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Abstract: Intracerebral accumulation of amyloid-{ in the extracellular plaques of Alzheimer’s disease
(AD) brains represents the main cause of reactive astrogliosis and neuroinflammatory response. Of
relevance, leucine-rich repeat kinase 2 (LRRK2), a kinase linked to genetic and sporadic Parkinson’s
disease (PD), has been identified as a positive mediator of neuroinflammation upon different inflam-
matory stimuli, however its pathogenicity in AD remains mainly unexplored. In this study, by using
pharmacological inhibition of LRRK2 and murine primary astrocytes, we explored whether LRRK2
regulates astrocytic activation in response to amyloid-f1.4» (AP1.42). Our results showed that murine
primary astrocytes become reactive and recruit serine 935 phosphorylated LRRK2 upon A4, fibril
exposure. Moreover, we found that pharmacological inhibition of LRRK2, with two different kinase
inhibitors, can attenuate A1 4-mediated inflammation and favor the clearance of Ap.4 fibrils in
astrocytes. Overall, our findings report that LRRK2 kinase activity modulates astrocytic reactivity
and functions in the presence of AP1.4» deposits and indicate that PD-linked LRRK2 might contribute
to AD-related neuroinflammation and pathogenesis.
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1. Introduction

Alzheimer’s disease (AD) is the most devastating neurodegenerative disease in the
adult population and represents the most frequent cause of dementia worldwide [1]. AD
is neuropathologically characterized by progressive neurodegeneration, together with
deposition of aggregated proteins, extracellular amyloid-f and intracellular hyperphos-
phorylated Tau [1,2]. Although the mechanisms underlying AD onset and progression are
not yet fully elucidated, it is well known that neuroinflammation plays a critical role in
the pathology [3,4]. Neuroinflammation, driven by activation of microglia and astrocytes,
is a defense mechanism that protects the brain against pathogens or other inflammatory
stimuli, with beneficial effects on brain tissue repair [5]. However, a sustained inflamma-
tory response can turn cytotoxic and lead to cellular and tissue damage, thus promoting
neurodegeneration and disease progression [4-6]. In this regard, several studies have
reported the involvement of chronic neuroinflammation and glia activation in AD [7-9].
Reactive microglia and astrocytes have been detected in proximity to amyloid-f3 plaques in
post-mortem brains of AD patients and animal models [10-12]. In addition, elevated levels
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of pro-inflammatory mediators, such as interleukin-1f3 (IL-1f3), tumor necrosis factor-o
(TNF-«) and interleukin-6 (IL-6), have been detected in both experimental models and
post-mortem brains with AD [3,13,14]. Moreover, it has been shown that pro-inflammatory
cytokines might further potentiate the enzymatic activity of Tau kinases, increasing de-
position of intracellular phosphorylated Tau [15], and of y- and (3-secretases, leading to
amyloid-f3 accumulation [16,17]. Overall, these observations support a key contribution of
the neuroinflammation on promoting AD pathogenesis.

Leucine-rich repeat kinase 2 (LRRK2), a protein linked to genetic and sporadic Parkin-
son’s disease (PD) [18-20], has been revealed as a positive mediator of neuroinflammation,
both in in vitro and in vivo studies [21-30]. LRRK2 is a multimeric protein characterized
by an enzymatic core with GTPase and serine/threonine kinase activities and several
domains surrounding these enzymatic domains involved in the assembly of signaling
complexes [31]. LRRK2 is a physiologically multiphosphorylated protein, with clusters
of both heterologous phosphorylation and autophosphorylation sites [32]. In regard to
heterologous phosphorylation sites, serine 910/935 residues have been shown to be consti-
tutively phosphorylated by multiple kinases (PKA; IKK«x and 3 and CK1l«x) involved in
different cellular pathways [33,34] and widely used as a marker of LRRK2 pharmacological
kinase inhibition both in vitro and in vivo [32,35,36].

As the pathogenicity of LRRK2-mediated inflammation in AD remains mainly unex-
plored, and given that neuroinflammation widely contributes to AD, here, we explored
whether LRRK2 regulates astrocytic activation in response to amyloid-1.42 (AB1-42). We
found that murine primary astrocytes become reactive and recruit serine 935 phosphory-
lated LRRK2 upon A 1.4, fibril exposure. Of interest, our results showed that the inhibition
of LRRK2 kinase activity, with two different inhibitors, attenuates the induction of pro-
inflammatory IL-1f3 cytokine. Moreover, we observed that astrocytes treated with LRRK2
kinase inhibitors exhibited a strong reduction in the amount of intracellular amyloid-3
fibrils, which is partly rescued by blocking lysosomal degradation, suggesting that LRRK2
is involved in the clearance of A4 fibrils.

Overall, our findings indicated that LRRK2 kinase activity regulates amyloid-f3-
mediated astrocytic activation and functionality and, importantly, suggested that LRRK2
might contribute to AD-related neuroinflammation and pathogenesis.

2. Materials and Methods
2.1. Primary Astrocytes

C57BL/6] wild-type mice were maintained under a 12 h light-dark cycle at room
temperature (RT, 22 °C) with ad libitum food and water. Animal procedures were per-
formed in accordance with European Community Directive 2010/63/UE and approved
by the Ethics Committee of the University of Brescia (Project ID: 800-2017). Moreover, the
research protocol has been approved by the Ethics Committee of IRCCS San Giovanni di
Dio-Fatebenefratelli (n° 90-2021 and Prot. 290/2021).

Primary astrocytes were derived from pups at post-natal days 2—4 (P2-P4). Briefly,
cerebral cortices were dissociated in cold PBS; the cell suspension was maintained at RT
for 5 min and the top fraction was centrifuged at 1000 rpm 5 min. The cells were then
resuspended in astrocytes medium containing high-glucose DMEM (Immunological Sci-
ences, Rome, Italy), 10% fetal bovine serum (FBS, ThermoFisher Scientific, Waltham, MA,
USA), 2mM L-Glutamine (ThermoFisher Scientific) and penicillin/streptomycin (Ther-
moFisher Scientific). Cells obtained from five brains were then seeded in 175 cm? flasks
and maintained at 37 °C with 5% CO,. After 4 days, the medium was changed and then the
cells were maintained in culture until confluence (DIV7-9), when the cells were processed
for experimental applications. The purity of primary astrocytic culture was verified by
immunostaining with CD11b and glial fibrillar acidic protein (GFAP) antibodies, microglia
and astrocyte markers, respectively. In our cultures, the amount of microglia contaminants
was ~13%.
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2.2. AB1-gp Fibril Generation and Validation

Ap1.4p fibrils were generated as previously reported [37-39]. Specifically, human
Ap1.4 (Bachem, Bubendorf, Switzerland) was dissolved in cold hexafluoroisopropanol
(HFIP, Merck/Sigma-Aldrich, St. Louis, MO, USA) and maintained under rotation at RT
overnight. The solution of A{31.4p was then aliquoted, speed-vacuum dried and stored at
—80 °C until use. Before treatment, Af31.4p was dissolved in anhydrous dimethylsulfoxide
(DMSO, Merck/Sigma-Aldrich) and sonicated 10 min at RT to remove possible peptide
aggregation. Then, to obtain an enriched fibril preparation, Af31.4p was further resuspended
in 10 mM HCI and incubated at 37 °C for 48 h. Instead, fluorescent FAM-labelled Af1.42
fibrils were prepared by dissolving dried un-labelled APq.4 with 20 pM FAM-A1.42
(FAM-AQB, Anaspec Inc., Fremont, CA, USA) in anhydrous DMSO; then, the solution was
sonicated 10 min at RT, diluted in 10 mM sterile HCI to obtain 100 uM FAM-A1.4 and
kept at 37 °C for 48 h.

The fibrillization of A{31.4 fibrils was verified by ThioflavinT (ThioT, Merck/Sigma
Aldrich) assays and transmission electron microscopy (TEM). In brief, 7 pg of fibrils were
incubated for 1 min at RT with 5 uM of ThioT. Control measurement was performed
with 5 uM ThioT in HCI for detection of background fluorescence intensity. Fluorescence
emission was recorded at 482 nm with excitation at 450 nm by using the PerkinElmer®
EnSight-Multimode Plate Reader. For TEM, AB1.4» 1 pM samples were incubated on a 400
mesh formvar-coated grid (TAAB Ltd., Berks, UK) for 2 min at RT. After removing the
excess solution from the grid, samples were negatively stained with Uranyless (Electron
Microscopy Sciences) for 2 min at RT and examined with a transmission electron microscope
(Tecnai G2 Spirit; FEI Company, Eindhoven, The Netherlands) at 80 kV.

2.3. Reactive Oxygen Species (ROS) Detection

ROS generation was measured using the CellROX® Green Reagent (C10444, Ther-
moFisher Scientific) following manufacturer’s instructions. Briefly, astrocytes were treated
with 10 uM A4 fibrils, or 10 mM-DMSO HCl as a control, for 16 h. Successively, astro-
cytes were washed once with 1X PBS and treated with 5 uM CellROX® Green Reagent in
cell medium for 30 min at 37 °C. After treatment, the cells were washed three times with
1X PBS and the ROS fluorescence was detected using PerkinElmer® EnSight-Multimode
Plate Reader, setting the excitation at 485 nm and the emission at 520 nm.

2.4. Compound and Cell Treatment

LRRK2 inhibitors were dissolved in DMSO. GSK2578215A (GSK, Tocris Bioscience,
Bristol, UK) and IN-1 were used at 2 uM and 1 uM, respectively. Specifically, astrocytes
were exposed to LRRK2 inhibitors 90 min before treatment with A(31.4; fibrils.

Chloroquine (CQ, Merck/Sigma Aldrich), an inhibitor of lysosomal activity, was
dissolved in ultrapure distilled water and used on primary astrocytes at 25 pM for 16 h.

For Western blot and ROS detection experiments, astrocytes were treated with unla-
beled 10 uM A 1.4 fibrils, or 10 mM-DMSO HCI as a control, for 16 h, while, for FACS
experiments, astrocytes were treated with FAM-A31.4; fibrils of 10 uM, or 10 mM-DMSO
HCl as a control, for 2 h to analyze Af31.4» uptake. For the immunofluorescence, astrocytes
were treated with 10 uM A 31_4; fibrils for 2 h.

During all the treatments, primary astrocytes were cultured in medium containing 1%
FBS.

2.5. Cell Immunofluorescence and Imaging

Cells were washed once with PBS 1X and then fixed with paraformaldehyde (PFA) 4%
pH 7.4 15 min at RT. After three washes with PBS 1X, permeabilization with PBS/Triton-X-
100 0.3% was performed for 5 min at RT. Next, cells were saturated with blocking solution
(FBS 5% in PBS/Triton-X-100 0.3%) for 1 h at RT and incubated with primary antibody
anti-3 amyloid clone 6E10 (Biolegend 803004, 1:50), anti-GFAP (Invitrogen 13-0300, 1:500)
and anti-CD11b (BD Biosciences 550282, 1:100) diluted in blocking solution. After three
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washes in PBS 1X, cells were incubated with secondary antibody AlexaFluor 488 or 594
(ThermoFisher Scientific, 1:500) for 1 h at RT. After several washes in PBS 1X, cells were
mounted using Prolong Gold Antifade reagent containing DAPI (ThermoFisher Scientific).
Images were acquired with a Zeiss Axioplan2 fluorescence microscope with a 63x oil
immersion objective (Carl Zeiss AG, Oberkocken, Germany).

2.6. AP1-4 Intracellular Quantification

Af1.4 intracellular amount was quantified by using different assays and approaches.
For FAM-Af1.4p experiments, following incubation with FAM-A31.4; fibrils, cells were
washed once with 1X PBS, incubated with quenching solution (0.2% Trypan blue in 1X
PBS pH 4.4) for 1 min at RT to avoid the detection of FAM-A 314 fibrils present or stuck
on the cell membrane and then washed three times with 1X PBS. Astrocytes were then
collected using 0.25% trypsin, centrifuged at 420x ¢ 5 min at 4 °C and washed once with
cold FACS Buffer (1X PBS, 1% FBS, 2 mM EDTA). After a further centrifugation, cells were
resuspended in cold FACS Buffer and kept in ice until FACS analysis. Fluorescence emission
was read at 521 nm on a MACSQuant flow cytometer (Miltenyi Biotec, Bergisch Gladbach,
Germany) and analyzed with FlowJo software (Tree Star Inc., Ashland, OR, USA). At least
70,000 cells were analyzed for each sample. We assessed the median fluorescence intensity
(MFI) of cells analyzed and the values of untreated cells represented the autofluorescence.

For the experiments related to lysosomal activity inhibition, primary astrocytes were
exposed to 25 uM CQ and to 2 uM LRRK2 GSK inhibitor for 120 min and 90 min, re-
spectively, before the treatment with AB.4, fibrils. The cells were analyzed 16 h after the
treatment with A4, fibrils. After treatment, the cells were fixed and immunostained for
GFAP and Af31.4 as described above. Quantification of intracellular Ap1.4» was performed
using Image] software, calculated as fluorescence intensity divided by cellular area (de-
tected by GFAP) and expressed as fluorescence intensity /um?. At least thirty cells were
randomly chosen in a minimum of three independent experiments. Images were acquired
using a Zeiss Axioplan2 microscope with a 63 x oil-immersion objective (Carl Zeiss AG).

2.7. Cell Lysis and Western Blotting

Astrocytes were washed twice with PBS 1X, solubilized with cold lysis buffer (20 mM
Tris—=HCI pH 7.5, 150 mM NaCl, 1 mM EDTA, 2.5 mM sodium pyrophosphate, 1 mM
-glycerophosphate, 1 mM NazVOy, 1% Triton-X-100, protease inhibitors), incubated on
ice 20 min and centrifuged at 14,000 rpm at 4 °C. The supernatant was collected for pro-
tein electrophoresis. Specifically, total proteins were separated using 7.5% acrylamide
sodium dodecyl sulphate (SDS)-PAGE gels. Subsequently, proteins were transferred on
a polyvinylidene difluoride (PVDF) membrane (Bio-Rad, Hercules, CA, USA), saturated
with non-fat dry milk 5% in TBS-Tween 1% (TBST) 1 h at RT and incubated with primary
antibodies: anti-3 amyloid clone 6E10 (Biolegend, 803004, 1:1000), anti-GAPDH (Ther-
moFisher Scientific MA5-15738, 1:30,000), anti-IL-13 (R&D System AF-401-NA, 1:2000),
anti-LRRK2 phospho serine 935 (Abcam ab133450, 1:300), anti-LRRK2 (Abcam ab133474,
MJFEF2 1:300), anti-clusterin (R&D System AF2747, 1:2000). Next, membranes were incu-
bated with horseradish peroxidase (HRP)-conjugated secondary antibodies (Merck/Sigma
Aldrich) for 1 h at RT and then with ECL substrate of HRP.

2.8. Statistical Analysis

All data are expressed as mean = SEM and represent at least three sets of experiments.
Statistical significance of differences between two groups was assessed by unpaired ¢-test,
while multiple comparison was measured using one-Way ANOVA followed by Tukey’s post
hoc test. Cumulative frequency distributions were compared with a Kolmogorov-Smirnov
test. Data were analyzed using Prism software (GraphPad) and statistical significance was
taken at p < 0.05.
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3. Results
3.1. Astrocytic Activation in Response to APB1.4p Fibrils Priming

In order to investigate a potential role of LRRK2 in astrocytic activation upon AD-
related aggregates, we first generated and validated A(31.4p fibrils (Figure 1). Af31.4p fibrils
were prepared from A[31.40 monomeric protein incubated for 48 h to induce aggregation.
The formation of fibrils was verified using several approaches. Specifically, Western blot
confirmed the presence of a smear with large A aggregates with high molecular weight
(Figure 1a), ThioT assay detected a greater amount of fluorescence signal in fibrils prepara-
tion compared to control solvent (Figure 1b) and TEM examination reported thread-like
fibrillar structures (Figure 1c). Taken together, these results indicate the high quality of our
A4 fibril-enriched preparation.
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Figure 1. Afq_4; fibril generation and validation. (a) Immunoblotting detecting A4, fibrils using
anti-p amyloid clone 6E10 antibody. (b) ThioT assay shows a greater amount of fluorescent signal in
fibril-enriched preparation compared to control solvent DMSO-HCI. Data are representative of three
independent preparations and are expressed as mean + SEM. Data were analyzed using unpaired
t-test, * p = 0.0120. (c) TEM performed on Af31.4p preparation reveals thread-like fibril structure. Scale
bar 500 nm and 200 nm.

Given that multiple lines of evidence have indicated that amyloid-f3 deposits trigger
glia activation and inflammation [3,40], we investigated whether A 1.4, fibrils were able
to activate primary astrocytes. To this purpose, we treated murine primary astrocytes with
A4 fibrils, or with DMSO-HCI as a control, and we assessed the induction of IL-1f3
cytokine, one of the most crucial pro-inflammatory cytokines in AD [41-44]; of clusterin,
a stress-related protein [45]; and the generation of ROS. As shown in Figure 2a,b, we
observed a significant increase of all the inflammatory markers analyzed, indicating that
A4 fibrils triggered astrocytes toward a pro-inflammatory and reactive phenotype.
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Figure 2. Astrocytes activation upon APq.4 fibrils. (a) Cell lysates of primary astrocytes treated
with 10 uM A1 fibrils for 16 h, or with 10 mM-DMSO HClI as a control, were subjected to
immunoblotting using IL-1f, clusterin (Clu) and GAPDH antibodies. Data are representative of
several independent experiments (IL-13: n = 10, clusterin: n = 4). (b) ROS mean signal intensity was
assessed in primary astrocytes exposed to 10 uM A4, fibrils for 16 h or to 10 mM-DMSO HCl as a
control. Data are representative of five independent experiments and are expressed as mean £ SEM.
Data were analyzed using unpaired t-test, *** p < 0.0001. (c) Representative cytofluorimetric profile
and MFI values of astrocytes exposed to 10 uM FAM-A fibrils for different time points (1 h, 2 h and
4 h). The control curve represents the autofluorescence level of untreated cells. (d) Representative
images of astrocytes exposed to A4y fibrils for 2 h, fixed and immunostained for A4, (green)
and GFAP (red). Nuclei were stained with DAPI (blue). Scale bar 10 pm.

Next, we asked whether astrocytes were able to internalize Af31.4p fibrils. We first
performed a time-course experiment in which cells were exposed to FAM-A 314, fibrils for
1h,2hand 4 h and we evaluated fibril uptake through flow cytometry. As shown by FACS
analysis of MFI (Figure 2c), the uptake of A4, fibrils was clearly detectable after 1 h of
treatment and further increased at longer time points. Moreover, we observed the ability
of astrocytes to internalize Af1.4, fibrils, even on fixed cells, via imaging, as reported in
the Figure 2d. Taken together, these results indicate that the treatment with A4, fibrils
triggered astrocytes toward a reactive phenotype with the ability to internalize fibrils.

3.2. LRRK2 Kinase Inhibition Attenuates AB1.4 Fibril-Mediated Astrocytic Activation

Several studies, including some from our group, have revealed that LRRK2 kinase activ-
ity is crucial to mediate glia activation in response to different stimuli, such as LPS [23-25],
HIV-1 Tat protein [46], manganese [47] and a-synuclein fibrils [22,23,27]. However, evi-
dence linking LRRK2 to AD-related inflammation is still missing. Thus, we explored the
possibility that LRRK?2 is involved in astrocytic inflammation mediated by Af1.4; fibrils.
We first investigated whether LRRK2 was activated upon Af1.4; fibril exposure. To this
aim, we analyzed the phosphorylation of LRRK2 at serine 935 (pS935), which has been
reported to be increased in microglia upon exposure to inflammatory stimuli [22,46,48,49].
Of interest, we observed that A{31.4 fibrils triggered an increment of pSer935 -LRRK2 com-
pared to control astrocytes (Figure 3a), suggesting that LRRK2 is involved in the cellular
pathways activated by Apq.4; fibrils and that is phosphorylated /activated upon being
challenged, even in astrocytes, as observed in microglia.
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Figure 3. LRRK2 kinase activity controls A[31.4, fibril-mediated astrocytic inflammation. (a) Cell
lysates of primary astrocytes treated for 16 h with Af314; fibrils, or with DMSO-HCI 10 mM- as
control, were subjected to immunoblotting using LRRK2-phosphoserine 935 (pS935) and LRRK2
antibodies. Data are representative of three independent experiments and are expressed as the
mean + SEM. Data were analyzed using unpaired t-test, * p = 0.0423. (b) Cell lysates of primary
astrocytes treated with A4 fibrils, AB1.4 fibrils and GSK, GSK alone or DMSO as control were
subjected to immunoblotting using IL-13 and GAPDH antibodies. Data are representative of three
independent experiments and are expressed as the mean + SEM. Data were analyzed using unpaired
t-test, * p = 0.0282. (c) Cell lysates of primary astrocytes treated for 16 h with Apq_4; fibrils, APBq.4p
fibrils and IN-1, IN-1 alone or DMSO as control were subjected to immunoblotting using IL-13 and
GAPDH antibodies. Data are representative of three independent experiments and are expressed as
the mean + SEM. Data were analyzed using unpaired t-test, ** p = 0.0099.

Then, we assessed whether LRRK2 kinase activity controls the induction of astrocytic
inflammation. Thus, we treated cells with Ap1.4 fibrils for 16 h in the presence of LRRK2
kinase inhibition. To this aim, we used two different compounds, GSK [50] and IN-1 [51].
Of note, both LRRK?2 inhibitors attenuate the inflammatory response mediated by Af31.42
fibrils priming, as revealed by the strong reduction of IL-1§3 (Figure 3b,c). Taken together,
these results indicate that LRRK2 kinase activity is a regulator of AB1.4, fibril-mediated
inflammation in astrocytes.

3.3. Astrocytes with LRRK2 Kinase Inhibition Exhibited Increased Clearance of ABy.47 Fibrils

Previous studies have shown that LRRK2 affects the phagocytic functions of glia
upon inflammatory priming [46,52,53]. Starting from these observations, we explored
whether LRRK2 kinase activity was involved in the uptake of Af31.4 fibrils by astrocytes
through FAM-A 314, fibrils and flow cytometry. To this aim, we treated astrocytes with
LRRK2 inhibitors (GSK or IN-1) or, as control, DMSO-containing medium, for 90 min before
exposing cells to FAM-Af31.4; fibrils for 2 h, after which we performed FACS analysis. By
analyzing the intracellular FAM-A (314, signal of cells as MFI, we found that astrocytes
treated with LRRK2 inhibitors exhibited a strong reduction of the MFI compared to cells
treated with FAM-A 1.4 fibrils alone (Figure 4a,b), indicating that astrocytes with LRRK2
inhibition exhibited a decreased amount of intracellular A{31.4; fibrils. To investigate if
the reduced MFI was mediated by the effect of LRRK2 kinase activity on the degradation
rather than the uptake of FAM-A 314, fibrils, we quantified the intracellular Af31_4, after
blocking lysosomal degradation with CQ. To this aim, we treated cells with GSK alone or in
combination with CQ before the treatment with A4, fibrils for 16 h and we quantified the
intracellular Af1.4> fluorescence signal after fixation. Of interest, the cumulative frequency
distribution analysis revealed that astrocytes treated with CQ display A[31-42 fluorescence
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signal consistently shifted toward higher intensity values with respect to cells treated with
LRRK2 GSK inhibitor alone (Figure 4c,d), showing a homogenous increase of intracellular
Ap1.4 in the presence of CQ. Taken together, these results indicate that LRRK2 might be
involved in the degradation process of Af1.4 fibrils and, importantly, suggest that the
kinase inhibition of LRRK2 may favor the clearance of Af3;_4; fibrils in astrocytes.
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Figure 4. Astrocytes with LRRK2 kinase inhibition exhibited increased clearance of FAM-Af1.4
fibrils. (a) Astrocytes were treated with 2 pM GSK or 1 uM IN-1 for 90 min before the treatment with
10 uM FAM-A 314, fibrils for 2 h. The representative cytofluorimetric profile of the intracellular FAM-
A4 signal in the different groups was analyzed. The CTR curve represents the autofluorescence
level of untreated cells. (b) Median fluorescence intensity (MFI) of cells analyzed by FACS is shown
as mean £ SEM; the CTR histogram represents the autofluorescence level of untreated cells. Data
were analyzed using one-way ANOVA with Tukey’s post hoc test; *** p < 0.0001. (c) Cumulative
frequency distributions of intracellular A4, fluorescence (Ap1.4p fibrils = 92 cells, Af31.4, fibrils
GSK =93 cells and A4 fibrils GSK + CQ = 91 cells). Cumulative frequency distributions of Af;.4»
fibrils GSK and A[31.4, fibrils GSK + CQ samples were compared with Kolmogorov-Smirnov test,
p = 0.0364. Quantification of intracellular A{31_4; fibrils was calculated as fluorescence intensity/ pm?2
from three independent experiments (~30 cells per experiment). (d) Representative fluorescence
microscopy images of astrocytes exposed to CQ and LRRK2 GSK inhibitor, or LRRK2 GSK inhibitor
alone, before treatment with A4, fibrils for 16 h, fixed and immunostained for AB.45 (green) and
GFAP (red). Nuclei were stained with DAPI (blue). bar 10pum.

4. Discussion

Chronic neuroinflammation widely contributes to neurodegeneration and progres-
sion of several neurodegenerative diseases, including AD [13]. In this regard, amyloid-3
accumulates in the form of amyloid plaques in the CNS and represents the main cause of
neuroinflammation [3,5,54,55]. Of interest, in the last decade LRRK2 has been identified
as a key regulator of the neuroinflammatory response in microglia and astrocytes upon
inflammatory priming [21,26,56]. However, studies exploring the role of LRRK2 in amyloid-
-related inflammation are still missing. In this work, by using LRRK2 kinase inhibition,
we found that LRRK2 modulates astrocyte activation upon exposure to AD-related amyloid
deposits. Specifically, we established for the first time that the inhibition of LRRK2 kinase
activity attenuates the induction of IL-1f3 cytokine and favors the clearance of A31.4; fibrils,
suggesting that LRRK2-related astrocytic functions might contribute to AD pathology.
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Neuroinflammation represents a well-described event in AD and it is now emerging
as one of the leading causes of the pathology [6,13,57-59]. Astrogliosis has been detected in
the brains of AD patients [60] and of animal models [61,62]. In addition, several studies
have shown that extracellular amyloid-f deposits trigger glial activation and inflammatory
response [3,63]. Furthermore, glia reactivity and neuroinflammation have been reported
to cause amyloid-f3 and tau protein aggregation, which are detrimental to neuronal and
synaptic health [14]. Overall, these observations indicate that neuroinflammation is in-
volved in different aspects of AD pathology and plays a crucial role in the progression of the
disease. In this scenario, LRRK2, which is a positive mediator of neuroinflammation, could
mediate and contribute to AD pathogenesis. To test this hypothesis, we asked whether
LRRK2 can be activated and modulate astrocytic reactivity upon A4 fibrils exposure.
To assess inflammatory response in our experiments, we analyzed IL-1§3 induction, which
is one of the most relevant pro-inflammatory cytokines, reported to be crucial for AD
neuroinflammation and pathogenesis [3,4,64]. As expected, we found that Af31.4; fibrils
mediate astrocytic activation, as detected by the strong generation of IL-1§3, clusterin and
ROS generation. Interestingly, for the first time, we observed that LRRK2 is activated
upon A 1.4 fibril priming, as shown by the increased phosphorylation levels of LRRK2
Ser935, thus indicating that LRRK2 is actively involved in astrocytic pathways triggered
by amyloid-f3. In accord with these findings, our research and that of other groups have
shown increased levels of phosphorylated LRRK2 in microglia upon different inflammatory
stimuli, which correlated to the production of pro-inflammatory cytokines [22,46,48,49,65].

Of note, given that LRRK2 has been robustly associated to the modulation of in-
flammatory response [21,26,66], we then investigated whether LRRK2 kinase activity was
implicated in the amyloid-f -mediated astrocytic inflammation. Our results showed that
astrocytes with LRRK2 kinase inhibition exhibit a strong reduction of IL-13 generation after
A4 fibril exposure. These observations indicate that LRRK2 kinase activity regulates
inflammation mediated by amyloid-f fibrils and that, as well as in microglia, LRRK2 might
be a common modulator of the astrocytic inflammatory response. In support to this hypoth-
esis, Munoz and colleagues reported that LRRK2 IN-1 inhibitor attenuated IL-6 cytokine
secretion upon IL-1p priming in human primary astrocytes [28]. This is in accord with what
we found in microglial cells, which exhibited reduced levels of IL-13 and cyclooxygenase-2
upon LPS priming when treated with LRRK2 inhibitors [23]. LRRK2 was found to control
the induction of inflammation through protein kinase A (PKA)-mediated phosphorylation
of nuclear factor kappa-B (NF-«B) inhibitory subunit p50 [23]. Our findings, that kinase
inhibition of LRRK2 also exhibits a strong attenuation of IL-13 production in astrocytes
upon exposure to A4 fibrils, suggest that, also in astrocytes, the modulatory effects
of LRRK2 on inflammatory response to amyloid-f fibrils may involve the PKA-NF«B
pathway.

Microglia and astrocytes, efficient scavengers of the brain [67], have been found to be
closely associated with amyloid plaques in AD brains and their involvement in amyloid-
(3 clearance has gained increasing interest over the years [38,68,69]. In this context, AD
pathology is hypothesized to be caused by an imbalance between amyloid-f production
and clearance that leads to amyloid-f3 accumulation in the brain [70], thus supporting
the importance of glia functions in the disease. Interestingly, LRRK2, through its kinase
activity, has been shown to affect also phagocytosis and clearance of amyloid proteins
by glial cells [46,52,71]. Specifically, it has been demonstrated that microglia with LRRK2
genetic deletion exhibited increased clearance of a-synuclein [53] and astrocytes with
an enhanced LRRK2 kinase activity (LRRK2 pathological mutations) displayed reduced
degradative capacity [52,72,73]. Starting from these premises, we then investigated whether
LRRK2 was involved in the uptake/clearance of amyloid-p fibrils. Interestingly, our results
revealed that the inhibition of LRRK2 kinase activity increases the ability of astrocytes to
degrade Af31.4p fibrils. This is an important observation as it has been shown that astrocytes
can engulf large amounts of amyloid-f but fail to properly digest the amyloid-f3, which
then accumulates and eventually leads to severe lysosomal and cellular dysfunctions [74].
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Engulfment of A1, by astrocytes may initially be a protective clearance mechanism, but
an overburden can clearly be detrimental for astrocytic functions, leading, with time, to
cell dysfunction, Af1.4» secretion and progression of AD [74]. Taken together, our findings
indicate that LRRK2 is involved in the endo-lysosome pathway that leads to A3;.4 fibril
degradation and, importantly, suggest that LRRK2 kinase inhibition might enhance the
ability of astrocytes to clear amyloid-f3 and to preserve cell physiology.

5. Conclusions

Neuroinflammation strongly contributes to AD pathophysiology. Using LRRK2 kinase
inhibition, we found that LRRK2 modulates the activation of astrocytes upon exposure to
A4 fibrils in vitro. Whereas the inhibition of LRRK?2 kinase activity strongly attenuated
the induction of IL-1, it favored the clearance of Af31.4 fibrils by astrocytes. Overall, our
study showed that LRRK2 kinase activity controls astrocyte reactivity induced by Ap1.42
fibrils and indicates that LRRK2 might be involved in AD-related neuroinflammation and
pathogenesis. However, future studies performed on transgenic mouse models of AD
and on the post-mortem brain of AD patients might shed more light in the implication of
PD-linked LRRK2 to AD pathogenesis and could contribute to dissecting novel pathological
mechanisms for pharmacological intervention to limit AD progression.
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AD Alzheimer’s disease
LRRK2 leucine-rich repeat kinase 2
PD Parkinson’s disease
GSK GSK2578215A

IN-1 inhibitor-1

x-syn a-synuclein

NF-«B nuclear factor kappa-B
LPS lipopolysaccharide
COX-2 cyclooxygenase -2
IL-1B3 interleukin-1f3

TNF- « tumor necrosis factor-c
IL-6 interleukin-6

DMEM Dulbecco’s Modified Eagle Medium
FBS fetal bovine serum
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GFAP glial fibrillar acidic protein
HFIP hexafluoroisopropanol
DMSO dimethylsulfoxide

ThioT thioflavin T

TEM transmission electron microscopy
ROS reactive oxygen species

FACS fluorescence-activated cell sorting
PBS phosphate-buffered saline

RT room temperature

PFA paraformaldehyde

CQ chloroquine

SDS sodium dodecyl sulphate

PVDF polyvinylidene
TBST TBS-tween
GAPDH  glyceraldehyde-3-phosphate dehydrogenase

HRP horseradish peroxidase

EDTA ethylenediaminetetraacetic acid
MFI median fluorescence intensity
LPS lipopolysaccharide

PKA protein kinase A

References

1.  Reitz, C,; Brayne, C.; Mayeux, R. Epidemiology of Alzheimer disease. Nat. Rev. Neurol. 2011, 7, 137-152. [CrossRef]

2. Goedert, M.; Spillantini, M.G. A century of Alzheimer’s disease. Science 2006, 314, 777-781. [CrossRef]

3.  Kaur, D.; Sharma, V.; Deshmukh, R. Activation of microglia and astrocytes: A roadway to neuroinflammation and Alzheimer’s
disease. Inflammopharmacology 2019, 27, 663-677. [CrossRef] [PubMed]

4.  Glass, C.K; Saijo, K.; Winner, B.; Marchetto, M.C.; Gage, EH. Mechanisms underlying inflammation in neurodegeneration. Cell
2010, 140, 918-934. [CrossRef] [PubMed]

5. Wyss-Coray, T.; Mucke, L. Inflammation in neurodegenerative disease—A double-edged sword. Neuron 2002, 35, 419-432.
[CrossRef]

6. Kempuraj, D.; Thangavel, R.; Natteru, P.A.; Selvakumar, G.P,; Saeed, D.; Zahoor, H.; Zaheer, S; Iyer, S.S.; Zaheer, A. Neuroinflam-
mation Induces Neurodegeneration. J. Neurol. Neurosurg. Spine 2016, 1, 1003.

7. Uddin, M.S.; Lim, L.W. Glial cells in Alzheimer’s disease: From neuropathological changes to therapeutic implications. Ageing
Res. Rev. 2022, 78,101622. [CrossRef] [PubMed]

8. Kulkarni, B.; Cruz-Martins, N.; Kumar, D. Microglia in Alzheimer’s Disease: An Unprecedented Opportunity as Prospective
Drug Target. Mol. Neurobiol. 2022, 59, 2678-2693. [CrossRef]

9. Nayak, D.; Roth, T.L.; McGavern, D.B. Microglia development and function. Annu. Rev. Immunol. 2014, 32, 367-402. [CrossRef]

10. Mirzaei, N.; Davis, N.; Chau, T.W.; Sastre, M. Astrocyte Reactivity in Alzheimer’s Disease: Therapeutic Opportunities to Promote
Repair. Curr. Alzheimer Res. 2022, 19, 1-15. [CrossRef]

11.  Verkhratsky, A.; Rodrigues, J.J.; Pivoriunas, A.; Zorec, R.; Semyanov, A. Astroglial atrophy in Alzheimer’s disease. Pflugers Arch.
2019, 471, 1247-1261. [CrossRef] [PubMed]

12.  Olabarria, M.; Noristani, H.N.; Verkhratsky, A.; Rodriguez, J.J. Concomitant astroglial atrophy and astrogliosis in a triple
transgenic animal model of Alzheimer’s disease. Glia 2010, 58, 831-838. [CrossRef] [PubMed]

13. Kwon, H.S.; Koh, S.H. Neuroinflammation in neurodegenerative disorders: The roles of microglia and astrocytes. Transl.
Neurodegener. 2020, 9, 1-12. [CrossRef]

14.  Garwood, CJ.; Pooler, A.M.; Atherton, J.; Hanger, D.P.; Noble, W. Astrocytes are important mediators of AB-induced neurotoxicity
and tau phosphorylation in primary culture. Cell Death Dis. 2011, 2, e167. [CrossRef]

15. Griffin, WS.T.; Liu, L.; Li, Y,; Mrak, R.E.; Barger, S.W. Interleukin-1 mediates Alzheimer and Lewy body pathologies. ].
Neuroinflammation 2006, 3, 5. [CrossRef]

16. Sastre, M.; Dewachter, I.; Landreth, G.E.; Wilson, T.M.; Klockgether, T.; Van Leuven, E; Heneka, M.T. Nonsteroidal anti-
inflammatory drugs and peroxisome proliferator-activated receptor-y agonists modulate immunostimulated processing of
amyloid precursor protein through regulation of 3-secretase. . Neurosci. 2003, 23, 9796-9804. [CrossRef]

17. Liaoi, Y.F; Wang, B.].; Cheng, H.T.; Kuo, L.H.; Wolfe, M.S. Tumor necrosis factor-«, interleukin-13, and interferon-y stimulate
v-secretase-mediated cleavage of amyloid precursor protein through a JNK-dependent MAPK pathway. J. Biol. Chem. 2004, 279,
49523-49532. [CrossRef] [PubMed]

18.  Zimprich, A.; Biskup, S.; Leitner, P; Lichtner, P.; Farrer, M.; Lincoln, S.; Kachergus, J.; Hulihan, M.; Uitti, R.J.; Calne, D.B.; et al.

Mutations in LRRK2 cause autosomal-dominant parkinsonism with pleomorphic pathology. Neuron 2004, 44, 601-607. [CrossRef]


http://doi.org/10.1038/nrneurol.2011.2
http://doi.org/10.1126/science.1132814
http://doi.org/10.1007/s10787-019-00580-x
http://www.ncbi.nlm.nih.gov/pubmed/30874945
http://doi.org/10.1016/j.cell.2010.02.016
http://www.ncbi.nlm.nih.gov/pubmed/20303880
http://doi.org/10.1016/S0896-6273(02)00794-8
http://doi.org/10.1016/j.arr.2022.101622
http://www.ncbi.nlm.nih.gov/pubmed/35427810
http://doi.org/10.1007/s12035-021-02661-x
http://doi.org/10.1146/annurev-immunol-032713-120240
http://doi.org/10.2174/1567205018666211029164106
http://doi.org/10.1007/s00424-019-02310-2
http://www.ncbi.nlm.nih.gov/pubmed/31520182
http://doi.org/10.1002/glia.20967
http://www.ncbi.nlm.nih.gov/pubmed/20140958
http://doi.org/10.1186/s40035-020-00221-2
http://doi.org/10.1038/cddis.2011.50
http://doi.org/10.1186/1742-2094-3-5
http://doi.org/10.1523/JNEUROSCI.23-30-09796.2003
http://doi.org/10.1074/jbc.M402034200
http://www.ncbi.nlm.nih.gov/pubmed/15347683
http://doi.org/10.1016/j.neuron.2004.11.005

Biomolecules 2023, 13, 307 12 of 14

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Satake, W.; Nakabayashi, Y.; Mizuta, I.; Hirota, Y.; Ito, C.; Kubo, M.; Kawaguchi, T.; Tsunoda, T.; Watanabe, M.; Takeda, A.; et al.
Genome-wide association study identifies common variants at four loci as genetic risk factors for Parkinson’s disease. Nat. Genet.
2009, 41, 1303-1307. [CrossRef] [PubMed]

Paisan-Ruiz, C.; Lewis, PA,; Singleton, A.B. LRRK2: Cause, risk, and mechanism. J. Park. Dis. 2013, 3, 85-103. [CrossRef]
Filippini, A.; Gennarelli, M.; Russo, I. Leucine-rich repeat kinase 2-related functions in GLIA: An update of the last years. Biochem.
Soc. Trans. 2021, 49, 1375-1384. [CrossRef]

Russo, I.; Kaganovich, A.; Ding, J.; Landeck, N.; Mamais, A.; Varanita, T.; Biosa, A.; Tessari, L.; Bubacco, L.; Greggio, E.; et al.
Transcriptome analysis of LRRK2 knock-out microglia cells reveals alterations of inflammatory- and oxidative stress-related
pathways upon treatment with o-synuclein fibrils. Neurobiol. Dis. 2019, 129, 67-78. [CrossRef]

Russo, I; Berti, G.; Plotegher, N.; Bernardo, G.; Filograna, R.; Bubacco, L.; Greggio, E. Leucine-rich repeat kinase 2 positively
regulates inflammation and down-regulates NF-«B p50 signaling in cultured microglia cells. J. Neuroinflammation 2015, 12, 230.
[CrossRef]

Kim, B.; Yang, M.S.; Choi, D.; Kim, ].H.; Kim, H.S.; Seol, W.; Choi, S.; Jou, I.; Kim, E.Y; Joe, E.H. Impaired inflammatory responses
in murine Irrk2-knockdown brain microglia. PLoS ONE 2012, 7, e34693. [CrossRef] [PubMed]

Moehle, M.S.; Webber, PJ.; Tse, T.; Sukar, N.; Standaert, D.G.; Desilva, T.M.; Cowell, R.M.; West, A.B. LRRK2 inhibition attenuates
microglial inflammatory responses. J. Neurosci. 2012, 32, 1602-1611. [CrossRef]

Russo, I.; Bubacco, L.; Greggio, E. LRRK2 as a target for modulating immune system responses. Neurobiol. Dis. 2022, 169, 105724.
[CrossRef] [PubMed]

Russo, I; Di Benedetto, G.; Kaganovich, A.; Ding, J.; Mercatelli, D.; Morari, M.; Cookson, M.R.; Bubacco, L.; Greggio, E. Leucine-
rich repeat kinase 2 controls protein kinase A activation state through phosphodiesterase 4. ]. Neuroinflammation 2018, 15, 1-11.
[CrossRef] [PubMed]

Munoz, L.; Kavanagh, M.E.; Phoa, A.F,; Heng, B.; Dzamko, N.; Chen, E.-].; Doddareddy, M.R.; Guillemin, G.J.; Kassiou, M.
Optimisation of LRRK2 inhibitors and assessment of functional efficacy in cell-based models of neuroinflammation. Eur. J. Med.
Chem. 2015, 95, 29-34. [CrossRef]

Ho, D.H.; Seol, W.; Eun, ].H.; Son, I.H. Phosphorylation of p53 by LRRK2 induces microglial tumor necrosis factor «a-mediated
neurotoxicity. Biochem. Biophys. Res. Commun. 2017, 482, 1088-1094. [CrossRef] [PubMed]

Sonninen, T.-M.; Hamaldinen, R.H.; Koskuvi, M.; Oksanen, M.; Shakirzyanova, A.; Wojciechowski, S.; Puttonen, K.; Naumenko,
N.; Goldsteins, G.; Laham-Karam, N.; et al. Metabolic alterations in Parkinson’s disease astrocytes. Sci. Rep. 2020, 10, 14474.
[CrossRef] [PubMed]

Marin, I. The Parkinson disease gene LRRK2: Evolutionary and structural insights. Mol. Biol. Evol. 2006, 23, 2423-2433. [CrossRef]
[PubMed]

Marchand, A.; Drouyer, M.; Sarchione, A.; Chartier-Harlin, M.C.; Taymans, ].M. LRRK2 Phosphorylation, More Than an
Epiphenomenon. Front. Neurosci. 2020, 14, 527. [CrossRef] [PubMed]

Chia, R.; Haddock, S.; Beilina, A.; Rudenko, I.N.; Mamais, A.; Kaganovich, A.; Li, Y.; Kumaran, R.; Nalls, M.A.; Cookson, M.R.
Phosphorylation of LRRK2 by casein kinase 1o regulates trans-Golgi clustering via differential interaction with ARHGEF7. Nat.
Commun. 2014, 5, 1-11. [CrossRef] [PubMed]

Dzamko, N.; Inesta-Vaquera, F.; Zhang, J.; Xie, C.; Cai, H.; Arthur, S.; Tan, L.; Choi, H.; Gray, N.; Cohen, P; et al. The IkappaB
kinase family phosphorylates the Parkinson’s disease kinase LRRK2 at Ser935 and Ser910 during Toll-like receptor signaling.
PLoS ONE 2012, 7, €39132. [CrossRef]

Dzamko, N.; Deak, M.; Hentati, E; Reith, A.D.; Prescott, A.R.; Alessi, D.R.; Nichols, R.J. 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, 405-413. [CrossRef] [PubMed]

Vancraenenbroeck, R.; De Raeymaecker, J.; Lobbestael, E.; Gao, F.; De Maeyer, M.; Voet, A.; Baekelandt, V.; Taymans, ].M. In
silico, in vitro and cellular analysis with a kinome-wide inhibitor panel correlates cellular LRRK2 dephosphorylation to inhibitor
activity on LRRK2. Front. Mol. Neurosci. 2014, 7, 51. [CrossRef]

Familian, A.; Eikelenboom, P.; Veerhuis, R. Minocycline does not affect amyloid 3 phagocytosis by human microglial cells.
Neurosci. Lett. 2007, 416, 87-91. [CrossRef]

Montoliu-Gaya, L.; Mulder, S.D.; Veerhuis, R.; Villegas, S. Effects of an Ap-antibody fragment on A3 aggregation and astrocytic
uptake are modulated by apolipoprotein E and ] mimetic peptides. PLoS ONE 2017, 12, e0188191. [CrossRef]

Nielsen, H.M.; Mulder, S.D.; Belién, ].A.M.; Musters, R.].P; Eikelenboom, P.; Veerhuis, R. Astrocytic A 3 1-42 uptake is determined
by A -aggregation state and the presence of amyloid-associated proteins. Glia 2010, 58, 1235-1246. [CrossRef]

Smith, A.M.; Davey, K,; Tsartsalis, S.; Khozoie, C.; Fancy, N.; Tang, S.S.; Liaptsi, E.; Weinert, M.; McGarry, A.; Muirhead, R.C.J;
et al. Diverse human astrocyte and microglial transcriptional responses to Alzheimer’s pathology. Acta Neuropathol. 2022, 143,
75-91. [CrossRef]

Benzing, W.C.; Wujek, J.R.; Ward, E.K.; Shaffer, D.; Ashe, KH.; Younkin, S.G.; Brunden, K.R. Evidence for glial-mediated
inflammation in aged APP(SW) transgenic mice. Neurobiol. Aging 1999, 20, 581-589. [CrossRef] [PubMed]

Lim, G.P; Yang, E; Chu, T.; Chen, P; Beech, W.; Teter, B,; Tran, T.; Ubeda, O.; Ashe, K.H.; Frautschy, S.A_; et al. Ibuprofen
suppresses plaque pathology and inflammation in a mouse model for Alzheimer’s disease. J. Neurosci. 2000, 20, 5709-5714.
[CrossRef] [PubMed]


http://doi.org/10.1038/ng.485
http://www.ncbi.nlm.nih.gov/pubmed/19915576
http://doi.org/10.3233/JPD-130192
http://doi.org/10.1042/BST20201092
http://doi.org/10.1016/j.nbd.2019.05.012
http://doi.org/10.1186/s12974-015-0449-7
http://doi.org/10.1371/journal.pone.0034693
http://www.ncbi.nlm.nih.gov/pubmed/22496842
http://doi.org/10.1523/JNEUROSCI.5601-11.2012
http://doi.org/10.1016/j.nbd.2022.105724
http://www.ncbi.nlm.nih.gov/pubmed/35427743
http://doi.org/10.1186/s12974-018-1337-8
http://www.ncbi.nlm.nih.gov/pubmed/30368241
http://doi.org/10.1016/j.ejmech.2015.03.003
http://doi.org/10.1016/j.bbrc.2016.11.163
http://www.ncbi.nlm.nih.gov/pubmed/27914807
http://doi.org/10.1038/s41598-020-71329-8
http://www.ncbi.nlm.nih.gov/pubmed/32879386
http://doi.org/10.1093/molbev/msl114
http://www.ncbi.nlm.nih.gov/pubmed/16966681
http://doi.org/10.3389/fnins.2020.00527
http://www.ncbi.nlm.nih.gov/pubmed/32612495
http://doi.org/10.1038/ncomms6827
http://www.ncbi.nlm.nih.gov/pubmed/25500533
http://doi.org/10.1371/journal.pone.0039132
http://doi.org/10.1042/BJ20100784
http://www.ncbi.nlm.nih.gov/pubmed/20659021
http://doi.org/10.3389/fnmol.2014.00051
http://doi.org/10.1016/j.neulet.2007.01.052
http://doi.org/10.1371/journal.pone.0188191
http://doi.org/10.1002/glia.21004
http://doi.org/10.1007/s00401-021-02372-6
http://doi.org/10.1016/S0197-4580(99)00065-2
http://www.ncbi.nlm.nih.gov/pubmed/10674423
http://doi.org/10.1523/JNEUROSCI.20-15-05709.2000
http://www.ncbi.nlm.nih.gov/pubmed/10908610

Biomolecules 2023, 13, 307 13 of 14

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Venegas, C.; Heneka, M.T. Inflammasome-mediated innate immunity in Alzheimer’s disease. FASEB ]. 2019, 33, 13075-13084.
[CrossRef] [PubMed]

Griffin, W.S.T.; Sheng, J.G.; Royston, M.C.; Gentleman, S.M.; McKenzie, J.E.; Graham, D.I; Roberts, G.W.; Mrak, R.E. Glial-
neuronal interactions in Alzheimer’s disease: The potential role of a “cytokine cycle” in disease progression. Brain Pathol. 1998, 8,
65-72. [CrossRef] [PubMed]

Nuutinen, T.; Suuronen, T.; Kauppinen, A.; Salminen, A. Clusterin: A forgotten player in Alzheimer’s disease. Brain Res. Rev.
2009, 61, 89-104. [CrossRef]

Marker, D.F; Puccini, ].M.; Mockus, T.E.; Barbieri, J.; Lu, S.M.; Gelbard, H.A. LRRK2 kinase inhibition prevents pathological
microglial phagocytosis in response to HIV-1 Tat protein. J. Neuroinflammation 2012, 9, 261. [CrossRef]

Kim, J.; Pajarillo, E.; Rizor, A.; Son, D.S,; Lee, J.; Aschner, M.; Lee, E. LRRK2 kinase plays a critical role in manganese-induced
inflammation and apoptosis in microglia. PLoS ONE 2019, 14, €0210248. [CrossRef]

Schapansky, J.; Nardozzi, ].D.; Felizia, F.; LaVoie, M.]. Membrane recruitment of endogenous LRRK2 precedes its potent regulation
of autophagy. Hum. Mol. Genet. 2014, 23, 4201-4214. [CrossRef]

Puccini, ].M.; Marker, D.E,; Fitzgerald, T.; Barbieri, J.; Kim, C.S.; Miller-Rhodes, P,; Lu, S.M.; Dewhurst, S.; Gelbard, H.A. Leucine-
rich repeat kinase 2 modulates neuroinflammation and neurotoxicity in models of human immunodeficiency virus 1-associated
neurocognitive disorders. J. Neurosci. 2015, 35, 5271-5283. [CrossRef]

Reith, A.D.; Bamborough, P.; Jandu, K.; Andreotti, D.; Mensah, L.; Dossang, P.; Choi, H.G.; Deng, X.; Zhang, J.; Alessi, D.R,; et al.
GSK2578215A; a potent and highly selective 2-arylmethyloxy-5-substitutent-N-arylbenzamide LRRK?2 kinase inhibitor. Bioorganic
Med. Chem. Lett. 2012, 22, 5625-5629. [CrossRef]

Deng, X.; Dzamko, N.; Prescott, A.; Davies, P,; Liu, Q.; Yang, Q.; Lee, ].D.; Patricelli, M.P.; Nomanbhoy, T.K.; Alessi, D.R.; et al.
Characterization of a selective inhibitor of the Parkinson’s disease kinase LRRK2. Nat. Chem. Biol. 2011, 7, 203-205. [CrossRef]
Streubel-Gallasch, L.; Giusti, V.; Sandre, M.; Tessari, L.; Plotegher, N.; Giusto, E.; Masato, A.; Iovino, L.; Battisti, I.; Arrigoni, G.;
et al. Parkinson’s Disease-Associated LRRK2 Interferes with Astrocyte-Mediated Alpha-Synuclein Clearance. Mol. Neurobiol.
2021, 58, 3119-3140. [CrossRef]

Maekawa, T.; Sasaoka, T.; Azuma, S.; Ichikawa, T.; Melrose, H.L.; Farrer, M.].; Obata, F. Leucine-rich repeat kinase 2 (LRRK2)
regulates «-synuclein clearance in microglia. BMC Neurosci. 2016, 17, 77. [CrossRef]

Ravichandran, K.A.; Heneka, M.T. Inflammasome activation in neurodegenerative diseases. Essays Biochem. 2021, 65, 885-904.
[CrossRef] [PubMed]

Doty, K.R.; Guillot-Sestier, M.V.; Town, T. The role of the immune system in neurodegenerative disorders: Adaptive or maladap-
tive? Brain Res. 2015, 1617, 155-173. [CrossRef] [PubMed]

Russo, I.; Bubacco, L.; Greggio, E. LRRK2 and neuroinflammation: Partners in crime in Parkinson’s disease? J. Neuroinflammation
2014, 11, 52. [CrossRef]

Craft, ].M.; Watterson, D.M.; Van Eldik, L.]. Human amyloid (3-induced neuroinflammation is an early event in neurodegeneration.
Glia 2006, 53, 484-490. [CrossRef] [PubMed]

Vignon, A.; Salvador-Prince, L.; Lehmann, S.; Perrier, V.; Torrent, J. Deconstructing Alzheimer’s Disease: How to Bridge the Gap
between Experimental Models and the Human Pathology? Int. J. Mol. Sci. 2021, 22, 8769. [CrossRef]

Bronzuoli, M.R.; Jacomino, A.; Steardo, L.; Scuderi, C. Targeting neuroinflammation in Alzheimer’s disease. J. Inflamm. Res. 2016,
9, 199-208. [CrossRef]

Beach, T.G.; McGeer, E.G. Lamina-specific arrangement of astrocytic gliosis and senile plaques in Alzheimer’s disease visual
cortex. Brain Res. 1988, 463, 357-361. [CrossRef] [PubMed]

Gonzalez-Reyes, R.E.; Nava-Mesa, M.O.; Vargas-Sanchez, K.; Ariza-Salamanca, D.; Mora-Mufioz, L. Involvement of Astrocytes in
Alzheimer’s Disease from a Neuroinflammatory and Oxidative Stress Perspective. Front. Mol. Neurosci. 2017, 10, 427. [CrossRef]
Rodriguez, J.J.; Olabarria, M.; Chvatal, A.; Verkhratsky, A. Astroglia in dementia and Alzheimer’s disease. Cell Death Differ. 2009,
16, 378-385. [CrossRef] [PubMed]

Ghosh, P; Singh, R.; Ganeshpurkar, A.; Pokle, A.V.; bhushan Singh, R.; Singh, S.K.; Kumar, A. Cellular and molecular influencers
of neuroinflammation in Alzheimer’s disease: Recent concepts & roles. Neurochem. Int. 2021, 151, 105212. [CrossRef]

Shaftel, S.S.; Griffin, W.S.T.; Kerry, K.M. The role of interleukin-1 in neuroinflammation and Alzheimer disease: An evolving
perspective. |. Neuroinflammation 2008, 5, 7. [CrossRef]

Kim, C,; Beilina, A.; Smith, N.; Li, Y,; Kim, M.; Kumaran, R.; Kaganovich, A.; Mamais, A.; Adame, A.; Iba, M.; et al. LRRK2
mediates microglial neurotoxicity via NFATc2 in rodent models of synucleinopathies. Sci. Transl. Med. 2020, 12, eaay0399.
[CrossRef] [PubMed]

Wallings, R.L.; Tansey, M.G. LRRK2 regulation of immune-pathways and inflammatory disease. Biochem. Soc. Trans. 2019, 47,
1581-1595. [CrossRef]

Filippini, A.; Gennarelli, M.; Russo, I. a-Synuclein and Glia in Parkinson’s Disease: A Beneficial or a Detrimental Duet for the
Endo-Lysosomal System? Cell. Mol. Neurobiol. 2019, 39, 161-168. [CrossRef] [PubMed]

Lai, A.Y,; McLaurin, J. Clearance of amyloid-p peptides by microglia and macrophages: The issue of what, when and where.
Future Neurol. 2012, 7, 165-176. [CrossRef]

Ren, X.; Yao, L.; Wang, Y.G.; Mei, L.; Xiong, W.C. Microglial VPS35 deficiency impairs Af3 phagocytosis and Ap-induced
disease-associated microglia, and enhances A associated pathology. J. Neuroinflammation 2022, 19, 1-17. [CrossRef]


http://doi.org/10.1096/fj.201900439
http://www.ncbi.nlm.nih.gov/pubmed/31702392
http://doi.org/10.1111/j.1750-3639.1998.tb00136.x
http://www.ncbi.nlm.nih.gov/pubmed/9458167
http://doi.org/10.1016/j.brainresrev.2009.05.007
http://doi.org/10.1186/1742-2094-9-261
http://doi.org/10.1371/journal.pone.0210248
http://doi.org/10.1093/hmg/ddu138
http://doi.org/10.1523/JNEUROSCI.0650-14.2015
http://doi.org/10.1016/j.bmcl.2012.06.104
http://doi.org/10.1038/nchembio.538
http://doi.org/10.1007/s12035-021-02327-8
http://doi.org/10.1186/s12868-016-0315-2
http://doi.org/10.1042/EBC20210021
http://www.ncbi.nlm.nih.gov/pubmed/34846519
http://doi.org/10.1016/j.brainres.2014.09.008
http://www.ncbi.nlm.nih.gov/pubmed/25218556
http://doi.org/10.1186/1742-2094-11-52
http://doi.org/10.1002/glia.20306
http://www.ncbi.nlm.nih.gov/pubmed/16369931
http://doi.org/10.3390/ijms22168769
http://doi.org/10.2147/JIR.S86958
http://doi.org/10.1016/0006-8993(88)90410-6
http://www.ncbi.nlm.nih.gov/pubmed/3196922
http://doi.org/10.3389/fnmol.2017.00427
http://doi.org/10.1038/cdd.2008.172
http://www.ncbi.nlm.nih.gov/pubmed/19057621
http://doi.org/10.1016/J.NEUINT.2021.105212
http://doi.org/10.1186/1742-2094-5-7
http://doi.org/10.1126/scitranslmed.aay0399
http://www.ncbi.nlm.nih.gov/pubmed/33055242
http://doi.org/10.1042/BST20180463
http://doi.org/10.1007/s10571-019-00649-9
http://www.ncbi.nlm.nih.gov/pubmed/30637614
http://doi.org/10.2217/fnl.12.6
http://doi.org/10.1186/s12974-022-02422-0

Biomolecules 2023, 13, 307 14 of 14

70.

71.

72.

73.

74.

Mawuenyega, K.G.; Sigurdson, W.; Ovod, V.; Munsell, L.; Kasten, T.; Morris, J.C.; Yarasheski, K.E.; Bateman, R.]J. Decreased
clearance of CNS beta-amyloid in Alzheimer’s disease. Science 2010, 330, 1774. [CrossRef] [PubMed]

Dwyer, Z.; Rudyk, C.; Thompson, A.; Farmer, K.; Fenner, B.; Fortin, T.; Derksen, A.; Sun, H.; Hayley, S. Leucine-rich repeat
kinase-2 (LRRK2) modulates microglial phenotype and dopaminergic neurodegeneration. Neurobiol. Aging 2020, 91, 45-55.
[CrossRef]

Henry, A.G.; Aghamohammadzadeh, S.; Samaroo, H.; Chen, Y.; Mou, K.; Needle, E.; Hirst, W.D. Pathogenic LRRK2 mutations,
through increased kinase activity, produce enlarged lysosomes with reduced degradative capacity and increase ATP13A2
expression. Hum. Mol. Genet. 2015, 24, 6013-6028. [CrossRef] [PubMed]

di Domenico, A.; Carola, G.; Calatayud, C.; Pons-Espinal, M.; Mufioz, ].P,; Richaud-Patin, Y.; Fernandez-Carasa, I.; Gut, M.; Faella,
A.; Parameswaran, J.; et al. Patient-Specific iPSC-Derived Astrocytes Contribute to Non-Cell-Autonomous Neurodegeneration in
Parkinson’s Disease. Stem Cell Rep. 2019, 12, 213-229. [CrossRef] [PubMed]

Sollvander, S.; Nikitidou, E.; Brolin, R.; Soderberg, L.; Sehlin, D.; Lannfelt, L.; Erlandsson, A. Accumulation of amyloid- by
astrocytes result in enlarged endosomes and microvesicle-induced apoptosis of neurons. Mol. Neurodegener. 2016, 11, 1-19.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1126/science.1197623
http://www.ncbi.nlm.nih.gov/pubmed/21148344
http://doi.org/10.1016/j.neurobiolaging.2020.02.017
http://doi.org/10.1093/hmg/ddv314
http://www.ncbi.nlm.nih.gov/pubmed/26251043
http://doi.org/10.1016/j.stemcr.2018.12.011
http://www.ncbi.nlm.nih.gov/pubmed/30639209
http://doi.org/10.1186/s13024-016-0098-z
http://www.ncbi.nlm.nih.gov/pubmed/27176225

	Introduction 
	Materials and Methods 
	Primary Astrocytes 
	A1-42 Fibril Generation and Validation 
	Reactive Oxygen Species (ROS) Detection 
	Compound and Cell Treatment 
	Cell Immunofluorescence and Imaging 
	A1-42 Intracellular Quantification 
	Cell Lysis and Western Blotting 
	Statistical Analysis 

	Results 
	Astrocytic Activation in Response to A1-42 Fibrils Priming 
	LRRK2 Kinase Inhibition Attenuates A1-42 Fibril-Mediated Astrocytic Activation 
	Astrocytes with LRRK2 Kinase Inhibition Exhibited Increased Clearance of A1-42 Fibrils 

	Discussion 
	Conclusions 
	References

