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SUMMARY

Here, we examine the cellular changes triggered by tumor necrosis factor alpha (TNF-«) and different alpha-
synuclein (xSYN) species in astrocytes derived from induced pluripotent stem cells. Human astrocytes
treated with TNF-a display a strong reactive pro-inflammatory phenotype with upregulation of pro-inflamma-
tory gene networks, activation of the nuclear factor kB (NF-kB) pathway, and release of pro-inflammatory
cytokines, whereas those treated with high-molecular-weight «SYN fibrils acquire a reactive antigen
(cross)-presenting phenotype with upregulation of major histocompatibility complex (MHC) genes and
increased human leukocyte antigen (HLA) molecules at the cell surface. Surprisingly, the cell surface location
of MHC proteins is abrogated by larger F110 fibrillar polymorphs, despite the upregulation of MHC genes.
Interestingly, TNF-a and aSYN fibrils compete to drive the astrocyte immune reactive response. The astro-
cyte immune responses are accompanied by an impaired mitochondrial respiration, which is exacerbated
in Parkinson’s disease (PD) astrocytes. Our data provide evidence for astrocytic involvement in PD pathogen-
esis and reveal their complex immune reactive responses to exogenous stressors.

INTRODUCTION

Parkinson’s disease (PD) is a multifactorial neurodegenerative
disorder characterized, in part, by the death of pigmented
midbrain dopaminergic neurons located in the substantia nigra
pars compacta (SNpc), resulting in motor and non-motor dys-
functions that are prominent at advanced disease stages (Poewe
et al., 2017). The major neuropathological characteristics of PD
are the presence of alpha-synuclein (SYN)-containing Lewy
bodies in injured neurons and neuroinflammation in the SNpc
(Spillantini et al., 1997, 1998).

Gheck for
Updates

aSYN is a 14-kDa protein encoded by the SNCA gene, which
under disease conditions can oligomerize into a wide range of
high-molecular-weight (MW) oligomers, of which some are
fibrillar in nature. They have well-defined structures and proper-
ties and exhibit distinct seeding and propagation propensities
in vivo (Bousset et al., 2013; Guerrero-Ferreira et al., 2019; Li
et al., 2018; Makky et al., 2016; Peelaerts et al., 2015; Sun
et al., 2020).

aSYN has been observed in immune reactive astrocytes in PD
patients’ brains (Braak et al., 2007). However, it is not known how
different aSYN species that may be present in the PD brain can
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influence glial immune reactivity and function. Answering this
question would provide invaluable insight into how aSYN, inflam-
mation, and astrocytes interact in PD pathogenesis. Moreover,
because astrocytes express PD-linked genes at levels some-
times similar to neurons (Booth et al., 2017; Zhang et al.,
2016), they are expected to exhibit more profound cellular
changes than healthy astrocytes, when exposed to aggregated
aSYN polymorphs. Such changes might ultimately impact the
survival of the neurons they support, particularly dopaminergic
neurons.

Uptake of aSYN by rodent astrocytes from neuronally differen-
tiated SH-SY5Y cells overexpressing SNCA induced astrocytic
expression of genes related to an immune reactive response
(Lee et al., 2010). However, it remains to be determined which
component of the immune reactive state of the astrocytes was
triggered by «SYN, among the factors secreted in response to
SNCA overexpression. This information would be valuable for
the development of therapeutic strategies.

In this study, we investigated whether and how different aSYN
species induce human astrocyte immune reactivity.

RESULTS

Human iPSC-derived astrocytes exposed to high-MW
aSYN species do not release pro-inflammatory
cytokines but adopt an antigen (cross)-presenting
phenotype

In order to investigate the effect of «SYN species on human as-
trocytic immune reactivity, we generated induced pluripotent
stem cells (iPSCs) from fibroblasts of two non-demented healthy
donors (Figure S1). We differentiated iPSCs into astrocytes by
using a protocol that spans 100 days (Figure 1A), which was
modified from our previous work (Holmqvist et al., 2015). The
cells had an astrocytic morphology and the majority stained pos-
itive for canonical astrocyte markers GFAP, S100b, EZRIN,
EAAT2, AQP4, GS, ID3, and NFIA (Figures 1B and 1C).

First, we confirmed that the astrocytes generated could
become immune reactive pro-inflammatory, following treatment
with tumor necrosis factor alpha (TNF-a) (Roybon et al., 2013).
Human iPSC-derived astrocytes were treated for 6 days with
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TNF-a (100 ng/ml), and microarray analysis showed up to 100-
fold upregulated expression of pro-inflammatory genes
compared to control PBS-treated cultures (Table S1; Figure S2).
KEGG pathway enrichment analysis revealed activation of TNF-
a, nuclear factor kappa-light-chain-enhancer of activated B cells
(nuclear factor kB [NF-kB]), and chemokine signaling path-
ways—all associated with inflammation (Hsiao et al., 2013).
Nuclear translocation of NF-kB and release of pro-inflammatory
cytokines (interferon y [IFN-vy], interleukin-18 [IL-1f], IL-2, IL-4,
IL-6, IL-8, IL-10, IL-12p70, and IL-13) in the growth media
(Meeuwsen et al., 2003) were confirmed by immunocytochem-
istry and quantified using a sensitive multiplex immunoassay
(Figure S2), respectively.

We next examined whether the astrocytes would become im-
mune reactive pro-inflammatory when exposed to aSYN mono-
mers, oligomers, or different high-MW aSY N fibrillar polymorphs
(ribbons; fibrils; and fibril 65 [F65], fibril 91 [F91], and fibril 110
[F110] polymorphs; Figure S3). We used immunocytochemistry
to confirm internalization and aggregation of ATTO488-labeled
aSYN species (Figure 1D). To our surprise, human astrocytes
treated with the different «aSYN species did not exhibit nuclear
translocation of NF-«xB (Figure S4). We therefore assessed the
presence of pro-inflammatory cytokines as well as TNF-o in
the growth media. We did not discover significant increases in
cytokine secretion despite the presence of SYN-positive aggre-
gates in the astrocytes. The total quantity of cytokines secreted
was similar between the different aSYN species treatments and
similar to PBS-treated control when compared to TNF-« treated
cultures (Figure 1E). To rule out the possibility that the astrocytes
had responded earlier or that they lacked the ability to respond,
we also examined NF-kB nuclear translocation in human embry-
onic-stem-cell-derived astrocytes, in a time course study at 1 h,
24 h, and 6 days post-exposure, but found no increase in cyto-
kine secretion (Figure S5).

To further investigate cellular changes triggered by aSYN spe-
cies in astrocytes, we used microarray analysis and focused on
cultures treated with «SYN fibrils and high-MW F110 because
these two species resulted in the formation of large cytoplasmic
aggregates (Figure 1F). F110 results from a truncated form of
aSYN, which is devoid of the 30 C-terminal acidic amino acids

Figure 1. Healthy iPSC-derived astrocytes secrete minimal pro-inflammatory cytokines but upregulate MHC class Il genes in response to

aSYN treatment

(A) Differentiation protocol for generating 100-day-old human astrocytes from iPSCs.
(B) Quantification of astrocytic markers in 100-day-old cultures generated for control iPSC line CSC-37R. Data are mean + SEM; n = 5.
(C) Representative immunostaining for canonical astrocytic markers at day 100. Scale bar, 100 um.

(D) Representative confocal images for aSYN-ATTO-488- and GFAP-stained cultures treated with PBS (control), TNF-a., or various aSYN species. Scale bar,
100 um.

(E) Average total cytokine production (pg/ug protein) following treatment of healthy astrocytes, with individual cytokines displayed as percentage of total pro-
duction. Data are an average of n = 17 for control (control), n = 8 for monomer-treated group, n = 7 for oligomer-treated group, n = 5 for ribbon-treated group, n=6
for fibril-treated group, n = 6 for F65-treated group, n = 7 for F91-treated group, and n = 12 for the F110-treated group.

(F) Quantification of the size of the «SYN-ATTO-488-positive inclusions/aggregates present in healthy astrocytes after 6 days of treatment. Each dot represents
the length of the aggregate measured. n = 75 aggregates per condition; one-way ANOVA with a Dunnett’s multiple comparison test; ***p < 0.0001.

(G) KEGG pathway enrichment analysis shows 10 significantly affected pathways following F110 treatment in healthy astrocytes compared to control. Nine out of
10 pathways contained MHC-class-lI-related genes.

(H) Diagram for genes significantly upregulated, in order of fold-change, following F110 treatment of healthy astrocytes compared to control.

(I) gRT-PCR analysis of astrocytes treated with TNF-a, «SYN monomers, aSYN fibrils, SYN F110, aSYN fibrils and TNF-a, or aSYN F110 and TNF-a for 6 days.
Data are mean + SEM; n = 8 independent experiments per condition. A one-way ANOVA with a Tukey multiple comparison test was used to test the significance
for gene fold change in (1) no treatment versus treatment groups (denoted with black line), (2) TNF-a single treatment versus co-treatments (denoted with red line),
and (3) aSYN polymorphs single treatment versus co-treatment (denoted with blue line); *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001.
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(«SYN 1-110) that can bundle very rapidly prior to and after inter-
nalization to cells (Figures 1D and S3). Hardly any genes were
upregulated more than 4-fold (Tables S1 and S2). Even after
applying a lower 1.5-fold threshold, we found no upregulated
genes encoding pro-inflammatory cytokines or chemokines
(data not shown; Tables S1 and S2). Interestingly, KEGG enrich-
ment analysis of F110-treated astrocytes did identify pathways
associated with major histocompatibility complex (MHC) pro-
teins (Figure 1G). They included human leukocyte antigen
(HLA) genes encoding MHC class Il proteins, which were signif-
icantly upregulated following astrocytic exposure to fibrils and in
particular F110 (Figure 1H; Tables S1 and S2).

We used gRT-PCR to confirm the microarray findings and
found highly significant altered expression of HLA-F, HLA-
DR@1, HLA-DPg1, and HLA-DMA following the different treat-
ments (Figure 11). gRT-PCR also confirmed the lack of CXCL8
gene upregulation following treatment of the astrocytes with
aSYN species. Interestingly, co-treatment of the astrocytes
with TNF-a and aSYN fibrils or TNF-o. and F110 altered the astro-
cytic expression of HLA-F, HLA-DRB1, HLA-DPgB1, CXCL8, and
HLA-DMA genes, suggesting that astrocytes had difficulties ex-
hibiting both an immune reactive pro-inflammatory phenotype
and an immune reactive antigen-presenting phenotype.

aSYN fibril peptides interact with MHC proteins in
human astrocytes, and «SYN fibrils, but not F110, induce
relocation of MHC molecules to the astrocytes surface
The discovery of upregulated HLA genes led us to hypothesize
that aSYN fibrils and F110 have antigenic properties in astro-
cytes. Indeed, we observed that the HLA-DP1 staining strongly
overlapped with aSYN fibrils (Figure 2A, middle panel), but not
with «SYN monomers. This finding suggests that from their en-
try, and during their accumulation in the astrocytes, most
aSYN fibrils were degraded to peptides for antigen presentation.
Interestingly, only a few HLA-DPB1/aSYN F110-positive puncta
were observed. However, HLA-DPB1 was prominently found
surrounding the large F110 bundles (Figure 2A, right panel). We
speculate that this may be due to the size of F110 bundles and
their resistance to proteolytic degradation in astrocytes.

Next, we examined cell surface membrane relocation of MHC
class molecules for human astrocytes treated with PBS (control),
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TNF-o,, aSYN monomers, aSYN fibrils, or F110. Interestingly,
fluorescence-activated cell sorting (FACS) analysis showed a
significant increase in the percentage of MHC-class-II-positive
astrocytes in cultures exposed to aSYN fibrils but not in cultures
exposed to F110 (Figure 2B). No significant change was identi-
fied at the earlier time point (1 day post-treatment; data not
shown) despite significantly increased HLA-DPB1 gene expres-
sion seen 1 day post-treatment (Figure S6). These data indicate
that astrocytes had difficulties in degrading the fibrils for presen-
tation by MHC class Il molecules and/or that they may have
engaged into cross presentation by MHC class | molecules. As
limited proteolysis of fibrils has been previously described (Loria
etal., 2017; Pieri et al., 2016a), we examined cross presentation.
aSYN fibril treatment caused a massive increase in HLA-F-pos-
itive astrocytes, despite unchanged mRNA levels (Figures 1l and
2C). These data indicate a relocation of existing HLA-F mole-
cules to the cell surface in astrocytes, either for presentation of
aSYN fibril peptides or for open conformer presentation (Dul-
berger et al., 2017). Interestingly, the increase in HLA-F tran-
scripts, mediated by TNF-a treatment, did not translate into
increased HLA-F molecules at the astrocyte surface membrane.
Additionally, co-treatment of astrocytes with both TNF-a. and fi-
brils antagonized the effect of the fibrils alone on relocation of
MHC molecules to the astrocyte cell surface (Figures 2B, 2C,
and S6).

To establish whether aSYN fibrils and MHC molecules
interact, we treated astrocytes with biotin-labeled aSYN fibrils,
prepared membrane fractions, pulled down the fibrils, and iden-
tified the associated proteins by using a proteomics approach.
Western blot analysis showed the presence of HLA-DPB1 im-
muno-reactive bands of different MWs in the membrane fraction
in astrocytes treated with the biotinylated aSYN fibrils only. To
further demonstrate the MHC protein interaction with aSYN fi-
brils and to determine which MHC haplotypes interact with
aSYN fibrils, we subjected the pulled down astrocyte membrane
proteins to trypsin digestion and identified the resulting peptides
by nano-LC MS/MS (liquid chromatography-tandem mass spec-
trometry; Figure S6). Control samples were prepared from astro-
cytes not exposed to aSYN fibrils as previously described (Shriv-
astava et al., 2019). We identified 1,020 protein families with at
least 1 peptide (mascot ion score of >15) in the membrane

Figure 2. aSYN-fibril-treated healthy astrocytes acquire an antigen-presenting phenotype and fibril peptides physical interaction with MHC
class molecules

(A) Representative confocal images for astrocyte cultures stained for «SYN-ATTO555, HLA-DPB1, GFAP, and DAPI, following their exposure to monomers, fibrils,
or F110. Extensive colocalization follows fibril treatment only. Scale bar, 100 pm.

(B) Flow cytometry analysis and quantification of HLA-DR/DP/DQ-positive healthy astrocytes treated with either PBS (control), 100 ng/ml TNF-a, or 10 uM a.SYN
(monomers, fibrils, or F110) for 6 days. Because the treatments changed the morphology of the cells, the percentages of positive cells were calculated using
gating for non-stained cells. Data are mean + SEM; n = 2 independent experiments per condition; t test; *p < 0.05.

(C) Flow cytometry analysis and quantification of HLA-F-positive healthy astrocytes treated with either PBS (control), 100 ng/ml TNF-a, or 10 uM aSYN
(monomers, fibrils, or F110) for 6 days. Because the treatments changed the morphology of the cells, the percentages of positive cells were calculated using
gating for non-stained cells. Data are mean + SEM; n = 2 independent experiments per condition; t test; *p < 0.05.

(D) A total of 1,020 and 126 protein families were identified with at least 1 peptide (Mascot ions core > 15) from pull-downs performed on membrane fractions
from cells exposed or not to biotinylated aSYN fibrils, respectively. Three MHC protein members were identified in astrocytes exposed to biotinylated aSYN
fibrils; two were identified in the MHC class Il family. No MHC proteins were detected in untreated astrocytes.

(E) The MS/MS fragmentation spectra of three HLA-DRB1 (P20039) tryptic peptides identified after pull-down of biotinylated SYN fibrils. Spectra show primary
structure, mascot ion score, m/z, and mass accuracy of the fragmented precursor peptide. The primary structure was determined from the y (red) fragment ions.
(F) Primary structure coverage of HLA class Il histocompatibility antigen DRB1-11 beta chain (HLA-DRB1). The 13% sequence coverage of HLA-DRB1 is marked in
red.

(G) Sequence and properties of the four HLA-DR1 tryptic peptides, identified by nano-LC-MS/MS analysis.

Cell Reports 34, 108895, March 23, 2021 5
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fraction (Figures 2D and 2E; Table S3). The HLA class Il histo-
compatibility antigen DRB1-11 beta chain was identified with a
high degree of certainty, confirming the interaction between
aSYN fibril peptides and MHC molecules (Figures 2F and 2G).

PD-variant-containing astrocytes display increased
production of pro-inflammatory cytokines when
exposed to «SYN monomers but not when exposed to
«SYN fibrils or F110
Arecent study suggested that PD astrocytes may show an exac-
erbated response to pro-inflammatory stressors (Sonninen et al.,
2020). We therefore assessed pro-inflammatory cytokine release
from astrocytes differentiated from iPSCs generated from PD
patients with genetic variants in PARK2, LRRK2, SNCA, or
GBA, as well as from patients with idiopathic PD (Figure 3A).
First, we generated iPSCs from the PD variants and idiopathic
PD fibroblasts and then differentiated them to astrocytes. By day
15, the neural progenitors acquired a ventral midbrain identity, as
confirmed by immunocytochemistry for LMX1A and FOXA2
markers (Figure 3B). By day 100, the cultures were enriched in
astrocytes immuno-positive for S1008 and SOX9 (Figure 3B). As-
trocytes treated with TNF-o released high amounts of pro-in-
flammatory cytokines, measured using a sensitive multiplex
immunoassay (Figure 3C), and relocated NF-kB to the nucleus
(Figure S4). PD astrocytes exposed to high MW aSYN species
released low total levels of pro-inflammatory cytokines, ranging
from 0.44 to 2.39 pg/ug (Figure 3D). However, we found at least a
2-fold increase in secretion of the main pro-inflammatory cyto-
kines IL-6 and IL-8 in PD astrocytes compared to control healthy
astrocytes upon exposure to aSYN monomers (Figure 3D). As-
trocytes with the PARK2-variant background exhibited highly
significant changes in pro-inflammatory cytokine production
(Figures 3D and 3E).

High-MW «SYN species impair ATP-generating
mitochondrial respiration in healthy and in PARK2-
variant PD astrocytes

Recent evidence suggests altered mitochondrial fusion and frag-
mentation rates following exposure to aSYN fibrils and on-
fibrillar assembly pathway oligomers in human neurons and as-
trocytes derived from pluripotent stem cells (Gribaudo et al.,
2019; Rostami et al., 2017). Therefore, we investigated whether
the astrocytic exposure to aSYN monomers, fibrils, or F110
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would impair mitochondrial function. Untreated cultures,
following normalization to citrate synthase activity, had no signif-
icant difference in basal, uncoupled, or coupled (ATP generating)
respiration in astrocytes when using Seahorse analysis (data not
shown). Similar results were obtained when cultures were
normalized to the total amount of protein (data not shown). Con-
trol (non-PD) astrocytes exposed to aSYN fibrils, but not aSYN
monomers or F110, had a significant decrease in basal, un-
coupled, and coupled mitochondrial respiration (Figure 4A).
Interestingly, PARK2-variant PD astrocytes, which showed the
most significant change in release of pro-inflammatory cytokines
following exposure to aSYN monomers, exhibited a more pro-
nounced decrease in basal, uncoupled, and coupled respiration
upon exposure to aSYN fibrils or F110 polymorphs than healthy
astrocytes (Figure 4B). Citrate synthase activity was not signifi-
cantly changed in control and PARK2-variant PD astrocytes
following addition of aSYN species (data not shown). Interest-
ingly, the exposure of PARK2-variant PD astrocytes to aSYN
fibrillar polymorphs mirrored the deleterious effect on mitochon-
drial function of the PARK2-variant PD astrocyte exposed to
TNF-a (Figures 4C and 4D).

DISCUSSION

The specificity of the astrocyte immune reactive responses in PD
is poorly understood. For example, it is still unclear if various
well-defined species of aSYN that may form in the PD brain
can influence the cellular behavior of astrocytes. To investigate
astrocyte immune reactivity in PD, we first exposed non-PD hu-
man iPSC-derived astrocytes to aSYN assemblies with in vitro
and in vivo seeding propensity (Bousset et al., 2013; Peelaerts
et al.,, 2015). All the tested cytokines showed an elevated
response to TNF-a treatment, but there was no increase in cyto-
kine production following exposure to the «SYN species. How-
ever, aSYN fibrillar polymorphs triggered changes in the expres-
sion of HLA genes encoding MHC class | and Il proteins.
Moreover, we found the astrocytic immune reactive pro-inflam-
matory and antigen-presenting phenotypes triggered by TNF-a
and aSYN fibrils, respectively, coupled to impaired ATP-gener-
ating mitochondrial respiration.

Astrocytic expression of MHC class | and Il gene products has
been previously reported, and MHC-class-II-positive astrocytes
were identified at the edge of lesions in multiple sclerosis brain

Figure 3. PD astrocytes show functional differences and are prone to release cytokines when treated with monomeric aSYN
(A) Overview of PD iPSC lines and clones used in this study (1, Holmqvist et al., 2016; 2, Djelloul et al., 2015).

(B) Representative images of alkaline phosphatase (AP)-positive iPSCs used to generate FOXA2 and LMX1A double-positive midbrain progenitors differentiated
into S100b and SOX9 double-positive astrocytes. Quantification of S100b- and SOX9-positive astrocytes aged 100 days is shown in graphs in the right panels;
data are mean + SEM; n = 5 or 6 for each variant. Scale bar, 100 um.

(C) Summary heatmaps of pro-inflammatory cytokine secretion, normalized using total protein (pg/ung protein), in healthy, PARK2, LRRK2, GBA, SNCA, and
idiopathic astrocytes following no treatment (NT) or treatment with TNF-o, monomers, ribbons, fibrils, or F110. NT and TNF-a-treated astrocytes were analyzed
separately by using unpaired two-tailed Student’s t tests; NT and monomer-, ribbon-, and fibril-treated groups were compared using a one-way ANOVA with a
Dunnett’s multiple comparison test; F110 and remaining forms of «SYN assemblies (not shown) were compared separately using one-way ANOVA with a
Dunnett’s multiple comparison test; n is shown in (C) and is from 2-3 independent clones with 2—4 differentiations per clone; *p < 0.05; **p < 0.01, #p < 0.001,
##p < 0.0001.

(D) Average total pro-inflammatory cytokine production (pg/ug protein) from PD astrocytes following different treatments. Data are mean + SEM; n = 3 exper-
iments for 2 to 3 clones used per variant. For each treatment, the variants were compared using a one-way ANOVA with a Dunnett’s multiple comparison test;
PARK2-variant and idiopathic PD astrocytes showed p < 0.05 () when compared to non-PD astrocytes (healthy).

(E) Percentage of total cytokine production following various treatments in PD astrocytes.
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Figure 4. Mitochondrial respiration impairment in PARK2 variants following «SYN treatment

(A) Seahorse analysis of mitochondrial respiration following treatment with monomers, fibrils, or F110 in healthy astrocytes showed a significant decrease in
uncoupled and coupled citrate-synthase-normalized respiration (depicted as % of NT cells).

(legend continued on next page)
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tissue (Ransohoff and Estes, 1991; Vardjan et al., 2012). More-
over, astrocytes were shown to phagocytose large neuronal
NeuN-positive debris after brain ischemia (Morizawa et al.,
2017). Here, we confirmed internalization of fibrillar «SYN poly-
morphs, which increase expression of an HLA-DMA gene that
encodes for the enzyme that facilitate CLIP (class ll-associated
invariant chain peptide) removal from the MHC class |l mole-
cules, allowing them to interact with antigen peptides (Roche
and Furuta, 2015), and importantly direct interaction between
aSYN fibril peptides and MHC class Il proteins in pull-down ex-
periments. Although both fibrils and F110 triggered increased
MHC class Il gene expression, overlap between MHC class I
protein HLA-DPB1 and aSYN appeared mainly in astrocytes
treated with aSYN fibrils. In contrast, HLA-DPB1 staining was
prominent surrounding the large F110 aggregates that had
formed prior to being phagocytosed. These data may suggest
that temporally accumulated aSYN fibrils in astrocytes were pro-
gressively degraded into peptides that bound MHC class Il pro-
teins. This was not possible for larger F110 fibril polymorphs that
had been phagocytosed. Surprisingly, astrocytes containing
aSYN fibrils, overlapping with HLA-DPB1, almost exclusively
relocated MHC class | HLA-F molecules at the astrocyte
surface. These data suggested that the astrocytes had adopted
an antigen-presenting phenotype, either by cross presentation
of aSYN peptides or empty open conformer presentation
(Dulberger et al., 2017), similar to oligodendrocytes in a model
for multiple sclerosis (Harrington et al., 2020; Kirby et al.,
2019). Interestingly, co-treatment of astrocytes with both
TNF-o and aSYN fibrils significantly lowered the effect provided
by TNF-o or aSYN fibrillar polymorphs alone. Altogether, these
data are extremely important as they could imply that the
astrocytes’ anti-aSYN response could be altered in the presence
of pro-inflammatory cytokines and diminished by large aggre-
gates or degradation-resistant fibrils, potentially explaining
the permanent increase in aSYN aggregation during disease
progression.

aSYN-positive inclusions have been reported in astrocytes
from PD post-mortem brains (Braak et al., 2007; Wakabayashi
et al., 2000). Moreover, evidence suggests that prolonged astro-
cytic dysfunction and reactive toxic astrocytes might contribute
to the demise of neurons (Kuter et al., 2018; Liddelow et al.,
2017). According to our data, healthy astrocytes seem to be
able to manage the additional burden of various aSYN species
by showing lower total secretion of pro-inflammatory cytokines
for most aSYN species. However, the cellular metabolism was
altered. Mitochondrial respiration declined in aSYN and TNF-
a-treated control astrocytes. This decline was exacerbated in
PARK2-variant PD astrocytes. These important functional con-
sequences of aSYN fibrils and TNF-o. burden might ultimately
impact the survival of the neurons, in particular dopaminergic
neurons in PD, by diminishing the supportive capacity of the as-
trocytes. It will be important to further compare the metabolic al-
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terations displayed by astrocytes carrying different variations
(e.g., GBAT versus PINK versus PARK2, and other variants).

Our findings highlight various responses of astrocytes to
TNF-o and aSYN species and provide insights into the immune
reactive role of astrocytes in neurodegeneration. This knowledge
could help develop therapeutic approaches to delay the pro-
gression of PD and other synucleinopathies.
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