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TNF-α promotes α-synuclein propagation through stimulation
of senescence-associated lysosomal exocytosis
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Cell-to-cell propagation of α-synuclein is thought to be the underlying mechanism of Parkinson’s disease progression. Recent
evidence suggests that inflammation plays an important role in the propagation of protein aggregates. However, the mechanism
by which inflammation regulates the propagation of aggregates remains unknown. Here, using in vitro cultures, we found that
soluble factors secreted from activated microglia promote cell-to-cell propagation of α-synuclein and further showed that among
these soluble factors, TNF-α had the most robust stimulatory activity. Treatment of neurons with TNF-α triggered cellular
senescence, as shown by transcriptomic analyses demonstrating induction of senescence-associated genes and immunoanalysis of
senescence phenotype marker proteins. Interestingly, secretion of α-synuclein was increased in senescent neurons, reflecting
acquisition of a senescence-associated secretory phenotype (SASP). Using vacuolin-1, an inhibitor of lysosomal exocytosis, and RNAi
against rab27a, we demonstrated that the SASP was mediated by lysosomal exocytosis. Correlative light and electron microscopy
and immunoelectron microscopy confirmed that propagating α-synuclein aggregates were present in electron-dense lysosome-like
compartments. TNF-α promoted the SASP through stimulation of lysosomal exocytosis, thereby increasing the secretion of
α-synuclein. Collectively, these results suggest that TNF-α is the major inflammatory factor that drives cell-to-cell propagation
of α-synuclein by promoting the SASP and subsequent secretion of α-synuclein.
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INTRODUCTION
Parkinson’s disease (PD), characterized by complex motor
symptoms caused by selective degeneration of dopaminergic
neurons in the substantia nigra pars compacta (SNpc), is the
second-most common age-related neurodegenerative disorder.
Progressive accumulation of α-synuclein-enriched inclusion
bodies, called Lewy bodies and Lewy neurites, is the pathological
hallmark of PD1. Multiplication and missense mutations in SNCA,
the gene encoding α-synuclein, have been linked to autosomal-
dominant forms of familial PD2,3. Genome-wide association
studies have further shown that SNCA is associated with sporadic
forms of PD4. These genetic and pathological studies have
indicated that the aggregation of α-synuclein is the major
contributor to the pathogenesis of PD.
PD is a progressive disease with various symptoms, including

autonomic and sensory dysfunctions, rapid eye movement, sleep
behavior disorder, dementia, and hallucinations, that develop over
the course of the disease5. The currently dominant explanatory
hypothesis is that symptomatic progression is driven by the spread
of α-synuclein aggregates, which initially occur in lower brainstem
nuclei and the olfactory bulb, progressively spread through the

midbrain and mesocortex, and finally affect neocortical regions6–9.
The challenge is to understand the mechanism of aggregate
spreading and leverage this insight to develop strategies for
stopping the progression of the disease.
A large body of evidence supports the idea that cell-to-cell

propagation of α-synuclein aggregates is the underlying mechan-
ism for spreading of α-synuclein pathology10. One previous study
reported that α-synuclein aggregates spread via exocytosis and
subsequent endocytosis of the aggregates11, whereas another
suggested that the propagation is mediated by tunneling
nanotubes12. Exocytosis of α-synuclein aggregates appears to be
a regulated process that is activated under stress conditions13–15.
However, the exocytosis mechanism remains unknown.
Another pathological feature of PD in addition to the

aggregation of α-synuclein is neuroinflammation. Analyses of
postmortem brain tissues from patients with PD have demon-
strated elevation of a number of inflammatory features,
including “activated” microglia and astrocytes, proinflammatory
cytokines, and the NLR family, pyrin domain containing 3
(NLRP3) inflammasome16–18. Studies have shown that inflamma-
tion promotes the formation of protein aggregates. For example,
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injection of the inflammagen lipopolysaccharide (LPS) caused α-
synuclein aggregation as well as dopaminergic cell death in
mice19. Our recent study showed that injection of α-synuclein
multimers into the striatum leads to inflammatory responses
prior to the spread of α-synuclein aggregates and that treatment
with an anti-inflammatory agent prevents α-synuclein pathology
(see related manuscript file). These observations are consistent
with the earlier finding that inflammation precedes α-synuclein
aggregation in grafted mesencephalic tissues in the brains of PD
patients20. These results suggest that an inflammatory micro-
environment promotes pathological α-synuclein aggregation
and propagation in the brain and thereby contributes to disease
progression. However, the mechanism by which an inflamma-
tory microenvironment promotes α-synuclein aggregation
remains unclear.
In the present study, we found that α-synuclein is secreted from

cells via the senescence-associated secretory phenotype (SASP),
which in turn is mediated by lysosomal exocytosis. We also show
that the proinflammatory cytokine TNF-α promotes neuronal
senescence and the development of the SASP, thereby promoting
α-synuclein secretion and propagation.

MATERIALS AND METHODS
Cell culture
Human neuroblastoma SH-SY5Y cells were cultured and differentiated as
described previously21. For knockdown of RAB27a, cells were transduced
with RAB27a shRNA (Santa Cruz Biotechnology, Inc., Dallas, TX, USA,
sc-41834-SH) according to the manufacturer’s instructions.

Cell-to-cell propagation assay
Cell-to-cell propagation of α-synuclein was assessed as previously
described21 using the dual-cell bimolecular fluorescence complementa-
tion (BiFC) coculture system. In some experiments, microglial conditioned
media were added to V1S and SV2 cocultures, and cells were cultured for
two additional days. For treatment with recombinant inflammatory
cytokines, V1S and SV2 cells were cocultured for 3 days and then treated
with human recombinant cytokines for the last 24 h. For fluorescence
microscopic analysis, five microscope fields for each sample were
selected at random; an average of 100 cells were analyzed per sample.
The human recombinant cytokines used in this assay are listed in
Supplementary Table 2.

Primary microglial culture
Primary microglia were cultured as previously described22. Briefly, primary
microglial cells were obtained by digestion of the cerebral cortex of a
1-day-old neonatal C57BL/6 mouse with trypsin–EDTA at 37 °C. After
treatment with DNase I (Roche, Basel, Switzerland, #11284932001), the cells
were centrifuged at 500 × g for 5 min and resuspended in DMEM/F12
containing 10% fetal bovine serum (FBS). Cells were filtered through a
120-μM nylon mesh filter, plated onto poly-D-lysine-coated dishes at 37 °C,
and maintained in DMEM/F12 containing 10% FBS, with medium
replacement every 3–4 days. On Day 10, microglia were detached by
gently tapping the dishes and then collected by centrifugation. The
resulting microglial cell pellets were resuspended, plated onto poly-D-
lysine-coated wells, and used for experiments the next day.

Primary cortical neuron culture
Primary cortical neurons obtained from embryonic Day 16 (E16) embryos
of a pregnant C57BL/6 mouse or Sprague-Dawley rat were cultured as
previously described23. Briefly, cerebral cortices were dissected and
incubated with papain solution (HBSS containing 10 U/ml papain,
0.2 mg/ml cysteine, 0.5 mM EDTA, 1 mM CaCl2, and 0.003 N NaOH) for
20min, followed by the addition of DNase I (Roche, #11284932001).
Tissues were dissociated mechanically by pipetting in culture medium and
then centrifuged briefly to collect the cells. Cells were plated on poly-D-
lysine/laminin-coated plastic dishes or poly-D-lysine/Matrigel-coated (BD
Biosciences, San Diego, CA, USA) glass coverslips. The culture medium was
changed every 3 days.

Preparation of conditioned medium
Primary microglial cells were plated in 60-mm culture dishes, and after
incubating overnight, they were treated with LPS (100 ng/ml) or vehicle
control (DMSO) with or without inhibitors of the transcription factors
(1 μM) for 1 h. Microglia were then washed with fresh media and incubated
for an additional 4 h. The several transcription factor inhibitors used in this
experiment are as follows: NF-κB (Bay 11-7085; Tocris, Ellisville, MI, #S7352),
AP-1 (SR 11302; Tocris, #2476), or the LPS inhibitor (Polymyxin B; Sigma-
Aldrich, St. Louis, MO, USA, #81334).

Reverse transcription-quantitative PCR (RT-qPCR)
Total RNA was extracted from primary microglial cells and primary neurons
using an RNeasy Mini Kit (Qiagen, Hilden, NRW, Germany, #74106), and
cDNA was synthesized by reverse transcription using the iScript cDNA
synthesis kit (Bio-Rad, Hercules, CA, USA, #1708891) according to the
manufacturer’s instructions. Target genes were amplified using iTaq
Universal SYBR Green Supermix (Bio-Rad, #172-5121) with specific primers.
Primer sequences are listed in Supplementary Table 3. The thermocycling
program for mouse samples consisted of 95 °C for 30 s, followed by 40
cycles of 95 °C for 5 s and 58 °C for 30 s using the CFX Connect Real-time
PCR system (Bio-Rad, #1855201). Nontemplate controls were included
for each set of primers. Relative mRNA levels were calculated according to
the 2−ΔΔCT method. All ΔCτ values were normalized to those of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

Western blotting
Western blotting was performed as previously described22. Blots were
imaged using an Amersham Imager 600 (GE Healthcare, Chicago, IL) and
Multi Gauge (v.3.0) software (Fujifilm, Akishima, Tokyo, Japan). The
antibodies used in this study are listed in Supplementary Table 4.

Senescence-associated β-galactosidase (SA-β-gal) activity
SA-β-gal is detectable using the β-galactosidase substrate C12FDG.
Primary cortical neurons were plated on poly-D-lysine (0.1 mg/ml;
Sigma-Aldrich, #P7280)- and Matrigel (1:100; BD Biosciences)-coated
coverslips and incubated overnight. The next day, the cells were first
incubated with bafilomycin A1 (0.1 nM) for 1 h at 37 °C and then treated
with 33 μM C12FDG dissolved in prewarmed fresh culture media for 2 h
at 37 °C.

Immunofluorescence staining
Immunofluorescence staining was performed as previously described21

using the antibodies listed in Supplementary Table 4. After immunostain-
ing, slide glass-plated cells were counterstained with 4’,6-diamidino-2-
phenylindole (DAPI; Invitrogen, Carlsbad, CA, D1306) and coverslip-
mounted in the presence of Prolong Gold Antifade Reagent (P36930,
Invitrogen). Images were acquired using a Zeiss LSM 700 confocal laser-
scanning microscope.

Animals
B6;129S-Tnftm1Gkl/J mice, purchased from The Jackson Laboratory (Bar
Harbor, ME, USA, #003008), were housed at the animal facility of the Seoul
National University College of Medicine under standardized conditions. All
mice were habituated in the animal facility for at least 1 week before the
start of experimentation.

Generation of recombinant α-synuclein multimers
Recombinant human α-synuclein V40G was purified as previously
described14. For fibrillation, α-synuclein (200 μM in PBS) was incubated at
37 °C for 9 days with constant shaking at 1050 rpm.

Stereotaxic injection of α-synuclein V40G multimers
For intrastriatal injection of α-synuclein V40G multimers or phosphate-
buffered saline (vehicle control), 10-week-old male C57BL/6 mice were
anesthetized with ketamine hydrochloride and xylazine hydrochloride
(3.5:1, 2.5 µl/g). PBS or V40G multimers (6 µg) in a volume of 2 µl
were stereotaxically injected into the right striatum (anterior/posterior,
1.0 mm; medial/lateral, 1.5 mm; and dorsal/ventral, 3.0 mm) at a rate of
0.5 μl/min using a 30 G needle.
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Sample collection
Twenty weeks after intrastriatal injection, mice were anesthetized with
1.2% Avertin (0.23 ml/g) and then transcardially perfused with saline
followed by ice-cold 4% paraformaldehyde (PFA). Brains were dissected
out and fixed in 4% PFA in PBS for at least 48 h at 4 °C. After fixation, the
brain was washed with PBS, and free-floating sections (40-μm thick) were
prepared using a Vibratome (Leica Biosystems, Germany, VT1000S).

Immunohistochemistry and neuropathological analysis
Free-floating brain sections (40-μm thick) were blocked with 4% bovine
serum albumin in PBS containing 0.1% Triton X-100 (PBST) and then
incubated overnight at 4 °C with primary antibodies. The sections were
washed with PBST, incubated with secondary antibodies diluted in PBST,
and detected using avidin-biotin-peroxidase complex (ABC Elite kit; Vector
Laboratories, Burlingame, CA, USA, #PK6200). Thereafter, 3,3-diaminoben-
zidine (DAB)-stained sections were imaged using a Zeiss AX10 microscope
(Carl Zeiss, Germany). The level of immunoreactivity against phospho-α-
synuclein was determined by optical density analysis using ImageJ (NIH)
and corrected against background signal levels.

Strain and culturing of worms
The experiments used three representative lines of BiFC transgenic worms,
generated as previously described24. All worms were grown and maintained
on nematode growth medium (NGM) plates seeded with Escherichia coli
strain OP50 at 20 °C in accordance with standard procedures.

RNA interference (RNAi) in C. elegans
RNAi analyses were performed based on a previously described bacterial
feeding protocol25. L4-stage worms were transferred to an NGM plate
containing 25 μg/ml ampicillin (Sigma-Aldrich, A9518) and 1mM isopropyl-
1-thio-β-D-galactopyranoside (IPTG; Beams Biotechnology, Seongnam,
Korea, #7001), fed bacteria expressing dsRNA against rab-27, and then
incubated at 20 °C. RNAi-expressing bacterial clones were a generous gift
from Professor Ao-Lin Hsu (National Yang-Ming University, Taipei, Taiwan).
After we obtained F1 progeny produced from worms in which dsRNA-
expressing bacteria were introduced, the worms were washed in M9 buffer
(22mM KH2PO4, 22 mM Na2HPO4, 85mM NaCl, 1 mM MgSO4), immobilized
with 10mM sodium azide (Sigma-Aldrich, S2002) in M9 buffer, and then
placed onto a 96-well plate (Corning, #3904). Images of worms were
acquired using an IN Cell Analyzer 2000 system (Cytiva, Marlborough, MA,
USA), and fluorescence intensity was quantified using IN Cell Investigator
Developer software (Cytiva).

RNA processing
RNA was extracted using an RNeasy Mini Kit (Qiagen). Libraries were
prepared using a QuantSeq 3’ mRNA-Seq Library Prep Kit (Lexogen, Inc.,
Greenland, NH, USA). cDNA was sequenced with 75-bp single-end reads on
a NextSeq 500 sequencing system (Illumina, Inc., San Diego, CA, USA).

RNA sequencing (RNA-seq) analysis
RNA sequencing was performed using TopHat2 (version 2.1.1), and data were
processed and quantified using HTSeq. Analyses of differentially expressed
genes (DEGs; fold change >0.3 and p value <0.05) were performed using
DESeq2 (version 1.24.0)26. Gene Ontology (GO) enrichment analyses were
performed using the Cytoscape plug-in ClueGO27. Gene set enrichment
analysis (GSEA) was performed using GSEA Java application GSEA_4.1.0
(Broad Institute and University of California San Diego). GO enrichment and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses of
DEGs were performed on DAVID datasets (version 6.8)28.

Enzyme-linked immunosorbent assay (ELISA)
The procedures for sandwich ELISAs have been previously described in
detail29. Freshly prepared serial dilutions of mouse recombinant α-
synuclein monomer were loaded as standards. The antibodies used in
this study are listed in Supplementary Table 4. TNF-α levels were measured
using a Mouse TNF-alpha Quantikine ELISA Kit (SMTA00B; R&D Systems,
Minneapolis, MN, USA) according to the manufacturer’s protocols.

Correlative light and electron microscopy (CLEM)
V1S and SV2 cells were grown to 50–60% confluence in 35-mm glass-
bottomed culture dishes. Cells were imaged under a confocal light

microscope (LSM780; Carl Zeiss). Cells were fixed by incubating with
sodium cacodylate buffer containing 2% paraformaldehyde (EM grade;
EMS) and 2.5% glutaraldehyde (EMS). After washing, the cells were
postfixed in 2% osmium tetroxide (OsO4) containing 1.5% potassium
ferrocyanide for 1 h at 4 °C, dehydrated using an ethanol series (50%, 60%,
70%, 80%, 90%, and 100%; 10min each) and infiltrated with embedding
medium. After embedding, the target of interest was identified by
applying numbers and letters to the surface of the sample containing the
cells. Identified samples were cut into 60-nm sections horizontal to the
plane of the block (UC7; Leica Microsystems), mounted onto copper slot
grids with a specimen support film, and then double-stained with 2%
uranyl acetate (10min) and lead citrate (5 min). The sections were then
examined using a Talos L120C transmission electron microscope operating
at 120 kV (Thermo Fisher, Waltham, MA).

Immunogold label electron microscopy
For immunogold label electron microscopy, cells were fixed by incubating
in 2.5% glutaraldehyde and 2% paraformaldehyde in sodium cacodylate
buffer (pH 7.2) at 4 °C. The specimens were then fixed in 0.5% osmium
tetroxide (OsO4) for 30min at 4 °C, dehydrated using an ethanol gradient
(50%, 60%, 70%, 80%, 90%, and 100%; 20min each), and transferred to
EM812 medium (EMS). After impregnation with pure resin, the specimens
were embedded in the same resin mixture. The samples were sectioned
(60 nm) with an ultramicrotome (UC7; Leica Microsystems) and then
collected on nickel grids. Postembedding immunogold labeling was
performed using primary antibodies and 9–11 nm colloidal gold-
conjugated anti-mouse (Sigma-Aldrich, #G7652) or 5 nm colloidal gold-
conjugated goat anti-rabbit (Sigma-Aldrich, #G7277) IgG secondary
antibodies, as appropriate. Following immunogold labeling, sections were
double-stained with 2% uranyl acetate (10min) and lead citrate (5 min).
Sections were then examined using a transmission electron microscope
operating at 120 kV (Tecnai G2; Thermo Fisher).

Statistical analysis
The statistical significance of differences among groups was evaluated
using a two-tailed unpaired Student’s t test, one-way analysis of variance
(ANOVA) with Dunnett’s post hoc test and Tukey’s post hoc test, or two-
way ANOVA with Bonferroni’s post hoc test and Tukey’s post hoc test using
GraphPad Prism 9.0.2 (GraphPad Software, Inc., La Jolla, CA, USA).

RESULTS
Activated microglia produce soluble factors that promote cell-
to-cell propagation of α-synuclein
To investigate the effects of activated microglia on the propaga-
tion of α-synuclein, we obtained conditioned media from
microglial cultures (MgCM) treated with LPS (MgCM-LPS) or
DMSO (MgCM-control) and added them to the dual-cell bimole-
cular fluorescence complementation (BiFC) propagation assay
system. In this system, cell-to-cell α-synuclein propagation is
monitored by measuring the number of cells exhibiting recon-
stituted Venus fluorescence21. Treatment with MgCM-LPS sig-
nificantly increased the number of BiFC-positive cells compared
with that of the cells treated with MgCM-control, indicating
increased propagation of α-synuclein (Fig. 1a, b). To determine the
basis for this effect of activated microglia, we measured the levels
of α-synuclein in the culture media and found that treatment with
MgCM-LPS increased the secretion of α-synuclein (Fig. 1c). These
results suggest that soluble factors secreted from activated
microglia promote cell-to-cell propagation of α-synuclein by
increasing its secretion.
To identify the soluble factors that regulate the propagation of

α-synuclein, we obtained conditioned media from microglia
cultured with inhibitors of major transcription factors, including
Bay 11-7085, an inhibitor of the transcription factor NF-κB, and SR
11302, an inhibitor of activator protein-1 (AP-1). Of these two
inhibitors, SR 11302 abolished the effects of MgCM-LPS on the
propagation of α-synuclein (Fig. 1d, e), suggesting that the
propagation-promoting soluble factors are regulated by AP-1.
Polymyxin B (PMX), an inhibitor of LPS, reversed the effects of LPS
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on microglial production/release of soluble factors, as expected,
validating the fidelity of the assay.
Next, we performed a literature search for secreted factors

whose expression depends on AP-1, identifying IL-1β, -2, -4, -5, -6,
-7, -10, -12, and -17, interferon (IFN)-α, -β, and -γ, and TNF-α as
candidates30–36. We then screened these factors for propagation-
promoting activity and found that TNF-α was the most effective
(Fig. 1f). To confirm the production of TNF-α by LPS-treated
microglia, we performed ELISAs on microglial culture media. LPS
treatment caused a dramatic increase in the levels of secreted
TNF-α, indicating that LPS induced robust production of TNF-α by
microglia (Fig. 1g).

TNF-α promotes cell-to-cell propagation and secretion of α-
synuclein
To examine the effects of TNF-α on cell-to-cell propagation of α-
synuclein, we treated the dual-cell BiFC system with increasing
concentrations of TNF-α. Quantification of BiFC-positive cells
showed that TNF-α increased the propagation of α-synuclein in a
concentration-dependent manner (Fig. 2a, b). Next, to further
validate the effects of TNF-α on α-synuclein propagation, we
obtained conditioned media from wild-type (WT) microglia (TNF-
α+/+) and TNF-α-knockout microglia (TNF-α−/−) after treatment
with LPS or vehicle. We then treated the dual-cell BiFC system with
these conditioned media and assayed propagation. As shown in
(Fig. 2c, d), propagation-promoting activity was significantly
decreased in conditioned media from the TNF-α-deficient microglia,
supporting the contribution of TNF-α to the microglia-derived
propagation-promoting activity. To further validate the effects of
TNF-α on α-synuclein propagation in vivo, we injected multimers of
the V40G variant α-synuclein into the striatum of the WT or

TNF-α−/− mice. We chose V40G α-synuclein multimers for these
experiments because our previous study showed that these
proteins produce more robust α-synuclein pathology than pre-
formed WT α-synuclein fibrils (see related manuscript file). At
20 weeks post-injection, we performed an immunohistopathologi-
cal analysis of brain sections using an antibody against phosphory-
lated α-synuclein (pS129). Consistent with this previous study (see
related manuscript file), pS129 immunoreactivity was increased in
various brain regions, including the motor cortex, cingulate cortex,
rhinal cortex, and amygdala, of the V40G-α-synuclein-injected WT
mice, whereas virtually no pS129 immunoreactivity was detected in
the brains of the WT mice injected with vehicle (Fig. 2e–i). Notably,
pS129 immunoreactivity was significantly reduced in all these brain
regions of the V40G-α-synuclein-injected TNF-α−/− mice (Fig. 2e–i).
Collectively, these in vitro and in vivo results suggest that TNF-α
promotes the propagation of α-synuclein.
Next, we examined the effects of TNF-α on the secretion of α-

synuclein by primary neurons. Treatment of neurons with
increasing concentrations of TNF-α resulted in elevated levels of
α-synuclein in both cell extracts and culture media (Fig. 2j–m).
Secretion of α-synuclein was also increased by treatment of
neurons with MgCM-LPS from the WT microglia. This increase
was dampened in the neurons treated with MgCM-LPS from the
TNF-α-deficient microglia (Fig. 2n). These results suggest that
microglia-derived TNF-α increases the secretion of α-synuclein
from neurons, thereby promoting cell-to-cell α-synuclein
propagation.

TNF-α induces neuronal senescence
To gain insights into the mechanism by which TNF-α promotes
secretion of α-synuclein in neurons, we conducted transcriptomic

Fig. 1 Soluble factors secreted from activated microglia increase the propagation of α-synuclein. a, b Effects of activated microglia on the
cell-to-cell propagation of α-synuclein. BiFC-positive cells are indicated with arrows. Scale bar: 10 μm. b Quantification of the percentage of
BiFC-positive cells in (a). c Levels of neuron-secreted α-synuclein. The amount of released α-synuclein was determined by sandwich ELISAs.
d, e Effects of transcription factor inhibitors on propagation-promoting activity. BiFC-positive cells are indicated with arrows. Scale bar: 20 µm.
e Quantification of the percentage of BiFC-positive cells in (d). Bay, Bay 11-7085; SR, SR11302; PMX, polymyxin B. f Screening of inflammatory
factors (50 ng/ml) for propagation-promoting activity. g Levels of secreted TNF-α in cultures of the microglia treated with LPS or vehicle,
measured by ELISAs. All data are presented as the mean ± SEM (*P < 0.05, #P < 0.05, **P < 0.005, ##P < 0.005, ****P < 0.0001). Statistical
significance was determined by one-way ANOVA with Tukey’s post hoc comparison between groups (b, e) and Dunnett’s post hoc comparison
between groups (f) or by two-tailed unpaired Student’s t test (c, g).
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analyses of neuronal cell following treatment with either vehicle
or TNF-α. A total of 24,424 genes were identified after removal of
unannotated and duplicated genes. Among them, 118 were
identified as differentially expressed genes (DEGs) (Fig. 3a) based
on the magnitude of their difference in expression (fold change
>0.3) and adjusted p values (<0.05) (Supplementary Table 1). Gene
Ontology (GO) functional enrichment and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analyses revealed that DEGs
were involved in cellular senescence as well as apoptotic
processes and immune responses, such as antigen processing

and presentation, TNF-α signaling, and Toll-like receptor signaling
(Fig. 3b, c). Consistent with the results of functional enrichment
analyses, gene set enrichment analysis (GSEA) confirmed that
DEGs were highly associated with p53-dependent cellular
senescence (Fig. 3d). Moreover, gene expression profiling revealed
that 22 DEGs were involved in the JAK/STAT-mediated senescence
pathway (Fig. 3e–g). To further validate the results of transcrip-
tome analysis, we verified several genes (p21, p53, JAK1, and
STAT1) associated with the JAK/STAT-mediated cellular senes-
cence pathway by quantitative reverse transcription-polymerase

Fig. 2 TNF-α regulates α-synuclein propagation. a, b Effects of TNF-α on the cell-to-cell propagation of α-synuclein. a Representative images
in which α-synuclein propagation was observed (treated dose: 50 ng/ml). BiFC-positive cells are indicated with arrows. Scale bar: 20 µm.
b Quantification of the relative percentages of BiFC-positive cells. c, d Effects of MgCM from cultures of the WT (TNF-α+/+) or TNF-α−/−

microglia treated with LPS (MgCM-LPS) or DMSO (MgCM-control) on the propagation of α-synuclein. Arrows: BiFC-positive puncta. Scale bar:
20 µm. d Percentage of BiFC-positive cells in (c). e–i Effects of TNF-α on the spreading of α-synuclein in vivo. e Representative images of
phosphorylated α-synuclein (pS129) staining in mouse brain sections at 20 weeks post-injection of α-synucleinV40G multimers (or PBS) into the
WT (TNF-α+/+) or TNF-α−/− mice. Scale bar: 100 μm. f–i Levels of pS129. Optical densities were measured in the motor cortex (f; WT+ PBS,
n= 8; KO+ PBS, n= 6; WT+ α-synuclein, n= 7; KO+ α-synuclein, n= 8), cingulate cortex (g; WT+ PBS, n= 8; KO+ PBS, n= 6; WT+ α-
synuclein, n= 7; KO+ α-synuclein, n= 8), rhinal cortex (h; WT+ PBS, n= 8; KO+ PBS, n= 7; WT+ α-synuclein, n= 8; KO+ α-synuclein, n= 8),
and amygdala (i; WT+ PBS, n= 8; KO+ PBS, n= 7; WT+ α-synuclein, n= 7; KO+ α-synuclein, n= 8). j–l Effects of TNF-α on the accumulation
of α-synuclein in neurons. j Representative western blot images of α-synuclein in Triton X-100-soluble (Tx-sol) and Triton X-100-insoluble
(Tx-insol) fractions. The quantified region is indicated on the right side of the blot. The arrowhead indicates quantified α-synuclein in Tx-sol.
The line includes the quantified area in Tx-insol. Quantification of α-synuclein in Tx-sol (k) and Tx-insol (l) fractions.m, n Effects of TNF-α on the
secretion of α-synuclein in neurons. m Secreted α-synuclein in media, measured by ELISAs. n Effects of TNF-α-deficient microglia on the
neuronal secretion of α-synuclein. Primary neurons were treated with conditioned media acquired from the WT or TNF-α-deficient microglia
pretreated with LPS or vehicle. Data are expressed as the mean ± SEM (*P < 0.05, #P < 0.05 **P < 0.005, ##P < 0.005, ***P < 0.0005, ****P < 0.0001,
####P < 0.0001). Statistical significance was determined by one-way ANOVA with Dunnett’s post hoc comparison between groups (b, k–m), two-
way ANOVA with Bonferroni’s post hoc comparison between groups (d), and two-way ANOVA with Tukey’s post hoc comparison between
groups (f–i, n).
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chain reaction (RT-qPCR), which showed that the expression of
these genes was significantly increased in the neurons treated
with TNF-α (Fig. 3h–k).
To extend our analysis of TNF-α-induced senescence responses,

we treated primary neurons with TNF-α and assessed the

expression of cellular senescence marker proteins. Senescent cells
undergo morphological changes, chromatin remodeling, metabolic
reprogramming, and p21CIP1/WAF1 alterations; they also secrete a
complex mix of mostly proinflammatory factors, reflecting the
acquisition of what is referred to as the senescence-associated
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Fig. 3 TNF-α induces neuronal senescence. a Heatmap representing the expression levels (log2 read count number) of DEGs with
upregulated (fold change >1.3) or downregulated (fold change <0.7) expression after treatment with TNF-α or vehicle (n= 5 per group). b The
top 12 enriched KEGG terms for the 118 DEGs in the TNF-α-treated neurons. c Simplified networks of significantly enriched GO terms. Each
term is statistically significant (Benjamini–Hochberg correction <0.05). The nodes (colored circles) display significantly enriched parent GO
terms; the edges show the overlapping genes between terms; and the size of the node represents the number of enriched genes.
d Enrichment plot of DEGs in the TNF-α-treated versus vehicle-treated neurons (FDR q-value <0.005). e Heatmap of the expression levels of 22
DEGs related to the JAK-STAT senescence pathway. f High confidence protein–protein interaction network of the 22 DEGs related to the JAK-
STAT senescence pathway, constructed using STRING. g Heatmap of the log2-fold changes of the 22 DEGs related to the JAK-STAT senescence
pathway. h–k Expression of CDKN1A (h), TP53 (i), JAK1 (j), and STAT1 (k), measured by RT-qPCR. l Immunofluorescence analysis of p21 protein in
primary neurons treated with TNF-α or vehicle. m Quantification of relative p21 fluorescence in the nucleus. n C12FDG staining representing
the accumulation of SA-β-gal. Nuclei were stained with DAPI (blue). o Quantification of C12FDG levels. p–r SASP genes GROα (p), IL-6 (q), and
IL-1α (r), measured by RT-qPCR. All data are presented as the mean ± SEM (*P < 0.05, **P < 0.005, ***P < 0.0005). Statistical significance was
determined by two-tailed unpaired Student’s t test (h–k, m, o, p–r).

Fig. 4 Neuronal senescence modulates α-synuclein propagation. a–d Secretion of α-synuclein during neuronal aging. a Representative
western blot images of α-synuclein in Triton X-100-soluble (Tx-sol) and Triton X-100-insoluble (Tx-insol) fractions and in culture media (Media).
Asterisks indicate nonspecific antibody binding. The arrowhead indicates the quantified α-synuclein. Quantification of α-synuclein in Tx-sol
(b), Tx-insol (c), and media (d). e–h Inhibition of p21 ameliorated senescence-induced secretion of α-synuclein. e Representative western blot
images of α-synuclein in Tx-sol, Tx-insol, and media. Asterisks indicate nonspecific antibody binding. The arrowhead indicates the quantified
α-synuclein. Quantification of α-synuclein in Tx-sol (f), Tx-insol (g), and media (h). The levels of α-synuclein in cell extracts and media were
normalized to the values of β-actin and secretogranin II (SGII), respectively (n= 3). i, j Effects of UC2288 (p21 inhibitor) on the cell-to-cell
propagation of α-synuclein. BiFC-positive cells are indicated with arrowheads. Scale bar: 20 µm. j Quantification of BiFC-positive cells (n= 3,
minimum 500 cells per experiment). k–n Inhibition of p21 reduced TNF-α-induced secretion of α-synuclein. k Representative western blot
images of α-synuclein in the Tx-sol and Tx-insol fractions. The arrowhead indicates the quantified α-synuclein in Tx-sol. The bar on the right
side of the blot indicates the quantified area in Tx-insol. Quantification of α-synuclein in the Tx-sol (l) and Tx-insol (m) fractions. n Secreted α-
synuclein, measured by ELISAs. All data are presented as the mean ± SEM (*P < 0.05, ***P < 0.0005, ****P < 0.0001). Statistical significance was
determined by one-way ANOVA with Dunnett’s post hoc comparison between groups (b–d), two-way ANOVA with Tukey’s post hoc
comparison between groups (f–h, l–n), or two-tailed unpaired Student’s t test (j).
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secretory phenotype (SASP)37. Accordingly, we examined nuclear
p21CIP/WAF1 expression levels, senescence-associated β-galactosidase
(SA-β-gal) activity, and induction of SASP genes as senescence
markers in the TNF-α-treated neurons. Nuclear expression levels of
p21CIP/WAF1 were increased in the neurons treated with TNF-α (Fig. 3l,

m), a finding consistent with a previous report that elevated
expression and nuclear localization of p21CIP1/WAF1 are common
hallmarks of aging in postmitotic neurons38. Increased SA-β-gal
activity, another marker of senescent cells, was detected by
monitoring the fluorescence intensity of the fluorogenic SA-β-gal
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substrate 5-dodecanoylaminofluorescein di-β-D-galactopyranoside
(C12FDG). C12FDG fluorescence intensity was significantly increased
in the neurons treated with TNF-α compared with the vehicle-treated
neurons (Fig. 3n, o). Moreover, the expression levels of the SASP
genes GROa, IL-6, and IL-1α were also increased by TNF-α treatment
(Fig. 3p–r). Collectively, these results indicate that neurons exposed
to TNF-α undergo cellular senescence.

α-Synuclein is secreted as part of the SASP during neuronal
senescence
To examine the role of cellular senescence in the secretion of α-
synuclein, we measured the levels of secreted α-synuclein during
the in vitro aging of rat primary neurons. During aging, prenatal
rat cortical neurons showed an increase in distinct features of
senescent cells, including an increase in SA-β-gal activity, nuclear
localization of p21CIP/WAF1, induction of SASP components, and
accumulation of lysosomal contents (Supplementary Fig. 1). α-
Synuclein levels in neurons were increased during neuronal aging,
an increase that was apparent at 7 days in vitro (DIV7) in the
detergent-soluble fraction and later (DIV14) in both the detergent-
soluble and detergent-insoluble fractions. In contrast, secretion of
α-synuclein by senescent neurons was increased only at DIV14
(Fig. 4a–d).
In the next set of experiments, we investigated whether p21CIP/

WAF1-dependent cellular senescence signaling regulates the
enhanced secretion of α-synuclein in aged neurons. Aged neurons
were treated at DIV7 and DIV14 with either vehicle or the p21CIP/
WAF1 inhibitor UC2288, and cellular levels (detergent-soluble and
detergent-insoluble cell extracts) and secretion (culture media) of
α-synuclein were assessed. Although treatment with UC2288 did
not significantly change the intracellular levels of α-synuclein in
neurons at DIV7 or DIV14 (Fig. 4e–g), it reduced the secretion of α-
synuclein at DIV14 by 50% (Fig. 4e, h). To evaluate the effect of
cellular senescence on the propagation of α-synuclein, we
cultured the dual-cell BiFC assay system in the absence or
presence of UC2288. We found that UC2288 treatment signifi-
cantly decreased the number of BiFC-positive cells, indicative of
reduced cell-to-cell propagation (Fig. 4i, j). These results suggest
that p21CIP/WAF1 enhances the senescence-associated secretion of
α-synuclein in aged neurons, thereby increasing α-synuclein
secretion and propagation.

Next, we investigated the role of the p21CIP/WAF1 senescence
pathway in TNF-α-induced α-synuclein secretion. To this end, we
treated primary neurons with UC2288 or vehicle in the presence or
absence of TNF-α. Treatment with UC2288 alone did not
significantly change the intracellular levels of α-synuclein
(Fig. 4k–m); however, it did completely eliminate the TNF-α-
induced increase in α-synuclein secretion (Fig. 4n). These results
suggest that α-synuclein is secreted through a p21CIP/WAF1-
dependent SASP pathway during neuronal senescence and that
TNF-α promotes α-synuclein secretion through activation of this
neuronal senescence pathway.

The SASP is mediated by lysosomal exocytosis
The SASP reflects the non-cell-autonomous ability to generate a
rich secretome for communication with the extracellular environ-
ment under stress conditions such as cellular aging39. Lysosomal
exocytosis has been shown to be an unconventional exocytosis
pathway known to interact with senescence-related intracellular
signaling and is responsible for the secretion of several SASP
components40,41. These previous studies prompted us to investi-
gate whether in vitro neuronal aging also influences lysosomal
exocytosis, evaluated by measuring secreted β-hexosaminidase, a
lysosomal enzyme, in the culture medium. Aged neurons at
DIV14 showed a significant increase in the levels of secreted
β-hexosaminidase compared with younger (DIV4 and 7) neurons
(Fig. 5a). Treatment with vacuolin-1, a small-molecule inhibitor of
Ca2+-dependent lysosomal exocytosis, reduced the secretion of
β-hexosaminidase at DIV7 and DIV14 without affecting secretion
in young DIV4 neurons (Fig. 5b). The levels of secreted α-synuclein
showed a strong positive correlation with those of secreted
β-hexosaminidase during neuronal aging (Fig. 5c). Furthermore,
addition of the p21CIP/WAF1 inhibitor UC2288 reduced the secretion
of β-hexosaminidase in neurons at DIV14 but not at DIV7 (Fig. 5d),
confirming that lysosomal exocytosis is associated with the SASP.
Again, α-synuclein secretion showed a positive correlation with
β-hexosaminidase secretion in the presence or absence of UC2288
(Fig. 5e). These findings suggest that SASP is mediated, at least in
part, by lysosomal exocytosis.
To determine the role of lysosomal exocytosis in the age-related

secretion of α-synuclein, we cultured neurons in the presence or
absence of vacuolin-1. Inhibition of lysosomal exocytosis did not

Fig. 5 Senescence-associated secretion of α-synuclein is regulated by lysosomal exocytosis. a Levels of secreted β-hexosaminidase during
neuronal senescence (n= 9). b Effects of vacuolin-1 on the senescence-induced secretion of β-hexosaminidase (n= 3). c Correlation between
α-synuclein and β-hexosaminidase secretion during senescence (n= 3). d Effects of UC2288 (p21 inhibitor) on senescence-induced secretion
of β-hexosaminidase (n= 3). e Correlation between α-synuclein and β-hexosaminidase secretion in the presence or absence of UC2288 (n= 3).
f–i Inhibition of lysosomal exocytosis reduced senescence-induced secretion of α-synuclein. f Representative western blot images of α-
synuclein in the Triton X-100-soluble (Tx-sol) fraction, Triton X-100-insoluble (Tx-insol) fraction, and culture media (Media). The arrowhead
indicates the quantified synuclein. Asterisks indicate nonspecific antibody binding. Quantification of α-synuclein in Tx-sol (g), Tx-insol (h), and
media (i). j Correlation between α-synuclein and β-hexosaminidase secretion in the presence or absence of vacuolein-1 (n= 3). k Subcellular
localization of α-synuclein. Green, BiFC-positive α-synuclein aggregates; red, LAMP1; blue, nuclei. Scale bar: 20 μm. Lower panels 1 & 2:
magnification of areas bounded by squares in upper panels. l CLEM analysis of BiFC-positive structures. Lower panels iv & vi: magnifications of
the two BiFC puncta (1 and 2) in Panels i, ii & iii, respectively. Scale bar: 4 μm. Panels v & vii: magnifications of BiFC puncta 1 and 2.
m Immunoelectron microscopy analysis of α-synuclein-positive lysosome-like structures. Blue arrowheads indicate α-synuclein; red arrows
indicate CD63 (upper panel) and LAMP1 (lower panel). Scale bar: 200 nm. n–r Effects of RAB27a knockdown on α-synuclein secretion.
n, o RAB27a knockdown efficiency. Quantification of RAB 27a in (o) (n= 3). p Representative western blot images of α-synuclein in the Tx-sol
and Tx-insol fractions. The bar on the right side of the blot indicates the quantified area in the Tx-insol fraction. q Quantification of α-synuclein
in the Tx-insol fraction (n= 3). r Quantification of α-synuclein in culture media by ELISAs (n= 3). s, t Effect of RNAi-mediated RAB27a
knockdown on α-synuclein propagation in C. elegans. s Venus fluorescence in the pharynx, representing the extent of cell-to-cell propagation
of α-synuclein in this C. elegans model. Quantification of Venus fluorescence at Day 2. More than fifty worms for each line were analyzed
(n= 3). u–w Effects of vacuolin-1 on α-synuclein propagation. u Representative images of BiFC in passages 1, 3, and 5 in the presence or
absence of vacuolin-1. Arrows indicate BiFC puncta. Scale bar: 20 μm. v Quantification of the BiFC-positive cells in (u) (n= 3; minimum 1000
cells per experiment). w Quantification of BiFC fluorescence (secreted α-synuclein) in culture media (n= 3). The levels of α-synuclein and
RAB27a in cell extracts were normalized to those of β-actin, and the levels of proteins in media were normalized to those of secretogranin II
(SGII). All data are presented as the mean ± SEM (*P < 0.05, **P < 0.005 ***P < 0.0005, ###P < 0.0005, ****P < 0.0001, ####P < 0.0001). Statistical
significance was determined by one-way ANOVA with Dunnett’s post hoc comparison between groups (a), two-way ANOVA with Tukey’s post
hoc comparison between groups (b, d, g–i, v, w), or two-tailed unpaired Student’s t test (o, q, r, t).
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significantly affect the intracellular levels of α-synuclein (Fig. 5f–h).
In contrast, secretion of α-synuclein was strongly blocked by
vacuolin-1 in aged neurons (Fig. 5f, i), suggesting that α-synuclein
secretion is mediated by lysosomal exocytosis in aging neurons.
There was a strong correlation between α-synuclein secretion and
β-hexosaminidase secretion in the presence and absence of
vacuolin-1 (Fig. 5j)
To further evaluate the contribution of lysosomal exocytosis to

the secretion of α-synuclein, we investigated the subcellular
localization of the α-synuclein BiFC signal in the propagation assay
system, which indicates the participation of α-synuclein multimers
in successive rounds of cell-to-cell propagation21. BiFC fluores-
cence colocalized with LAMP1, a lysosomal membrane protein
(Fig. 5k), suggesting that α-synuclein multimers en route to
secretion are localized in lysosomes. To further validate the
lysosomal localization, we performed correlative light-electron
microscopy (CLEM) and found that BiFC fluorescence was localized
in multilamellar, electron-dense structures (Fig. 5l). Furthermore,
immunoelectron microscopy showed that α-synuclein-positive
vesicles were immunoreactive for the lysosomal markers CD63
and LAMP1 (Fig. 5m). In a further test of the role of lysosomal
exocytosis in the secretion of α-synuclein, we analyzed α-synuclein
secretion following knockdown of human RAB27a, which regulates
the fusion of lysosome-related organelles with plasma membranes
during lysosomal exocytosis. Using shRNA, we achieved a 55%
reduction in RAB27a expression (Fig. 5n, o). Under these
conditions, α-synuclein secretion was significantly reduced,

whereas the levels of detergent-insoluble intracellular α-synuclein
were increased (Fig. 5p–r).
We next investigated the role of RAB27a in α-synuclein

propagation in the Caenorhabditis elegans BiFC model, in which
α-synuclein propagation was assessed by monitoring Venus BiFC
fluorescence in pharyngeal muscles and neurons21. RNAi-
mediated knockdown of aex-6, an ortholog of human RAB27a,
significantly reduced BiFC fluorescence (Fig. 5s, t), confirming the
role of lysosomal exocytosis in α-synuclein propagation. Con-
sistent with these findings, upon subculturing of the dual-cell
BiFC assay system in the presence of vauolin-1, both the number
of BiFC-positive cells and the release of BiFC fluorescence into the
culture media were dramatically reduced at all passages
(Fig. 5u–w). These results suggest that α-synuclein secretion
and propagation are mediated by lysosomal exocytosis during
neuronal senescence.

TNF-α promotes the SASP through lysosomal exocytosis
Finally, we examined the role of lysosomal exocytosis in TNF-α-
induced secretion of α-synuclein. Blockade of lysosomal exocytosis
in neurons with vacuolin-1 eliminated the TNF-α-induced secre-
tion of α-synuclein without affecting intracellular α-synuclein
levels (Fig. 6a–d). TNF-α treatment also increased the secretion of
β-hexosaminidase, an increase that was reversed by vacuolin-1
treatment (Fig. 6e). TNF-α-induced secretion of β-hexosaminidase
was also inhibited by treatment with the p21CIP/WAF1 inhibitor
UC2288 (Fig. 6f), confirming that TNF-α-induced lysosomal

Fig. 6 TNF-α-induced SASP mediates secretion of α-synuclein through lysosomal exocytosis. a–d Inhibition of lysosomal exocytosis
reduced TNF-α-induced secretion of α-synuclein. a Representative western blot images of α-synuclein in Triton X-100-soluble (Tx-sol) and
Triton X-100-soluble-insoluble (Tx-insol) fractions. The arrowhead indicates the quantified α-synuclein in Tx-sol. The line on the right side of
the blot indicates the quantified area in Tx-insol. Quantification of α-synuclein in the Tx-sol (b) and Tx-insol (c) fractions. d Secreted α-
synuclein, measured by ELISAs. e, f Effects of vacuolin-1 (e) and UC2288 (f) on TNF-α-induced secretion of β-hexosaminidase. All data are
expressed as the mean ± SEM (*P < 0.05, **P < 0.005, ####P < 0.0001). Statistical significance was determined by two-way ANOVA with Tukey’s
post hoc comparison between groups (b–f).
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exocytosis is associated with neuronal senescence. These results
suggest that TNF-α enhances the senescence-associated secretion
of α-synuclein through stimulation of lysosomal exocytosis.

DISCUSSION
Inflammation is an important modulator of protein aggregation
and propagation. Here, we show that the inflammatory cytokine
TNF-α promotes the cell-to-cell propagation of α-synuclein both
in vitro and in vivo. When applied to neuronal cells, TNF-α
triggered cellular senescence and acquisition of the SASP. As part
of the SASP, α-synuclein secretion was elevated in senescent
neurons, an effect that was mediated by lysosomal exocytosis.
Taken together, these results demonstrate the relevance of TNF-α
in the pathogenesis of PD through the induction of neuronal
senescence and acquisition of the SASP and provide clear
evidence for the contribution of lysosomal exocytosis to SASP
and the secretion and propagation of α-synuclein.
Previous pathological studies have reported evidence of

cellular senescence in neurons and glia in neurodegenerative
diseases42. Features of cellular senescence, including elevated
SA-β-gal activity, p53, and DNA damage response (DDR) signals,
are detected in brains from individuals with AD and PD42. p21CIP/
WAF1 has also been shown to accumulate in brains from idiopathic
PD patients and ischemic stroke donors, as measured in brain
slices. These results indicate that cellular senescence in the brain
may play a critical role in the pathogenesis of neurodegenerative
diseases.
One of the molecular features of senescent cells is the

upregulated expression of secretory proteins that constitute the
SASP. The SASP, which has also been described as the senescence-
messaging secretome, enhances intercellular interactions through
autocrine and paracrine signaling, thereby altering the tissue
microenvironment43. SASP components are elevated in the brains
of idiopathic PD patients44. In the current study, we showed that
neurons exposed to TNF-α display an increase in senescent
phenotypes and secretion of α-synuclein through the SASP,
suggesting that α-synuclein aggregates can act as SASP compo-
nents in response to a neuroinflammatory microenvironment.
Although the SASP is regarded as a key factor in the regulation of
the senescence process, the mechanism underlying secretion in

the SASP is still unclear. Some SASP components that lack a signal
sequence can be released via various secretory pathways,
including the constitutive secretory pathway, recycling pathway,
and nonclassical secretory pathway45–47. IL-6 is secreted by
recycling endosomes46, and TNF-α is released via the phagocytic
cup48. Some SASP components, including IL-1β and IL-18, are
localized in secretory lysosomes and released via lysosomal
exocytosis49. Given that high mobility group box 1 (HMGB1),
another major SASP factor, is also found in endolysosome-related
organelles50, the lysosome-mediated secretory pathway may be a
principal route for the secretion of SASP components. This result is
consistent with our current finding that α-synuclein is localized to
LAMP1/CD63-positive organelles and released via RAB27a-
mediated lysosomal exocytosis. Consistent with our results, a
previous study showed that disruption of lysosomal exocytosis
impairs α-synuclein secretion in neurons51. Taken together, these
observations indicate that the secretion of SASP components,
including α-synuclein aggregates, is mediated by lysosomal
exocytosis.
Another example of pathogenic protein aggregates being

secreted through lysosomal exocytosis is truncated mutant forms
of tau, a process that is regulated in a mucolipin TRP cation
channel 1 (TRPML1)-dependent manner by transcription factor EB
(TFEB), a master gene in the lysosomal gene network52. This
finding suggests that lysosomal exocytosis is responsible for the
secretion—and perhaps propagation—of tau proteins. Consistent
with this observation, our present results demonstrated upregula-
tion of TFEB expression in senescent neurons in association with
an increase in α-synuclein secretion (Supplementary Table 1).
Furthermore, both basal and TNF-α-induced secretion of α-
synuclein were inhibited by genetic or pharmacological blockade
of lysosomal exocytosis. Based on previous findings and our
current findings, we propose that lysosomal exocytosis is a pivotal
mechanism for the secretion of pathological proteins and thus for
cell-to-cell propagation of these proteins.
Several studies have suggested that activation of the inflam-

matory network contributes to the initiation, amplification, and
maintenance of cellular senescence53. IL-6, which is considered a
central regulator and rate-limiting component of the inflammatory
network, is known to mediate oncogene-induced senescence54.
Signaling via the chemokine receptor CXCR2 enhances cellular

Fig. 7 The SASP of neurons induced by TNF-α regulates α-synuclein propagation through lysosomal exocytosis. Activated microglia
secrete soluble factors, including TNF-α, which induce neuronal senescence. The SASP of senescent neurons increases α-synuclein secretion
through lysosomal exocytosis. The α-synuclein thus secreted is not only transferred to connected neurons as part of cell-to-cell aggregate
propagation but also activates glial cells to sustain inflammatory responses.
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senescence by activating senescence effectors such as p14 and
p15 and the p53/p21 circuit53. IL-1β induces cellular senescence
by upregulating p16INK4a expression in chondrocytes and astro-
cytes55,56. Long-term exposure or overexpression of TNF-α leads to
cellular senescence in various cell types, including fibroblasts,
melanoma cells, and hematopoietic cells57–59. Our finding that
neurons exposed to TNF-α display several features of the
senescent phenotype is also consistent with previous studies that
collectively indicate a role for inflammatory factors in inducing
cellular senescence. Senescent cells also generate proinflamma-
tory signals, such as IL-6, IL-8, and CCL family members60. Thus,
inflammation and cellular senescence can promote each other,
creating a microenvironment that enhances disease pathogenesis.
On the basis of our findings, we propose a model for how glial

inflammation, neuronal senescence, and α-synuclein aggrega-
tion interact with one another to generate a microenvironment
that prolongs PD pathogenesis. In the nervous system,
inflammatory activation of microglia increases the production
of TNF-α, which then induces neuronal senescence. Senescent
neurons produce α-synuclein aggregates and activate SASP
through lysosomal exocytosis, which mediates secretion of α-
synuclein aggregates and enables their propagation to con-
nected neurons. Secreted α-synuclein can in turn activate
microglia and astrocytes, which sustain inflammatory responses.
Therefore, inflammation and α-synuclein aggregation promote
each other in a feed-forward cycle, and neuronal senescence is a
pivotal mediator connecting glial inflammation and neuronal α-
synuclein aggregation (Fig. 7).
In conclusion, TNF-α induces neuronal senescence and

enhances the SASP of neurons and subsequent lysosome-
dependent secretion of α-synuclein aggregates, resulting in
increased cell-to-cell propagation of α-synuclein. These findings
provide critical insights into the mechanism governing the
interplay between neuroinflammation and protein aggregation
in disease progression in PD.
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