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Abstract
Aggregated α-synuclein (αSyn) is a pathological hallmark of Parkinson’s disease (PD), yet other protein aggregates, including 
tau, are commonly observed in PD brains. This suggests that PD is not solely a synucleinopathy but may involve multiple, 
coexisting proteinopathies. Mutations in LRRK2, particularly the G2019S (GS), are the most common cause of familial 
PD. LRRK2-PD has been associated with both αSyn and tau pathology; however the mechanistic links between LRRK2 
dysfunction and protein aggregation remain incompletely defined. Here we opted to investigate whether LRRK2 contributes 
to αSyn and tau pathology through common molecular pathways or via distinct cellular mechanisms. Viral vector-mediated 
αSyn overexpression in GS LRRK2 knock-in mice led to enhanced dopaminergic neurodegeneration, increased phospho-
rylated αSyn levels, pronounced neuroinflammation, and accumulation of lysosomal proteins, suggesting impaired αSyn 
clearance and immune activation as key drivers. Human iPSC-derived dopaminergic neurons from GS LRRK2 PD patients 
mirrored these findings. In contrast viral vector-mediated overexpression of tau in GS LRRK2 knock-in mice promoted tau 
phosphorylation but did not significantly affect neuroinflammation, lysosomal markers, or neurodegeneration, indicating a 
primarily cell-autonomous mechanism. Our results reveal a mechanistic divergence in how GS LRRK2 impacts αSyn and tau 
pathologies, supporting the notion that LRRK2 kinase activity contributes to PD pathogenesis through different pathways, 
thereby highlighting its potential as a therapeutic target in both familial and sporadic PD.
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PD	� Parkinson’s disease
LB	� Lewy bodies
LN	� Lewy neurites
αSyn	� Alpha-Synuclein
LRRK2	� Leucine-rich repeat kinase 2
GS	� G2019S
CSF	� Central nervous system
SN	� Substantia nigra
AD	� Alzheimer's disease
PFF	� Pre-formed fibril
rAAV	� Recombinant adeno-associated viral
WT	� Wild-type
KI	� Knock-in
fLuc	� Firefly Luciferase vector
PFA	� Paraformaldehyde
PBS	� Phosphate buffered saline
RT	� Room temperature
PBS-T	� PBS with 0.1% Tergitol
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DAB	� 3' Diaminobenzidine tetrahydrochloride
TH	� Tyrosine hydroxylase
TBS	� Tris buffered saline
TBS-T	� TBS with 0.1% Tween-20
pS129	� Phosphorylated S129
HBSS	� Hank’s Balanced Salt Solution
DMEM	� Dulbecco's Modified Eagle Medium
FBS	� Foetal bovine serum
MHCII	� Major histocompatibility complex II
iPSC	� Induced pluripotent stem cell
DIV	� Day in vitro
LV	� Lentiviral vector
SD	� Standard deviation
dSTR	� Dorsal striatum
ΝΚ	� Natural killer
IL	� Interleukin
IFN	� Interferon
TNF-α	� Tumour Necrosis Factor-α
TFEB	� Transcription factor EB
GSK3b	� Glycogen synthase kinase-3 beta
Cdk5	� Cyclin-dependent kinase 5
MFI	� Mean fluorescence intensity

Introduction

Parkinson’s disease (PD) is the second most common neuro-
degenerative disorder, affecting 6–10 million people world-
wide. The disease is characterised by a progressive loss of 
dopaminergic neurons in the substantia nigra pars compacta 
(SN), resulting in motor symptoms, including rigidity, pos-
tural instability, tremor and bradykinesia [10]. The main 
histopathological feature of the disease is the presence of 
intraneuronal protein aggregates termed Lewy bodies (LB) 
and Lewy neurites (LN) [28, 83]. LBs have been described 
as a crowded environment of membranes, including vesicu-
lar structures, dysmorphic organelles and proteins [78].

Mutations in genes encoding proteins such as alpha-synu-
clein (αSyn) and leucine-rich repeat kinase 2 (LRRK2) have 
been linked with familial and sporadic PD cases. LRRK2 is 
a complex multi-domain protein with kinase and GTPase 
enzymatic activity. Familial PD cases are most commonly 
caused by mutations in the LRRK2 gene, and further vari-
ants at the LRRK2 locus have been associated with an 
enhanced risk of developing sporadic PD [60]. All LRRK2 
pathogenic mutations identified have been shown to increase 
the kinase activity of the protein. Although the prevalence 
differs considerably across ethnicities and geographical pop-
ulations, the G2019S (GS) mutation remains the most com-
mon LRRK2 variant in familial and sporadic PD worldwide 
[33]. While αSyn is the major component of LBs and LNs, 
tau is mostly associated with tauopathies such as Alzhei-
mer's disease (AD) and frontotemporal dementia, where it 

is hyperphosphorylated and accumulates in neurofibrillary 
tangles. However, tau has also been detected in the brains 
of PD [78, 89].

Emerging evidence suggests that LRRK2 has a central 
role in the pathogenesis of PD. LRRK2-PD has been associ-
ated with both αSyn pathology and tau [89]. Several lines 
of research have investigated the role of each pathology, but 
the results have been contradictory. Examining the interac-
tion between LRRK2 and αSyn, it has been reported that 
around 50% of LRRK2 PD patients lack the typical LBs 
[44] and are less likely to be positive in a cerebrospinal 
fluid (CSF) αSyn seed amplification assay [80]. On the 
other hand, LRRK2 levels in PD brain samples were posi-
tively associated with increased αSyn phosphorylation and 
aggregation in affected brain regions [34]. The manifesta-
tion of LRRK2-related pathology appears to be mutation 
dependent, with some variants like G2019S displaying both 
αSyn and tau co-pathology, while others, such as I2020T, 
are predominantly linked to tau pathology [55, 71, 97]. Inter-
estingly, significantly higher levels of αSyn oligomers have 
been found in the CSF of symptomatic LRRK2 mutation 
carriers compared to healthy controls [1, 53]. Two recent 
studies using proximity ligation assay have reported that in 
all LRRK2 PD cases tested, αSyn oligomers were present 
regardless of LB pathology [43, 77]. Moreover, animal stud-
ies have shown ameliorated αSyn neuropathology and neu-
rodegeneration after LRRK2 inhibition or deficiency [18, 
20, 50, 88], while others failed to report neuroprotection 
[3, 19, 39, 67, 96]. With regard to tau, post-mortem stud-
ies of LRRK2 PD patients have reported that the majority 
consistently exhibit tau pathology [11, 40, 51, 69]. Interest-
ingly, overexpression of different LRRK2 mutations both 
in the dopaminergic neurons of the SN of rats and primary 
cortical neurons induced phosphorylated tau positive inclu-
sions, leading to increased cellular death [52]. In GS LRRK2 
transgenic mice tau overexpression in the hippocampal CA1 
region led to enhanced neuron-to-neuron transmission but 
did not affect tau phosphorylation [62]. Similarly, after 
injection with tau aggregates from AD patients an elevated 
retrograde transmission of tau pathology was demonstrated 
in the presence of GS LRRK2 [16]. Nevertheless, another 
study did not detect differences in tau pathology between 
primary neurons expressing GS LRRK2 and WT LRRK2 
after exposure to tau pre-formed fibrils (PFFs) [37].

LRRK2 has been described to play a role in several cel-
lular processes including mitochondrial homeostasis, lyso-
somal acidification, autophagy/mitophagy and neurite out-
growth [54, 66, 72, 81, 90] Particularly, lysosomal distress 
has been widely described in PD and has been associated 
with enhanced LRRK2 kinase activity. Several LRRK2-
interacting proteins including auxilin, ATP13A2, LAMP2a, 
and ArfGAP1 are linked with lysosomal dysregulation [41, 
56, 63, 65, 84]. In addition, the D290N VSP35 mutation and 
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GBA1 mutations, such as N370S and E326K, both associ-
ated with endolysosomal dysfunction, have been shown to 
enhance LRRK2 kinase activity [58, 93]. LRRK2 regulates 
cytoskeletal dynamics and, under pathological conditions, 
can disrupt vesicular trafficking by blocking motor proteins 
that depend on microtubules for transport [4].

While early research was predominantly neuron-cen-
tric, LRRK2 is now recognised to play important roles 
beyond the central nervous system. Over the past decade, 
an extensive body of work has demonstrated the involve-
ment of LRRK2 in immune cell biology. LRRK2 is highly 
expressed in myeloid cells and to a lesser extent in B and T 
cells, suggesting that it may play a critical role in regulat-
ing inflammation [15, 31, 36, 86]. Given that the central 
nervous system is less immune-privileged than previously 
believed, inflammatory pathways may serve as a mechanistic 
link between LRRK2 and PD pathology. LRRK2 mutations, 
including the GS, have been linked with stronger pro-inflam-
matory responses both in patients and in vivo models for PD 
[25, 75]. Moreover, under inflammatory conditions immune 
cells seem to demonstrate increased expression and activity 
of LRRK2 [74].

Here, we aimed to further clarify the link between GS 
LRRK2 and αSyn or tau-mediated neurodegeneration 
in vivo by utilising our in-house recombinant adeno-associ-
ated viral (rAAV) vector PD models. In our previous studies, 
we have shown that αSyn overexpression using rAAV mod-
els can lead to progressive neurodegeneration, neuropathol-
ogy, and neuroinflammatory alterations in the SN of rodents, 
changes that are observed in a time- and dose-dependent 
manner [64, 67, 68]. Here, we induced overexpression of 
wild-type (WT) human αSyn or human full-length tau in 
the SN of GS LRRK2 knock-in (KI) and WT mice and stud-
ied the impact of the mutation on disease pathophysiology. 
The 2N4R tau isoform is the major form expressed in the 
adult brain. Although mixed 3R/4R tau species are observed 
in PD, the relative abundance of 4R tau tends to increase, 
similar to the 4R:3R imbalance reported in AD. We opted 
to use this isoform to model tau pathology in this study, also 
based on its robust aggregation and neurotoxicity in vivo 
[13, 95]. We found that the gain-of-function GS mutation 
exacerbates both αSyn and tau neuropathology in our mod-
els. We report that αSyn pathology is accompanied by a pro-
inflammatory environment in the brain of the GS mice, with 
enhanced recruitment of peripheral immune cells as well as 
high levels of cytokines. We also associated the aggravated 
αSyn pathology in the GS LRRK2 mice with disturbances 
in lysosomal proteins. Interestingly, after 2N4R tau overex-
pression we detected higher levels of hyperphosphorylated 
tau in GS mice, which can infer the aggravated neuropa-
thology, but in the absence of significant neuroinflamma-
tion. Finally, we further confirmed that the presence of GS 
LRRK2 induces more αSyn pathology in PD patient induced 

pluripotent stem cell (iPSC)-derived dopaminergic neurons. 
Our results provide more insight into the pathological func-
tion of GS LRRK2 and suggest the possible involvement 
in different mechanistic pathways regulating αSyn and tau 
neuropathology.

Materials and methods

Animals and ethical approval

The animal experiments conducted in this study were 
in compliance with the European Communities Council 
Directive of November 24, 1986 (86/609/EEC) and were 
authorised by the Bioethical Committee of the KU Leuven 
(Belgium) under ECD project 051/2020. Male C57BL/6 J 
(NTG, JAX 000664, RRID: IMSR_JAX:000664) and 
B6.Cg-Lrrk2tm1.1Hlme/J (GS LRRK2, JAX:030961, 
RRID:IMSR_JAX:030961) aged between 8 and 10 weeks 
were utilised for this study. All wild-type controls in this 
study were littermates derived from the LRRK2 KI breed-
ing colonies, thus ensuring a matched genetic background. 
These animals were housed in individually ventilated cages 
and provided free access to food and water, with a controlled 
light–dark cycle (12 h light–12 h dark) and temperature 
(21 ± 1 °C).

Stereotactic injections

The surgical procedures performed in this study adhered 
to aseptic techniques, and the animals received anaesthe-
sia with ketamine (60 mg/kg, i.p., Ketalar, Pfizer, Puurs) 
and medetomidine (0.4 mg/kg, Dormitor, Pfizer). Once 
the anaesthesia took effect, the mice were placed in a ste-
reotactic head frame (Stoelting, Wood Dale, IL), and injec-
tions were performed using a 30-gauge needle and a 10-μl 
Hamilton syringe (Hamilton, Bonaduz, GR, Switzerland). 
GS LRRK2 or WT mice were injected with 2 μl saline or 
rAAV2/7 αSyn vector (CMVenh-Synapsin-intron-Hs αSyn 
WT) at a dose of 3 E + 9 genome copies or rAAV2/7 Tau 
vector (CMVenh-Synapsin-intron-Hs tau 2N4R) at a dose of 
0.55 E + 8 genome copies per animal. As control a rAAV2/7 
firefly Luciferase vector (fLuc) (CMVenh-Synapsin-intron-
luciferase) was used at a dose of 3 E + 9 genome copies. The 
right SN was targeted using the following stereotactic coor-
dinates: anteroposterior −3.1 mm, mediolateral −1.2 mm, 
and dorsoventral 4.3 mm using bregma as a reference. The 
injection was delivered at a rate of 0.25 μl/min, with a 5-min 
interval following initial needle placement. The needle 
remained in place for an additional 5 min after the injection 
before being slowly retracted.
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Behavioural analysis

Behavioural tests were used to evaluate motor asymmetry 
and motor function at 2, 4, 8, and 14 weeks post-injection. 
For each test, mice were acclimatised to the testing room at 
least 1 h prior to assessment. Automated systems were used 
for the rotarod and open-field tests. Quantification of the 
videos for the other tests was done by a blinded researcher. 
Motor coordination and balance were evaluated using an 
accelerated rotarod system (IITC Life Science Rotarod 
Model I-755, Campden Instruments). Mice were placed on 
rotating rods and were allowed to walk face forward under 
steady rotation speed (4 rpm) for at least one min. During 
this initial training time, mice were placed back on the rod 
after falling. Following training time, the speed of the rota-
tion was progressively increased from 0 to 40 rpm over 
120 s, while latency to fall or passive rotation was recorded. 
Three 5-min trials were conducted with 1 h resting inter-
vals in between. The average latency for all trials was used 
for statistical analyses. Spontaneous locomotor activity was 
assessed with the open field test. The set-up consisted of a 
square box (50 × 50 cm) surrounded by opaque walls that 
prevent observation of visual cues outside the arena. Mice 
were placed separately in the centre of an arena and spon-
taneous locomotor activity was recorded using an overhead 
camera for 30 min. Total distance travelled, velocity, % 
immobility, and ipsi-/contralateral 180° turning time were 
obtained using AnimalTracker [35]. The cylinder test was 
employed to quantify asymmetry in forelimb use. Con-
tacts made by each forepaw with the wall of a 20-cm-wide 
clear glass cylinder were scored from the videotapes by an 
observer. A minimum of 20 contacts was recorded and quan-
tified for each animal.

Immunostaining and fluorescence‑based analyses

Mice were sacrificed with an overdose of sodium pentobar-
bital (200 mg/kg, i.p., Dolethal, Vetoquinol) followed by 
intracardial perfusion with saline and 4% paraformaldehyde 
(PFA) in phosphate buffered saline (PBS). Isolated brains 
were post-fixed overnight in 4% PFA, and 25 µm-thick coro-
nal brain sections were made with a vibrating microtome 
(HM 650 V, Microm). Immunohistochemistry was per-
formed on free-floating sections using antibodies against 
the target proteins. Sections, after washed with PBS, were 
incubated in an antigen retrieval solution (0.1 M citrate 
buffer pH 6.0) for 30 min at 80°. After 20 min on ice, the 
sections were washed in PBS, and were treated with 3% 
hydrogen peroxide and 10% methanol in PBS for 10 min 
at room temperature (RT). For the proteinase K treatment, 
a 1 min incubation with the protease solution (20 mg/mL) 
was added, followed by 3 × 5 min washes in PBS, according 
to the manufacturer’s instructions (Proteinase K, Thermo 

Fisher Scientific, EO0491). Then sections were washed 
3 × 5 min in PBS with 0.1% Tergitol (PBS-T) and incubated 
overnight at RT with primary antibody in 10% goat or don-
key serum (DakoCytomation).

For immunohistochemistry, the next day, after 3 × 5 min 
washes in PBS-T, the sections were incubated with bioti-
nylated secondary antibody (biotinylated goat anti-rabbit 
IgG secondary antibody, DakoCytomation, ab6720) for 2 h 
at RT followed by incubation with streptavidin–horserad-
ish peroxidase complex (P039701-2, Agilent) for 2 h at RT. 
Tyrosine hydroxylase (TH) immunoreactivity was visual-
ised using Vector SG (SK-4700, Vector Laboratories) and 
IBA1 using 3,3' diaminobenzidine tetrahydrochloride (DAB; 
Merck Life Science BV, D5905).

For fluorescent staining, the second day the sections after 
washed 3 × 5 min in PBS-T were incubated in the dark for 
2 h in fluorochrome-conjugated secondary antibodies. Then 
sections were rinsed in PBS mounted, and allowed to dry 
until coverslipped with Mowiol (47,904, Millipore).

For immunocytochemistry of the iPSCs, cells were fixed 
in 4% PFA at RT for 20 min and then stored at 4 °C in PBS, 
protected from light. Cells were permeabilised using 0.05% 
saponin in Tris buffered saline with 0.1% Tween-20 (TBS-T) 
for 30 min. Cells were then blocked with 10% normal don-
key serum in TBS-T for 40 min, and incubated in primary 
antibodies in 1% serum in TBS-T overnight at 4 °C. Cells 
were then washed 3 times in TBS, incubated in secondary 
antibodies for 1 h, and then washed once in TBS before 
a 15-min incubation with 1 µg/mL DAPI. Cells were then 
washed 2 additional times before storage at 4 °C, protected 
from light.

For immunohistochemistry TH (rabbit, Millipore, AB152, 
1:10.000) or Iba1 (rabbit, Abcam, ab178846, 1:5.000) pri-
mary antibodies were used. For immunofluorescent staining 
the following primary antibodies were used: GFAP (chicken, 
Abcam, ab4674, 1:1000); CD68 (rabbit, Invitrogen, PA5-
83,940, 1:500); Iba1 (goat, Abcam, Ab5076, 1:500); TH 
(chicken, Aves Labs, TYH, 1:1000); TH (sheep, Milli-
pore, ab1542, 1:1000); Neun (chicken, Millipore, ABN91, 
1:1000); phosphorylated αSyn S129 (rabbit, Abcam, 
Ab51253, 1:1000); tau AT8 (mouse, Invitrogen, MN1020, 
1:500); PHF1 (mouse, provided by Peter Davis, 1:500); total 
tau (rabbit, Dako, A0024, 1:1000).

The secondary antibodies used were Donkey anti-chicken 
Alexa 488 (Invitrogen, A78948, 1:500); Donkey anti-mouse 
Alexa 488 (Invitrogen, A21202, 1:500); Donkey anti-chicken 
Alexa 555 (Invitrogen, A21437, 1:500); Donkey anti-rabbit 
Alexa 555 (Invitrogen, A31572, 1:500); Donkey anti-rat 
Alexa 555 (Abcam, Ab150154, 1:500); Donkey anti-sheep 
Alexa 555 (Invitrogen, A21436, 1:500); Donkey anti-goat 
Alexa 647 (Invitrogen, A21447, 1:500); Donkey anti-rabbit 
Alexa 647 (Invitrogen, A32795; A21245, 1:500); Donkey 
anti-mouse Alexa 647 (Invitrogen, A31571, 1:500).
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Stereological quantification of dopaminergic 
neurons

To evaluate the SN integrity, the number of TH + cells was 
counted using stereological measurements with the optical 
fractionator method on a computerised system, as previously 
described [8] using Stereo Investigator by MicroBrightField, 
Delft, The Netherlands. A total of five sections from each 
animal were analysed for TH immunoreactivity, selecting 
every 8th section throughout the entire SN, along the rostro-
caudal axis. The coefficients of error were calculated using 
the Schmitz and Hof procedure to estimate precision, rang-
ing from 0.05 to 0.10. The loss of dopaminergic neurons as 
a percentage injected compared to the non-injected, con-
tralateral side was reported. All analyses were conducted by 
a blinded investigator for the different groups.

Flow cytometry

The animals were euthanised with an overdose of sodium 
pentobarbital (Dolethal, 200 mg/kg, i.p.) and subjected to 
intracardial perfusion with ice-cold saline. The SN was 
isolated and enzymatically digested with Collagenase D 
(Merck Life Science BV) and DNAse I (Roche) at 37 °C, 
and then passed through a 70 μm cell strainer. The cells 
were washed with Hank's Balanced Salt Solution (HBSS) 
and centrifuged at 1000 g for 10 min. The pellet was sus-
pended in 38% Percoll (GE Healthcare Bio-Sciences) and 
centrifuged for 25 min at 800 g with slow acceleration and 
no brake. The cell pellet was collected and washed once 
with Dulbecco's Modified Eagle Medium (DMEM) con-
taining 10% foetal bovine serum (FBS) and once in FBS 
stain buffer (BD Biosciences). Mouse anti-rat FcγII receptor 
(CD32) (D34-485, BD Biosciences) was used to block the 
cells in FBS stain buffer, and the following surface markers 
were stained: CD45 30-F11, PE-Cy7 (Biolegend); CD11b 
M1/70, PerCPCy5.5- (Biolegend); Ly-6G 1A8, PE (BioLe-
gend); CD4 GK1.5, AlexaFluor 488 (BioLegend); CD8a 
53–6.7, Pacific Blue (BioLegend); CD25 PC61, PE-Cy5 
(BioLegend); major histocompatibility complex (MHC) II 
M5/114.15.2, APC (BioLegend); Ly-6C HK1.4, Brilliant 
Violet 605 (BioLegend); CD19 6D5, Brilliant Violet 570 
(BioLegend); CD11c, eFluor 506 (ThermoFisher eBiosci-
ence); CD161 PK136, Brilliant Violet 650 (BioLegend); 
CD68 FA-11, Brilliant Violet 711 (BioLegend); CD3 17A2, 
Brilliant Violet 750 (BioLegend). In each condition it was 
included a fixable viability dye eFluor 780 (eBioscience). 
The cells were fixed in 10% formalin and analysed the next 
day. Flow cytometry/FACS was performed at the VIB-KU 
Leuven FACS Core Facility using a BD FACSymphony A5 
cytometer with the FACSDiva software. Gating strategy is 
shown in Fig. Sup. 3. FlowJo v10.0.7 software was used 

for data analysis. From each sample 100,000 events were 
recorded.

Protein extraction

For protein analysis, mice were sacrificed and transcardi-
ally perfused only with saline. SN tissue was freshly iso-
lated, weighted and snap-frozen at -80 °C. Samples were 
homogenised utilising a tissue homogeniser (TH, Omni Tis-
sue Homogenizer) in 10 volumes of RIPA buffer (50 mM 
Tris–HCl, 150 mM NaCl, 0.1% (w/v) SDS, 1% (v/v) Triton-
X100, 0.5% (w/v) sodium deoxycholate, 1.0 mM EDTA pH 
7.4) containing protease inhibitor cocktail (Roche cOmplete) 
and phospho-STOP EASYPACK (Roche). The samples were 
then incubated for 20 min at 4 °C and centrifuged at 3000 g 
for 10 min at 4 °C. The resulting supernatant was further 
centrifuged at 20,000 g for 30 min at 4 °C, and the super-
natants were used as the protein fraction. Left-over pellets 
were further processed for sarkosyl-insoluble faction extrac-
tion as previously described [32]. Pellets were pooled and 
homogenised using a FastPrep (Fisher Scientific, Merel-
beke, Belgium) in cold buffer (10 mM Tris–HCl pH 7.4, 
0.8 M NaCl, 1 mM EGTA and 10% sucrose), treated with 
Universal Nuclease (Pierce, ThermoFisher Scientific, MA, 
USA) and incubated for 30 min incubation at RT. Samples 
were then brought to 1% Sarkosyl (Sigma-Aldrich, Missouri, 
USA), incubated for 1 h with shaking, and centrifuged at 
350,000 g for 1 h at 4 °C. The pellet was washed, recentri-
fuged, and resuspended in 50 mM Tris–HCl pH 7.4 (175 mg 
tissue/100 μL). The concentration of protein in the samples 
was determined using a BCA protein assay (Thermo Scien-
tific) according to the manufacturer's instructions.

Western blot

Thirty μg of protein was loaded onto 4–15% Criterion TGX 
Precast Midi Protein Gel (Bio-Rad, 5,671,084) or 15% Cri-
terion Tris–HCl Protein Gel (Bio-Rad, 3,450,020) to sepa-
rate the proteins. Proteins were subsequently transferred 
onto polyvinylidene fluoride (PVDF) membrane (Bio-Rad, 
1,620,174) and analysed by immunoblotting. Nonspecific 
binding sites were blocked for 1 h at RT in 5% non-fat milk 
in PBS-T for 1 h at RT and probed overnight at 4 °C with 
the following primary antibodies: total αSyn C20 (rabbit, 
sc-7011-R, Santa Cruz, 1:1000); anti-pS129 αSyn (rab-
bit, Abcam, ab51253, 1:1000); LAMP2A (rabbit, Abcam, 
ab18528, 1:500); LAMP1 (rabbit, Abcam, ab24170, 1:1000); 
GBA (rabbit, Sigma-Aldrich, G4171, 1:1000); Cathepsin D 
(rabbit, Cell Signalling, 2284, 1:1000); Cathepsin B (mouse, 
Abcam, ab58802, 1:500); Cathepsin H (goat, R&D sys-
tems, AF1013, 1:2000); Cathepsin L (rat, R&D systems, 
MAB9521, 1:500); TFEB (rabbit, Thermo Fisher Scientific, 
A303-673A, 1:100); P62 (rabbit, Proteintech, 55,274–1-AP 
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62, 1:1000); tau AT8 (mouse, Invitrogen, MN1020, 1:1000); 
tau S396 (rabbit, Abcam, Ab109390,, 1:5000); tau HT7 
(mouse, Thermo Fisher Scientific, MN1000, 1:1000); 
GSK3β (1F7) (mouse, Santa Cruz Biotechnology, sc53931, 
1:1000); phospho-GSK3β (Ser9) (rabbit, Cell Signalling, 
9331S, 1:1000); Cdk5 (mouse, Santa Cruz Biotechnology, 
sc6247, 1:1000); PHF1 (mouse, provided by Peter Davis, 
1:500); mc1 (mouse, provided by Peter Davis, 1:100); anti-
vinculin (mouse, Sigma, V9131, 1:10,000); GAPDH (rab-
bit, Abcam, ab9485, 1:1000). Membranes were washed 
and incubated with horseradish peroxidase–conjugated 
secondary antibody (Agilent, AB_2617138, AB_2617137, 
1:10.000) for 1 h, at RT. Bands were visualised using Clarity 
Western ECL (Bio-Rad, 1,705,061) or ECL Select West-
ern Blotting Detection Reagent (Cytiva, GERPN2235) and 
developed with a GE ImageQuant 800 (GE Healthcare). 
Finally, densitometric analysis was conducted using Image-
Quant software (GE Healthcare).

Meso scale V‑plex assay

Pro- and anti-inflammatory proteins were analysed in 
the protein fraction of the midbrain homogenates using a 
96-well V-PLEX Mouse cytokine 19-plex (Proinflammatory 
Panel 1 and Cytokine Panel-1) (#K15255D; Meso Scale). 
Each mouse SN extract (homogenised in RIPA buffer) was 
diluted ten-fold with diluents and incubated for 2 h at RT. 
After washing with 0.05% Tween‐20 in 0.01 M PBS, the 
plates were incubated with detection antibodies for 2 h at 
RT. Data were generated from the V-PLEX Mouse cytokine 
19-plex kits by washing away detection antibody solution 
and adding reading buffer to generate an electrochemilu-
minescence signal measured in a Meso Quickplex SQ120 
(Meso Scale) and quantified with the Discovery Workbench 
4.0 software.

Human iPSC‑derived dopamine neuron production

Human induced pluripotent stem cells (iPSCs) used in this 
study (Table 1) were obtained from Oxford STEMBancc; 
the generation and characterisation of the iPSC lines from 

both healthy individuals and from PD patients carrying the 
GS LRRK2 mutation has been previously reported [14, 
48]. iPSCs were cultured under feeder-free conditions on 
Matrigel (BD Biosciences) using mTeSR1 medium (Stem-
Cell Technologies). Differentiation into dopaminergic neu-
rons was based on previously published protocols [94] incor-
porating modifications described in [91].

Two days prior to neuronal induction, iPSCs were dis-
sociated to single cells and seeded onto Geltrex-coated 
(Life Technologies) plates at a density of 1.5 × 105 cells/
cm2. For the first 10 days, the cells were patterned toward a 
ventral midbrain precursor identity [94]. Following expan-
sion until day in vitro (DIV) 11, the medium was replaced 
with Neurobasal medium containing, B27 supplement, and 
2 mM L-glutamine (Life Technologies) to promote dopa-
minergic differentiation [94]. At DIV 20, cells were lifted 
with StemPro Accutase (Life Technologies) and replated on 
plates coated sequentially with Poly-L-Ornithine (Sigma) 
and Geltrex with 10 μM ROCK inhibitor (Y-27632, STEM-
CELL technologies) at a density of 2.5 × 105 cells/cm2 and 
allowed to mature for an additional 20 days.

On DIV 20, cells were transduced with lentiviral vectors 
(LV) carrying αSyn-YFP (CMVenhSyn-αSyn-linker-eYFP-
IRES-Puro); 2N4R tau-YFP (CMVenhSyn-HsTAU-linker-
eYFP-IRES-Puro); YFP (CMVenhSyn-linker-eYFP-
IRES-Puro), and at DIV 30, 5 μg/ml of αSyn or tau PFFs 
(StressMarq: SPR-322B, SPR-480E) were added to the cul-
tures. All experiments were conducted until DIV 35 or DIV 
40, while data were derived from three independent differen-
tiations. The data from the corrected isogenic line (SFC832-
03–06-C47) were analysed with the healthy control group.

Microscopy and image analysis

Immunohistochemical staining for TH and Iba1 were 
scanned using an Aperio ScanScope CS whole slide scan-
ner at 20X magnification. Fluorescent staining images were 
acquired with Leica DM6 B upright microscope using 
Leica Application Suite 3.6 Download. For analysis of the 
SN, tiled images of 20–40 × magnification were obtained 
and analysed using QuPath 0.3.2. For images captured in 

Table 1   Cell lines employed in this study

Disease Sex Age of Biopsy Bio-bank Line name Reference

Healthy Control M 72 StemBancc SFC067-03–01 (Lang et al., 2019)
Healthy Control M 75 StemBancc SFC156-03–01 (Lang et al., 2019)
Healthy Control F 78 StemBancc SFC856-03–04 (Haenseler et al., 2017)
GS LRRK2 PD M 49 StemBancc JR036-1 (Connor-Robson et al., 2019)
GS LRRK2 PD M 57 StemBancc SFC855-03–06 (Connor-Robson et al., 2019)
GS LRRK2 PD F 77 StemBancc SFC832-03–06 (Connor-Robson et al., 2019)
GS LRRK2 PD-corrected F 77 StemBancc SFC832-03–06-C47
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Z-stacks 3D reconstruction was performed using Imaris ver-
sion 10.0.1 (Oxford Instruments, Abingdon, United King-
dom), and the density of each marker was quantified as the 
number of voxels occupied by the respective channel nor-
malised to the total number of voxels that corresponded to 
the delineated cell surfaces within the field of view.

The data from the iPSC-derived neurons were obtained 
via high-content confocal imaging on a Perkin Elmer Opera 
Phenix™, using a 40 × magnification water immersion 
objective. Typically, 20–30 images were acquired per well, 
and 3 wells were analysed per differentiation per cell line. 
The binning value used was 1–2 and 4–5 single focal plane 
were obtained. Images were analysed using Harmony analy-
sis software (Version 5.2).

Statistical analysis

Graph creation and statistical analysis were performed using 
GraphPad Prism for Windows (GraphPad Software, Inc.), 
version 10.2.0. Results are presented as means ± standard 
deviation (SD) of the mean. Normality of data was tested 
using the Shapiro–Wilk test. Statistical significance was 
assessed using t-test or when multiple groups were analysed 
simultaneously, one-way ANOVA followed by Tukey’s mul-
tiple comparison post hoc test or two-way ANOVA followed 
by Tukey’s multiple comparison test. Significance was rep-
resented as follows: *p < 0.05, **p < 0.01, ***p < 0.001, and 
****p < 0.0001. For the FACs and biochemical analysis the 
saline and fLuc-AAV were included as a minimal techni-
cal control (n = 2 per genotype) to confirm the absence of 
unspecific AAV effects. Since they are not part of the main 
biological comparisons, they were not included in the sta-
tistical analysis.

Results

The G2019S LRRK2 mutation exacerbates 
αSyn‑induced neurodegeneration 
and neuropathology in mice.

In this study, we first examined the effect of the GS LRRK2 
mutation on αSyn neuropathology by comparing KI mice 
carrying the GS LRRK2 mutation and WT LRRK2 mice, 
obtained by the GS LRRK2 heterozygous breeding. To 
induce αSyn pathology we employed our in-house PD 
mouse model based on human αSyn overexpression in the 
SN using recombinant adeno-associated viral vectors (rAAV 
2/7). This model induces progressive dopaminergic neuro-
degeneration, behavioural deficits and neuroinflammation 
[64]. Importantly these phenotypes are specific for αSyn, 
as none of them were detected in mice injected with a con-
trol vector encoding GFP [64]. In this study only male mice 

were used in order to reduce variability in time-sensitive 
analyses. We also previously found a reduced response to 
experimental colitis in female GS LRRK2 mice [12]. GS 
and WT LRRK2 mice were stereotactically injected with 
rAAV2/7 WT human αSyn vector (αSyn-rAAV) in the SN 
and sacrificed at two different time points, 4- and 14-weeks 
post-injection (Fig. 1a).

To evaluate the motor performance, we conducted behav-
ioural tests including the cylinder and rotarod test at differ-
ent times post injection. The cylinder test, used to measure 
the forelimb asymmetry, was applied longitudinally, every 
two weeks, for 14 weeks (Fig. 1b). We observed a progres-
sive reduction in the use of the contralateral left paw which 
showed a non-significant trend of more impairment in the 
GS mice compared to controls. In the rotarod test, GS mice 
showed significantly compromised motor coordination and 
balance 4 weeks after αSyn-rAAV injection, as evidenced 
by the time spent on the rod compared to the WT mice 
(Fig. 1c).

Stereological counting of the TH + neurons in the SN 
corroborated the behavioural data, revealing a more sig-
nificant loss in the number of TH + dopaminergic neurons 
in the ipsilateral compared to the contralateral SN in GS 
LRRK2 mice already 4 weeks post αSyn-rAAV injection. 
This difference remained significant at the 14 weeks time-
point (Fig. 1d–f). As the dopaminergic neurons extend axons 
to the dorsal striatum (dSTR) we performed quantification 
of TH optical density in the dSTR. Both at 4 and 14 weeks 
time point, we observed a stronger albeit non-significant 
increased loss of the dopaminergic terminals in the GS mice 
compared to the WT (Fig. 1g-i). Mice injected with a control 
firefly Luciferase vector (fLuc-rAAV) did not display loss 
of dopaminergic neurons or αSyn accumulation (Fig. Sup. 
1a-d, h). Altogether, αSyn overexpression in the SN induces 
enhanced dopaminergic dysfunction in GS mice compared 
to WT mice.

Next, we characterised αSyn neuropathology using 
immunohistochemical approaches. The number and inten-
sity of phosphorylated Serine 129 (pS129) αSyn positive 
cells were increased in the GS compared to WT mice in 
transduced nigral neurons in general and in TH + dopa-
minergic neurons specifically (Fig. 1j-n). In order to deter-
mine whether the pS129 αSyn corresponds to pathological 
aggregated or physiological phosphorylated αSyn species, 
we performed proteinase K pretreatment. This analysis 
revealed a similar increased trend in the number of positive 
cells and significantly higher pS129 αSyn-positive area in 
the GS mice (Fig. 1o-q). Further biochemical analysis from 
midbrain lysates confirmed the same pattern with signifi-
cantly higher accumulation of total αSyn and a trend towards 
increased pS129 αSyn (Fig. Sup. 2). This suggests that GS 
LRRK2 regulates pathways involved in the accumulation or 
insufficient clearance of pathological αSyn species.
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The G2019S LRRK2 mice demonstrate increased 
inflammatory response upon αSyn overexpression

We have previously reported sustained neuroinflammation 
as one of the main phenotypes in our αSyn model [64, 67] 
(Fig. Sup. 2d, e). Importantly, LRRK2 is highly expressed 
in myeloid cells and to a lower extent in B and T cells and 
mutations such as the GS have been linked to enhanced pro-
inflammatory responses both in patients and in vivo models 
for PD [24, 75]. Thus, we further investigated the impact of 
GS LRRK2 in regulating αSyn-induced immune response 
in our model.

To characterise the inflammatory status in the SN we 
first performed flow cytometry-based immunophenotyp-
ing (Fig. 2a). An overall increased inflammatory response 
was found in all mice injected with αSyn-rAAV compared 
to the fLuc-rAAV, confirming that αSyn acts as an inflam-
matory protein. Total numbers of myeloid cells (CD45hi, 
CD11b +) were significantly increased in the GS compared 
to WT animals. When looking at different subpopulations, 
we observed a significantly higher infiltration of neutrophils 
(Ly6G +) and a similar trend for classical (Ly6C +), non-
classical (Ly6C–), and major histocompatibility complex 
II + (MHCII +) monocytes. No differences were detected 
for the lymphoid population (CD45hi, CD11b–), includ-
ing B cells (CD19 +), CD4 + and CD8 + T cells. Interest-
ingly, natural killer (NK) cells (CD3-CD161 +) were also 

significantly increased in the GS LRRK2 animals. To further 
refine alterations in the lymphoid population, we measured 
the CD25 surface marker in CD4 + T cells, which are typi-
cally considered as a subset of regulatory T cells [27]. The 
mean fluorescence intensity of CD25 in CD4 + T cells was 
remarkably reduced in GS LRRK2 mice injected with αSyn-
rAAV compared to WT mice (Fig. 2b, c).

In addition, we measured cytokine levels in SN homogen-
ates by multiplexed ELISA (MSD) (Fig. 2d, Fig. Sup. 4). An 
overall increase in cytokine levels was present in GS LRRK2 
mice 1 month after injection of αSyn-rAAV. More specifi-
cally, significantly higher levels of interleukin-33 (IL-33), 
CCL2, CCL3, CXCL10, Interferon-γ (IFN-γ), IL-10, IL-1β, 
IL-2 and tumour necrosis factor-α (TNF-α) were detected 
compared to WT mice.

Finally, we characterised the astrocytes and microglia, the 
main resident immune regulators in the brain. One month 
post-injection, we performed immunohistochemistry for 
GFAP and IBA1, and quantified CD68 levels as a marker 
of microglial activation. Our data show that both WT and 
GS LRRK2 αSyn-rAAV-injected mice developed a strong 
inflammatory response in astrocytes and microglia in con-
trast to the fLuc-rAAV and the non-injected control group 
(Fig. 3a, Fig. Sup. 1e-g). Importantly, consistent with the 
pattern observed with the infiltrated peripheral immune cells, 
GS LRRK2 mice exhibited higher numbers of GFAP + astro-
cytes (Fig. 3a,b). The total number of IBA1 + cells was not 
different between WT and LRRK2 mice. However, quan-
tification of the CD68 marker revealed a higher activation 
state of IBA1 + cells in the GS LRRK2 group (Fig. 3a, c, d). 
Overall, our data suggest a stronger immune response in the 
GS LRRK2 animals after αSyn overexpression in the SN.

LRRK2 G2019S mice demonstrate lysosomal protein 
accumulation after αSyn overexpression

LRRK2 has been repeatedly reported to play an important 
role in the endolysosomal pathway, including vesicle traf-
ficking, autophagy, and lysosomal function [7, 85]. Dis-
ease-associated mutations in LRRK2, like the GS, have 
been implicated in disrupting lysosomal function, thereby 
contributing to the accumulation of misfolded proteins and 
inflammation [21, 73]. To address this, we quantified several 
lysosomal markers in the αSyn-rAAV injected mice. One 
month post-injection we detected a robust accumulation of 
lysosomal proteins in the SN of GS LRRK2 mice injected 
with αSyn-rAAV (Fig. 4). More specifically, we report a 
strong accumulation of cathepsins including cathepsin B, 
D, H, and L, as well as an accumulation of LAMP2a and 
LAMP1 (Fig. 4a-g). No differences were seen for other 
endolysosomal proteins such as p62, and Transcription fac-
tor EB (TFEB) (Fig. 4a, h, i). These findings reveal signifi-
cant alterations in lysosomal function specifically upon αSyn 

Fig. 1   The G2019S LRRK2 mutation exacerbates αSyn neuropathol-
ogy and neurodegeneration upon αSyn overexpression in the SN. a 
Schematic representation of the experimental set up. WT and GS 
LRRK2 mice were unilaterally injected with αSyn rAAV 2/7 in the 
SN. WT control mice in this study were littermates derived from 
the LRRK2 KI breeding colonies, ensuring a matched genetic back-
ground. Mice were monitored behaviourally over time and sacrificed 
at 4 and 14 weeks post-injection. b Left forepaw use in the cylinder 
test for αSyn rAAV injected WT and GS LRRK2 mice. c Time to fall 
from the rotarod test 4 weeks post-injection. d Representative images 
of TH immunostaining in the SN 4 and 14  weeks post-injection of 
αSyn rAAV 2/7 injected WT and GS LRRK2 mice. e, f Stereologi-
cal quantification of the DA neurons in the injected side and the non-
injected side 4 and 14 weeks post-injection. g Representative images 
of TH immunostaining in the STR 4 and 14 weeks post-injection of 
αSyn rAAV 2/7 in WT and GS LRRK2 mice. h, i Quantification of 
the optical density of the TH + area in the dorsal striatum (STR) at 
4 and 14 weeks post-injection in WT and GS LRRK2 mice. j Rep-
resentative confocal images of TH + (green) and pS129 αSyn + (red) 
cells in the SN 4  weeks post-injection. Quantification of pS129 
αSyn + k and pS129 αSyn + TH + l cells in the SN, as well as MFI 
of pS129 αSyn staining in neurons m and in TH + neurons n of the 
SN. Representative images of proteinase K resistant pS129 αSyn 
immunostaining in the SN 4 weeks post-injection o, and quantifica-
tion of αSyn + cells p and αSyn + area q in the SN. N = 11–13 at the 
4 weeks time point from two independent experiments, and N = 6–7 
at the 14  weeks time point. Graphs represent mean ± SD. Statistical 
differences were assessed using unpaired Student’s t-test or two-way 
ANOVA followed by Tukey’s multiple comparison test. *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001

◂
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overexpression, suggesting a potential contributing mecha-
nism through which GS LRRK2 exacerbates αSyn-induced 
pathology and neurodegeneration.

The G2019S LRRK2 mutation exacerbates tau 
pathology in mice

In order to get a better insight into the specificity of the 
GS LRRK2 effect towards αSyn, we decided to explore the 
effect of GS LRRK2 on tau neuropathology. Therefore, we 
induced tau overexpression in the SN of GS LRRK2 and 
WT mice using a similar viral vector approach (2N4R tau-
rAAV). The mice were sacrificed at 4 and 8 weeks post-
injection and characterised for dopaminergic neurodegenera-
tion, behavioural deficits and neuroinflammation (Fig. 5a).

We investigated overall locomotor activity and explora-
tion behaviour using the open field and evaluated different 
parameters including distance travelled and velocity (Fig. 
Sup. 5a, b). A progressive decline in both distance and speed 
was observed over time, but no significant differences were 
recorded between GS LRRK2 and WT mice. In the rotarod 
test, no significant differences in motor coordination and bal-
ance were observed between the groups at both time points 
(Fig. Sup. 5c). For forelimb asymmetry, we performed the 
cylinder test which only showed a mild impairment in the 
WT mice at 8 weeks (Fig. Sup. 4d).

We next quantified the TH + neurons in the SN of the 
tau-rAAV overexpression model and observed a progres-
sive neuronal loss in the injected area. However, there was 
no difference in the loss of dopaminergic neurons between 
GS LRRK2 and WT mice at 4 or 8 weeks post-injection. 
(Fig. 5b-d). Quantification of the TH optical density in the 
dSTR, showed a progressive loss of the dopaminergic termi-
nals between 4 and 8 weeks post-injection but no significant 
differences between GS and WT mice (Fig. 5c, d). Alto-
gether, rAAV-mediated tau overexpression in the SN induces 
progressive loss of the dopaminergic neurons and terminals 

in the dSTR but this is not aggravated by the GS LRRK2 
mutation. Mice injected with control fLuc-rAAV did not 
display loss of dopaminergic neurons or striatal terminals 
(Fig. Sup. 1a-d).

The G2019S LRRK2 mutation exacerbates tau 
phosphorylation upon tau overexpression

We then evaluated the effect of the GS LRRK2 mutation 
on tau neuropathology. We quantified the levels of differ-
ent phosphorylated tau epitopes by immunohistochemical 
staining. With the AT8 tau antibody for p-tau S202 and 
Thr205, we observed a stronger signal in the nigral neurons 
of the GS LRRK2 mice compared to the WT (Fig. 6a, b). 
Also, higher levels of phosphorylated tau S396 and S404 
as indicated by the PHF-1 antibody were detected in the 
GS LRRK2 mice (Fig. 6c-e). Western blot analysis from 
midbrain lysates confirmed similar effects on phosphoryl-
ated tau species. The bands for tau AT8 and for pTau S396 
detected at different molecular weights depending on the 
conformation status and the isoform of the protein were 
significantly increased in the GS LRRK2 mice (Fig. 6f-l). 
Particularly, the 70 kDa band, where the 2N4R isoform is 
more enriched, showed consistently higher accumulation in 
GS LRRK2 mice. No significant increase in total tau spe-
cies was detected (Fig. 6j). The ratio of p-tau S396 to total 
tau protein was still significantly higher (Fig. 6k). Further 
characterisation of the sarkosyl-insoluble fraction revealed 
no significant differences between WT and GS LRRK2 mice 
in any of the pathological tau forms tested, including p-tau 
species and conformation-specific epitopes (Fig. Sup. 5e-k).

To validate whether GS LRRK2 is involved in tau phos-
phorylation via regulation of tau kinases, we quantified the 
levels of two major tau kinases: glycogen synthase kinase-3 
beta (GSK3b) and cyclin-dependent kinase 5 (Cdk5). There 
were no significant differences in total GSK3b and Cdk5 
levels between GS LRRK2 and WT mice injected with tau-
rAAV. Looking at phosphorylated GSK3b, which is the 
inactive form of the protein, we observed a non-significant 
decrease (p = 0.06) (Fig. 6f, m–o). This may suggest that 
increased LRRK2 kinase activity can regulate pathways 
associated with tau phosphorylation in neurons.

Tau overexpression does not induce 
neuroinflammation in mice

Since rAAV-mediated αSyn overexpression induces a strong 
neuroinflammatory response in GS LRRK2 mice (Figs. 2, 
3), we wanted to characterise the effect of 2N4R tau-rAAV 
in the SN of these mice. We performed immunohistochemi-
cal staining in the SN at 1 month post-injection for GFAP, 
IBA1, and CD68 as a marker of microglial activation 
(Fig. 7). Remarkably, based on the quantification of these 

Fig. 2   Increased inflammatory response in the SN of G2019S mice 
after αSyn rAAV 2/7. a Immunophenotyping by flow cytometry 
of WT and GS LRRK2 mice 4  weeks post injection of αSyn/fLuc 
rAAV 2/7. Number of myeloid cells (CD45+ CD11b+), neutrophils 
(Ly6G+), Ly6C + and Ly6C- monocytes, MHCII+ monocytes, lym-
phocytes (CD45+ CD11b), B cells (CD19+), T cells (including CD3+ 
mature T cells, CD8+, CD4+ and CD4+ CD25+), and natural killer 
cells (CD161+). b Representative spectral emission profile of CD25 
immunobinding and c quantification of CD25 immunoreactivity 
in CD4+ CD25+ cells in GS LRRK2 mice. d Quantification of pro-
inflammatory cytokines in the injected SN 4  weeks post injection. 
Cytokines were measured in SN protein extracts from WT and GS 
LRRK2 mice after αSyn rAAV 2/7 injection and after control fLuc 
rAAV 2/7 injection. Increased levels of CCL2, CCL3, CXCL10, IFN-
γ, IL-10, IL-1β, IL-2, and TNF-α were found in GS LRRK2 mice. 
N = 5 and graphs represent mean ± SD. Statistical differences were 
assessed using unpaired Student’s t-test between WT and GS LRRK2 
αSyn rAAV 2/7 injected groups. *p < 0.05, **p < 0.01
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3 markers, tau overexpression did not induce a significant 
neuroinflammatory response compared to the non-injected 
side similar to mice injected with the control fLuc-rAAV 
(Fig. 7, Fig. Sup. 5 l, m, Fig. Sup. 1e-g). Also, no differences 
were detected between GS LRRK2 and WT mice (Fig. 7a-d).

Characterisation of lysosomal markers in G2019S 
LRRK2 mice upon tau overexpression

Next, we investigated whether dysfunction in the endolys-
osomal pathway contributes to the regulation of tau pro-
teinopathy in GS LRRK2 mice. We quantified several 
lysosomal markers similarly to those in the αSyn-rAAV 
injected mice. One month post tau-rAAV injection we did 
not detect aberrant accumulation of the lysosomal proteins 
Cathepsin H and L, Lamp1, Lamp2A, TFEB, or p62 in the 
SN of LRRK2 mice (Fig. 8a, c-j). Only cathepsin B levels 
appeared significantly upregulated in the SN of WT mice 
injected with tau-rAAV while significantly decreased in the 
GS LRRK2 mice (Fig. 8a, b).

LRRK2 G2019S promotes αSyn but not tau 
phosphorylation in dopaminergic neurons 
from human iPSC‑derived midbrain culture

To explore the effect of the GS LRRK2 mutation on αSyn 
and tau pathology in a more translational model, PD patient-
derived iPSC lines carrying the pathogenic GS LRRK2 
mutation were used (Figs. 9, 10). Cells were differentiated 
into midbrain dopaminergic neurons and either αSyn or 
tau overexpression was induced via lentiviral vector (LV) 
transduction on day 20 of differentiation. Ten days later 
(DIV 30), cells were treated with recombinant αSyn or tau 
PFFs respectively to induce seeding of aggregation. We first 
examined whether the iPSC-derived dopaminergic neurons 
showed accumulation of pS129-αSyn or AT8-positive tau. 
We found an increased mean fluorescence intensity (MFI) 
of the pS129 αSyn spots in TH + neurons from GS LRRK2 
PD patients compared to controls upon αSyn overexpres-
sion or the combination of αSyn overexpression with αSyn 
PFFs treatment (Fig. 9). In contrast, the same lines did not 
demonstrate different levels of tau AT8 MFI in TH + neurons 
after treatment with tau LV and tau PFFs (Fig. 10).

Discussion

Mutations in the LRRK2 gene are the most common cause 
of familial PD, and variants have also been identified in 
sporadic PD. Despite years of research, many questions 
remain unanswered regarding the pathogenic mecha-
nism of these mutations. One key question is whether 
hyperactive LRRK2 interacts with αSyn or both proteins 
act in parallel to induce pathology. A direct interaction 
between these two proteins, such as αSyn being a substrate 
of LRRK2, has never been confirmed [23, 34, 50, 70]. 
Although some LRRK2 PD patients lack LB pathology 
and show reduced αSyn seeding in CSF [44, 80], αSyn oli-
gomers are consistently elevated in mutation carriers [43, 
77] suggesting that LRRK2 may modulate αSyn pathol-
ogy even in the absence of classical LB inclusions. Con-
sidering that αSyn oligomers have been proposed as the 
most neurotoxic form of αSyn and control the nucleation 
process [5, 17, 87, 92], the question arises as to whether 
LRRK2 can regulate αSyn pathology at this oligomeric 
state.

A second crucial question revolves around tau pathol-
ogy. Given that αSyn is not consistently observed as the 
primary neuropathological hallmark in LRRK2 patients, 
and considering the frequent detection of tau pathol-
ogy, tau accumulation could contribute to the observed 
neurodegeneration. Our study demonstrates that the GS 
mutation in LRRK2 exacerbates both αSyn and tau-medi-
ated neuropathology in vivo, and enhances pathological 
aggregation of αSyn in human iPSC-derived dopaminergic 
neurons.

Research on αSyn-LRRK2 rodent models has shown 
variable and often contradictory outcomes [3, 18–20, 38, 
50, 67, 88, 96]. A key limitation of some of these studies is 
their reliance on different αSyn models, particularly PFFs, 
which model aggregate propagation rather than early accu-
mulation and aggregation mechanisms. To address these 
inconsistencies, we used our previously validated viral 
vector-mediated αSyn overexpression model that robustly 
induces progressive αSyn accumulation and aggregation, 
dopaminergic neurodegeneration, and neuroinflammation 
in the SN [64, 67]. This model allowed us to assess early 
and late disease stages in GS LRRK2 KI mice. In line with 
our hypothesis, αSyn overexpression in GS LRRK2 mice 
resulted in significantly greater dopaminergic neuron loss, 
earlier motor deficits, and higher levels of phosphorylated 
αSyn compared to WT controls. Importantly, similar find-
ings were obtained in iPSC-derived dopaminergic neurons 
from GS LRRK2 PD patients, supporting the mutation’s 
role in αSyn pathology.

The pS129 αSyn accumulation in the mice was accom-
panied by a robust pro-inflammatory response, including 

Fig. 3   Immunohistochemical characterisation of the inflammatory 
response in the SN of G2019S mice after αSyn rAAV 2/7. Repre-
sentative images a and quantification of astrocytes (GFAP) b, micro-
glia (IBA1) c, and CD68 immunoreactivity d in the SN from WT 
and GS LRRK2 mice 4  weeks post injection. N = 7–8 and graphs 
represent mean ± SD. Statistical differences were assessed using an 
unpaired Student’s t-test. *p < 0.05. Additional comparisons between 
animals of the same genotype injected with either αSyn rAAV2/7 or 
fLuc rAAV2/7 were performed using an unpaired Student’s t-test. 
#p < 0.05 versus the respective fLuc group
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increased infiltration of myeloid, neutrophils, and natural 
killer cells, elevated cytokine production, and reactive 
gliosis. Notably, we observed considerable dysregulation 

of lysosomal markers in GS LRRK2 mice, with upregula-
tion of multiple cathepsins LAMP1, and LAMP2A, while 
TFEB and p62 remained unchanged. These results suggest 

Fig. 4   LRRK2 G2019S mice demonstrate lysosomal protein accumu-
lation upon αSyn overexpression in SN. a Representative western blot 
images from whole SN protein extracts from WT and GS LRRK2 
mice 4 weeks post injection with αSyn rAAV 2/7 and control groups 
(fLuc rAAV 2/7 or saline injected mice). Immunoblots for Cathep-
sin B,D,H,L and, Lamp2a, Lamp1, TFEB, and p62 are shown. b-i 

Quantification of immunoblots. Values were normalised to the endog-
enous protein (vinculin or β-actin) levels. N = 4–5 for αSyn rAAV 2/7 
groups and N = 2 for the control groups. Graphs represent mean ± SD. 
Statistical differences were assessed using unpaired Student’s t-test. 
*p < 0.05, *** p < 0.001
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that mutant LRRK2 selectively impairs components of the 
endolysosomal pathway, likely disrupting αSyn clearance 
via altered vesicle trafficking or autophagosome–lysosome 
fusion. These observations align with prior studies link-
ing LRRK2 kinase activity to lysosomal dysfunction and 
αSyn-induced inflammatory signalling [26, 47]. Our find-
ings support a model in which GS LRRK2 exacerbates 
αSyn toxicity by impairing its degradation and amplifying 
inflammation, establishing a pathogenic feedback loop.

Although increased cathepsins may stem from immune 
cell infiltration and activation in GS mice in our model, we 

cannot exclude neuronal sources. Pathological αSyn can also 
disrupt neuronal lysosomes, leading to cathepsin release, 
inflammasome activation, and neuronal death [30]. GS 
LRRK2 has been shown to disrupt lysosomal morphology, 
reduce acidification, and impair autophagic flux in neurons, 
contributing to αSyn accumulation and secretion [73]. Simi-
larly, aged LRRK2 R1441G KI mice exhibit impaired lyso-
somal degradation, αSyn oligomer build-up, and increased 
CMA markers like LAMP2A [42]. Since αSyn is mainly 
degraded via CMA through LAMP2A and cathepsin D, the 
dysregulation of both in our model indicates that GS LRRK2 

Fig. 5   G2019S LRRK2 mice do not show exacerbated neurodegener-
ation upon tau overexpression in the SN. a Schematic representation 
of the experimental set up. Mice were unilaterally injected with tau 
rAAV 2/7 in the SN. b Representative images of TH immunostain-
ing in the SN 4 and 8 weeks post-injection of tau rAAV 2/7 in WT 
and GS LRRK2 mice. c Stereological quantification of the TH + cells 
in the ipsilateral and to the contralateral side 4 and 8  weeks post-
injection. d Representative images of TH immunostaining in sec-

tions from the STR 4 and 8 weeks post-injection of tau rAAV 2/7 in 
WT and GS LRRK2 mice. e Quantification of the TH optical density 
in the STR at 4 and 8 weeks post-injection in WT and GS LRRK2 
mice. N = 12–13 at both the 4 and 8 weeks timepoint. Graphs repre-
sent mean ± SD. Statistical differences were assessed using two-way 
ANOVA followed by Tukey’s multiple comparison test. *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001
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may compromise CMA and lysosomal proteostasis, promot-
ing αSyn aggregation and toxicity [6, 29]. Furthermore, 
cathepsin-mediated cell death is a known neurodegenerative 
mechanism: upon lysosomal membrane permeabilisation, 
cathepsins B, D, and L can leak into the cytosol, damaging 
mitochondria and initiating apoptosis or necrosis [2, 59, 61, 
76].

Previous studies have reported conflicting findings 
regarding the role of LRRK2 in tau pathology. Some have 
suggested that LRRK2 exacerbates tau pathology via direct 
phosphorylation [9, 46], while others support indirect 
mechanisms, including altered kinase activity or impaired 
proteostasis [22, 45, 79]. Although mutant LRRK2 over-
expression is reported to increase tau phosphorylation and 
neuronal toxicity [52], no direct interaction between LRRK2 
and tau has been confirmed. In vivo studies using P301S-tau 
mouse models crossed with GS LRRK2 or LRRK2 KO mice 
showed minimal effects on tau phosphorylation and aggrega-
tion [57, 62], and similar results were obtained when P301S-
tau was overexpressed in the hippocampus of these mice. 
Interestingly, only WT tau overexpression in GS LRRK2 
mice led to increased tau propagation [62]. Additional 
evidence from GS LRRK2 KI mice showed enhanced tau 
pathology after inoculation with AD-derived tau filaments 
[16], though no effects were observed in primary neurons 
exposed to recombinant tau fibrils or AD brain-derived tau 
[37]. These findings suggest that GS LRRK2 may promote 
tau transmission rather than tau aggregation per se.

In our study, we build on these observations and show 
that the GS LRRK2 mutation enhances tau phosphorylation 
at several epitopes in a 2N4R-tau overexpression model. We 
use the 2N4R isoform as it robustly undergoes phosphoryla-
tion and aggregation in vivo, and is widely used to model 
tau pathology [82]. Despite this, tau-induced dopaminergic 
neuron loss, behavioural impairment, and neuroinflamma-
tion remained mild and were not significantly altered by the 

presence of the mutation, indicating a primarily cell-auton-
omous effect of GS LRRK2 on tau phosphorylation. This is 
consistent with earlier studies proposing that LRRK2 may 
influence tau indirectly, particularly through modulation of 
tau kinases. Prior reports have implicated LRRK2 in regu-
lating GSK-3β activity, one of the key kinases involved in 
tau phosphorylation, with the GS variant showing stronger 
binding to GSK-3β [45]. In Drosophila models, LRRK2 
overexpression led to increased active (p-Tyr216) GSK-3β 
levels [49]. In line with this, we observed a strong trend 
toward decreased levels of the inactive p-Ser9 GSK-3β in the 
SN of GS mice, without changes in total GSK-3β. This shift 
toward a more active kinase state could explain the aberrant 
accumulation of phosphorylated tau. The absence of a clear 
effect of GS LRRK2 on phospho-tau accumulation in our 
iPSC-derived dopaminergic neurons may be attributed to the 
inherently high levels of phospho-tau present in relatively 
young neurons, or to the limited development of mature tau 
pathology at the tested time points.

In addition, we did not observe significant alterations in 
different lysosomal markers in GS LRRK2 mice following 
tau overexpression, except for a decrease in cathepsin B lev-
els. This finding contrasts with the pronounced lysosomal 
changes observed in our αSyn overexpression model, sug-
gesting that the impact of the GS mutation on lysosomal 
pathways varies depending on the pathological trigger. The 
differential effects of GS LRRK2 on lysosomal function 
in αSyn versus tau models may reflect differences in how 
these proteins are processed and degraded, distinct inter-
actions with LRRK2, or divergent associated inflamma-
tory responses. Taken together, our findings align with and 
expand on previous evidence, indicating that GS LRRK2 
promotes tau pathology predominantly via enhanced kinase 
activity and intracellular phosphorylation rather than through 
robust effects on inflammation, or neurodegeneration.

A key question in GS LRRK2-linked neurodegeneration 
is whether immune activation results from impaired protein 
clearance or is directly driven by the mutation. While αSyn 
accumulation can trigger inflammation, GS LRRK2 may 
also intrinsically dysregulate immune responses, promot-
ing chronic neuroinflammation. In our tau model, despite 
tau accumulation and neuronal loss, no significant immune 
activation was observed in either WT or GS mice. This sug-
gests that GS LRRK2-mediated immune dysregulation may 
be specific to αSyn pathology, supporting the idea that neu-
roinflammation is an early and central event in αSyn-driven 
disease, worsened by GS LRRK2.

Although our results provide important insights, limita-
tions should be noted. The use of viral overexpression mod-
els, while providing control over aggregation timing and 
localisation, may not fully replicate endogenous disease 
processes. Moreover, the use of the 2N4R tau isoform may 
not capture the contribution of 3R tau species also reported 

Fig. 6   G2019S LRRK2 mice show increased tau phosphoryla-
tion. a Representative images of tau AT8 and TH immunoreactiv-
ity in the SN 4 weeks post-injection of tau rAAV 2/7 in WT and GS 
LRRK2 mice. b Quantification of the mean fluorescent intensity of 
the AT8 + neurons of the SN. c Representative immunofluorescent 
images of total tau, and phosphorylated tau (PHF1) co-stained with 
TH and NeuN neuronal markers in the SN of tau rAAV 2/7 in WT 
and GS LRRK2 mice 4  weeks post-injection. Quantification of the 
mean fluorescent intensity of the PHF1 d and total tau e signal in 
neurons of the SN. f Western blot analysis of protein extracts from 
SN of WT and GS LRRK2 mice, 4  weeks after injection with tau 
rAAV2/7, or controls (fLuc rAAV2/7 or saline). g-n Densitometric 
analysis of immunoblots, with signal values normalised to loading 
controls (GAPDH or vinculin). Blots were probed for pTau S396 (g-
i), pTau AT8 (l), total tau (HT7) (j), GSK3β (M), pGSK3β S9 (n), 
Cdk5 (o). N = 12–13 for immunohistochemistry; n = 4–5 for αSyn 
rAAV 2/7 groups and n = 2 for the control group, for WB analysis. 
Data are presented as mean ± SD. Statistical analysis was performed 
using an unpaired Student’s t-test. *p < 0.05

◂
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Fig. 7   Inflammatory response is not enhanced in the SN of G2019S 
mice after tau overexpression. Representative immunofluorescence 
images of the SN from 4 weeks post-injection of tau rAAV 2/7 in WT 
and GS LRRK2 mice. a Sections were immunostained for astrocytes 

(GFAP), microglia (IBA1), and activated microglia/macrophages 
(CD68). Quantification of GFAP⁺ b, IBA1⁺ c, and CD68⁺ d posi-
tive cells. N = 12–13 and data are presented as mean ± SD. Statistical 
analysis was performed using an unpaired Student’s t-test
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Fig. 8   Characterisation of lysosomal markers in G2019S LRRK2 
mice with tau overexpression in SN. Immunoblotting analysis of late 
endosomal/lysosomal markers in protein extract of SN at 4  weeks 
after tau- or fLuc-rAAV2/7 injection. a Representative western blot 
images from whole SN protein extracts from WT and GS LRRK2 
mice 4  weeks post injection. Immunoblots for Cathepsin B,H,L, 

Lamp2a, Lamp1, TFEB, and p62 are shown. b-f Quantification of 
the protein signal of the blotted proteins. Values were normalised to 
the endogenous protein (GAPDH) levels. N = 4–5 for αSyn rAAV 2/7 
groups and N = 2 for the control group. Graphs represent mean ± SD. 
Statistical differences were assessed using unpaired Student’s t-test. 
** p < 0.01
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Fig. 9   LRRK2 G2019S 
increases αSyn phospho-
rylation in human iPSC-derived 
dopaminergic neurons. a 
Representative fluorescence 
images of iPSC lines differenti-
ated to dopaminergic neurons 
(DIV40) from patients carrying 
the GS LRRK2 mutation or 
controls (healthy control and 
corrected isogenic lines). Three 
experimental conditions are 
shown: non-treated cells (NT), 
cells transduced with αSyn-
YFP LV, and cells transduced 
with αSyn-YFP LV followed 
by treatment with αSyn PFFs. 
Immunocytochemistry is shown 
for TH, pS129 αSyn and αSyn-
YFP in neurons transduced with 
LV to induce overexpression 
of αSyn-YFP. b Quantification 
of MFI of pS129 αSyn + spots 
in TH + neurons. Data points 
represent an iPSC line dif-
ferentiated to dopaminergic 
neurons from an independent 
differentiation. N = 3 iPSC-DaN 
lines, 3 differentiations. The 
orange-coloured spot indicates 
a GS LRRK2 PD line, while the 
red spot represents its isogenic 
control. Data are presented 
as mean ± SD. Statistical 
analysis was performed using 
two-way ANOVA followed by 
Tukey’s multiple comparison 
test. A significant effect was 
observed for the treatment 
factor (p = 0.0186). *p < 0.05, 
**p < 0.01, *** p < 0.001, 
****p < 0.0001
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Fig. 10   LRRK2 G2019S does 
not impact tau phosphorylation 
in human iPSC-derived dopa-
minergic neurons. a Repre-
sentative fluorescence images 
of iPSC lines differentiated to 
dopaminergic neurons (DIV40) 
from patients carrying the GS 
LRRK2 mutation or controls 
(healthy control and corrected 
isogenic lines). Three experi-
mental conditions are presented: 
non-treated cells (NT), cells 
transduced with tau-YFP LV, 
and cells transduced with tau-
YFP LV and followed by treat-
ment with tau PFFs. Immuno-
cytochemistry for TH, AT8 tau, 
tau-YFP expressed from the LV 
transduction. b Quantification 
of MFI of AT8 tau in TH + area. 
Data points represent an iPSC 
line differentiated to dopaminer-
gic neurons from an inde-
pendent differentiation. N = 3 
iPSC-DaN lines, 3 differentia-
tions. The orange-coloured spot 
indicates a GS LRRK2 PD line, 
while the red spot represents its 
isogenic control. Data are pre-
sented as mean ± SD. Statistical 
analysis was performed using 
two-way ANOVA followed by 
Tukey’s multiple comparison 
test. *p < 0.05, **p < 0.01
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in PD [13]. Further mechanistic studies are needed to dissect 
the downstream signalling events by which LRRK2 regu-
lates αSyn and tau phosphorylation, immune activation, and 
lysosomal function. In particular, the precise mechanisms 
through which LRRK2 influences αSyn pathology, as well as 
the cell-type origin of the accumulated lysosomal proteins, 
remain to be elucidated. A major challenge in the field is 
the complex interplay between α-synuclein and inflamma-
tion, and whether they exist in a continuous vicious cycle 
remains unclear. Future studies will be required to define the 
exact mechanism by which mutant LRRK2 exacerbates this 
system. Finally, the findings of our study are also limited to 
the GS LRRK2 mutant. Given that individual LRRK2 muta-
tions show distinct pathological profiles, such as the I2020T 
promoting only tau pathology, extrapolation to other variants 
should be approached with caution.

Conclusion

In conclusion, our results clarify the role of GS LRRK2 in 
exacerbating αSyn and tau pathology via distinct mecha-
nisms. In the context of αSyn, LRRK2 promotes αSyn neu-
ropathology and neurodegeneration through inflammatory 
and lysosomal dysregulation. In contrast, its effect on tau 
appears more directly linked to phosphorylation without 
triggering secondary inflammatory or lysosomal changes. 
These findings highlight the mechanistic divergence in how 
LRRK2 influences key PD-related pathologies and under-
score the importance of tailored therapeutic approaches for 
LRRK2-associated PD. Additionally, these results reinforce 
the potential of LRRK2 kinase inhibition as a disease-mod-
ifying strategy in PD, particularly for mutation carriers, but 
possibly also for sporadic cases in which LRRK2 activity 
is elevated.
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