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of reactive oxygen species. Moreover, activation of neu-
ronal TLR2 increased levels of endogenous α-synuclein 
protein, which was in turn associated with increased levels 
of the autophagy/lysosomal pathway marker p62. Finally, 
promoting autophagy with rapamycin or pharmacological 
inhibition of the TLR2 signaling pathway prevented the 
TLR2-mediated increase in α-synuclein in neuronal cell 
cultures. These results implicate neuronal TLR2 expres-
sion in human PD pathogenesis. In particular, the increased 
expression of TLR2 on neurons may provide new insight 
into disease pathogenesis and/or options for therapeutic 
intervention.
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Introduction

Parkinson’s disease (PD) is a progressively debilitating 
neurodegenerative disorder. It is characterized by motor 
symptoms such as tremor, rigidity, bradykinesia and gait 
imbalance, as well as non-motor symptoms such as execu-
tive dysfunction deficits, sleep disturbances and depression 
[13]. Pathologically, PD is defined by the selective degen-
eration of dopamine-producing neurons in the substantia 
nigra pars compacta with concomitant accumulation of 
α-synuclein-rich proteinaceous neuronal inclusions, termed 
Lewy bodies, which propagate in a predicative or staged 
fashion through multiple brain regions [5, 16, 38].

Although exact causes of PD are unknown, accumulat-
ing evidence suggests an important role for inflammation in 
the pathogenesis of the disease. A number of genes that can 
either directly cause PD or contribute to its risk are impli-
cated in inflammatory pathways [10, 12]. Inflammatory 
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cytokines are increased in the brain, CSF and serum of PD 
patients [7, 17, 31] and activated microglia are prevalent 
in the most pathologically effected areas of the brains of 
patients with PD [26]. Despite such evidence, however, lit-
tle is known about the pathways mediating inflammation 
and whether they are altered in brains of patients with PD.

One prominent inflammatory-regulating pathway is 
the toll-like receptor (TLR) pathway. TLRs mediate the 
recognition of exogenous conserved structures known as 
pathogen-associated molecular patterns (PAMPs) [18], 
and endogenous damage-associated molecular patterns 
(DAMPs) [33]. PAMPS derive from a range of microorgan-
isms absent from the host such as viruses, bacteria, fungi 
and parasites, while DAMPs are released following cellular 
stress and from damaged tissues [41]. The consequences of 
TLR activation are well established for classical immune 
cells, such as macrophages and microglia, and include the 
production of pro-inflammatory cytokines such as tumor 
necrosis factor α and interleukin 1β, as well as the produc-
tion of mitochondrial reactive oxygen species.

Recent reports have suggested that α-synuclein is a 
DAMP, capable of modulating inflammatory cytokine pro-
duction in microglia [1, 3, 21, 39, 47]. As well as forming 
insoluble Lewy body aggregates in PD brain, α-synuclein 
also forms monomers, oligomers, fibrils and other con-
formations [44]. The exact contribution of different 
α-synuclein conformations to TLR activation is currently 
unclear; however, it has been demonstrated that α-synuclein 
can at least activate the TLR2 receptor on microglia and 
promote inflammatory cytokine production [9, 15, 19]. 
Moreover, α-synuclein can increase the expression of 
TLRs [4], suggesting that brain regions that accumulate 
α-synuclein in PD may have increased TLR2 protein. We, 
therefore, tested this hypothesis and indeed found a strong 
association of TLR2 with α-synuclein, both of which were 
increased in the affected brain regions in patients with PD. 

Intriguingly, the increased TLR2 protein levels were asso-
ciated with neurons, rather than microglia, in PD brain and 
TLR2 was a robust component of Lewy bodies. Experi-
ments activating neuronal TLR2 resulted in the production 
of inflammatory cytokines, and increased oxidative stress 
and accumulation of endogenous α-synuclein protein in cell 
culture models, including primary human neurons derived 
from induced pluripotent stem cells. As it is neurons rather 
than glia that accumulate α-synuclein in PD, these results 
suggest that TLR2 may be of central importance in disease 
pathogenesis.

Materials and methods

Cases

Brain tissues from longitudinally followed, autopsy-con-
firmed subjects with sporadic PD (n =  17) and age- and 
postmortem delay-matched clinical and neuropathological 
controls (n =  10) (Table  1) were obtained from the Syd-
ney Brain Bank following study approval and University of 
New South Wales human ethics approval (#HC14046). All 
PD cases met the UK Brain Bank Clinical Criteria for diag-
nosis and had no other neurodegenerative conditions. The 
cases analyzed have been previously used to assess lysoso-
mal proteins, lipids, and α-synuclein levels in the affected 
brain regions [29].

Protein extraction from frozen brain tissue

Tris-buffered saline (TBS) and SDS-soluble proteins were 
serially extracted from 250  mg of fresh-frozen brain tis-
sue from the anterior cingulate cortex and occipital cortex 
as previously described [29]. Briefly, tissue was mechani-
cally homogenized in ten volumes of TBS homogenization 

Table 1   Demographic details for Parkinson’s disease (PD) and control cohorts

Values are given as mean ± standard error and range for age at death, postmortem delay, disease duration, Parkinson’s disease severity (Braak 
Lewy stage) and Alzheimer’s disease severity (CERAD plaque score and Braak neuritic stage)

* Not significantly different between groups (P > 0.3), # PD cases and controls do not meet diagnostic criteria for Alzheimer’s disease with 
CERAD scores and Braak neuritic stages not significantly different between groups (P = 0.16 and P = 0.44, respectively)

Control (n = 10) All PD (n = 17) Early stage PD (n = 6) Late stage PD (n = 11)

Sex (M:F) 5:5 13:4 5:1 8:3

Age at death (years)* 74.7 ± 2.9 (60–88) 78.4 ± 1.3 (69–88) 78.8 ± 2.7 (71–88) 78.2 ± 1.4 (69–85)

Postmortem delay (h)* 18.2 ± 3.1 (7–35) 14.8 ± 2.6 (3–42) 12.0 ± 2.9 (3–23) 16.4 ± 3.9 (3–42)

Disease duration (years)* – 14.8 ± 1.6 (7–36) 14.3 ± 1.8 (8–20) 15.0 ± 2.4 (7–36)

Braak Lewy stage (/6) 0 4.9 ± 0.2
6IV:7V:4VI

4.0 ± 0
6IV

5.4 ± 0.2
7V:4VI

Braak neuritic stage (/6)# 0.6 ± 0.3 (0–2) 1.2 ± 0.3 (0–4) 1.2 ± 0.3 (0–2) 1.3 ± 0.4 (0–4)

CERAD plaque score (/3)# 0.3 ± 0.2 (0–2) 0.9 ± 0.2 (0–3) 0.7 ± 0.3 (0–2) 1.1 ± 0.3 (0–3)
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buffer (50 mM Tris, 125 mM NaCl, pH 7.4, 5 mM EDTA, 
0.02% sodium azide) containing protease inhibitor cock-
tail (Roche), followed by centrifugation at 100,000×g for 
2 h at 4 °C, with supernatant collected as the TBS-soluble 
fraction containing cytosolic proteins. The pellet was resus-
pended in SDS solubilization buffer (TBS homogenization 
buffer containing 5% SDS), sonicated (2  ×  10  s bursts) 
and centrifuged at 100,000×g for 30  min at 25  °C, with 
supernatant collected as the SDS-soluble fraction contain-
ing membrane-associated proteins. Protein concentration 
of all fractions was measured using a bicinchoninic acid 
assay (Pierce BCA Protein Assay Kit, Thermo Scientific), 
according to the manufacturer’s instructions. Samples were 
stored at −80 °C until use.

Immunoblotting

Up to 30  μg of protein lysate was heated with sample 
buffer (2% SDS, 20% glycerol, 2.5% bromophenol blue, 
12.5  mM Tris–HCl, pH 6.8, 5% 2-mercaptoethanol) and 
separated by reducing SDS-PAGE before transfer to nitro-
cellulose membrane (BioRad). Membranes were fixed in 
0.4% paraformaldehyde followed by blocking in 5% skim 
milk dissolved in 1 × TBS-T (0.87% NaCl, 0.01 M Tris, 
pH 7.4, with 0.1% Tween20). Membranes were then cut 
into strips based on molecular weight markers and incu-
bated overnight in primary antibodies prior to protein 
detection using either horseradish peroxidase-conjugated 
secondary antibodies (Biorad) with enhanced chemilumi-
nescence (Amersham ECL Plus Western Blot Detection 
System, GE Healthcare) or Alexa Fluor-conjugated second-
ary antibodies (Life Technologies). Primary antibodies for 
immunoblotting were rabbit monoclonal TLR2 (Abcam, 
1:500 dilution), rabbit monoclonal TLR1 (Abcam 1:1000 
dilution) mouse monoclonal NeuN (Millipore, 1:250 dilu-
tion), mouse monoclonal α-synuclein (BD Biosciences, 
1:3000 dilution), phospho-α-synuclein (P-129, Abcam, 
1:1000 dilution), MYD88, phospho-NFκBp105 (Ser933), 
phospho-p38 MAPK (Thr180/Tyr182), p62/SQSTM1 
and Beclin1 (all Cell Signaling Technology, 1:1000 dilu-
tion), HLA-DR (Dako, 1:5000 dilution), LC-3 (Novus, 
1:100 dilution) and goat polyclonal Iba1 (Abcam, 1:1000 
dilution) with β-actin (Abcam, 1:50,000 dilution) used 
as a protein loading control. For immunoblotting of Ser-
129 phosphorylated α-synuclein, membranes were fixed 
with 4% PFA and 0.1% glutaraldehyde prior to blocking 
as described [36]. A Biorad Chemidoc MP system was 
used to capture images and the relative levels of each pro-
tein of interest were analyzed using Image J software (US 
National Institutes of Health). The intensity of each protein 
band was quantified and expressed as arbitrary units stand-
ardized to β-actin.

Immunofluorescent labeling using human tissue

Immunohistochemistry was performed with 10 μm forma-
lin-fixed paraffin-embedded tissue sections from the sub-
stantia nigra and anterior cingulate cortex of 50% of the 
cases used for immunoblotting (9 PD and 5 matched con-
trol cases randomly chosen). Briefly, sections were depar-
affinized in xylene and rehydrated in graded ethanols. 
Antigen retrieval was performed using 99% formic acid 
for α-synuclein immunohistochemistry, and boiling with 
citrate buffer (pH 6.0) for all other antibodies, after which 
sections were cooled to room temperature. Throughout 
the protocol, all washes were three times with 0.1  M Tris 
buffer. For immunofluorescent double labeling, sections 
were blocked with 10% horse serum in TBS buffer con-
taining 0.5% triton-X-100 and incubated overnight with 
primary antibody pairs: anti-α-synuclein (1:200 dilution) 
and Abcam anti-TLR2 (1:100 dilution) or anti-Iba1 (1:400 
dilution) and anti-TLR2 or anti-NeuN (1:200 dilution) and 
anti-TLR2 or anti-tyrosine hydroxylase (Sigma, 1:400 dilu-
tion) and anti-TLR2. Alexa fluor-labeled secondary antibod-
ies (Life Technologies) diluted 1:500 in 0.1 M Tris buffer 
were then used. Auto-fluorescence was reduced by incubat-
ing in autofluorescence eliminator buffer (Millipore) fol-
lowing the manufacturer’s instructions. Slides were then 
stained with DAPI (Sigma) and coverslipped using Vectash-
ield mounting medium (Vector Laboratories). Images were 
visualized using a Nikon Confocal Microscope ECLIPSE 
90i and captured using EZ C3.80 software. At least ten 
images from each slide of the anterior cingulate cortex 
were used to quantify (1) Iba1-immunoreactive microglia 
expressing TLR2 immunoreactivity, (2) all DAPI-labeled 
neuronal nuclei expressing TLR2 immunoreactivity, and 
(3) α-synuclein-immunopositive Lewy bodies colocalizing 
TLR2 immunoreactivity. Neurons were identified by their 
nucleus being wider and fainter with a bright nucleolus 
compared with the nuclei of surrounding glial cells in the 
DAPI stain. Quantitation was performed using 590 micro-
glia (average of 42  ±  12 per case), 1483 neurons (aver-
age of 106 ± 70 per case), and 117 Lewy bodies (average 
23 ± 6 per case that contained Lewy bodies in the cingu-
late cortex). To assess interrater variation in the cell counts, 
16 ±  6 images from each combination of double labeling 
were used. There was <5% variation in counts made by two 
researchers, with a correlation between counts of 0.96.

Immunoperoxidase staining using human tissue

For immunoperoxidase staining, sections were incubated 
with either rabbit monoclonal anti-TLR2 from abcam, or 
goat polyclonal anti-TLR2 antibody from R&D systems, 
as outlined in the supplementary methods. Absorption 
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controls were also performed for both TLR2 antibodies to 
demonstrate the antibody binding specificity. The antigen 
to antibody mixture was made at a working dilution of 10:1 
(molar ratio) and was pre-incubated overnight at 4 °C. The 
pre-absorbed antibodies were then be incubated with tissue 
sections in place of the primary antibodies with the same 
immunoperoxidase staining protocols for the respective 
TLR2 antibody.

Tissue culture experiments with SHSY5Y cells

Human neuroblastoma SHSY5Y cells were cultured in 
Dulbecco’s modified Eagle medium/Hams F12 supple-
mented with 10% low endotoxin fetal bovine serum and 
1 × penicillin/streptomycin solution (all from Gibco, Life 
Technologies). Cells were differentiated for 7  days in the 
same media except with 1% fetal bovine serum and 10 μM 
retinoic acid (Sigma). Cells were treated with TLR ago-
nists (all purchased from Invivogen) dissolved in endo-
toxin-free water and/or small molecule inhibitors (Calbio-
chem, Cayman Chemicals or Sigma) dissolved in DMSO 
at indicated concentrations for indicated time points. For 
cytokine ELISA assays, tissue culture media were removed 
and snap-frozen in liquid nitrogen and stored at −80  °C 
until analysis. For gene expression analysis, cells were 
lysed according to the manufacturer’s instructions (Reli-
aPrep, miniprep systems, Promega) and stored at −80 °C. 
For immunoblot analysis, cells were lysed either in buffer 
containing 50 mM Tris HCl pH 7.5, 1 mM EGTA, 1 mM 
EDTA, 1 mM sodium orthovanadate, 50 mM sodium fluo-
ride, 5 mM sodium pyrophosphate, 0.27 M sucrose, 1 mM 
benzamadine, 1 mM phenylmethylsulfonyl fluoride and 1% 
(v/v) Triton X-100, or straight into 1 × LDS sample buffer 
(Life Technologies). For the former, lysates were clarified 
by centrifugation at 13,000×g for 20 min and protein con-
centrations were measured by bicinchoninic acid assay as 
mentioned above. Reactive oxygen species were measured 
using a 2′,7′-dichlorofluorescin diacetate (DCFDA) assay 
(Abcam) following the manufacturer’s instructions. Briefly, 
25,000 cells were seeded into 96 well clear bottom micro-
plates and differentiated for 7 d before treatment for 4  h 
with 1 μg/ml PAM3CSK4. The included 55 mM tert butyl 
hydrogen peroxide was used as a positive control. Median 
fluorescence intensity was measured using a fluorescence 
microplate reader (Polarstar Omega, BMG). Apoptosis 
and cell viability were assessed by Annexin V/propidium 
iodide staining following the manufacturer’s instructions 
(Annexin V-FITC kit from Miltenyi Biotech). Median fluo-
rescence intensity was measured using a FACS Canto cell 
analyzer (BD Biosciences) with at least 20,000 events cap-
tured. Flow cytometry data were acquired with FACS Diva 

software (BD Biosciences) and analyzed using FlowJo 
software (Tree Star).

Immunocytochemistry

Coverslips with adherent cells were washed in 1 ×  PBS 
and fixed in 4% paraformaldehyde for 15  min at room 
temperature. Coverslips were washed again in 1 ×  PBS 
after fixing and permeabilized with 0.3% Triton X-100 
for 15  min. Cells were then blocked in 3% BSA for 1  h 
and incubated overnight at 4 °C in primary antibody at a 
dilution of 1:200 in 3% BSA. After incubation, cells were 
washed 3 × 5 min in 1 × PBS and incubated with Alexa 
Fluor secondary antibodies (Abcam, 1:300 dilution) in 
3% BSA for 1  h at room temperature in the dark. Cells 
were washed again for 3 × 5 min in 1 × PBS with DAPI 
added to the last wash at a concentration of 1:10,000. Cov-
erslips were mounted face down using fluorescent mount-
ing medium (Dako) and allowed to dry in the dark for 1 h 
before visualizing. Images were captured on a confocal 
microscope (Nikon) using NIS elements AR software. 
Images were obtained in each channel at 40× magnifica-
tion for analysis. Intensity settings were kept constant 
for all images, which were analyzed using Image J 1.49v 
(NIH). The threshold tool on Image J was used to high-
light all stained areas within the cells and the intensity of 
each highlighted particle was obtained using the analyze 
particles tool. Once selected, the threshold was kept con-
stant for all images. The cell counter plugin was used to 
count the number of DAPI positive cells in the image and 
a total of 400–500 cells were counted for each condition. 
Cells falling on the edges of the image were excluded from 
the analysis.

Induced pluripotent stem cells

Human fibroblasts from a neurologically normal subject 
were obtained from the NINDS genetic repository at Cori-
ell (#ND38530). Briefly, primary fibroblasts at passage 
4 were reprogrammed to induced pluripotent stem cells 
(IPSCs) using the EPi5 reprogramming kit (Life Technolo-
gies) as per the manufacturer’s instructions. Electroporation 
of fibroblasts was performed with the Neon transfection 
system (Life technologies) and colonies with the morphol-
ogy of IPSCs were selected ~30 days post-electroporation. 
IPSCs were maintained on geltrex (Life Technologies)-
coated dishes and stained for both pluripotency (Pluripo-
tent stem cell marker immunocytochemistry kit, Life Tech-
nologies) and tri-lineage differentiation potential (Human 
pluripotent stem cell functional identification kit, R&D 
Systems) as per the manufacturer’s instructions. Neural 
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progenitor cells were then derived from IPSCs using the 
PSC neural induction kit (Life Technologies) as per the 
manufacturer’s instructions. Differentiation of neural pro-
genitor cells was confirmed by immunocytochemistry for 
nestin and paired box protein 6 (PAX6). Only cell lines 
confirmed >95% positive for both markers were used. Neu-
ral stem cells were maintained in neural expansion medium 
comprising 50% RPMI media (Life Technologies) and 50% 
neurobasal medium (Life Technologies), supplemented 
with neural induction supplement at 1/50 dilution and peni-
cillin–streptomycin at 1/100 dilution. Media were changed 
every second day and neural stem cells were passaged in 
the presence of ROCK inhibitor Y27632 (Cayman Chemi-
cals) at a final concentration of 5 µM. For all experiments 
described, neural stem cells were used at a passage <8. 
Images were captured on a confocal microscope (Nikon) 
using NIS Elements software (Nikon). For the directed 
differentiation to neurons, neural progenitor cells were 
plated at a density of 2.5 × 104 cells per ml on coverslips 
coated with poly-l-ornithine (Sigma) and laminin (10 μg/
ml, Life Technologies). Cells were cultured in neurobasal 
media containing 2% B27 supplement and 2 mM glutamax 
(all Life Technologies). For the first 3  days, media were 
changed daily. After this, half of the media were replaced 
every second day and it was supplemented with 1 μg/ml 
PAM3CSK4. In total, cells were differentiated for 10 days 
with 7 days of PAM3CSK4 treatment. At this stage, neu-
rons no longer expressed nestin, but now expressed the 
neuronal markers MAP2 and TUJ1.

qRT‑PCR and ELISA

RNA was extracted using the ReliaPrep miniprep system 
(Promega) following the manufacturer’s instructions. RNA 
was reverse transcribed to cDNA using the iScript cDNA 
synthesis kit (Biorad). qRT-PCR was performed on a real-
plex thermocycler (Eppendorf) using sybr green-based 
chemistry (Biorad). All primer sequences were obtained 
from qPrimer depot [8] and synthesized by Sigma. Gene 
expression was quantified using the comparative Ct method 
[24] with glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) as the housekeeping gene. Melt-curve analysis 
was performed to ensure that a single product was ampli-
fied. Cytokine ELISA assays were performed using Bioplex 
xMAP assays (Biorad) following the manufacturer’s proto-
col with plates read on a Magpix instrument (Luminex).

Statistical analysis

All statistical analyses for human tissue were performed 
using SPSS Statistics software (IBM, Chicago, IL, USA) 

and statistical significance set at p  <  0.05. Group demo-
graphic statistics have been previously reported [29] with 
cases well matched for age, sex and postmortem delay 
(Table  1), and univariate statistical analysis covarying for 
neuron loss (NeuN levels) shows that the relative levels 
of SDS-soluble α-synuclein protein increased in PD [29]. 
There was also a positive Spearman’s correlation between 
the levels of SDS-soluble α-synuclein protein and Braak 
Lewy body stage of Parkinson’s disease for these cases 
[29].

To determine TLR2 levels and location changes in PD, 
two multivariate analyses were performed, the first on the 
quantitated immunoblot data to identify any changes in 
TLR2 levels in association with α-synuclein levels (cova-
rying for age, postmortem delay and levels of NeuN, Iba1 
and HLA-DR), and the second on the quantitated immuno-
histochemistry data to identify any changes in the numbers 
of TLR2-immunopositive microglia, neurons and Lewy 
bodies (covarying for age, postmortem delay and Braak 
neuritic stage). Non-parametric Spearman’s correlations 
were used to identify related variables.

Statistical analysis of data obtained from tissue cul-
ture experiments was performed using Graphpad software 
(Prism). Students t test was used for comparisons between 
two groups and one-way ANOVA with Tukey’s post hoc 
test was used for comparisons between multiple groups. 
Significance was accepted at p  <  0.05 and data are pre-
sented as mean ± standard error of the mean.

Results

TLR2 is increased in the affected brain regions in PD 
and correlates with pathological α‑synuclein levels

To determine the regional expression and relative solubility 
of TLR2 in postmortem brain tissue, sequential TBS- and 
SDS-soluble protein lysates from the anterior cingulate 
cortex, putamen, cerebellum, substantia nigra, occipital 
cortex and white matter were immunoblotted for TLR2. 
Consistent with TLR2 being predominantly membrane 
associated, the protein was detected only in the SDS-sol-
uble fraction (Fig.  1a). Moreover, for the control subjects 
chosen, the regional expression of TLR2 appeared mostly 
uniform in gray matter regions, with reduced levels seen in 
white matter (Fig. 1a, b). Importantly, TLR2 was expressed 
in regions pathologically affected by PD (i.e., substantia 
nigra, anterior cingulate cortex and putamen).

To assess the effect of PD on TLR2 expression, SDS-
soluble fractions from the anterior cingulate cortex were 
immunoblotted for TLR2, along with α-synuclein to assess 
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PD pathology, and markers for specific brain cell types 
(NeuN for neurons, Iba1 (combined data from both the TBS 
and SDS-soluble fractions) and HLA-DR for microglia and 

activated microglia, respectively). The anterior cingulate 
cortex was chosen on the basis of Braak staging, in which 
we, and others [29], have shown that there is an increase in 

Fig. 1   Toll-like receptor 2 protein is increased in Parkinson’s dis-
ease brain. a Immunoblot analysis of TLR2 from different regions 
of healthy brain following sequential extraction of proteins in tris-
buffered saline (TBS buffer) followed by SDS buffer. ACC anterior 
cingulate cortex, PUT putamen, CER cerebellum, WM white matter, 
OCC occipital cortex, SN substantia nigra. Human peripheral blood 
mononuclear cells (PBMCs) were used as a positive control for 
TLR2 expression. β-Actin was used as a loading control. Immunoblot 
images are representative of n = 3 cases. b Quantification of relative 

TLR2 expression in different human brain regions after normalization 
to β-actin. Data are mean ±  SEM, n =  3. c Representative immu-
noblot images from control and Parkinson’s disease (PD) anterior 
cingulate cortex. Quantification of TLR2 (d) and total α-synuclein 
(e) protein in control and PD brain tissue after normalization to 
β-actin. Data are mean ±  SEM, n =  10 controls and 17 PD cases. 
Multivariate analysis was used to determine a significant difference at 
p < 0.05. f A significant correlation was observed between TLR2 and 
α-synuclein proteins for all cases (n = 27)
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α-synuclein protein levels in this region early in PD (Braak 
stage IV) prior to the deposition of Lewy pathology and 
in the absence of neuronal loss. We did not quantitatively 
assess the substantia nigra because of the substantial loss 
of neurons in this region that would distort any data. Rep-
resentative immunoblots from the SDS-soluble fraction of 
the anterior cingulate cortex are shown in Fig. 1c, with un-
cropped images available as supplementary data (Supple-
mentary Figure 1). As detailed in the methods, multivariate 
analysis of the quantitated immunoblot data was used to 
identify any changes in TLR2 levels, revealing a significant 
increase in TLR2 protein in the PD group (Fig.  1d). Age 
(p = 0.44) and postmortem delay (p = 0.47) had no effect 
on the protein levels of TLR2. Neither did levels of NeuN 
(p = 0.43), Iba1 (p = 0.49) or HLA-DR (p = 0.59) suggest-
ing that the increased expression of TLR2 with PD was not 
due to differences in brain cell types, such as an increase 
in microglia. Spearman correlation analysis showed that 
a significant relationship between increasing SDS-soluble 
α-synuclein (Fig. 1e shows group comparisons, also shown 
previously [29]) and TLR2 levels (Fig. 1f) indicating that 
TLR2 protein is increased in PD brain in association with 
pathological α-synuclein. In contrast, we did not find an 
increase in either TLR2 or α-synuclein in the occipital cor-
tex (Supplementary Figure 2), a region unaffected by Lewy 
pathology in PD.

TLR2 is expressed on neurons as well as microglia

The expression of TLR2 in PD brain was further assessed 
by immunohistochemistry (Figs. 2, 3, Supplementary Fig-
ure 3). In both the anterior cingulate cortex and substantia 
nigra, as expected, microglia robustly co-localized TLR2 
immunoreactivity in both control and PD brain (Fig. 2a–g). 
To quantify the number of microglia expressing TLR2, 
counts of co-localized TLR2 and Iba1 immunoreactivity 
in microglia were performed. This analysis revealed that 
the majority of Iba1 positive microglia in both control and 
PD brain were also TLR2-immunopositive (80 ±  25% of 
control microglia, 83 ± 15% of PD microglia, F = 0.007, 
p  =  0.94) (Fig.  2h). Age (p  =  0.88), postmortem delay 
(p  =  0.47) and Braak neuritic stage (p  =  0.68) had no 
effect on the pattern of microglia TLR2 immunoreactivity. 

In addition to microglia expressing TLR2, we observed 
TLR2-immunostaining on cells with the morphology of 
neurons that also stained positive for the neural marker 
NeuN. Compared to neurons from control brain (Fig. 3a), 
TLR2 immunoreactivity was much higher on neurons from 
PD brain in both the anterior cingulate cortex (Fig. 3b) and 
the substantia nigra (Fig. 3c–h). Immunoperoxidase stain-
ing using two different TLR2 antibodies also demonstrated 
an increased expression of TLR2 on neurons in the ante-
rior cingulate of PD brain, with preabsorption controls 

confirming antibody specificity (Supplementary Figure 3). 
Quantification of the fluorescence images in the anterior 
cingulate cortex showed that relatively few neurons in 
controls were immunopositive for TLR2 (3 ± 6%), while 
this number was significantly increased in PD (47 ±  4%, 
F = 21.5, p = 0.001). Again, postmortem delay (p = 0.47) 
and Braak neuritic stage (p =  0.18) had no effect on the 
pattern of neuronal TLR2 immunoreactivity, but increas-
ing age was associated with increasing neuronal TLR2 
immunoreactivity (p = 0.04). These factors were covaried 
in the analysis and changes in early versus late stages of 
PD assessed with older cases only (N = 5 controls, N = 4 
early stage disease, N =  5 late stage disease, F =  0.81, 
p =  0.47). Assessment of the changes with disease stage 
revealed increasing TLR2-immunopositivity in neu-
rons with increasing stage (10 ±  6% of control neurons, 
35 ± 5% of early stage neurons, 48 ± 3% of late stage neu-
rons, F = 19.8, p = 0.001, post hoc Bonferroni-corrected 
p  <  0.04 for all paired comparisons) (Fig.  2i). Spearman 
rank correlations confirmed a strong association between 
increasing disease stage and increasing TLR2-immunore-
activity in neurons (ρ = 0.87, p = 0.003). In the cases with 
PD, a correlation between longer disease durations and 
increasing TLR2-immunoreactivity in neurons (ρ =  0.73, 
p  =  0.03) was also observed (Fig.  2j). In the substan-
tia nigra, the increase in TLR2 immunoreactivity was 
observed in the remaining tyrosine hydroxylase expressing 
neurons in PD brain (Fig. 3), but due to the neuronal loss 
in this region we did not further quantify expression. These 
data show robust expression of TLR2 protein in neurons in 
patients with PD that increases with disease duration and 
the progression of α-synuclein pathology.

TLR2 is a component of Lewy bodies

It was apparent from the analysis of TLR2 immunoreactiv-
ity in PD brain that Lewy bodies were also robustly TLR2-
immunopositive (note controls did not have Lewy bodies). 
To quantify the expression of TLR2 in Lewy bodies, dou-
ble labeling immunofluorescence was employed for TLR2 
and α-synuclein (Fig.  2k–m), again using tissue from the 
anterior cingulate cortex. Quantification showed that most 
(92  ±  10%) α-synuclein-immunopositive Lewy bodies 
colocalized TLR2-immunoreactivity. As may be expected 
with this level of colocalization, there was no correlation 
with any of the covariates (p > 0.4) and also no correlation 
with disease duration (p = 0.78).

Activation of neuronal TLR2 induces an inflammatory 
response

The inflammatory consequences of TLR activation are well 
established for microglial cells, but largely unexplored for 
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neuronal cells. Therefore, differentiated SHSY5Y cells 
were treated with a panel of MYD88-dependent TLR ago-
nists and the expression of the pro-inflammatory cytokine, 
tumor necrosis factor α (TNFα), was measured. Results 
display a remarkable neuronal specificity for the TLR2 
agonist (Fig.  4a), while all TLR agonists could induce 

TNFα expression in a macrophage cell line (Raw 264.7 
cells) (Supplementary Figure  4). TLR2 is considered the 
most promiscuous of TLR receptors, being that it is able 
to bind a diverse selection of agonists including bacte-
rial lipopeptides, yeast cell components and mycoplasma 
[43]. Thus, specificity was assessed using a panel of 

Fig. 2   Toll-like receptor 2 protein is expressed by microglia in Par-
kinson’s disease brain. Double-fluorescence labeling of Iba1 positive 
microglia (green) and TLR2 (red) from control (a–c) and Parkinson’s 
disease (PD) (d–f) anterior cingulate cortex, and PD substantia nigra 

pars compacta (g). h Percentage of Iba1 positive microglia that co-
localize TLR2 in control and PD anterior cingulate cortex. Data are 
mean ± SEM. A total of 590 microglia were assessed from 5 control 
and 9 PD cases
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TLR2 agonists to treat SHSY5Y cells. The highest induc-
tion of TNFα was observed with the bacterial lipopeptide 
PAM3CSK4 (Fig. 4b), which specifically activates TLR2/
TLR1 dimers [40]. Induction of TNFα was also seen with 
agonists that activate TLR2/TLR6 dimers (PAM2CSK4 
and FSL1), while other agonists failed to elicit a response 
in SHSY5Y cells under the same conditions (Fig.  4b). 
Time course experiments showed that secretion of TNFα 
could be readily detected in tissue culture supernatant fol-
lowing treatment with PAM3CSK4 (Fig. 4c). Importantly, 
the induction of TNFα following PAM3CSK4 treatment 
was markedly blunted with a TLR2 neutralizing antibody, 
confirming specific activation of this TLR (Fig.  4d). In 

addition to the induction of TNFα, classical TLR2 signal 
transduction could be measured in SHSY5Y cells includ-
ing activation of the mitogen-activated protein kinase 
(MAPK) pathway as evidenced by increased phosphoryla-
tion of p38 MAPK and the NFκB p105 subunit (Fig. 4e). 
Indeed, in addition to TNFα, other PD-implicated inflam-
matory cytokines, and in particular microglial recruiting 
and activating chemokines, were induced following neu-
ronal TLR2 activation (Supplementary Table  1). Activa-
tion of TLR2 also induced oxidative stress in the SHSY5Y 
cells (Fig.  4f), but the levels of inflammatory cytokines 
or oxidative stress were insufficient to induce apoptosis 
or have an effect on cell viability (Fig.  4g). Also noted 

Fig. 3   Increased toll-like recep-
tor 2 protein is expressed by 
neurons in Parkinson’s disease 
brain. Fluorescence labeling of 
TLR2 (red) and NeuN (blue) 
in neurons from control (a) 
and Parkinson’s disease (PD) 
(b) anterior cingulate cortex, 
and TLR2 (red) and tyrosine 
hydroxylase (green) dopamin-
ergic neurons in the substantia 
nigra pars compacta of two dif-
ferent PD patients (c–h). TLR2-
positive dopaminergic neurons 
have overlapping yellow fluo-
rescence (e, h). i Percentage of 
neurons co-localizing TLR2 in 
control, early and late stage PD. 
Data are mean ± SEM. A total 
of 1483 neurons were assessed 
from 5 control and 9 PD cases. 
Asterisk indicates P < 0.05. j 
Correlation between the per-
centage of neurons co-localizing 
TLR2 and PD duration (n = 9). 
k–m Double-fluorescence 
labeling of alpha-synuclein 
(green) with TLR (red) shows 
significant co-localization (yel-
low) in Lewy bodies (m)
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following TLR2 activation was a significant increase in 
the expression of TLR2 itself, both mRNA (Fig.  4h) and 
protein (Fig.  4i). The increase in TLR2 could be com-
pletely suppressed by cycloheximide (Fig. 4i) demonstrat-
ing that increased TLR2 protein is mediated by increased 

gene expression. In contrast, there was no difference in 
the mRNA expression of α-synuclein (Fig.  4j). We also 
saw no difference in the protein levels of TLR1 following 
PAM3CSK4 treatment of SHSY5Y cells (Supplementary 
Figure 5).
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Neuronal TLR2 activation increases α‑synuclein 
protein in SHSY5Y cells

As the human brain data showed a clear relationship 
between TLR2 and α-synuclein, we also measured 
α-synuclein protein levels in SHSY5Y cells treated with 
PAM3CSK4. After 24  h, levels of α-synuclein remained 
unchanged between control and TLR2-treated cells, despite 
the significant increase in TLR2 protein (Fig.  5a). By 
3  days, however, significantly more α-synuclein could be 
measured in the PAM3CSK4-treated cells (Fig.  5b). Lev-
els of α-synuclein were further increased again by 7 days 
(Fig. 5c). In contrast, 7-day treatment with the TLR4 ago-
nist LPS failed to increase levels of α-synuclein protein 
(Supplementary Figure 6). As we did not see any effect of 
TLR2 activation on α-synuclein gene expression levels, 
and α-synuclein protein can be regulated by the lysosomal/
autophagy pathway (for review see [46]), we measured key 
autophagy markers in the SHSY5Y cells. We saw no dif-
ferences in beclin-1 levels or the conversion of LC3-I to 
LC3-II with TLR2 activation; however, a marked increase 
in p62 expression was observed (Fig. 5a–c) suggesting an 

impairment in selective lysosomal degradation pathways. 
Consistent with this concept was that treatment with the 
mTOR inhibitor and autophagy inducer, rapamycin, could 
prevent the accumulation of α-synuclein following TLR2 
activation (Supplementary Figure 7). Also of note was that 
both TLR2 and p62 were increased with PAM3CSK4 treat-
ment at 24  h, preceding the significant accumulation of 
α-synuclein. The effect of TLR2 activation on the accumu-
lation of α-synuclein could also be readily observed using 
microscopy at both 3 (Fig. 5d) and 7 (Fig. 5e) days of treat-
ment with PAM3CSK4.

Neuronal TLR2 activation increases α‑synuclein 
protein in primary human neural cells

To confirm that the TLR2-mediated increase in α-synuclein 
could also be seen in primary human neural cells, we repro-
grammed skin fibroblasts into induced pluripotent stem 
cells (Supplementary Figure 8) and then into neural progen-
itor cells. More than 95% of the progenitor cells expressed 
the neural stem cell markers nestin and PAX6 (Fig. 6a). We 
treated the progenitor cells with PAM3CSK4 for 3 days and 
again observed an increase in α-synuclein protein, as well 
as α-synuclein phosphorylated at the pathologically associ-
ated Ser129 residue (Fig.  6b). We then further differenti-
ated the neural progenitor cells to neurons that no longer 
expressed nestin, but now did express the neural markers 
TUJ1 and MAP2 (Fig.  6c, d). Treatment of the induced 
pluripotent stem cell-derived neurons with PAM3CSK4 for 
7  days again resulted in a marked increase in the immu-
nostaining of both α-synuclein and α-synuclein phospho-
rylated at Ser129 (Fig. 6c, d). Thus, the results from both 
SHSY5Y cells and primary human neural cells support the 
clear relationship between TLR2 and α-synuclein protein 
seen in human postmortem PD brain.

TLR2 signaling inhibitors prevent 
PAM3CSK4‑mediated increases in α‑synuclein protein 
in SHSY5Y cells

Finally, we employed a collection of small molecule inhibi-
tors that target the TLR signal transduction pathway to 
determine if such compounds can prevent the accumula-
tion of α-synuclein following TLR2 activation. The TAK1 
inhibitor, NG25 (a kind gift from Nathanael Gray), clearly 
ameliorated the PAM3CSK4-mediated increase in both 
TLR2 and α-synuclein (Fig.  7a). Inhibition of the non-
canonical IκB kinases, TBK1 and IKKε with amlexanox 
(Fig.  7b) and MRT67307 (Fig.  7c) could also ameliorate 
the TLR2-stimulated increase in α-synuclein, although 
only amlexanox also reduced TLR2. Inhibition of the IκB 
kinase beta (IKKβ) with BMS345541 also reduced both 
α-synuclein and TLR2 (Fig. 7d). Further downstream of the 

Fig. 4   Activation of neuronal toll-like receptor 2 induces an inflam-
matory response. a Retinoic acid-differentiated SHSY5Y cells were 
treated with agonists of MYD88-depedent TLR signaling for 6  h 
before RNA was extracted for measurement of TNFα mRNA expres-
sion by qRT-PCR (TLR2 agonist = 1 μg/ml PAM3CSK4, TLR4 ago-
nist = 1 μg/ml lipopolysaccharide, TLR7 agonist = 1 μg/ml CLO97 
and TLR9 agonist  =  2  μM ODN 2336). TNFα mRNA was not 
detected in untreated samples, or samples treated with agonists other 
than TLR2. TNFα crossed the threshold at ~cycle 30, with GAPDH 
at ~cycle 20. b TNFα mRNA expression was measured by qRT-PCR 
following treatment of differentiated SHSY5Y cells with a panel of 
TLR2 agonists for 6 h. PAM2CSK4 and PAM3CSK4 are di- and tri-
acylated bacterial lipopeptides, respectively, FSL1 is a synthetic lipo-
protein derived from Mycoplasma salivarium, HKLM is heat killed 
Listeria monocytogenes, LPS-PG is lipopolysaccharide from Por-
phyomonas gingivalis, LTA is lipoteichoic acid, PGN is peptidogly-
can and Zymosan is a yeast cell wall component. c ELISA assay of 
TNFα protein secreted into tissue culture by differentiated SHSY5Y 
cells treated with 1 μg/ml PAM3CSK4 over a 24  h time course. d 
PAM3CSK4-induced expression of TNFα mRNA at 6  h is blunted 
by co-treatment with a TLR2 neutralizing antibody. e Differentiated 
SHSY5Y cells were treated with PAM3CSK4 over a 2 h time course 
and lysates generated for immunoblot of phosphorylated NFκB P105 
subunit and phosphorylated P38 MAPK. f Reactive oxygen species 
measured by DCFDA assay following 24 h treatment of differentiated 
SHSY5Y cells with 1 μg/ml PAM3CSK4. g Flow cytometry scatter 
plots of annexin V and propidium iodide median fluorescence inten-
sity in SHSY5Y cells treated with or without 1 μg/ml PAM3CSK4 
or 50 μM tert-butyl H2O2 (TBHP) for 24 h. h mRNA expression of 
TLR2 in differentiated SHSY5Y cells treated over 24 h with 1 μg/ml 
PAM3CSK4. i Increased expression of TLR2 protein following 12 h 
of 1 μg/ml PAM3CSK4 is blocked by 10 μg/ml of cyclohexamide. 
j mRNA expression of SNCA in differentiated SHSY5Y cells treated 
over 24  h with 1 μg/ml PAM3CSK4. For all graphs, data are pre-
sented as mean ± SEM with n = at least 6. All figures are representa-
tive of at least three independent experiments. *P < 0.05

◂
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TLR2 pathway, inhibition of JNK (Fig. 7e) and p38 MAPK 
(Fig. 7f) with SP600125 and BIRB796, respectively, again 
ameliorated both the PAM3CSK4-stimulated increase in 
α-synuclein and TLR2 protein, consistent with the con-
tribution of these transcription factors to the regulation of 
TLR2 gene expression following its activation. Although 
more work is required to determine the precise signaling 
events, these results suggest that targeting the TLR2 path-
way may be a potential therapeutic option for preventing 
α-synuclein accumulation and/or preventing increases in 
TLR2.

Discussion

Whether inflammation constitutes a cause or consequence 
of PD has been much debated; however, the increasing 

number of PD-associated genes being implicated in 
inflammatory pathways is suggestive of a causative role, 
at least in part [10, 12]. One such PD-associated gene is 
α-synuclein, which can cause autosomal dominantly inher-
ited PD when mutated [34]. α-Synuclein is also the major 
component of PD-defining Lewy bodies [38], where it 
accumulates in higher molecular weight, hyperphosphoryl-
ated aggregates [14]. In brain, the innate immune response 
is perceived to be mediated by glial cells, and it has been 
demonstrated that α-synuclein can activate microglia [1, 3, 
21, 39, 47]. Both oligomeric [19] and fibrilar [15] forms of 
α-synuclein have been shown to activate microglial TLR2 
in tissue culture experiments. In addition, monomeric 
α-synuclein may potentiate inflammatory cytokine produc-
tion by microglial cells stimulated with TLR agonists, in 
particular the prototypical TLR2 agonist PAM3CSK4 [35]. 
Finally, α-synuclein can increase the expression of TLRs 

Fig. 5   Activation of neuronal 
toll-like receptor 2 increases 
α-synuclein protein. Differenti-
ated SHSY5Y cells were treated 
with 1 μg/ml PAM3CSK4 for 
a 24 h, b 3 days or c 7 days and 
cells collected into 1 × LDS 
sample buffer for immunoblot 
detection of α-synuclein, TLR2 
and the autophagy proteins p62/
SQSTM1, Beclin1 and LC3. 
For the 7 day treated cells, the 
media with or without 1 μg/ml 
PAM3CSK4 were replaced on 
day 3 and day 5. Graphs repre-
sent the quantified α-synuclein 
expression after correction to 
β-actin for loading. Data are 
expressed as mean ± SEM and 
are expressed as the percent 
increase over untreated cells, 
which were set to 100% and are 
based on n = 6–9. Representa-
tive immunoblots from at least 
three independent experiments 
are shown. Differentiated 
SHSY5Y cells were grown 
on coverslips and fixed after 
3 (d) or 7 days (e) of 1 μg/
ml PAM3CSK4 treatment for 
α-synuclein immunostaining 
(shown in green). The media 
were replaced on 7-day treated 
cells as above. Confocal images 
taken at ×40 magnification 
are representative of the 4–8 
images containing 50–100 
cells per image that were used 
for the analysis of staining 
intensity shown in the graphs 
as mean ± SEM. *P < 0.05, 
**P < 0.01, ***P < 0.001
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on microglia [4], suggesting the potential for a detrimen-
tal feedback loop. Indeed, recent evidence suggests an 
upregulation of TLR2 on microglia in the substantia nigra 
of PD brain [11]. However, whether increased TLR2 is 
associated with α-synuclein pathology, which accumulates 

in neurons in human PD brain and, to what extent, has not 
been established.

To determine whether an association between TLR2 
and α-synuclein pathology indeed occurs, we performed 
a detailed examination of the anterior cingulate cortex 

Fig. 6   Activation of toll-like receptor 2 increases α-synuclein pro-
tein in IPS-derived neural cells. a Induced pluripotent stem cells 
were then differentiated into neural progenitor cells, which were 
strongly immunopositive for Nestin and PAX6. b Neural progeni-
tor cells were then treated with 1 μg/ml PAM3CSK for 3 days and 
cells collected into 1  ×  LDS sample buffer for the immunoblot 
analysis of α-synuclein and TLR2. Representative immunoblots are 
shown from 2 independent experiments. Graphs represent the quan-
tified α-synuclein expression after correction to β-actin for loading. 
Data are expressed as mean ± SEM and are expressed as the percent 
increase over untreated cells, which were set to 100% and are based 

on n = 6. *P < 0.05. Neural progenitor cells were plated on cover-
slips and further differentiated to MAP2 (red in c) and TUJ1 (green 
in d) positive neurons that were treated with 1 μg/ml PAM3CSK4 
for 7 days. The media were replaced every second day and included 
fresh 1  μg/ml PAM3CSK4. Cells were then fixed and stained for 
α-synuclein (green in c) and P-ser129 α-synuclein (red in d). Con-
focal images are representative of the 5–7 images containing 20–40 
cells per image that were used for the analysis of staining intensity 
shown in the graphs as mean ± SEM. ***P < 0.001. All cells in the 
images were used for the measurement of α-synuclein intensity
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of patients with PD, a brain region with limited neuronal 
loss but a predilection for α-synuclein pathology. Com-
pared to matched controls, a two-fold increase in TLR 
protein was found and this correlated significantly with 
levels of α-synuclein. TLR2 was detected on microglia, 
but also on neurons, with the number of neurons posi-
tive for TLR2 staining being significantly increased in 
PD brain (approximately 50% of neurons by late stage 
disease). In the anterior cingulate cortex, neuronal TLR2 
expression increased with disease duration and disease 
stage. TLR2 immunoreactivity was also increased in the 

remaining dopaminergic neurons in the substantia nigra. 
Moreover, most α-synuclein-immunoreactive Lewy bodies 
had robust TLR2 immunoreactivity, confirming a strong 
association between TLR2 and α-synuclein pathology in 
PD brain. Our data also show that TLR expression occurs 
across the human brain in controls, mainly on microglia, 
but also at very low levels in neurons with regional disease-
specific upregulation mainly in neurons. While a similar 
fold change in TLR2 protein expression has been shown 
in  patients with dementia with Lewy bodies compared 
to controls [19], the association with increased neuronal 

Fig. 7   Toll-like receptor 2 
signaling inhibitors can prevent 
the PAM3CSK4-mediated 
increase in α-synuclein protein. 
Differentiated SHSY5Y cells 
were treated with or with-
out 1 μg/ml PAM3CSK4 in 
the presence or absence of 
0.5 μM TAK1 inhibitor NG25 
(a), 25 μM TBK1 inhibitor 
amlexanox (b), 2 μM TAK1 
inhibitor MRT67307 (c), 2 μM 
IKK inhibitor BMS345541 
(d), 5 μM JNK inhibitor 
SP600125 (e) and 2 μM p38 
MAPK inhibitor BIRB796 (f) 
for 4 days. Concentrations of 
inhibitors were chosen based on 
initial dose–response experi-
ments using SHSY5Y cells. 
The media were replaced every 
48 h with new media containing 
fresh PAM3CSK4 and inhibitor. 
Cells were lysed directly into 
1 × LDS sample buffer and 
immunoblotted for the indicated 
proteins. Representative immu-
noblots are shown and at least 2 
independent experiments were 
performed in triplicate. Data 
are expressed as mean ± SEM 
and are expressed as the percent 
increase over untreated cells, 
which were set to 100% and are 
based on n = 6. *P < 0.05 com-
pared to the untreated group
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expression has not been previously identified in patients 
with Lewy bodies. Increased TLR2 expression on enteric 
and hypothalamic neurons was recently reported in the 
context of obesity and peripheral changes [6, 37], further 
confirming the potential of this innate immune pathway 
in neuronal cells to respond to regionally relevant disease 
signals.

In addition to being expressed on neurons, TLR2 
could also be activated in differentiated dopaminergic 
neuron-like SHSY5Y cells, primary human neural pro-
genitor cells and more mature neurons. Activation of 
TLR2 with PAM3CSK4, an established and selective 
agonist of TLR1/2, resulted in the production of inflam-
matory cytokines such as TNFα and interleukin 1β, and 
other cytokines increased in the brains of patients with PD 
[27, 28, 30]. In addition to the production of pro-inflamma-
tory cytokines, neuronal TLR2 activation also resulted in 
the robust production of microglial recruiting and activating 
chemokines, as well as mild oxidative stress. The intrinsic 
production of inflammatory cytokines and oxidative stress 
by neuronal SHSY5Y cells, however, was insufficient to 
promote cell death. These results suggest that activation of 
TLR2 on neurons in the short-term may contribute to the 
inflammatory milieu present in PD brain; however, reach-
ing toxic levels of cytokines likely requires amplification of 
the inflammatory response following the recruitment and 
activation of microglia, as particularly occurs in the sub-
stantia nigra of PD brain.

In addition to establishing the association between 
TLR2 and α-synuclein in postmortem PD brain, we were 
also able to model aspects of this relationship in tissue cul-
ture. Activation of neuronal TLR2 resulted in a marked and 
rapid increase in both the mRNA and protein expression of 
TLR2. In contrast, increases in α-synuclein protein were 
only detected after ~72 h and occurred without changes in 
mRNA expression. This suggested a potential defect in the 
turnover of α-synuclein protein, which is not clearly under-
stood but involves both proteosomal and lysosmal degra-
dation [46]. We did not find differences in the autophagy 
markers beclin1 or LC3 following TLR2 activation; how-
ever, we did find that TLR2 activation increased the levels 
of p62/SQSTIM1, a receptor for selective autophagy of tar-
get proteins potentially including α-synuclein [22, 42, 45], 
that is known to increase when autophagy/lysosmal path-
ways are impaired. Interestingly, activation of autophagy 
with rapamycin was able to ameliorate the TLR2-medi-
ated increase in α-synuclein, suggesting that activating 
autophagy can help clear α-synuclein protein, as has been 
seen before in animal studies [2, 23, 25, 32]. It is also 
important to note that while our manuscript was in prepara-
tion, Kim and colleagues reported similar findings regard-
ing the activation of TLR2 on cell culture neurons and the 
accumulation of α-synuclein in association with increased 

p62 [20]. While there are some similarities in this aspect, 
it is noteworthy that our study employed only endogenous 
proteins while Kim et  al. employed neuronal cells trans-
duced with lenti-viral α-synuclein and treated with 10-fold 
higher amounts of PAM3CSK4. However, Kim et  al., 
also extend their studies to animal models and show that 
α-synuclein-mediated neurodegeneration is attenuated by 
either knockout or knockdown of TLR2 in rodent PD mod-
els [20]. We have further added to this important proof of 
principal work by demonstrating that small molecule inhib-
itors targeting the TLR pathway can also ameliorate the 
TLR2-mediated increase in α-synuclein and, as such, TLR2 
pathway inhibition could form the basis of new therapeutic 
interventions. Although, whether compounds specific to the 
TLR2 pathway will be required, and determining how such 
compounds work mechanistically by either reducing TLR2 
protein levels and/or restoring autophagic flux will need to 
be determined. Most importantly, however, we provide data 
from human postmortem brain demonstrating that the rela-
tionship between TLR2 and α-synuclein is bona fide and 
that further translational efforts at targeting the TLR2 path-
way are warranted.

Acknowledgements  This work was supported by Parkinson’s New 
South Wales, a University of New South Wales Goldstar Award 
and the National Health and Medical Research Council of Aus-
tralia (NHMRC) (#1079681). GMH is a NHMRC Senior Principal 
Research Fellow (#630434). Tissues were received from the Sydney 
Brain Bank at Neuroscience Research Australia and the New South 
Wales Tissue Resource Centre at the University of Sydney which are 
supported by the NHMRC, University of New South Wales, Neuro-
science Research Australia, Schizophrenia Research Institute and 
National Institute of Alcohol Abuse and Alcoholism (NIH-NIAAA) 
R24AA012725). We thank Heidi Cartwright for assistance with 
preparation of figures and Ye Zhao for assistance with the confocal 
imaging of IPS-derived neurons. We acknowledge the NINDS human 
genetic repository for the provision of primary fibroblasts and we 
thank the University of New South Wales flow cytometry facility for 
access to machines and technical assistance.

Compliance with ethical standards 

Conflict of interest  The authors declare they have no conflicts of 
interest.

Ethical approval  All procedures performed in studies involving 
human participants were in accordance with the ethical standards of 
the institutional and/or national research committee and with the 1964 
Helsinki declaration and its later amendments or comparable ethical 
studies.

Informed consent  Informed consent for tissue donation for research 
is obtained by the brain banks under their approval procedures.

Open Access  This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://crea-
tivecommons.org/licenses/by/4.0/), which permits unrestricted use, 
distribution, and reproduction in any medium, provided you give 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


318	 Acta Neuropathol (2017) 133:303–319

1 3

appropriate credit to the original author(s) and the source, provide a 
link to the Creative Commons license, and indicate if changes were 
made.

References

	 1.	 Alvarez-Erviti L, Couch Y, Richardson J, Cooper JM, Wood MJ 
(2011) Alpha-synuclein release by neurons activates the inflam-
matory response in a microglial cell line. J Neurosci Res 69:337–
342. doi:10.1016/j.neures.2010.12.020

	 2.	 Bai X, Wey MC, Fernandez E, Hart MJ, Gelfond J, Bokov AF 
et  al (2015) Rapamycin improves motor function, reduces 
4-hydroxynonenal adducted protein in brain, and attenuates 
synaptic injury in a mouse model of synucleinopathy. Pathobiol 
Aging Age Relat Dis 5:28743. doi:10.3402/pba.v5.28743

	 3.	 Beraud D, Hathaway HA, Trecki J, Chasovskikh S, Johnson 
DA, Johnson JA et al (2013) Microglial activation and antioxi-
dant responses induced by the Parkinson’s disease protein alpha-
synuclein. J Neuroimmune Pharmacol 8:94–117. doi:10.1007/
s11481-012-9401-0

	 4.	 Beraud D, Twomey M, Bloom B, Mittereder A, Ton V, Neitzke K 
et al (2011) alpha-Synuclein alters toll-like receptor expression. 
Front Neurosci 5:80. doi:10.3389/fnins.2011.00080

	 5.	 Braak H, Del Tredici K, Rub U, de Vos RA, Jansen Steur EN, 
Braak E (2003) Staging of brain pathology related to sporadic 
Parkinson’s disease. Neurobiol Aging 24:197–211

	 6.	 Brun P, Giron MC, Qesari M, Porzionato A, Caputi V, Zop-
pellaro C et  al (2013) Toll-like receptor 2 regulates intesti-
nal inflammation by controlling integrity of the enteric nerv-
ous system. Gastroenterology 145:1323–1333. doi:10.1053/j.
gastro.2013.08.047

	 7.	 Collins LM, Toulouse A, Connor TJ, Nolan YM (2012) Contri-
butions of central and systemic inflammation to the pathophysi-
ology of Parkinson’s disease. Neuropharmacol 62:2154–2168. 
doi:10.1016/j.neuropharm.2012.01.028

	 8.	 Cui W, Taub DD, Gardner K (2007) qPrimerDepot: a primer 
database for quantitative real time PCR. Nucleic Acids Res 
35:D805–D809. doi:10.1093/nar/gkl767

	 9.	 Daniele SG, Beraud D, Davenport C, Cheng K, Yin H, Magu-
ire-Zeiss KA (2015) Activation of MyD88-dependent TLR1/2 
signaling by misfolded alpha-synuclein, a protein linked to 
neurodegenerative disorders. Sci Signal 8:ra45. doi:10.1126/
scisignal.2005965

	10.	 Deleidi M, Gasser T (2013) The role of inflammation in sporadic 
and familial Parkinson’s disease. Cell Mol Life Sci 70:4259–
4273. doi:10.1007/s00018-013-1352-y

	11.	 Doorn KJ, Moors T, Drukarch B, van de Berg W, Lucassen PJ, 
van Dam AM (2014) Microglial phenotypes and toll-like recep-
tor 2 in the substantia nigra and hippocampus of incidental Lewy 
body disease cases and Parkinson’s disease patients. Acta Neuro-
pathol Commun 2:90. doi:10.1186/s40478-014-0090-1

	12.	 Dzamko N, Geczy CL, Halliday GM (2014) Inflammation is 
genetically implicated in Parkinson’s disease. Neuroscience. 
doi:10.1016/j.neuroscience.2014.10.028

	13.	 Fahn S (2003) Description of Parkinson’s disease as a clinical 
syndrome. Ann NY Acad Sci 991:1–14

	14.	 Fujiwara H, Hasegawa M, Dohmae N, Kawashima A, Masliah E, 
Goldberg MS et al (2002) alpha-Synuclein is phosphorylated in 
synucleinopathy lesions. Nat Cell Biol 4:160–164. doi:10.1038/
ncb748

	15.	 Gustot A, Gallea JI, Sarroukh R, Celej MS, Ruysschaert JM, 
Raussens V (2015) Amyloid fibrils are the molecular trigger of 
inflammation in Parkinson’s disease. Biochem J 471:323–333. 
doi:10.1042/BJ20150617

	16.	 Halliday G, Hely M, Reid W, Morris J (2008) The progression 
of pathology in longitudinally followed patients with Parkin-
son’s disease. Acta Neuropathol 115:409–415. doi:10.1007/
s00401-008-0344-8

	17.	 Kannarkat GT, Boss JM, Tansey MG (2013) The role of innate 
and adaptive immunity in Parkinson’s disease. J Parkinson’s Dis 
3:493–514. doi:10.3233/JPD-130250

	18.	 Kawai T, Akira S (2011) Toll-like receptors and their crosstalk 
with other innate receptors in infection and immunity. Immunity 
34:637–650. doi:10.1016/j.immuni.2011.05.006

	19.	 Kim C, Ho DH, Suk JE, You S, Michael S, Kang J et al (2013) 
Neuron-released oligomeric alpha-synuclein is an endogenous 
agonist of TLR2 for paracrine activation of microglia. Nat Com-
mun 4:1562. doi:10.1038/ncomms2534

	20.	 Kim C, Rockenstein E, Spencer B, Kim HK, Adame A, Trejo M 
et al (2015) Antagonizing neuronal toll-like receptor 2 prevents 
synucleinopathy by activating autophagy. Cell Rep 13:771–782. 
doi:10.1016/j.celrep.2015.09.044

	21.	 Lee EJ, Woo MS, Moon PG, Baek MC, Choi IY, Kim WK et al 
(2010) Alpha-synuclein activates microglia by inducing the 
expressions of matrix metalloproteinases and the subsequent 
activation of protease-activated receptor-1. J Immunol 185:615–
623. doi:10.4049/jimmunol.0903480

	22.	 Lippai M, Low P (2014) The role of the selective adaptor p62 
and ubiquitin-like proteins in autophagy. Biomed Res Int 
2014:832704. doi:10.1155/2014/832704

	23.	 Liu K, Shi N, Sun Y, Zhang T, Sun X (2013) Therapeutic effects 
of rapamycin on MPTP-induced Parkinsonism in mice. Neuro-
chem Res 38:201–207. doi:10.1007/s11064-012-0909-8

	24.	 Livak KJ, Schmittgen TD (2001) Analysis of relative gene 
expression data using real-time quantitative PCR and the 2(−
Delta Delta C(T)) method. Methods 25:402–408. doi:10.1006/
meth.2001.1262

	25.	 Malagelada C, Jin ZH, Jackson-Lewis V, Przedborski S, Greene 
LA (2010) Rapamycin protects against neuron death in in vitro 
and in vivo models of Parkinson’s disease. J Neurosci 30:1166–
1175. doi:10.1523/JNEUROSCI.3944-09.2010

	26.	 McGeer PL, Itagaki S, Boyes BE, McGeer EG (1988) Reac-
tive microglia are positive for HLA-DR in the substantia nigra 
of Parkinson’s and Alzheimer’s disease brains. Neurology 
38:1285–1291

	27.	 Mogi M, Harada M, Narabayashi H, Inagaki H, Minami M, 
Nagatsu T (1996) Interleukin (IL)-1 beta, IL-2, IL-4, IL-6 and 
transforming growth factor-alpha levels are elevated in ventricu-
lar cerebrospinal fluid in juvenile parkinsonism and Parkinson’s 
disease. Neurosci Lett 211:13–16

	28.	 Mogi M, Harada M, Riederer P, Narabayashi H, Fujita K, 
Nagatsu T (1994) Tumor necrosis factor-alpha (TNF-alpha) 
increases both in the brain and in the cerebrospinal fluid from 
parkinsonian patients. Neurosci Lett 165:208–210

	29.	 Murphy KE, Gysbers AM, Abbott SK, Tayebi N, Kim WS, Sid-
ransky E et al (2014) Reduced glucocerebrosidase is associated 
with increased alpha-synuclein in sporadic Parkinson’s disease. 
Brain 137:834–848. doi:10.1093/brain/awt367

	30.	 Nagatsu T, Mogi M, Ichinose H, Togari A (2000) Changes in 
cytokines and neurotrophins in Parkinson’s disease. J Neural 
Transm Suppl 60:277–290

	31.	 Orr CF, Rowe DB, Halliday GM (2002) An inflammatory review 
of Parkinson’s disease. Prog Neurobiol 68:325–340

	32.	 Pan T, Rawal P, Wu Y, Xie W, Jankovic J, Le W (2009) Rapa-
mycin protects against rotenone-induced apoptosis through 
autophagy induction. Neuroscience 164:541–551. doi:10.1016/j.
neuroscience.2009.08.014

	33.	 Piccinini AM, Midwood KS (2010) DAMPening inflamma-
tion by modulating TLR signalling. Mediators Inflamm 2010. 
doi:10.1155/2010/672395

http://dx.doi.org/10.1016/j.neures.2010.12.020
http://dx.doi.org/10.3402/pba.v5.28743
http://dx.doi.org/10.1007/s11481-012-9401-0
http://dx.doi.org/10.1007/s11481-012-9401-0
http://dx.doi.org/10.3389/fnins.2011.00080
http://dx.doi.org/10.1053/j.gastro.2013.08.047
http://dx.doi.org/10.1053/j.gastro.2013.08.047
http://dx.doi.org/10.1016/j.neuropharm.2012.01.028
http://dx.doi.org/10.1093/nar/gkl767
http://dx.doi.org/10.1126/scisignal.2005965
http://dx.doi.org/10.1126/scisignal.2005965
http://dx.doi.org/10.1007/s00018-013-1352-y
http://dx.doi.org/10.1186/s40478-014-0090-1
http://dx.doi.org/10.1016/j.neuroscience.2014.10.028
http://dx.doi.org/10.1038/ncb748
http://dx.doi.org/10.1038/ncb748
http://dx.doi.org/10.1042/BJ20150617
http://dx.doi.org/10.1007/s00401-008-0344-8
http://dx.doi.org/10.1007/s00401-008-0344-8
http://dx.doi.org/10.3233/JPD-130250
http://dx.doi.org/10.1016/j.immuni.2011.05.006
http://dx.doi.org/10.1038/ncomms2534
http://dx.doi.org/10.1016/j.celrep.2015.09.044
http://dx.doi.org/10.4049/jimmunol.0903480
http://dx.doi.org/10.1155/2014/832704
http://dx.doi.org/10.1007/s11064-012-0909-8
http://dx.doi.org/10.1006/meth.2001.1262
http://dx.doi.org/10.1006/meth.2001.1262
http://dx.doi.org/10.1523/JNEUROSCI.3944-09.2010
http://dx.doi.org/10.1093/brain/awt367
http://dx.doi.org/10.1016/j.neuroscience.2009.08.014
http://dx.doi.org/10.1016/j.neuroscience.2009.08.014
http://dx.doi.org/10.1155/2010/672395


319Acta Neuropathol (2017) 133:303–319	

1 3

	34.	 Polymeropoulos MH, Lavedan C, Leroy E, Ide SE, Dehejia A, 
Dutra A et al (1997) Mutation in the alpha-synuclein gene identi-
fied in families with Parkinson’s disease. Science 276:2045–2047

	35.	 Roodveldt C, Labrador-Garrido A, Gonzalez-Rey E, Lachaud 
CC, Guilliams T, Fernandez-Montesinos R, Benitez-Rondan 
A et  al (2013) Preconditioning of microglia by alpha-synu-
clein strongly affects the response induced by toll-like receptor 
(TLR) stimulation. PLoS One 8:e79160. doi:10.1371/journal.
pone.0079160

	36.	 Sasaki A, Arawaka S, Sato H, Kato T (2015) Sensitive western 
blotting for detection of endogenous Ser129-phosphorylated 
alpha-synuclein in intracellular and extracellular spaces. Sci Rep 
5:14211. doi:10.1038/srep14211

	37.	 Shechter R, London A, Kuperman Y, Ronen A, Rolls A, Chen 
A et  al (2013) Hypothalamic neuronal toll-like receptor 2 pro-
tects against age-induced obesity. Sci Rep 3:1254. doi:10.1038/
srep01254

	38.	 Spillantini MG, Schmidt ML, Lee VM, Trojanowski JQ, Jakes 
R, Goedert M (1997) Alpha-synuclein in Lewy bodies. Nature 
388:839–840. doi:10.1038/42166

	39.	 Su X, Maguire-Zeiss KA, Giuliano R, Prifti L, Venkatesh K, 
Federoff HJ (2008) Synuclein activates microglia in a model 
of Parkinson’s disease. Neurobiol Aging 29:1690–1701. 
doi:10.1016/j.neurobiolaging.2007.04.006

	40.	 Takeuchi O, Sato S, Horiuchi T, Hoshino K, Takeda K, Dong Z 
et  al (2002) Cutting edge: role of Toll-like receptor 1 in medi-
ating immune response to microbial lipoproteins. J Immunol 
169:10–14

	41.	 Tang D, Kang R, Coyne CB, Zeh HJ, Lotze MT (2012) PAMPs 
and DAMPs: signal 0 s that spur autophagy and immunity. Immu-
nol Rev 249:158–175. doi:10.1111/j.1600-065X.2012.01146.x

	42.	 Tanji K, Odagiri S, Miki Y, Maruyama A, Nikaido Y, Mimura J 
et al (2015) p62 deficiency enhances alpha-synuclein pathology 
in mice. Brain Pathol 25:552–564. doi:10.1111/bpa.12214

	43.	 van Bergenhenegouwen J, Plantinga TS, Joosten LA, Netea MG, 
Folkerts G, Kraneveld AD et  al (2013) TLR2 & Co: a critical 
analysis of the complex interactions between TLR2 and corecep-
tors. J Leukoc Biol 94:885–902. doi:10.1189/jlb.0113003

	44.	 Wales P, Pinho R, Lazaro DF, Outeiro TF (2013) Limelight on 
alpha-synuclein: pathological and mechanistic implications in 
neurodegeneration. J Parkinson’s Dis 3:415–459. doi:10.3233/
JPD-130216

	45.	 Watanabe Y, Tatebe H, Taguchi K, Endo Y, Tokuda T, Mizuno 
T et  al (2012) p62/SQSTM1-dependent autophagy of Lewy 
body-like alpha-synuclein inclusions. PLoS One 7:e52868. 
doi:10.1371/journal.pone.0052868

	46.	 Xilouri M, Brekk OR, Stefanis L (2013) alpha-Synuclein and 
protein degradation systems: a reciprocal relationship. Mol Neu-
robiol 47:537–551. doi:10.1007/s12035-012-8341-2

	47.	 Zhang W, Wang T, Pei Z, Miller DS, Wu X, Block ML et  al 
(2005) Aggregated alpha-synuclein activates microglia: a process 
leading to disease progression in Parkinson’s disease. FASEB J 
19:533–542. doi:10.1096/fj.04-2751com

http://dx.doi.org/10.1371/journal.pone.0079160
http://dx.doi.org/10.1371/journal.pone.0079160
http://dx.doi.org/10.1038/srep14211
http://dx.doi.org/10.1038/srep01254
http://dx.doi.org/10.1038/srep01254
http://dx.doi.org/10.1038/42166
http://dx.doi.org/10.1016/j.neurobiolaging.2007.04.006
http://dx.doi.org/10.1111/j.1600-065X.2012.01146.x
http://dx.doi.org/10.1111/bpa.12214
http://dx.doi.org/10.1189/jlb.0113003
http://dx.doi.org/10.3233/JPD-130216
http://dx.doi.org/10.3233/JPD-130216
http://dx.doi.org/10.1371/journal.pone.0052868
http://dx.doi.org/10.1007/s12035-012-8341-2
http://dx.doi.org/10.1096/fj.04-2751com

	Toll-like receptor 2 is increased in neurons in Parkinson’s disease brain and may contribute to alpha-synuclein pathology
	Abstract 
	Introduction
	Materials and methods
	Cases
	Protein extraction from frozen brain tissue
	Immunoblotting
	Immunofluorescent labeling using human tissue
	Immunoperoxidase staining using human tissue
	Tissue culture experiments with SHSY5Y cells
	Immunocytochemistry
	Induced pluripotent stem cells
	qRT-PCR and ELISA
	Statistical analysis

	Results
	TLR2 is increased in the affected brain regions in PD and correlates with pathological α-synuclein levels
	TLR2 is expressed on neurons as well as microglia
	TLR2 is a component of Lewy bodies
	Activation of neuronal TLR2 induces an inflammatory response
	Neuronal TLR2 activation increases α-synuclein protein in SHSY5Y cells
	Neuronal TLR2 activation increases α-synuclein protein in primary human neural cells
	TLR2 signaling inhibitors prevent PAM3CSK4-mediated increases in α-synuclein protein in SHSY5Y cells

	Discussion
	Acknowledgements 
	References




