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Parkinson’s disease (PD) is the second most common age-related neurodegenerative disorder and is characterized by the
formation of cellular inclusions inside neurons that are rich in an abnormal form of the protein a-synuclein (a-syn). Microglia are
the CNS resident immune cells that react to misfolded proteins through pattern recognition receptor ligation and activation of
signaling transduction pathways. Here, we studied activation of primary microglia isolated from wild-type mouse by distinct
a-syn forms and their clearance. Internalization of a-syn monomers and oligomers efficiently activated the NOD-like receptor pyrin
domain containing 3 (NLRP3) inflammasome via TLR2 and TLR5 ligation, thereby acting on different signaling checkpoints. We
found that primary microglia effectively engulf a-syn but hesitate in its degradation. NLRP3 inhibition by the selective inhibitor
CRID3 sodium salt and NLRP3 deficiency improved the overall clearance of a-syn oligomers. Together, these data show that
distinct a-syn forms exert different microglial NLRP3 inflammasome activation properties, thereby compromising its degradation,
which can be prevented by NLRP3 inhibition. The Journal of Immunology, 2021, 207: 2143�2154.

Parkinson’s disease (PD) is the most common movement dis-
order and, after Alzheimer’s disease, the second most com-
mon neurodegenerative disease. PD is mainly characterized

by the presence of intraneuronal cytoplasmic inclusions called Lewy
bodies that are rich in aggregated a-synuclein (a-syn) (1, 2). a-syn
is a 14-kDa protein with no defined structure (3). The monomeric form of
the protein progressively forms oligomeric structures and insolublefibrillary
complexes that, together with crowded organellar components (1), accumu-
late in Lewy bodies under pathological conditions. The fibrillar forms of
a-syn interfere with neuronal functioning by affecting the normal distribu-
tion of importantmembrane proteins (4), disrupting neurotransmitter release
(5), impairing mitochondrial function (6�8), blocking intracellular vesicle
transport (9, 10), affecting endolysosomal compartment integrity (11), and
compromising protein degradation mechanisms (12), thereby inducing tox-
icity and eventually leading to neuronal injury and degeneration. Even
though a-syn aggregates are first found in neurons, evidence suggests that
neuronal cell death and spreading of pathologywill expose these proteins to
the environment, thereby activating surrounding immune cells.
Being the brain’s primary innate immune cells, microglia contribute to

cerebral homeostasis by sensing changes in their immediate environment,
clearing cellular debris, and providing neurotrophins (13). On ligation of pat-
tern recognition receptors (PRRs),microglia become activated and execute an
inflammatory response that, if it persists, causes chronic neuroinflammation

and neuronal damage (13, 14). Evidence for such a chronic neuroinflamma-
tory response canbe found in brains of patientswithPDandother synucleino-
pathies, where microglia activation occurs in all brain regions where
aggregateda-syn accumulates (15�17). In keeping with this,a-syn has been
shown to induce excessivemicroglial activation and inflammatory activity.
IL-1b is the most extensively studied proinflammatory cytokine, which

has been linked to various disorders of the CNS (18, 19). In PD,a-syn has
been shown to induce the microglia-derived IL-1b secretion after NOD-
like receptor pyrin domain containing 3 (NLRP3) inflammasome activa-
tion (20�22). Likewise, NLRP3 inflammasome inhibition preventeda-syn
pathology and dopaminergic neurodegeneration in PD-relatedmousemod-
els (23). In vitro, IL-1b is synthesized bymicroglia as a precursor (pro�IL-
1b) in response to pathogen-associated molecular patterns, such as LPS
that is acting via TLR ligation (24, 25). This step, which is referred to as
“priming,” is required to induce the expression of the inflammasome com-
ponents: the PRR NLRP3, apoptosis-associated speck-like protein (ASC),
and the procaspase-1. A second stimulus, which is referred to as
“activation,” results in the formation and activation of cytosolic multipro-
tein complexes called inflammasomes (19, 26, 27) that process the precur-
sor pro�IL-1b to its mature IL-1b form that is rapidly secreted from the
cell into itsmicroenvironment (28).
To unravel microglial activation by different a-syn forms, we

used structurally and functionally well-characterized human a-syn
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monomers, oligomers, and two different fibrillar polymorphs that
have been shown to trigger distinct synucleinopathies (29, 30) and
tested their potential to activate microglia through PRR ligation. We
further analyzed how microglia survival is affected on exposure to
monomeric, oligomeric, and fibrillar a-syn and how microglia deal
with the clearance of a-syn assemblies. Here, we present evidence
that a-syn monomers and oligomers are able to prime and activate
the NLRP3 inflammasome through TLR2 and TLR5 ligation, lead-
ing to NLRP3 inflammasome-dependent IL-1b secretion, thereby
inhibiting a-syn clearance. In addition, the microglial survival was
not affected by the different a-syn forms, thus largely excluding
pyroptotic cell death within the tested time period.

Materials and Methods
Animals

Wild-type (WT; Charles River Laboratories, Wilmington, MA) and NLRP3-
deficient (Millennium Pharmaceuticals, Cambridge, MA) animals were all of
the C57BL/g genetic background. Mice were housed under standard condi-
tions at 22�C and a 12-h light-dark cycle with free access to food and water.
Animal care and handling was performed according to the guidelines of ani-
mal welfare as laid down by the German Research Council (Deutsche For-
schungsgemeinschaft) and approved by the local ethical committees.

Cell culture

Primary microglia cells were isolated by the method of Giulian and Baker
(31). In brief, brains from neonatal mice were stripped of the meninges and
dissociated using mechanical shearing and trypsin (Life Technologies, Carls-
bad, CA). Cells of two brains were plated on poly-L-lysine (Sigma-Aldrich
by Merck, Darmstadt, Germany)-coated T75 culture flasks (Greiner bio-one,
Kremsm€unster, Austria) and cultivated in DMEM (Life Technologies by
Thermo Fisher Scientific, Waltham, MA) supplemented with 10% heat-inac-
tivated FCS (Life Technologies) and 1% penicillin/streptomycin (P/S; Life
Technologies). On the next day, cells were washed three times with DPBS
(Life Technologies) to remove cellular debris and were cultured with
DMEM supplemented with 10% FCS, 1% P/S, and 1% L929 conditioned
medium as a source of growth factors. After 7�10 d, loosely attached mature
microglia were shaken off the astrocytic layer with a repetition of the har-
vesting procedure all 2�3 days for up to three times. For experiments, pri-
mary microglia were seeded into well plates and allowed to adhere overnight
in DMEM supplemented with 10% FCS and 1% P/S. On the next day,
medium was changed to serum-free DMEM complemented with 1% N-2
supplement (Life Technologies), and microglia were allowed to rest for
another 24 h before experiments were performed.

a-syn assemblies generation

Human WT a-syn was expressed in E. coli BL21 DE3 CodonPlus cells
(Stratagene, San Diego, CA) and purified as described previously (32). To
assemble human WT a-syn into the fibrillar polymorph “fibrils,” the protein
(100 mM) was incubated in 50 mM Tris�HCl (pH 7.5), 150 mM KCl at
37�C under continuous shaking in an Eppendorf Thermomixer set at 600
rpm for 5 d (29). The assembly reaction was followed by withdrawing ali-
quots (20 ml) from the assembly reaction at different time intervals, mixing
them with Thioflavin T (10 mM final), and recording the fluorescence
increase on a Cary Eclipse Fluorescence Spectrophotometer (Varian Medical
Systems, Palo Alto, CA) using an excitation wavelength 5 440 nm, an emis-
sion wavelength 5 480 nm, and excitation and emission slits set at 5 and 10
nm, respectively. To label a-syn fibrils with extrinsic fluorophores, we cen-
trifuged the fibrils twice at 15,000 � g for 10 min and resuspended them
twice in PBS at 1446 g/L, and two molar equivalents of ATTO-488 NHS-
ester (AD 488-35; Atto-Tec, Siegen, Germany) fluorophore in DMSO were
added. The mix was incubated for 1 h at room temperature. The labeling
reactions were arrested by addition of 1 mM Tris (pH 7.5). The unreacted
fluorophore was removed by a final cycle of two centrifugations at 15,000 �
g for 10 min and resuspensions of the pellets in PBS. The fibrillar nature of
a-syn was assessed by transmission electron microscopy after adsorption of
the fibrils onto carbon-coated 200 mesh grids and negative staining with 1%
uranyl acetate using a Jeol 1400 transmission electron microscope. The
images were recorded with a Gatan Orius CCD camera (Gatan, Pleasanton,
CA). The resulting a-syn fibrils were fragmented by sonication for 20 min
in 2-ml Eppendorf tubes in a Vial Tweeter powered by an ultrasonic proces-
sor UIS250v (250 W, 2.4 kHz; Hielscher Ultrasonic, Teltow, Germany) to
generate fibrillar particles with an average size of 42�52 nm as assessed by
transmission electron microscopy analysis.

Measurement of cytokine secretion

Cytokine release was determined using the mouse IL-1 b/IL-1F2 DuoSet
ELISA (DY401; R&D Systems, Minneapolis, MN), mouse TNF-a DuoSet
ELISA (DY410; R&D Systems), mouse IL-6 DuoSet ELISA (DY406; R&D
Systems), mouse IL-10 DuoSet ELISA (DY417; R&D Systems), and mouse
CXCL2/MIP-2 DuoSet ELISA (DY452; R&D Systems). Primary microglia
(7.5 � 104 cells/well) were seeded into 96-well plates and allowed to adhere
overnight. Microglia were used unprimed or primed for 3 h before experi-
ments with 10 ng/ml (� 100 endotoxin units/ml) LPS (InvivoGen, San
Diego, CA) before cells were washed with DPBS and treated with a-syn
monomers and different assemblies and BSA as a protein control. For TLR-
neutralizing experiments, microglia were treated 5 mg/ml mouse anti-TLR2
(Invitrogen), mouse anti-TLR4 (Invitrogen), or rat anti-TLR5 (InvivoGen) in
conjunction with 2 mM a-syn assemblies. Supernatants were assayed after
24-h treatment according to the manufacturer’s protocol. OD was determined
at 450 nm photometrically with a microplate reader (Infinite M200; Tecan,
M€annedorf, Switzerland). Concentrations of the secretion of the different
cytokines were calculated by interpolation using a respective cytokine-spe-
cific standard curve.

The expression profile of different cytokines and chemokines in response to
different a-syn species was analyzed using a Proteome Profiler Array
(ARY020; R&D Systems). Primary microglia (2� 106 cells/well) were seeded
into six-well plates and allowed to adhere overnight. Microglia were used
unprimed or primed for 3 h before experiments with 10 ng/ml (A100 endotoxin
units/ml) LPS before cells were washed with DPBS and treated with a-syn
monomers and different assemblies for 24 h. The Proteome Profiler Array was
performed according to the manufacturer’s protocol using 1 ml of cell superna-
tant per condition. After overnight incubation with the sample/Ab mixture,
membranes were washed three times with the wash buffer and incubated with
the fluorescent near-infrared secondary Ab IRDye 680LT streptavidin
(1:10,000 in 3% BSA; LI-COR Biosciences, Lincoln, NE) for 30 min at room
temperature. Capture spots were then visualized with the Odyssey CLx Imag-
ing System (LI-COR Biosciences) and quantified using Image Studio (LI-COR
Biosciences).

Precipitation of supernatant samples

For detection of the cleaved caspase-1 subunit p20 in the supernatant
of treated primary microglia cultures, we performed a protein precipi-
tation to concentrate the sample as described by Jakobs et al. (33). In
brief, primary microglia (1.5 � 106 in 2 ml medium) were cultured for
24 h in six-well plates under control conditions or in medium contain-
ing chemical compounds. After harvesting the supernatants, 500 ml
methanol and 125 ml chloroform were added to 500 ml supernatant and
vortexed vigorously. After 5-min centrifugation at 13,000 � g, the
upper aqueous phase was removed and replaced by 500 ml methanol.
Samples were vortexed again and centrifuged for 5 min at 13,000 � g.
Subsequently, supernatants were removed and pellets were dried for 5
min in a vacuum dryer. The pellet was then resuspended in 20 ml 2�
loading buffer and denatured for 3 min at 95�C. Samples were then
subjected to Western blot analysis.

Western blot

For lysate collection, primary microglia (2 � 106) were cultured in six-well
plates under control conditions or in medium containing different a-syn
assemblies for 24 h before supernatants (for protein precipitation) were col-
lected, and cells were washed and scraped off the well with ice-cold PBS
containing 1� protease and phosphatase inhibitor cocktails (Thermo Fisher
Scientific). After pelleting the cells for 5 min at 10,000 � g, PBS was
completely removed and cells were lysed in ice-cold radioimmunoprecipita-
tion assay buffer (50 mM Tris�HCl, 1% Triton X-100, 0.5% Na deoxycho-
late, 0.1% NaDodSO4 [SDS], 150 mM NaCl [pH 8]) containing 1� protease
inhibitor cocktails for 15 min on ice. Lysates were centrifuged for 5 min at
4�C and 10,000 � g, and supernatants were frozen and kept in �20�C until
use.

Cell lysates and samples from protein precipitation were separated by a
NuPAGE 4�12% Bis-Tris Gel (Invitrogen by Thermo Fisher Scientific) and
transferred to a nitrocellulose blotting membrane (0.2 mm; GE Healthcare Life
Sciences, Freiburg, Germany). Membranes were washed with TBS supple-
mented with Tween 20 (TBST, 10 mM Tris�HCl, 150 mM NaCl, 0.05%
Tween 20 [pH 8]). Membrane surface was blocked with 3% BSA in TBST for
30 min at room temperature. Membranes were then incubated with the rat
anti�caspase-1 Ab (1:1,000; clone 4B4, Genentech, CA), rabbit anti-ASC
(AL177, 1:1,000; AdipoGen, San Diego, CA), mouse anti-NLRP3 (1:500;
AdipoGen), rabbit anti-MyD88 (1:500; Cell Signaling Technologies), rabbit
anti-NF-kB p65 (1:500; Cell Signaling Technologies), or mouse anti�a-tubulin
(1:2,000; Thermo Fisher Scientific) overnight at 4�C. After three washing steps
at 5 min with TBST, the fluorescent near-infrared secondary Abs IRDye
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800CW Goat anti-Rat IgG (H1 L) (1:10,000 in 3% BSA; LI-COR Bioscien-
ces, Lincoln, NE) and IRDye 680LT Donkey anti-Mouse IgG (H 1 L)
(1:10,000 in 3% BSA; LI-COR Biosciences) were applied for 30 min at room
temperature. Proteins were then visualized with the Odyssey CLx Imaging Sys-
tem (LI-COR Biosciences) and quantified using Image Studio (LI-COR
Biosciences).

Immunocytochemistry

Cultures were fixed in 4% paraformaldehyde (Sigma-Aldrich) dissolved in
PBS (Biochrom, Berlin, Germany) for 15 min and permeabilized by washing
them three times for 5 min with PBS containing 0.1% Triton X-100. Block-
ing solution containing PBS containing 0.1% Triton X-100 and 5% normal
goat serum (Vector Laboratories, Burlingame, CA) was applied for 30 min.
The primary Abs rabbit anti-ASC (1:250; D2W8U; Cell Signaling Technolo-
gies, Danvers, MA) and rat anti-CD11b (1:250; Serotec by Bio-Rad) were
applied for 1 h followed by three washing steps. The secondary Abs goat
anti-rabbit Alexa Fluor 594 (1:250; Invitrogen) and goat anti-rat Alexa Fluor
594 (1:250; Invitrogen) were applied for 30 min. The LysoTracker Red
DND-99 (Thermo Fisher Scientific) was applied according to the man-
ufacturer’s protocol. DAPI (Sigma-Aldrich) was used for nuclear counter-
staining at 0.1 mg/ml for 20 min in PBS. Images were taken using a 60� oil
objective.

Phagocytosis assay

To assess microglial phagocytosis, we seeded primary microglia (3.5 � 105

cells/well) to 24-well plates and allowed them to adhere. Microglia were
treated with 1 mM Atto488-labeled a-syn assemblies and incubated for 5�15
min. Phagocytosis was stopped by one washing step with PBS to remove
free a-syn, and cells were harvested using 0.5% trypsin (Life Technologies).
Blocking solution containing PBS and FCS (1:1 ratio) was applied for 10
min on ice. Cells were then labeled with the allophycocyanin anti-mouse/
human CD11b Ab (1:100; #101212; BioLegend, San Diego, CA) for 30 min
in FACS solution (PBS supplemented with 2% FCS) on ice. After labeling,
cells were collected, resuspended in 300 ml ice-cold FACS solution, and
measured by flow cytometry using the FACSCanto II and the FACSDiva
software (Becton Dickinson, Heidelberg, Germany). Phagocytosis was then
analyzed and quantified using FlowJo (v3.05470; Ashland, OR).

Microscopy and data analysis

All experiments were examined with a Nikon Eclipse Ti fluorescence micro-
scope (Nikon, Tokyo, Japan). Acquired images were processed using NIS-
elements 4 (Nikon) and Fiji ImageJ (Wayne Rusband, National Institutes of
Health). Data were evaluated using Graph Pad Prism and presented as mean
± SEM of at least three independent experiments with two to three replicates.
An outlier test was performed, and data were analyzed for Gaussian distribu-
tion. When data passed the normality test, statistical comparisons of controls
versus treatments were performed with one-way or two-way ANOVA fol-
lowed by a Tukey test. Otherwise, data were analyzed with the Krus-
kal�Wallis test and a Dunn post hoc test for nonparametric data. Levels of
significance are indicated as *p < 0.05, **p < 0.01, ***p < 0.001, and
****p < 0.0001.

Results
We and others recently demonstrated that monomeric a-syn popu-
lates oligomeric species (34�36) and assembles into structurally dis-
tinct fibrillar polymorphs that, when injected into rodents, trigger the
hallmarks of two distinct synucleinopathies, PD and multiple system
atrophy (29, 30). These assemblies expose different polypeptide
chains at their surfaces and as a consequence exhibit differential tro-
pism to neurons (37). How different a-syn assemblies that form in
the brain of patients target and activate glial cells is still unclear. To
investigate whether structurally different a-syn polymorphs induce
the NLRP3 inflammasome in microglia, we exposed primary mouse
microglia to well-characterized recombinant human a-syn assem-
blies (29, 30). To investigate the potential impact on microglial acti-
vation of different forms of a-syn (Fig. 1A�K), we performed all
experiments on microglia with and without pre-exposure to the
inflammogen LPS (10 ng/ml [�100 endotoxin units/ml], 3 h)
(Supplemental Fig. 1A). All a-syn species were initially validated
as endotoxin-free (Supplemental Fig. 1B), and dose�response curve
analyses were performed (Supplemental Fig. 1C). The following

stimulation experiments were performed using 2 mM a-syn, which
has been the lowest concentration inducing NLRP3 inflammasome
activation in unprimed conditions (Supplemental Fig. 1C) and has
been confirmed as being noncytotoxic using the XTT viability assay
in conjunction with an LDH assay (Supplemental Fig. 1D, 1E).
BSA was tested in parallel to a-syn as a protein control.

a-syn activates the NLRP3 inflammasome via TLR2 and TLR5
ligation and induces the release of IL-1b

IL-1b release is mediated by activation of the NLRP3 inflamma-
some on assembly of NLRP3, ASC, and procaspase-1. We assessed
conditioned medium of primary microglia exposed to monomeric,
oligomeric, or fibrillar polymorphs, further referred to as “fibrils”
and “ribbons” for IL-1b concentrations at 6 and 24 h. Even though
there was no detectable IL-1b release at 6 h (Fig. 1L), exposure to
a-syn monomers and oligomers was sufficient to induce pro�IL-1b
(Supplemental Fig. 2A) and mature IL-1b (Fig. 1M) in unprimed
microglia at 24 h. NLRP3 inflammasome activation was confirmed
by immunoblot detection showing increased levels of cleaved cas-
pase-1 compared with their controls (Fig. 1N�P). Interestingly,
a-syn monomers and oligomers upregulated the expression of
NLRP3 (Fig. 1Q), while the expression of the adapter protein ASC
showed only a slight increase on treatment with ribbons (Fig. 1R).
Using immunoblot analysis, we found the expression of the univer-
sal adapter protein MyD88 upregulated on treatment with mono-
meric and oligomeric a-syn (Fig. 2A), which further activates the
transcription factor NF-kB. Even though there was no detectable
difference in the NF-kB expression levels (Fig. 2B), immunostain-
ings revealed the translocation of NF-kB p65 into the nucleus in
microglia exposed to a-syn monomers (Fig. 2B, arrows).
To elucidate by which PRR ligation a-syn monomers and

oligomers activate the NLRP3 inflammasome, we tested three TLR-
neutralizing Abs, including anti-mouse TLR2, anti-mouse TLR4,
and anti-rat TLR5 (Fig. 2). Unprimed microglia were exposed to
different forms of a-syn in the presence or absence of the respective
TLR-neutralizing Abs (Fig. 2E�H). Isotype-specific Abs were used
as negative control. For better clarity, we calculated the percent of
neutralization to the a-syn-treated control levels (Ø). We found that
anti-TLR2 and anti-TLR5 attenuated the IL-1b release by �50% to
a-syn�treated control levels and isotype-specific controls in micro-
glia exposed to a-syn monomers (Fig. 2E) and oligomers (Fig. 2F).
a-syn fibrils (Fig. 2G) and ribbons (Fig. 2H) did not increase IL-1b
levels. We confirmed the inhibitory effects of TLR neutralization on
NLRP3 inflammasome activation by immunoblot analysis. Both
TLR2 and TLR5 neutralization inhibited the a-syn monomer- and olig-
omer-induced cleavage of caspase-1 (Fig. 2I, 2J), while only TLR2 neu-
tralization blocked the induction of NLRP3 (Fig. 2I, 2K). Caspase-1
p45 and ASC expression remained unchanged (Supplemental Fig. 2B,
2C). Importantly, the ability of a-syn to prime and activate the NLRP3
inflammasome was completely abolished in primary microglia derived
from TLR2 knockout animals (Supplemental Fig. 2D, 2E), as confirmed
by immunoblot analysis and ELISA readings. Importantly, caspase-1
cleavage inhibition by the NLRP3 inflammasome inhibitor CRID3
largely suppressed NLRP3 inflammasome activation and IL-1b secre-
tion by a-syn�treated unprimed microglia (Supplemental Fig. 3).
Because NLRP3 inflammasome-mediated IL-1b production usually

requires a priming step, we investigated whether a classical priming
condition would influence the degree and pattern of a-syn�induced
NLRP3 activity. Therefore, we prestimulated primary microglia for
3 h with 10 ng/ml LPS before treating the cells with a-syn. LPS prim-
ing did not change the IL-1b release within 6 h of treatment (Fig. 3A)
but largely increased the secretion of IL-1b at 24 h when microglia
were exposed to a-syn monomers, oligomers, or fibrils (Fig. 3B). We
performed immunoblot analysis to check for the activation of the
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FIGURE 1. Different forms ofa-syn prime and activate theNLRP3 inflammasome under basal conditions. (A) Schematic drawing of thea-syn species used throughout
this study. (B�H) Characterization of the a-syn species used throughout this study. (B) The monomeric nature of a-syn was assessed by analytical ultracentrifugation.
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NLRP3 inflammasome (Fig. 3C). Even though caspase-1 p45, NLRP3,
and ASC expression levels remained unchanged after exposure to
a-syn monomers and assemblies for 24 h (Fig. 3C�G), we found sig-
nificantly increased secretion levels of the active caspase-1 subunit p20
in response to monomers and oligomers (Fig. 3E). Most importantly,
NLRP3 knockout and caspase-1 cleavage inhibition by CRID3 largely
suppressed NLRP3 inflammasome activation and IL-1b secretion by
a-syn�treated LPS-primed microglia (Supplemental Fig. 4). In addition
to caspase-1 cleavage, inflammasome activation is characterized by for-
mation of ASC specks (38) that can be visualized by intracellular and
extracellular ASC-immunopositive specks (Fig. 3H). LPS-primed
microglia displayed an increase of ASC specks at 24 h after exposure
to a-syn monomers (Fig. 3I) with a partial colocalization of a-syn
monomers and ASC specks (Fig. 3J). Again, we used TLR neutraliza-
tion Abs to check for PRR ligation of a-syn monomers and distinct
assemblies under primed conditions. For better clarity, we calculated
the percent of neutralization to the a-syn�treated control levels (Ø).
Using anti-TLR neutralization Abs on LPS-primed a-syn�treated
microglia, we confirmed that the IL-1b release of microglia treated
with a-syn monomers (Fig. 3K), oligomers (Fig. 3L), and fibrils
(Fig. 3M) was attenuated on neutralization of TLR2, whereas ribbons
neither increased IL-1b nor did TLR neutralization show any effect
(Fig. 3N). TLR4 and TLR5 neutralization did not change the a-syn-
�induced IL-1b release of LPS-primed microglia (data not shown).
In addition to IL-1b, we checked for the release of other proin-

flammatory and anti-inflammatory cytokines (Supplemental Fig. 5).
Initially, we exposed supernatants of primary microglia with or
without prior LPS priming to a proteome profile array to get an
overview about the inflammatory profile of the cells (Supplemental
Fig. 5A). We found that a-syn monomer, oligomers, and fibrils
augmented the release of various proinflammatory cytokines
(Supplemental Fig. 5A, left panel), which was further amplified
by prior LPS priming (Supplemental Fig. 5A, right panel). Rib-
bons showed no effect on the cytokine secretion. To confirm
these findings and to quantify the cytokine release in more
detail, we selected certain cytokines and performed ELISA
readings on supernatants of primed and unprimed microglia
exposed to a-syn monomers and distinct assemblies.
Interestingly, we found that a-syn monomers, oligomer, and

fibrils induced the release of TNF-a (Supplemental Fig. 5B), IL-6
(Supplemental Fig. 5C), IL-10 (Supplemental Fig. 5D), NO
(Supplemental Fig. 5E), and CXCL2 (Supplemental Fig. 5F),
whereby the release was further amplified by prior LPS priming.
Again, ribbons had no effect on the cytokine secretion. To confirm
the involvement of TLRs in a-syn�induced immune signaling, we
performed TLR-neutralizing experiments on unprimed microglia
and used CXCL2 secretion as another readout (Supplemental Fig.
5G�J). For better clarity, we calculated the percent of neutralization
to the a-syn�treated control levels (Ø). Again, we found that neu-
tralization of TLR2 and TLR5 attenuated the release of CXCL2
from microglia exposed to a-syn monomers (Supplemental Fig. 5G)
and oligomers (Supplemental Fig. 5H). In line with that, TLR2 and
TLR5 neutralization decreased the CXCL2 release in response to
fibrils (Supplemental Fig. 5I) and ribbons (Supplemental Fig. 5J).

We did not find any indication for an involvement of TLR4 in
a-syn�induced CXCL2 release.
Together, our data show TLR2- and TLR5-mediated inflamma-

tory signaling in microglia dependent on a-syn structural character-
istics. Moreover, to our knowledge, this is the first evidence for
involvement of TLR5 in monomeric and oligomeric a-syn�induced
microglial activation. In addition to IL-1b, we found various other
inflammatory agents upregulated by a-syn, including TNF-a, IL-6,
IL-10, NO, and CXCL2, further underlining differential proinflam-
matory properties of distinct a-syn species (Supplemental Fig. 5).

NLRP3 modulates the uptake and degradation of a-syn in microglia

To characterize and compare the microglial uptake of different
a-syn forms, we exposed cells for 5, 10, or 15 min to fluorescently
labeled a-syn monomers, oligomers, fibrils, or ribbons prior to
uptake assessment analysis (Fig. 4). Using flow cytometry analysis,
we found that microglia took up the different forms of a-syn as
soon as they were exposed to them; however, a-syn monomers and
distinct assemblies were taken up to a different extent. Although
�10% of microglia had taken up a-syn monomers (Fig. 4A) and
oligomers (Fig. 4B), around 90% of the cells were immunopositive
to fibrils (Fig. 4C) and ribbons (Fig. 4D) after 5 min of exposure.
At 15 min, 64% and 75% of microglia had incorporated a-syn
monomers and oligomers, respectively, while 98% of cells con-
tained fibrils or ribbons. The uptake of a-syn was blocked by the
actin polymerization inhibitor cytochalasin D in all cases, indicating
active a-syn phagocytosis by microglia. The engulfment of BSA
was performed in parallel as a phagocytosis and degradation control
(Supplemental Fig. 6A�D). Immunocytochemical analysis of micro-
glia exposed to the different a-syn forms revealed limited internali-
zation of monomers and oligomers as compared with massive
uptake of fibrils and ribbons (Fig. 4E, Supplemental Fig. 6E).
To determine whether microglia process a-syn after phagocytosis,

we allowed microglia to take up monomers, oligomers, fibrils, or
ribbons for 15 min; then we washed the cells twice with warm PBS
and further incubated them for 24 h in fresh a-syn�free culture
medium. We found that �50% of all the exogenously applied a-syn
monomers and different assemblies remained inside microglia after
24 h (Fig. 4F). Consistently, immune staining of microglia exposed
to a-syn oligomers, fibrils, or ribbons exhibited aggregates after
allowing degradation for 24 h (Supplemental Fig. 6F) that was
largely colocalized to lysosomes (Fig. 4G, 4H).
Several studies have shown that cytokines, including NLRP3

inflammasome-derived IL-1b, impair b-amyloid uptake (39). In keep-
ing with this, suppression of inflammatory cytokine production resets
microglial phagocytosis capacity in the APP/PS1 AD mouse model.
To test whether NLRP3 inflammasome activity and the resulting
IL-1b release play a similar role in a-syn phagocytosis, we analyzed
the latter in WT microglia, WT microglia treated with the NLRP3
inflammasome inhibitor CRID3, and NLRP3-knockout microglia
(Fig. 5). FACS analysis demonstrated that a-syn monomers
(Fig. 5A) and oligomers (Fig. 5B) were engulfed to a signifi-
cantly greater extent by WT microglia treated with the NLRP3
inflammasome inhibitor CRID3 or NLRP3-knockout microglia
compared with WT cells, whereas NLRP3 inhibition or defi-
ciency did not change the engulfment of fibrils (Fig. 5C) and

TLR2-, TLR4-, and TLR5-neutralizing Abs or the respective isotype controls in parallel to stimulation with a-syn monomers (E), oligomers (F), fibrils (G), and
ribbons (H). The baseline release of IL-1b is indicated by the red dashed line for all graphs (n5 3�4 per group with duplicate or triplicate treatments for all condi-
tions). (I) Immunoblot for caspase-1 p45, cleaved caspase-1 p20, NLRP3, ASC, and a-tubulin. Quantification of secreted cleaved caspase-1 p20 (J) and NLRP3
(K) in microglia treated with the different a-syn forms alone (Ø) or in combination with TLR2-, TLR4-, and TLR5-neutralizing Abs or the respective IgG con-
trols (n5 4 independent experiments). All graphs are presented as mean ± SEM and were analyzed by one-way ANOVA followed by Tukey multiple-compari-
son post hoc test. Levels of significance are as follows: ****p< 0.0001, ***p< 0.001, **p< 0.01, *p< 0.05. Ctrl, control. See also Supplemental Fig. 2.
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ribbons (Fig. 5D). Interestingly, those a-syn monomers and
oligomers were previously shown to activate the NLRP3
inflammasome even under basal conditions (Fig. 1). A similar

NLRP3-dependent engulfment behavior was found in microglia
exposed to BSA (Supplemental Fig. 6D). By expressing the degrada-
tion as a function of what was phagocytosed, we found that the
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degradation of a-syn monomers (Fig. 5E) was unaffected, while the
degradation of oligomers was largely improved in cells deficient for a
functional NLRP3 inflammasome (Fig. 5F). Also, the degradation of
a-syn fibrils did not change in WT or NLRP3-deficient microglia
(Fig. 5G), but CRID3 treatment improved the degradation of ribbons,
while NLRP3 deficiency did not show any effects (Fig. 5H). Together,
these data suggest that there is an inverse relation between microglial

NLRP3 inflammasome activation (Fig. 1) and its negative regulation
on oligomeric a-syn uptake and clearance (Figs. 5, 6).

Discussion
Abnormal a-syn accumulations and microglial activation represent
key pathological hallmarks of synucleinopathies. Even though a-syn
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aggregates are first found in neurons, evidence suggests that spreading
of pathology will expose such protein aggregates to surrounding
microglia. Microglia are responsible for the clearance of misfolded
and aggregated proteins from the brain and represent the main drivers
of inflammatory processes within the CNS. They are equipped with
PRRs, which enable them to respond to a-syn aggregates, and their
activation has been widely observed in PD (40). Once activated,
microglia initiate a range of inflammatory responses, including the
release of immune mediators, such as cytokines and complement fac-
tors, which, once chronically present, collectively contribute to neuro-
nal dysfunction and degeneration. They also initiate response
mechanisms for phagocytic clearance of the respective protein aggre-
gates. Because a-syn proteins can adopt distinct conformations with
noticeable differences in their aggregation phenotype, this may cause
quantitative and qualitative differences in microglial immune
response. The aim of this work is to delineate the different response
patterns microglia showwhen exposed to various a-syn assemblies.

Bent out of shape: a-syn misfolding and its inflammatory
consequences

NLRP3 inflammasome activation by misfolded proteins has emerged
as an important mechanism for neurodegeneration (21), and mis-
folded a-syn has been reported to cause IL-1b release following
microglial NLRP3 inflammasome activation (23). The pathological
impact of this finding is further supported by the fact that NLRP3
inhibition prevents a-syn�mediated pathology in multiple rodent PD
models (23). Native a-syn exists as a monomer; however, under
pathological conditions, it forms aggregates with different inflamma-
tory features. Most studies have been focusing on the induction of
inflammation by various a-syn oligomers and inhomogeneous fibril-
lar assemblies. None, however, addressed the possible proinflamma-
tory effects of a-syn monomers and homogeneous and structurally
distinct fibrillar polymorphs. Due to variable experimental procedures
and concentrations used throughout different reports, a direct com-
parison between the effects of different a-syn forms on NLRP3
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FIGURE 5. Microglia take up a-syn monomers and oligomers in an NLRP3-dependent manner. Quantification and comparison of the relative uptake and
degradation of a-syn monomers (A), oligomers (B), fibrils (C), and ribbons (D) by WT microglia (filled bars), WT microglia treated with 200 nM NLRP3
inhibitor CRID3 (striped bars), and NLRP3-deficient microglia (open bars). Expression of the degradation as a function of a-syn monomers (E), oligomers
(F), fibrils (G), and ribbons (H) that have been phagocytosed by WT microglia (filled bars), WT microglia treated with 200 nM NLRP3 inhibitor CRID3
(striped bars), and NLRP3-deficient microglia (open bars) (n 5 6�7 independent experiments). All graphs are presented as mean ± SEM and were analyzed
by one-way ANOVA followed by Tukey multiple comparison post hoc test. Levels of significance are as follows: ****p < 0.0001, ***p < 0.001,
**p < 0.01, *p < 0.05. See also Supplemental Fig. 6.
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inflammasome activation is therefore impossible. For example, it has
been demonstrated elsewhere that 10 mM fibrillar a-syn largely upre-
gulated the assembly of the NLRP3 inflammasome complex in pri-
mary microglia that were prestimulated with 200 ng/ml LPS (23). In
contrast, another study reported the induction of the NLRP3 inflam-
masome on treatment with 3.5�7 mg/ml a-syn on prestimulation of
primary microglia with 1 mg/ml LPS (41). Comparing those studies,
both the a-syn concentration and the LPS concentration vary greatly
and may possibly complicate any interpretation. Most importantly,
both reports do not take possible actions of the monomeric form of
a-syn and its potential to activate the NLRP3 inflammasome com-
plex into account. We therefore set out to compare structurally well-
characterized recombinant a-syn monomers, oligomers, and two
fibrillar polymorphs, fibrils and ribbons, for their capacity to induce
microglial inflammatory activation (Fig. 1A�K). Compared with
both reports mentioned earlier, we used microglia that were
unprimed or primed with a minimal dose of LPS (10 ng/ml) to avoid
microglial overactivation and selected an a-syn concentration that
was just sufficient to trigger IL-1b secretion (Supplemental Fig. 1C).
In vitro, microglia show no or just minimal activation of the

NLRP3 inflammasome, and its priming is usually required as the first
signaling step of activation by inducing the transcription of its compo-
nents and substrates, including NLRP3, the adaptor ASC, procaspase-
1, and pro�IL-1b. This is usually followed by a secondary posttran-
scriptional activation step that leads to the assembly of the inflamma-
some complex followed by cleavage of its substrates and cytokine
release (21, 26). Here, we provide evidence that a-syn monomers and
oligomers are able to effectively activate the inflammasome without
the requirement of a prior priming step (Fig. 1L�R). In contrast,
a-syn fibrils showed NLRP3 inflammasome assembly and IL-1b

release only after initial priming (Fig. 3A�G), while ribbons did not
affect the NLRP3 inflammasome in microglia.
Cell priming occurs through ligation of PRRs, which usually

respond to a relatively restricted ligand spectrum (42). Various
receptors have been implicated in binding to and mediating
a-syn signaling in microglia, including TLR2, MHC class II, Fc
receptor, and fractalkine receptor (43�46). Using TLR neutrali-
zation Abs, we found that monomers and oligomers exert their
effects on the NLRP3 inflammasome via TLR2 and TLR5
(Fig. 2). Interestingly, neutralization of TLR2 largely blocked
the a-syn�mediated NLRP3 protein expression in unprimed
microglia, indicating an important role of TLR2 for NLRP3
inflammasome priming (Fig. 2I). In addition, TLR5 neutraliza-
tion prevented caspase-1 cleavage in response to a-syn mono-
mers and oligomers (Fig. 2J). Thus, our data indicate that TLR2
ligation by a-syn monomers and oligomers implements the inflam-
masome priming step, whereas TLR5 ligation results in the activa-
tion of the inflammasome under basal conditions (Fig. 6). A recent
screening of TLR expression dynamics in mouse models of neuro-
degenerative disease, including PD and dementia with Lewy bod-
ies, revealed the upregulation of TLR2 (47), resulting in the
activation of microglial inflammation (45, 48, 49). Also, increased
TLR2 levels have been found in the substantia nigra of patients
with PD (50), further suggesting a pathogenetic role of TLR2 in
synucleinopathies. In contrast, TLR5 has not yet been described as
a PRR involved in microglial activation by a-syn; this PRR is
rather known to be activated by flagellin, a monomer present on
the outer cell wall of Gram-negative flagella bacteria. Although it
remains unknown whether flagellin and a-syn monomers and
oligomers share a similar TLR recognition site, to our knowledge,

FIGURE 6. The inverse relationship between microglial NLRP3 inflammasome activation and a-syn clearance. The schematic was created with BioRender
(https://biorender.com). TLR2 ligation by a-syn monomer and oligomers induce the expression of NLRP3, ASC, and caspase-1 p45 after translocation of
NF-kB to the nucleus. Ligation of TLR5 by a-syn monomer and oligomers acts as an “activation” stimulus, resulting in the assembly of the NLRP3 inflam-
masome and the release of IL-1b. Activation of the NLRP3 inflammasome blocks the phagocytosis and degradation of a-syn oligomers and, to a lower
extent, a-syn monomers, resulting in protein accumulation.
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our data provide the first insights into TLR5-mediated inflamma-
tory activation mechanisms by which a-syn monomers and
oligomers prime and activate the NLRP3 inflammasome.

The inverse relation between the NLRP3 inflammasome and a-syn
clearance

Effective microglial clearance of misfolded and aggregated proteins
may play an important role in neurodegenerative disease. a-syn has
been shown to be released from neurons and is detectable in biological
fluids, including plasma and CSF (51, 52), as well as in conditioned
media of a-syn�expressing neurons (53). Microglia are the main cell
type responsible for the uptake and degradation of misfolded or aggre-
gated proteins within the CNS, thereby avoiding the spreading of
pathology between neighboring neurons. We therefore assessed the
efficacy of microglial uptake and degradation of the aforementioned
a-syn species. Microglia quickly internalized the protein in an assem-
bly- and time-dependent manner (Fig. 4), but seemed to fail to fully
degrade their cargo (Fig. 5), resulting in the accumulation of internal-
izeda-syn aggregates (Supplemental Fig. 6E, 6F). Several studies pro-
vide evidence for impaired clearance mechanisms in PD, leading to
the idea that a-syn can block its own clearance (54, 55). Alternatively,
the microglial activation state may alter its intracellular capacity to
effectively degrade the taken-up protein aggregates (56). In response
to persistent neurodegeneration, microglia adopt a chronically acti-
vated phenotype resulting in the sustained release of cytokines, includ-
ing IL-1b, that have been found to impair its own clearance functions
(57).We therefore analyzed the impact of NLRP3 inflammasome inhi-
bition by CRID3 and NLRP3 depletion on the phagocytic and degrad-
ing capacity of microglia. A large increase in oligomeric a-syn
phagocytosis was found in CRID3-treated WT or NLRP3-knockout
microglia (Fig. 5B). Interestingly, we showed that oligomeric a-syn
has the potential to activate the inflammasome (Fig. 1), suggesting
that NLRP3 inflammasome activation deteriorates microglial phago-
cytosis (58). In addition, degradation experiments revealed that
NLRP3 deficiency substantially induces the depletion of oligomeric
a-syn (Fig. 5B, 5F). Monomeric a-syn uptake was barely increased
in NLRP3-deficient cells (Fig. 5A), whereas its degradation did not
show any NLRP3 dependency (Fig. 5E). In contrast, uptake and deg-
radation of fibrils and ribbons did not show NLRP3 dependency
(Fig. 5).
Taken together, we provide the first evidence, to our knowledge,

that a-syn monomers, rather than oligomers or fibrillar polymorphs,
largely induce microglial NLRP3 inflammasome activation. Both
a-syn monomers and, to a lower extent, oligomers had the potential to
prime and activate the NLRP3 inflammasome via TLR2 and TLR5
ligation without the requirement of an initial inflammogen (LPS) treat-
ment. Activation of the NLRP3 inflammasome compromised a-syn
clearance capacity (Fig. 6). Likewise, NLRP3 inflammasome inhibi-
tion or NLRP3 depletion improved a-syn phagocytosis and degrada-
tion of a-syn monomers and oligomers. These findings highlight the
potential of targeting the NLRP3 inflammasome or related intracellu-
lar signaling mechanisms to control excessive cytokine release medi-
ated by a-syn monomers even before the development of fibrillar
complexes.
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Key Points

� a-syn monomers and oligomers efficiently activated the NLRP3 inflammasome via TLR2.
� Activation of the NLRP3 inflammasome compromised the a-syn clearance capacity.
� NLRP3 inhibition improved the overall clearance of a-syn oligomers.


