. The outcomes of
this pilot study led to the selection of the SIMOA
assays on the basis of two factors: (a) incompatibil-
ity of the PBMC collection protocol with the Meso
Scale Discovery platform assays and (b) superiority
of the SIMOA platform over CisBio assays regarding
sensitivity, dynamic range and test/re-test reliabil-
ity. However, note that after the start of the current
study, one of the consortium members modified their
Meso Scale Discovery assay conditions to be able to
measure total and pS935 levels in CUIMC-collected
PBMC:s (Dr. Huntwork-Rodriguez, Denali Therapeu-
tics, personal communication).

This report describes the assessment of total
LRRK?2 and pS935 LRRK2 in PBMC:s collected from
healthy controls (PD-G2019S-), idiopathic PD (iPD)

(PD+G2019S-) patients and G2019S LRRK?2 muta-
tion carriers with (PD+G2019S+) and without PD
(PD-G2019S+).

METHODS

Subjects

The CUIMC cohort has been described previously
[13]. In brief, healthy controls, iPD patients and
LRRK2 G2019S carriers with and without PD were
recruited. PD was diagnosed based on the UK PD
brain bank criteria [14] except that family history
was not an exclusion for recruitment. The study was
approved by CUIMC institutional review board, and
all participants signed informed consents. Genotyp-
ing for G2019S LRRK?2 was conducted as previously
described [15]. The demographics and clinical sum-
mary data on 117 study participants are presented in
Table 1.

PBMC collection

Whole blood collected during the normal business
hours of 9 am to 5 pm in PBS-diluted heparin was
transferred into a Ficoll-filled Leucosep tube, cen-
trifuged, upper phase extracted and centrifuged again.
CBC data were collected and reviewed to ensure that
no samples had abnormal profiles to minimize the
variability in the endpoints. The supernatant was then
decanted and cells washed. Cell counts were mea-
sured by a Countess Automated Cell Counter prior to
resuspension and final centrifugation. The cell pellet
was stored at —80°C until shipment.

LRRK? assays

PBMC:s were lysed in the following buffer: 50 mM
Tris-HCL, 150 mM NacCl, 1% Triton x-100, 2% Glyc-
erol, 10 mM PPA, 20 mM NaF, 2 mM Na3VO4,2 mM
EGTA, and 2 mM EDTA at pH 7.5, with HALT pro-
tease and phosphatase inhibitors added fresh. 1 mL
of cold lysis buffer was added to frozen aliquots
of 3 million cells, and samples were sonicated for
5s on ice. Lysates were centrifuged at 14,000 x g
for 3 min, supernatant was collected and stored at
—80°C until day of assay. Samples were randomized
on assay plates and blinded to group identity until
statistical analysis. Total and pS935 LRRK?2 assays
developed on the Quanterix Simoa platform [16]
used Neuromab N241A/34 for capture and biotiny-
lated detection antibodies (Abcam clone UDD?2 for
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Summary of demographic and clinical characteristics of the PBMC donors. The study cohort

consisted of Controls (PD-) and PD subjects (PD+) with (+) and without (-) G2019S LRRK?2

mutation. SD, standard deviation; IQR, inter-quartile range; UPDRS, Unified Parkinson’s
Disease Rating Scale

Characteristic PD-G2019S- PD-G2019S+ PD+G2019S- PD+G2019S+
(n=22) (n=46) (n=33)
Age (years)
Mean (SD) 69.0 (7.1) 57.9 (11.6) 64.9 9.4) 71.7 (8.9)
Range 57-85 41-82 56-91
13M,9F 6M, 10 F 29M, 17F 19M, 14 F
Disease Duration (Years)
Median (IQR) 7 (2.25-10) 11 (7-15)
Range 0-25 0-26
Total UPDRS*
Mean (SD) 28.1(16.4) 34.4 (18.7)
Range 8-94 4-81
UPDRS Part 3*
Mean (SD) 19.6 (12.3) 222 (11.8)
Range 5-64 1-53
MoCA**
Mean (SD) 27.4 (2.0) 28.9 (1.1) 26.6 (3.0) 26.1 (3.3)
Range 23-30 12-30 18-30

*UPDRS data available for only 64 PD subjects (81%). Total UPDRS includes UPDRS I-III. **MoCA data
available for only 58 PD subjects (73%), and missing from 1 PD-G2019S-.

pS935, and Cell Signaling clone D18E12 for total
LRRK?2). Specificity of the pS935 antibody has been
shown previously by depletion of signal following
treatment with a LRRK2 inhibitor [17, 18]. Three
technical replicates were run, and sample concentra-
tions were interpolated from a standard curve ranging
from 9.76 to 40,000 pg/mL of full length recombinant
LRRK?2 (Life Technologies A15197) in a buffered
solution (12mM NacCl, 2.5 mM KCl, 1 mM MgCl,,
1.25mM sodium phosphate, 2 mM CaCl,, 25 mM
NaHCOs3, 25 mM mannose at pH 8.13). While the
exact stoichiometry for the phosphorylation state of
this recombinant protein has not been extensively
characterized, multiple lots tested showed similar
performance in both total and pS935 assays. Nonethe-
less, absolute values generated in this pS935 assay
have the caveat that the standard being used is not
100% phosphorylated, so the assay is currently best
suited for measuring relative changes. Samples were
diluted in the above buffer at 1:10 (total LRRK?2)
or 1:20 (pS935 LRRK?2). The lower limit of detec-
tion (defined as 2.5X the standard deviation of the
blank) for the assays was 4.1 pg/mL for pS935 (82.8
pg/mL in undiluted lysate) and 12.1 pg/mL for total
(121.1 pg/mL in undiluted lysate), and median %CV
for standard curves was 5% (pS935) and 19% (total).
Assay precision was evaluated using repeat analy-
sis of pilot PBMC samples and spike-in controls.
Human PBMC lysates from 6 donors were split into

multiple aliquots, as were various concentrations of
human recombinant LRRK?2 diluted in assay buffer
to serve as QC controls. Intra-assay precision was
evaluated for each sample across technical replicates
within each assay. The samples were run in 7 sepa-
rate assays, each on a different day, to generate data
to test inter-assay variability. Both pS935 and total
LRRK?2 assays showed robust performance for both
intra- and inter-assay precision (Table 2).

Statistical analysis

Data were analyzed by one-way Analysis of vari-
ance (ANOVA) using either the two-level factor
(all PD versus all controls) or four-level factor
(PD+G2019S+, PD+G2019S-, PD-G2019S+, PD-
G2019S-) that was applied to each measurement
separately. Individual group differences were then
assessed using Tukey’s post-hoc tests to account
for multiple comparisons within each ANOVA. Sen-
sitivity analysis adjusting for age and sex were
conducted using linear regression. Correlation coeffi-
cients were based on Pearson correlation coefficients
that included all the data.

RESULTS

Total and pS935 LRRK2 levels were first com-
pared for all PD versus all control subjects regardless
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Table 2
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Precision of the human LRRK2 assays was assessed using 6 pilot PBMC lysate samples and 5 QC samples
spiked with recombinant LRRK?2 or in vitro phosphorylated LRRK2. Interpolated values normalized to
total protein are shown for repeated analysis within the same assay run (intra-assay) or across assays
run on separate days (inter-assay) to assess technical variability

Sample pS935 LRRK2 Total LRRK2
pg/mg* Intra-assay Inter-assay pg/mg* Intra-assay Inter-assay
9%CV %CV %CV %CV
Lysate 1 40164 5.0% 9.0% 67422 6.0% 9.0%
Lysate 2 9734 7.0% 8.0% 14646 15.0% 17.0%
Lysate 3 7120 8.0% 8.0% 14525 7.0% 12.0%
Lysate 4 29966 7.0% 8.0% 109675 8.0% 11.0%
Lysate 5 23133 5.0% 9.0% 103502 5.0% 15.0%
Lysate 6 25502 4.0% 10.0% 62736 7.0% 13.0%
pg/mL Intra-assay Inter-assay pg/mL Intra-assay Inter-assay
9%CV %CV %CV 9%CV
QC1 8669 3.0% 25.0% 16589 7.0% 21.0%
QC2 4035 4.0% 14.0% 2520 6.0% 19.0%
QC3 395 3.0% 8.0% 390 8.0% 11.0%
QC4 135 4.0% 8.0% 49 6.0% 12.0%
QC5 23 7.0% 6.0% 9 15.0% 18.0%

*LRRK2 levels were normalized for total protein (pg LRRK2/mg total protein).

of G2019S LRRK?2 mutation status. While the vari-
ances appeared to be higher for the PD subjects
(standard deviation=4,863 vs. 3,084), there were
no significant differences between PD and control
groups for either total LRRK2 (p=0.18) or pS935
LRRK2 levels (p=0.92). When controls and PD
subjects were segregated by the G2019S mutation
status, there were no difference in total LRRK2
levels among the 4 groups (p=0.13, Fig. 1A). How-
ever, ANOVA indicated a significant group effect for
pS935 LRRK?2 (p =0.028), with PD+G2019S+ sub-
jects showing ~32% lower pS935 LRRK?2 levels than
PD+G2019S- subjects (p <0.05, Fig. 1B).

The two LRRK2 measures were compared to
Montreal Cognitive Assessment (MoCA) data and
UPDRS scores (available for 94% and 83% of
subjects, respectively) as well as to the sex of par-
ticipants, age at donation of the biospecimens and
disease duration (where applicable). Although there
was a strong correlation between total and pS935
LRRK2 levels (r=0.89), neither analyte correlated
with any demographic or clinical factors (-0.25 <r<
0.25, data not shown).

DISCUSSION

In this study, we demonstrate a statistically signifi-
cant decrease in pS935 LRRK?2, but not total LRRK?2,
levels in human PBMCs from PD subjects with the
G2019S LRRK2 mutation compared to iPD subjects,
using a sensitive and robust digital immunoassay.
Since G2019S mutation results in higher LRRK2

kinase activity [4], the decrease in pS935 LRRK2
levels in carriers with PD was unexpected and indi-
cates the presence of distinct biological mechanisms
in LRRK2 G2019S mutation-driven PD compared
to iPD or non-manifesting carriers. However, pS935
LRRK2 levels did not correlate with disease severity
(based on UPDRS or MoCA), disease duration, age at
biospecimen donation, or other demographic factors.

There are three previous reports [19-21] on lev-
els of pS935 and total LRRK?2 in PBMCs, but these
assessments were conducted using western blotting
and restricted to iPD and healthy controls. These stud-
ies showed no differences in pS935 or total LRRK2
levels in iPD subjects compared to healthy controls.
We have confirmed these findings using a quantita-
tive assay and expanded the investigation to include
LRRK?2 manifesting and non-manifesting groups. It
is noteworthy that the reduction if pS935 LRRK2
levels in PD-manifesting LRRK2 G2019S donors
was also observed by a member of the “LRRK2
Detection in PBMC Consortium” using a Meso Scale
Discovery assay (Dr. Huntwork-Rodriguez, Denali
Therapeutics, personal communication; manuscript
in progress). On the other hand, Atashrazm et al. [19]
reported higher levels of total LRRK2 levels in neu-
trophils from iPD cases compared to healthy controls.
The apparent discrepancy between our study and [19]
may be due to previously reported cell-specific regu-
lation of LRRK2 expression [22].

The S935 residue of LRRK?2 is proposed to be
a constitutive phosphorylation site that is amenable
to regulation by LRRK2 kinase activity through
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Fig. 1. Total and pS935 LRRK2 levels in PBMCs. Box and whisker
plots of absolute levels of total LRRK2 and pS935 LRRK2 are
shown in panels (A) and (B), respectively. The line through the
middle of the boxes corresponds to the median and the lower and
the upper lines represent the 25th and 75th percentiles, respec-
tively. The whiskers extend from the 5th percentile on the bottom
to the 95th percentile on top. Differences between groups were
assessed by ANOVA followed by Tukey’s post-hoc test. *p <0.05.
SD, standard deviation; IQR, inter-quartile range; UPDRS, Unified
Parkinson’s Disease Rating Scale.

other unidentified kinases and inflammation-related
signaling pathways [23]. Interestingly, pathogenic
mutations in the GTPase domain of LRRK?2, such
as the R1441G/C/H, Y1699C, as well as another
kinase domain mutation, 12020T, have consistently
been associated with reduced phosphorylation of
S935, which has been attributed to the disruption
in 14-3-3 binding to LRRK2 [24]. However, this
effect is spared in G2019S LRRK2 in cellular mod-
els as well as in aged G2019S knock-in mice as
assessed by immunoblot assays [25]. The current
results showing the lack of areduction in pS935 levels
in non-manifesting carriers of G2019S are consis-
tent with these non-clinical findings. On the other

hand, our observation of a decrease in p935 levels
in the PD-manifesting LRRK2 G2019S compared to
non-manifesting carriers indicates that disease mani-
festation triggers molecular mechanisms that alter the
regulation of S935 phosphorylation. Future investi-
gations of such mechanisms are required to garner
insights into pathogenic mechanisms of the various
LRRK?2 mutations.

Although PBMCs represent a relatively simple
biospecimen collection method, studies of total and
pS935 levels in distinct cell types such as monocytes
and neutrophils will be critical since LRRK2 expres-
sion is dramatically higher in these cells than in total
PBMC population [26] and the cellular heterogene-
ity of PBMCs may have masked alterations in total
or pS935 LRRK2 in the present study. Moreover, in
light of the emerging data on LRRK?2 expression in
specific sub-types of immune cells, it will be critical
to demonstrate that the reduction in pS935 LRRK2
levels observed here is not due to differences in the
immune cell repertoire between groups as a result of
arecent infections or other stresses. Future blood cell
collections would also benefit from the inclusion of a
questionnaire that captures the immune status of the
donors. Additionally, a comparison of pS935 LRRK2
levels with direct markers of LRRK?2 kinase activity
such as pS1292 LRRK2 or pT73 Rab10 [6] will be
important to determine whether despite higher kinase
activity of G2019S LRRK2, compensatory biological
mechanisms lead to de-phosphorylation of the S935
residue in disease manifesting carriers.

In summary, the data presented here indicate that
pS935 LRRK2 level has the potential to be a dis-
ease state biomarker of G2019S LRRK?2-associated
PD but the results need to be replicated and extended
in an independent and larger cohort. The decrease
in pS935 LRRK2 levels in G2019S-positive PD is
indicative of distinct biological mechanism(s) at play
in this patient population. Overall, the current study
underscores the importance of collaborative consor-
tia for the development and analytical qualification
of biomarker assays on standardized human biospec-
imen collections to enable future studies of not only
LRRK2 kinase activity modulation but also spur stud-
ies of disease state mechanisms.
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