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Abstract

The Parkinson’s Disease (PD) kinase LRRK?2 is highly expressed in immune cells such as macrophages.
In these cells, LRRK2 regulates innate immune pathways and it is activated after membrane damage
leading to the phosphorylation of the Rab GTPases Rab8A and Rab10. Due to their wide-range of
functions in immunity and tissue remodelling, macrophages in vivo are phenotypically heterogeneous.
In vitro systems are used to differentiate these cells into diverse macrophage subsets to mimic the
populations observed in vivo. M-CSF and GM-CSF differentiated human blood monocytes are often
used to generate monocyte-derived macrophages as a model for tissue macrophages. However, how
LRRK2 is activated in different macrophage subsets after membrane damage is unknown.

Here, we report that bone marrow derived macrophages and human monocyte-derived macrophages
differentiated with either M-CSF or GM-CSF show different levels of LRRK?2 activation after
membrane damage. Notably, the membrane damaging agent LLOMe triggered LRRK?2-dependent
Rab8A and Rabl10 phosphorylation primarily in GM-CSF differentiated macrophages. Moreover,
LRRK?2 and Rab8A were recruited to damaged endolysosomes in GM-CSF differentiated macrophages.
Strikingly, GM-CSF differentiated macrophages recruited significantly more CHMP4B and Galectin-3
into damaged endolysosomes. These results suggest that LRRK2-regulated pathways of endolysosomal
membrane damage and repair differ between macrophage subsets.

Introduction

Mutations in Leucine-rich repeat kinase 2 (LRRK?2) underlie inherited forms of Parkinson’s Disease
(PD) and genome-wide association studies have identified polymorphisms in LRRK?2 as a risk factor
for Crohn’s Disease and inflammatory forms of leprosy (1). LRRK2 is highly expressed in cells of the
immune system, particularly in macrophages, neutrophils and B cells (2). In the last years, research has
provided compelling evidence that LRRK?2 has an immune function. However, how LRRK?2 immune
functions relates to PD pathology remains poorly understood. In particular, elevated cytokine levels in
the cerebrospinal fluid of PD patients suggest that neuroinflammation constitutes a disease driver (3,
4). As mediators of neuroinflammation, current research predominantly focuses on microglia, the
resident macrophage of the brain. However, there are conflicting data regarding the levels of LRRK?2
expression in microglia and it has been suggested that abnormal LRRK?2 function in peripheral immune
cells contributes to neuroinflammation (5). Due to their wide-range of functions in immunity and tissue
remodelling, macrophages in vivo are phenotypically heterogeneous (6). In vitro systems are used to
differentiate these cells with different growth factors to mimic the population diversity observed in vivo.
M-CSF differentiated human blood monocytes are often used to generate monocyte-derived
macrophages as a model for tissue-resident macrophages and GM-CSF differentiated monocytes are
widely used as a model system for macrophages with tissue remodelling capabilities or alveolar
macrophages.

LRRK?2 phosphorylates a subset of Rab GTPases which are major regulators of vesicle trafficking (7,
8). As such, LRRK2 has been implicated in a variety of cellular processes, including autophagy,
endocytic recycling and lysosomal homeostasis (9—11). LRRK?2 regulates lysosomal homeostasis by
activating membrane repair mechanisms in response to endomembrane damage and stress (11-13).
However, if LRRK?2 activation in response to membrane damage is a universal process in macrophage
subsets is unknown.

In this report, we investigated if macrophage differentiation impacts LRRK2 activation in response to
endomembrane damage. We investigated LRRK2 activation in both human and mouse primary
macrophages differentiated with either M-CSF or GM-CSF. Strikingly, GM-CSF-differentiation
markedly increased LRRK?2 activation in response to endomembrane damage despite similar expression
levels of LRRK?2 and its substrates Rab8 A and Rab10. These findings indicate that LRRK?2 function
might differ not only between cell types but also within cell type subsets depending on the tissue
environment they are exposed, uncovering an avenue of research of LRRK?2 regulation and activation.

Results
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To investigate the effect of macrophage differentiation, murine bone marrow was differentiated with
either M-CSF or GM-CSF for seven days to generate bone marrow derived macrophages (BMDM). In
order to assess LRRK2-dependent Rab GTPase phosphorylation, cells were treated with the
endomembrane damaging agent LLOMe and LRRK?2 kinase activity was inhibited using the potent
inhibitor of LRRK?2 kinase activity MLi-2 (14). In GM-CSF-derived murine macrophages, LLOMe
treatment resulted in Rab8A and Rab10 phosphorylation (Fig. 1A). However, to our surprise, we did
not observe Rab GTPase phosphorylation in M-CSF-differentiated macrophages (Fig. 1A). We then
validated these findings in human CD14 positive blood-derived monocytes macrophages differentiated
as above. Similar to what we observed in murine macrophages, LLOMe treatment of GM-CSF
differentiated human macrophages resulted in LRRK2-dependent Rab8A and Rab10 phosphorylation
(Fig. 1B-C). In contrast, Rab GTPase phosphorylation in M-CSF-differentiated macrophages was
significantly lower despite similar levels of LRRK2, Rab8A and Rab10 expression (Fig. 1B-D). It is of
interest to note however, that LRRK?2 pS935 phosphorylation was significantly increased in GM-CSF-
derived macrophages (Fig. 1B-D).

LLOMe treatment results in the recruitment of LRRK2 and its substrate Rab8A to damaged
endolysosomes (12, 13). We therefore tested LRRK?2 and Rab8A positive vesicle formation in response
to endolysosomal damage in M-CSF and GM-CSF differentiated BMDM. In agreement with the
previous results, we detected LRRK?2 recruitment to lysosomes in GM-CSF but not M-CSF
differentiated BMDM (Fig 2A). Similarly, LRRK2-dependent Rab8A recruitment was significantly
more pronounced in GM-CSF differentiated macrophages (Fig 2B). Notably, although very rare, some
GM-CSF differentiated macrophages already showed significantly higher numbers of Rab8A positive
vesicles than M-CSF differentiated macrophages without LLOMe treatment (Fig. 2B).

LRRK?2 regulates a membrane repair pathway that involves the ESCRT component CHMP4B and the
endomembrane damage sensor Galectin-3 (12). Because the recruitment of LRRK?2 and Rab8A to
damaged endolysosomes was prominently present in GM-CSF differentiated macrophages, we tested
if this was due to alterations in endomembrane repair. For that, we analysed both CHMP4B and
Galectin-3 recruitment to damaged endolysosomes in M-CSF and GM-CSF differentiated
macrophages. LLOMe treatment resulted in the formation of CHMP4B and Galectin-3 positive vesicles
in both M-CSF and GM-CSF differentiated macrophages (Fig. 2C-D). However, in agreement with a
role for LRRK?2 in ESCRT and Galectin-3 function, GM-CSF differentiated macrophages recruited
significantly more CHMP4B and Galectin-3 after endomembrane damage (Fig. 2C-D). In the same
way as we detected Rab8A positive vesicles in the absence of LLOMe treatment, we also detected
increased numbers of Galectin-3 positive vesicles in GM-CSF differentiated control macrophages (Fig.
2D). Taken together, these findings highlight that macrophage differentiation impacts LRRK2
activation and endomembrane repair in response to endolysosomal damage.

Discussion

Macrophages have taken centre stage in the quest to identify immune functions of LRRK2, particularly
because resident macrophages in form of microglia can be found in the brain. We have recently shown
that endomembrane damage in macrophages constitutes a trigger for LRRK2 activation resulting in Rab
GTPase phosphorylation and ESCRT-mediated membrane repair (12). Here, we demonstrate that
macrophage differentiation modulates the ability of macrophages to activate LRRK?2 and the kind of
response that is mounted to endomembrane damage. We did not detect pronounced differences in
LRRK?2 protein levels in the two macrophage subsets, which suggests that LRRK2 might execute
different functions, dependent on the cell type it is expressed in or that LRRK?2 activity can be regulated
by extracellular cues. Interestingly, Xu et al. reported no apparent differences between M-CSF and GM-
CSF differentiated human or mouse macrophages after 48 h of LPS treatment and that IFN-y up-
regulated LRRK?2 protein levels in both M-CSF and GM-CSF differentiated macrophages increasing
basal levels of Rab10 phosphorylation (15). This indicates that extrinsic factors such as cytokines or
pathogen-associated molecular patterns like LPS determine if LRRK2 is activated in response to
endomembrane damage. This leads to the question which signalling pathways regulate LRRK?2
activation and if there are post-transcriptional modification on LRRK?2 that determine activation.
LRRK2 pS935 is a known Toll-like receptor responsive phosphorylation side (16) which has been
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shown to regulate LRRK2 localisation without directly affecting LRRK?2 kinase activity (17). We
observed increased LRRK2 pS935 phosphorylation in GM-CSF differentiated macrophages, which
requires further investigation to understand its functional implications.

There is considerable interest in using the phosphorylation of Rab GTPases as a read-out to monitor
LRRK2 activation in PD patients. Our study suggests that the development of Rab GTPase
phosphorylation as a biomarker of LRRK?2 activity needs to be carefully analysed and that potential
differentiation and activation protocols need to be standardised.

Importantly, data shown here highlights that mechanisms of endomembrane damage and repair are
likely different in different macrophage subsets. We hypothesize that in vivo, different populations of
macrophages and likely other myelocytic cells will trigger different inflammatory outcomes due to these
differences in the ability to repair membrane damage after infection or protein aggregation. GM-CSF
is also used to differentiated monocytes into monocyte-derived dendritic cells (18), a cell type that has
to balance lysosomal degradation with preservation of antigens for presentation to T cells (19).
Regulating lysosomal permeability could be one way of achieving this balance (20). If LRRK?2
contributes to dendritic cell function or any other immune cell such as B cells and neutrophils remains
to be elucidated and could significantly contribute to our understanding of LRRK2-dependent PD
pathology.

Experimental procedures

Human monocyte-derived macrophage isolation and differentiation

Monocytes were isolated from leukocytes cones supplied by the NHS blood and transplant service.
First, red blood cells were removed by centrifugation on Ficoll-Paque (28-4039-56 AD; GE Healthcare)
and recovered PBMCs were washed twice in PBS-0.5 mM EDTA to remove platelets. Monocytes were
isolated from PBMCs using a magnetic cell separation system with anti-CD14 mAb-coated microbeads
(130-050-201; Miltenyi Biotec). CD14-positive monocytes were differentiated in complete RPMI 1640
medium (Gibco) supplemented with 10 % heat-inactivated FCS and 50 ng/ml GM-CSF (130-093-862;
Miltenyi Biotec). Cells were cultured at 37°C under a humidified 5% CO, atmosphere for 6 days and
the medium was replaced at day 3. On day 6, the cells were washed and detached with 0.5 mM EDTA
in ice-cold PBS and plated in RPMI 1640 medium containing 10 % heat-inactivated FCS.

Murine bone marrow-derived macrophage differentiation

Bone marrow (BM) was isolated from the hind legs of 8 -10 weeks old mice. Red cell lysis was
performed in red blood cell lysing buffer (Hybri-Max, Sigma) for 10 min at RT, before plating the cells
in petri dishes in RPMI 1640 medium containing 10 % heat-inactivated FCS and 50 ng/ml M-CSF
(BioLegend) or 50 ng/ml GM-CSF (BioLegend). Cells were cultured at 37°C under a humidified 5 %
CO, atmosphere for 6 days and the medium was replaced at day 3. On day 6, the cells were washed and
detached with 0.5 mM EDTA in ice-cold PBS and plated in RPMI 1640 medium containing 10 % heat-
inactivated FCS.

LLOMe treatment and LRRK2 kinase inhibition

A 333 mM stock of LLOMe (Cat# 4000725, Bachem) was prepared in ethanol and frozen at -20°C in
tightly sealed tubes. For LLOMe treatment, the medium was replaced with RPMI 1640 medium
containing 10 % heat-inactivated FCS and 1 mM of LLOMe and the cells were stimulated for 30 min.
0.3 % ethanol in RPMI 1640 medium containing 10 % heat-inactivated FCS was used in all control
samples. Macrophages were treated with MLi-2 (Cat# 5756/10, Tocris) at 0.1 uM for 1 h before
treatment with LLOMe where indicated. MLi-2 was present during LLOMe treatment.

Antibodies for Immunofluorescence and Western Blot

Antibodies used in this study were anti-Rab8A (6975), anti-Rab10 (8127) and anti-f3-actin-HRP
(12262) from Cell Signaling; anti-Rab8A pT72 (ab230260), anti-Rab10 pT73 (ab230261), anti-LRRK?2
pS935 (ab133450), and anti-LRRK?2 for immunofluorescence (ab133474) from Abcam; anti-LRRK?2
for Western Blot (N241A/34) from NeuroMab; anti-Galectin-3-AF647 (125408) from BioLegend and
anti-CHMP4B (13683-1-AP) from ProteinTech.
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Western Blotting

For lysis, cells were washed once with ice-cold PBS, harvested in PBS and lysed 1x RIPA lysis buffer
(Milipore) containing a protease and phosphatase inhibitor cocktail (ThermoFisher Scientific). The
samples were boiled at 70°C for 10 min in LDS sample buffer and reducing agent (NuPAGE, Life
Technologies) and run on a NuPAGE 4-12% Bis-Tris gel (Life Technologies). The gels were transferred
onto a PVDF membrane by wet transfer. The membranes were blocked in 5 % semi-skinned milk in
TBS-T (TBS, 0.1 % Tween-20). The membranes were incubated with primary antibodies in 5 % semi-
skinned milk in TBS-T at 4 °C overnight and with the secondary antibodies in 5 % skimmed milk in
TBS-T for 1 hr at room temperature. Western blots were quantified by densitometry using ImagelJ.

Indirect immunofluorescence

Cells seeded in 96-well plates (Cell Carrier Ultra, Perkin Elmer) were fixed with 4 % methanol-free
PFA (15710, Electron Microscopy Sciences) in PBS for 15 min at 4 °C. The samples were quenched
with 50 mM NH.Cl1 (A9434, Sigma-Aldrich) in PBS for 10 min at room temperature and permeabilized
with 0.3 % TritonX-100, 5 % FCS in PBS for 20 min. For LRRK2 and CHMP4B immunofluorescence,
cells were permeabilized in ice-cold methanol for 10 min at -20 °C, followed by one wash with PBS
and blocking in 5 % FCS in PBS for 20 min at RT.

Primary antibodies were diluted in PBS containing 5 % FCS and incubated for 1 hr at RT. The samples
were washed 3 times in PBS and when required, the secondary antibody was added in the same way as
the primary antibody (anti-rabbit-Alexa fluor 488, Alexa fluor 568 or Alexa fluor 633, Invitrogen) for
45 min at room temperature. After 3 more washes with PBS, nuclear staining was performed using 300
nM DAPI (Life Technologies, D3571) in PBS for 10 min. Images were acquired in PBS on an Opera
Phenix high-content screening system in confocal mode using the 63x objective, 2x binning
(PerkinElmer).

Image analysis

Images acquired using the Opera Phenix high-content screening system were analysed using Harmony
analysis software 4.9 (PerkinElmer). First, cells were segmented using the DAPI nuclear signal.
Vesicles were identified using the “Spots” building block (global maximum), resulting in a “Number
of Spots per cell” read-out parameter. For each experiment, at least 2000 cells were analysed per
treatment condition.
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Figure legends

Figure 1: LLOMe-induced LRRK2-dependent Rab8A and Rab10 phosphorylation is primarily
detected in GM-CSF differentiated macrophages.

(A) Murine bone-marrow derived (One out of two independent experiments shown) or (B) human blood
CD14+ monocytes were differentiated in 50 ng/ml M-CSF or GM-CSF and stimulated with 1 mM
LLOMe for 30 min. Where indicated, the cells were pre-treated with 100 nM MLi-2. Cell lysates were
probed for LRRK?2 pS935, Rab8A pT72 and Rab10 pT73. (C) Quantification of Rab phosphorylation
in human MDMs, n = 4. All samples were normalised to untreated, non-stimulated cells (indicated by
the dotted line). **p<0.01; ***p<0.001 by one-way ANOVA followed by Tukey’s multiple
comparisons test. (D) LRRK2 pS935 phosphorylation, and LRRK2, Rab8A and Rab10 protein level
quantification in human MDMs, n = 4. ns, not significant; *p<0.05 by Mann-Whitney test.

Figure 2: LRRK2 and Rab8A are recruited to damaged endolysosomes in GM-CSF differentiated
macrophages.

Murine bone-marrow derived cells were differentiated in 50 ng/ml M-CSF or GM-CSF and stimulated
with 1 mM LLOMe for 30 min. Where indicated, the cells were pre-treated with 100 nM MLi-2. (A)
LRRK?2, (B) Rab8A, (C) CHMP4B and (D) Galectin-3 positive vesicle formation after endolysosomal
damage was assessed by immunofluorescence and high-content imaging. Scale bar = 20 pm. ns, not
significant: *p<0.05; ***p<0.001 by one-way ANOVA followed by Sidak’s multiple comparison’s test.
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Figure 1: LLOMe-induced LRRK2-dependent Rab8A and Rab10 phosphorylation is primarily detected in GM-CSF
differentiated macrophages.

(A) Murine bone-marrow derived (One out of two independent experiments shown) or (B) human blood CD14+ mono-
cytes were differentiated in 50 ng/ml M-CSF or GM-CSF and stimulated with 1 mM LLOMe for 30 min. Where
indicated, the cells were pre-treated with 100 nM MLi-2. Cell lysates were probed for LRRK?2 pS935, Rab8A pT72 and
Rab10 pT73. (C) Quantification of Rab phosphorylation in human MDMs, n = 4. All samples were normalised to
untreated, non-stimulated cells (indicated by the dotted line). **p<0.01; ***p<0.001 by one-way ANOVA followed by
Tukey’s multiple comparisons test. (D) LRRK2 pS935 phosphorylation, and LRRK2, Rab8A and Rab10 protein level
quantification in human MDMs, n = 4. ns, not significant; *p<0.05 by Mann-Whitney test.
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Figure 2: LRRK?2 and Rab8A are recruited to damaged endolysosomes in GM-CSF differentiated macrophages.

Murine bone-marrow derived cells were differentiated in 50 ng/ml M-CSF or GM-CSF and stimulated with 1 mM
LLOMe for 30 min. Where indicated, the cells were pre-treated with 100 nM MLi-2. (A) LRRK2, (B) Rab8A, (C)
CHMP4B and (D) Galectin-3 positive vesicle formation after endolysosomal damage was assessed by immunofluores-
cence and high-content imaging. Scale bar = 20 um. ns, not significant: *p<0.05; ***p<0.001 by one-way ANOVA
followed by Sidak’s multiple comparison’s test.
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