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SUMMARY
Here, we examine the cellular changes triggered by tumor necrosis factor alpha (TNF-a) and different alpha-
synuclein (aSYN) 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 aSYN 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 PDpathogen-
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 (aSYN)-containing Lewy

bodies in injured neurons and neuroinflammation in the SNpc

(Spillantini et al., 1997, 1998).
This is an open access article under the CC BY-N
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
Cell Reports 34, 108895, March 23, 2021 ª 2021 The Authors. 1
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influence glial immune reactivity and function. Answering this

questionwould 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 aSYNby 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 aSYN, 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 aSYN 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 themajority 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
Figure 1. Healthy iPSC-derived astrocytes secrete minimal pro-inflam

aSYN treatment

(A) Differentiation protocol for generating 100-day-old human astrocytes from iP

(B) Quantification of astrocytic markers in 100-day-old cultures generated for co

(C) Representative immunostaining for canonical astrocytic markers at day 100.

(D) Representative confocal images for aSYN-ATTO-488- and GFAP-stained cu

100 mm.

(E) Average total cytokine production (pg/mg protein) following treatment of heal

duction. Data are an average of n = 17 for control (control), n = 8 for monomer-trea

for fibril-treated group, n = 6 for F65-treated group, n = 7 for F91-treated group,

(F) Quantification of the size of the aSYN-ATTO-488-positive inclusions/aggregat

the length of the aggregate measured. n = 75 aggregates per condition; one-wa

(G) KEGG pathway enrichment analysis shows 10 significantly affected pathways

10 pathways contained MHC-class-II-related genes.

(H) Diagram for genes significantly upregulated, in order of fold-change, followin

(I) qRT-PCR analysis of astrocytes treated with TNF-a, aSYN monomers, aSYN fi

Data are mean ± SEM; n = 8 independent experiments per condition. A one-way A

for gene fold change in (1) no treatment versus treatment groups (denoted with bla

and (3) aSYN polymorphs single treatment versus co-treatment (denoted with bl
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 g [IFN-g], interleukin-1b [IL-1b], 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 aSYN 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-kB (Figure S4). We therefore assessed the

presence of pro-inflammatory cytokines as well as TNF-a in

the growth media. We did not discover significant increases in

cytokine secretion despite the presence of aSYN-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-a 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 aSYN 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
matory cytokines but upregulate MHC class II genes in response to

SCs.

ntrol iPSC line CSC-37R. Data are mean ± SEM; n = 5.

Scale bar, 100 mm.

ltures treated with PBS (control), TNF-a, or various aSYN species. Scale bar,

thy astrocytes, with individual cytokines displayed as percentage of total pro-

ted group, n = 7 for oligomer-treated group, n = 5 for ribbon-treated group, n = 6

and n = 12 for the F110-treated group.

es present in healthy astrocytes after 6 days of treatment. Each dot represents

y ANOVA with a Dunnett’s multiple comparison test; ****p % 0.0001.

following F110 treatment in healthy astrocytes compared to control. Nine out of

g F110 treatment of healthy astrocytes compared to control.

brils, aSYN F110, aSYN fibrils and TNF-a, or aSYN F110 and TNF-a for 6 days.

NOVA with a Tukey multiple comparison test was used to test the significance

ck line), (2) TNF-a single treatment versus co-treatments (denoted with red line),

ue line); *p % 0.05, **p % 0.01, ***p % 0.001, ****p % 0.0001.
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(aSYN 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 II proteins, which were signif-

icantly upregulated following astrocytic exposure to fibrils and in

particular F110 (Figure 1H; Tables S1 and S2).

We used qRT-PCR to confirm the microarray findings and

found highly significant altered expression of HLA-F, HLA-

DRb1, HLA-DPb1, and HLA-DMA following the different treat-

ments (Figure 1I). qRT-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-a and F110 altered the astro-

cytic expression of HLA-F, HLA-DRb1, HLA-DPb1, 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
humanastrocytes, and aSYNfibrils, 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-DPb1 staining strongly

overlapped with aSYN fibrils (Figure 2A, middle panel), but not

with aSYN 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

classmolecules for human astrocytes treated with PBS (control),
Figure 2. aSYN-fibril-treated healthy astrocytes acquire an antigen-pre

class molecules

(A) Representative confocal images for astrocyte cultures stained for aSYN-ATTO5

or F110. Extensive colocalization follows fibril treatment only. Scale bar, 100 mm

(B) Flow cytometry analysis and quantification of HLA-DR/DP/DQ-positive healthy

(monomers, fibrils, or F110) for 6 days. Because the treatments changed the mo

gating for non-stained cells. Data are mean ± SEM; n = 2 independent experime

(C) Flow cytometry analysis and quantification of HLA-F-positive healthy astro

(monomers, fibrils, or F110) for 6 days. Because the treatments changed the mo

gating for non-stained cells. Data are mean ± SEM; n = 2 independent experime

(D) A total of 1,020 and 126 protein families were identified with at least 1 peptide

from cells exposed or not to biotinylated aSYN fibrils, respectively. Three MHC

fibrils; two were identified in the MHC class II family. No MHC proteins were det

(E) The MS/MS fragmentation spectra of three HLA-DRb1 (P20039) tryptic peptid

structure, mascot ion score,m/z, and mass accuracy of the fragmented precurso

(F) Primary structure coverage of HLA class II histocompatibility antigen DRb1-11 b

red.

(G) Sequence and properties of the four HLA-DRb1 tryptic peptides, identified b
TNF-a, 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 II molecules and/or that they may have

engaged into cross presentation by MHC class I molecules. As

limited proteolysis of fibrils has been previously described (Loria

et al., 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 1I 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-LCMS/MS (liquid chromatography-tandemmass 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
senting phenotype and fibril peptides physical interaction with MHC

55, HLA-DPb1, GFAP, and DAPI, following their exposure tomonomers, fibrils,

.

astrocytes treated with either PBS (control), 100 ng/ml TNF-a, or 10 mM aSYN

rphology of the cells, the percentages of positive cells were calculated using

nts per condition; t test; *p % 0.05.

cytes treated with either PBS (control), 100 ng/ml TNF-a, or 10 mM aSYN

rphology of the cells, the percentages of positive cells were calculated using

nts per condition; t test; *p % 0.05.

(Mascot ions core R 15) from pull-downs performed on membrane fractions

protein members were identified in astrocytes exposed to biotinylated aSYN

ected in untreated astrocytes.

es identified after pull-down of biotinylated aSYN fibrils. Spectra show primary

r peptide. The primary structure was determined from the y (red) fragment ions.

eta chain (HLA-DRb1). The 13%sequence coverage of HLA-DRb1 ismarked in

y nano-LC-MS/MS analysis.
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fraction (Figures 2D and 2E; Table S3). The HLA class II 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 aSYN monomers but not when exposed to
aSYN fibrils or F110
A recent 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 S100b andSOX9 (Figure 3B). As-

trocytes treated with TNF-a 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/mg (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 aSYN species impair ATP-generating
mitochondrial respiration in healthy and in PARK2-
variant PD astrocytes
Recent evidence suggests alteredmitochondrial 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
Figure 3. PD astrocytes show functional differences and are prone to
(A) Overview of PD iPSC lines and clones used in this study (1, Holmqvist et al.,

(B) Representative images of alkaline phosphatase (AP)-positive iPSCs used to ge

into S100b and SOX9 double-positive astrocytes. Quantification of S100b- and S

data are mean ± SEM; n = 5 or 6 for each variant. Scale bar, 100 mm.

(C) Summary heatmaps of pro-inflammatory cytokine secretion, normalized usi

idiopathic astrocytes following no treatment (NT) or treatment with TNF-a, monom

separately by using unpaired two-tailed Student’s t tests; NT and monomer-, ribb

Dunnett’s multiple comparison test; F110 and remaining forms of aSYN assem

Dunnett’s multiple comparison test; n is shown in (C) and is from 2–3 independen

##p % 0.0001.

(D) Average total pro-inflammatory cytokine production (pg/mg protein) from PD

iments for 2 to 3 clones used per variant. For each treatment, the variants were c

PARK2-variant and idiopathic PD astrocytes showed p % 0.05 (*) when compar

(E) Percentage of total cytokine production following various treatments in PD as
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 aSYN species. How-

ever, aSYN fibrillar polymorphs triggered changes in the expres-

sion of HLA genes encoding MHC class I and II 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 I and II gene products has

been previously reported, and MHC-class-II-positive astrocytes

were identified at the edge of lesions in multiple sclerosis brain
release cytokines when treated with monomeric aSYN
2016; 2, Djelloul et al., 2015).

nerate FOXA2 and LMX1A double-positive midbrain progenitors differentiated

OX9-positive astrocytes aged 100 days is shown in graphs in the right panels;

ng total protein (pg/mg protein), in healthy, PARK2, LRRK2, GBA, SNCA, and

ers, ribbons, fibrils, or F110. NT and TNF-a-treated astrocytes were analyzed

on-, and fibril-treated groups were compared using a one-way ANOVA with a

blies (not shown) were compared separately using one-way ANOVA with a

t clones with 2–4 differentiations per clone; *p% 0.05; **p% 0.01, #p% 0.001,

astrocytes following different treatments. Data are mean ± SEM; n = 3 exper-

ompared using a one-way ANOVA with a Dunnett’s multiple comparison test;

ed to non-PD astrocytes (healthy).

trocytes.
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Figure 4. Mitochondrial respiration impairment in PARK2 variants following aSYN 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)

8 Cell Reports 34, 108895, March 23, 2021

Report
ll

OPEN ACCESS



Report
ll

OPEN ACCESS
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 aSYN poly-

morphs, which increase expression of an HLA-DMA gene that

encodes for the enzyme that facilitate CLIP (class II-associated

invariant chain peptide) removal from the MHC class II mole-

cules, allowing them to interact with antigen peptides (Roche

and Furuta, 2015), and importantly direct interaction between

aSYN fibril peptides and MHC class II proteins in pull-down ex-

periments. Although both fibrils and F110 triggered increased

MHC class II gene expression, overlap between MHC class II

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 II 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 I 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-a and aSYN fibrils significantly lowered the effect provided

by TNF-a 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-a 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-
(B) In PARK2-variant astrocytes treated with monomers, fibrils, or F110 had a sig

respiration (depicted as % of NT cells).

(C and D) TNF-a treatment significantly decreased the basal and coupled respira

(E) Graphical summary of the overall effects of the various treatments on healthy

groups to control; *p % 0.05; **p % 0.01, #p % 0.001, ##p % 0.0001. n = 6–8 te
terations displayed by astrocytes carrying different variations

(e.g., GBA1 versus PINK versus PARK2, and other variants).

Our findings highlight various responses of astrocytes to

TNF-a 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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Antibodies

Mouse anti-OCT4; 1:200 Millipore Cat# MAB440; RRID:AB_358378

PE-conjugated mouse anti-human NANOG; 1:200 BD Biosciences Cat# 560483; RRID:AB_1645522

Mouse anti-TRA-1-81; 1:200 Thermo Fisher Scientific Cat# 41–1100; RRID:AB_2533495

PE-conjugated mouse anti-SSEA4; 1:200 Thermo Fisher Scientific Cat# A14766; RRID:AB_2534281

Chicken anti-Sendai virus; 1:1000 Abcam Cat# ab33988; RRID:AB_777877

Mouse anti-AFP; 1:200 Sigma-Aldrich Cat# A8452; RRID:AB_258392

Mouse anti-SMA; 1:200 Sigma-Aldrich Cat# A2547; RRID:AB_476701

Mouse anti-B-III-Tub; 1:2000 Sigma-Aldrich Cat# T8660; RRID:AB_477590

Rabbit anti-LMX1a; 1:500 Abcam Cat# ab139726; RRID:AB_2827684

Goat anti-FOXA2; 1:250 Santa Cruz Cat# sc6554; RRID:AB_2262810

Donkey anti-mouse Alexa Fluor� 488; 1:400 Molecular Probes Cat# A-21202; RRID:AB_141607

Donkey anti-chicken Alexa Fluor� 488; 1:400 Jackson Immuno Research Labs Cat# 703-545-155; RRID:AB_2340375

Donkey anti-mouse Alexa Fluor� 555; 1:400 Thermo Fisher Scientific Cat# A-31570; RRID:AB_2536180

Donkey anti-rabbit Alexa Fluor� 555; 1:400 Thermo Fisher Scientific Cat# A31572; RRID:AB_162543

Donkey anti-mouse Alexa Fluor� 647; 1:400 Thermo Fisher Scientific Cat# A31571; RRID:AB_162542

Donkey anti-rabbit Alexa Fluor� 647; 1:400 Thermo Fisher Scientific Cat# A31573; RRID:AB_2536183

Donkey anti-goat Alexa Fluor� 555; 1:400 Thermo Fisher Scientific Cat# A21432; RRID:AB_2535853

Rabbit anti-GFAP; 1:100 DAKO Cytomations Cat# Z0334; RRID:AB_10013382

Mouse anti-S100b; 1:500 Sigma-Aldrich Cat# S-2532; RRID:AB_477499

Rabbit anti-EZRIN; 1:500 Cell Signaling Cat# 3145S; RRID:AB_2100309

Mouse anti-EAAT2; 1:500 Gift from Prof. Jeffrey

Rothstein at Johns Hopkins.

N/A

Rabbit anti-AQP4; 1:500 Santa Cruz Cat# sc-20812; RRID:AB_2274338

Mouse anti-GS; 1:500 Millipore Cat# MAB-302; RRID:AB_2110656

Rabbit anti-ID3; 1:500 Cell Signaling Cat# 9837S; RRID:AB_2732885

Rabbit anti-NF1A; 1:500 Active Motif Cat# 39036; RRID:AB_2335600

Rabbit anti-SOX9; 1:500 Cell Signaling Cat# 82630; RRID:AB_2665492

Rabbit anti-GM130; 1:200 Abcam Cat# ab52649; RRID:AB_880266

Mouse anti-NF-kB; 1:800 Cell Signaling Cat# 6956; RRID:AB_10828935

Mouse anti-HLA-DPb1; 1:500 Abcam Cat# ab55152; RRID:AB_944199

Mouse anti-human HLA-DR, DP, DQ; 1:100 Biolegend Cat# 361706; RRID:AB_2563192

Mouse anti-O4; 1:100 Gift from Prof. James E.

Goldman at Columbia

University of N.Y., USA

N/A

Human TruStain FcX; 1:100 Biolegend Cat# 422302; RRID:AB_2818986

Rabbit anti-LAMP2A; 1:500 Abcam Cat# ab18528; RRID:AB_775981

Mouse anti MHCII beta chain HLA-DPB1; 1:1000 Abcam Ab55152

Goat anti-mouse IgG-HRP; 1:5000 Invitrogen Cat# A28177

Bacterial and virus strains

Retroviral vectors; References 1, 2, 3

Sendai CytoTune-iPS 2.0; Thermo Fisher Scientific; Cat# A16517

(Continued on next page)
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Chemicals, peptides, and recombinant proteins

aSYN species, used at 10 mM, frozen and stored at

�80�C until use

CEA and Laboratory of

Neurodegenerative Diseases

N/A

TNFa, used at 100 ng/ml PeproTech Cat# AF-300-01A

FGF2 Thermo Fisher Scientific Cat# PHG0263

LDN Stemgent Cat# 04-0074-10

SB Selleckchem Cat# S1067

SHH-C25II Thermo Fisher Scientific Cat# PMC8034

CHIR Sigma-Aldrich Cat# SML1046

SAG Millipore Cat# 566660

FGF8b Millipore Cat# PHG0273

EGF Peprotech Cat# AF-100-15

Mouse laminin Thermo Fisher Scientific Cat# 23017-015

CNTF R&D Systems Cat# 450-13

ATTO-488 Atto-Tec Gmbh Cat# AD 488-35

ATTO-555 Atto-Tec Gmbh Cat# AD 550-35

ECL Femto Thermo Fisher Scientific Cat# 34096

Streptavidin Magnetic Beads Thermo Fisher Scientific Cat# 88816

Trypsin Gold Promega Cat# V5280

EZ-Link-Sulfo-NHS-S-S-Biotin Thermo Fisher Scientific Cat# 2133

Seahorse XF calibrant Agilent Cat# 100840-000

Seahorse XF-base medium Agilent Cat# 103334-100

M-PER extraction reagent Thermo Fisher Scientific Cat# 78501

DAPI; 1:10,000 Life Technologies Cat# 62248

7-Aminoactinomycin D (7AAD) BD Bioscience Cat# 559925

Critical commercial assays

Fast SYBR Green Cells-to-Ct kit Thermo Fisher Scientific Cat# 4402956

TaqMan Fast Advanced Master Mix Thermo Fisher Scientific Cat# 4444558

PierceTM BCA assay Thermo Fisher Scientific Cat# 23227

Human Proinflammatory Panel I MesoScale Discovery Cat# K15049D

EZ-Link-Sulfo-NHS-S-S-Biotin Thermo Fisher Scientific Cat# 2133

Protein Assay Kit II Bio-Rad Cat# 500-0002

Citrate Synthase Kit Sigma-Aldrich Cat# CS0720-1KT

Clariom S array Thermo Fisher Scientific Cat# 902927

RNeasy Micro Kit QIAGEN Cat# 74004

Deposited data

Gene expression microarray data This study; in supplementary

material, as well as at the

Roybon laboratory website,

section ‘‘Resources’’

https://www.ipsc-cns-disease.lu.se/

ipsc-laboratory-for-cns-disease-

modeling/resources

Experimental models: cell lines

Irradiated mouse embryonic fibroblasts feeder

cells (CF1)

Thermo Fisher Scientific Cat# A34181

Human induced pluripotent stem cell lines:

CSC-9A, CSC-10A/B/C, CSC-7A/B, CSC-21B,

CSC-18A, CSC19A, CSC-3G/S.

Reference 1, 2, 3; Roybon

laboratory at Lund University,

Sweden

N/A

Human induced pluripotent stem cell lines:

CSC-36D, CSC-37R, CSC-28N, CSC-26B and

CSC-27I/K

This study; Roybon

laboratory at Lund University,

Sweden

N/A

(Continued on next page)
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Oligonucleotides

TaqMan Primer GUSB Thermo Fisher Scientific Hs00939627_m1

TaqMan Primer RPL13A Thermo Fisher Scientific Hs04194366_g1

TaqMan Primer HSP90AB1 Thermo Fisher Scientific Hs04194340_g1

TaqMan Primer HLA-DMA Thermo Fisher Scientific Hs00185435_m1

TaqMan Primer HLA-DRB1 Thermo Fisher Scientific Hs04192464_mH

TaqMan Primer HLA-DPB1 Thermo Fisher Scientific Hs03045105_m1

TaqMan Primer CXCL8 Thermo Fisher Scientific Hs99999034_m1

TaqMan Primer HLA-F Thermo Fisher Scientific Hs04185703_gH

Software and algorithms

FACSDiva v8.0 BD Biosciences N/A

Prism 7 GraphPad N/A

Canvas Draw 1.0 Canvas GFX N/A

R R Core Team, 2020 N/A

Microplate Manager 5.2.1 Bio-Rad N/A

Metamorph Molecular Devices N/A

Other

Olympus IX-73 inverted microscope Olympus N/A

Leica TCS SP8 confocal microscope Leica N/A

C18 Aurora UHPLC column with CSI fittings Ion Opticks (250mm X 75 mm) Cat# AUR2-15075C18A-CSI

Seahorse XFe96 analyzer Agilent N/A

BD FACSAria III BD Biosciences N/A

Ultrasonic processor UIS250v Hielscher Ultrasonic N/A

Microplate reader Model 680 Bio-Rad N/A

iMark Microplate reader Bio-Rad N/A

Nano LC and Mass Spectrometer EASY-nLC II high performance

liquid chromatography (HPLC)

system (Proxeon,

ThermoScientific, Waltham,

MA) coupled to the nanoElute

tims TOF Pro (Bruker)

N/A

Separation column: C18 Aurora

UHPLC with CSI fittings

(250mm X 75 mm, Ion Optiks)
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Lead contact
Further information and requests for resources and reagents should be directed to the Lead Contact, Laurent Roybon (laurent.

roybon@med.lu.se).

Materials availability
iPSC lines generated in this study are biobanked at the CSC Laboratory, at Lund University, Sweden.

Data and code availability
Microarray and proteomic data are available in Tables S1, S2, and S3, as well as at the Roybon laboratory website (https://www.

ipsc-cns-disease.lu.se/ipsc-laboratory-for-cns-disease-modeling/resources). Affymetrix data can be found at NCBI with GSE refer-

ence series number: GSE166771 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE166771).
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Ethics
All patient biopsies that served to generate the iPSCs were obtained with informed consent and after ethical committee approval at

the Parkinson institute in Milan, Italy: Ethics Committee ‘‘Milano Area C’’ (https://comitatoeticoareac.ospedaleniguarda.it/) on the 26/

06/2015, and registered under the number: 370-062015. The samples were expanded to generate fibroblasts cell lines and stored at

the Telethon genetic biobank (http://biobanknetwork.telethon.it/Pages/View/Documents). The reprogramming of patient samples

was regulated by a permit delivered to Dr. Laurent Roybon by the Swedish work environment authority and registered under the num-

ber 2020-3211. Work was carried out according to European and Swedish national rules, with the highest level of ethics.

iPSC line derivation and production of astrocytes
iPSC generation for CSC-9A, CSC-10A/B/C, CSC-7A/B, CSC-21B, CSC-18A, CSC-19A, and CSC-3G/S was previously published

(Holmqvist et al., 2016). The same procedure was used to reprogram human epidermal fibroblasts, harvested using a skin punch

biopsy from healthy donors CSC-36D and CSC-37R (Pomeshchik et al., 2020), a PD patient with a SNCA gene triplication CSC-

28N (parent fibroblasts were previously employed to generate the lines CSC-3G and �3S), and two PD patients with idiopathic

PD CSC-26B (59 year old female) and CSC-27I/K (47 year old male).

In this study, astrocytes were generated from 74 differentiations in total, all started from pluripotent stem cell stage, from 17 iPSC

clones (2-3 clones per donor group) generated from 9 familial and idiopathic PD patients, and 2 healthy individuals. iPSCswere differ-

entiated using a midbrain patterning sequence and expanded as embryoid bodies followed by astrocyte differentiation, expansion,

and maturation in adherent cultures to generate mature astrocytes following the outline in Figure 1C. As opposed to previous work

(Holmqvist et al., 2015; Roybon et al., 2013), we used a serum-free differentiation protocol as serum exposure may alter the

morphology and transcriptome (Pekny and Pekna, 2016; Sloan et al., 2017).

METHOD DETAILS

iPSC generation
Briefly, donor fibroblasts were cultured and expanded in Dulbecco’smodified eagle’smedium (DMEM) supplemented with 10% fetal

bovine serum and 1% penicillin-streptomycin (P/S; v/v) at 37�C and 5% CO2 for several passages before being cryopreserved in

liquid nitrogen and stored at�150�C. Donor fibroblasts (75,000 cells/well) were plated on 0.1%gelatin-coated 12-well plate and after

two days at 37�C at 5% CO2, reprogrammed by use of either retrovirus or non-integration Sendai virus (CytoTune-iPS 2.0) to deliver

the reprograming genes OCT3/4, SOX2, cMYC, and KLF4). After 7 days of culture, cells were passaged and seeded on irradiated

mouse embryonic fibroblasts feeder cells (CF-1 MEF, GlobalStem) with WiCell media composed of advanced DMEM-F12, 20%

Knock-Out SerumReplacement (v/v), 2mML-glutamine (L-Glu), 1%non-essential amino acids (NEAA; v/v; Millipore), 0.1mM b-mer-

captoethanol (Sigma-Aldrich), and 20 ng/ml FGF2. After 28 days, several cloneswere isolated and selected based on themorphology

of the colonies and seeded onto aMEF-coated 12-well plate withmedia changed daily and further characterized. The generated lines

stained positive for the common nuclear and cell surface pluripotency markers, OCT3/4, NANOG, and TRA1-81 (Figure S1). An alka-

line phosphatase (AP) staining was done using the AP staining kit according to manufacturer’s protocol (Stemgent), which further

confirmed the pluripotency of the iPSC lines (Figure S1). All lines had normal karyotype following a G-banding analysis at 300–

400 band resolution on average when testing between passages 8-15 at the Department of Clinical Genetics and Pathology in

Lund (Figure S1). All lines were cleared of Sendai virus when tested between passages 8-15 (Figure S1). Genetic integrity was

confirmed by fingerprint analysis of isolated DNA from the donor fibroblasts and their respective iPSC line (IdentiCell STR profiling

service; Department of Molecular Medicine, Aarhus University Hospital, Denmark). DNA was isolated for direct sequencing using a

lysis buffer (100 mM Tris (pH 8.0), 200 mM NaCl, 5 mM EDTA, and 0.2% SDS in distilled and autoclaved water supplemented with

1.5 mg/ml Proteinase K). The presence of the SNCA triplication was previously confirmed in our iPSC library study. Lastly, all lines

were cultured as EBs and plated on a 96-well plate to demonstrate their ability to spontaneously differentiate into the three germ

layers, which was confirmed using immunofluorescent staining with antibodies against B-III-tubulin (B-III-tub), smooth muscle actin

(SMA), and a-fetoprotein (AFP; Figure S1).

Differentiation of iPSCs to astrocytes
On day one of differentiation, human iPSC colonies were harvested, dissociated, filtered (100 mm), and added to an ultra-low-

adherent flask (Sigma-Aldrich) with 0.1 mM LDN (Stemgent), 10 mM SB (Selleckchem), 200 ng/ml SHH-C25II (Thermo Fisher Scien-

tific), 0.8 mMCHIR (Stemgent), and 1 mMSAG (Millipore) for 0-4 days in neural inductionmedium [NIM; advanced DMEM-F12with 1%

L-Glu, 1% NEAA, 1% N2, and 1% P/S (100 U/mL)]. From day 6-8 NIM with 0.1 mM LDN, 0.8 mM CHIR (Stemgent), and 2 mM SAG

(Millipore) was used. On day 10, NIM with 0.8 mM CHIR (Stemgent) and 2 mM SAG (Millipore) were used. From days 12-30, NIM

with 100 ng/ml FGF8b (Thermo Fisher Scientific) and 2 mMSAG (Millipore) was used. On day 30 EBs were dissociated, filter strained

(100 mm), and transferred to a ultra-low-adherent flask containing neural expansion medium [(NEM; DMEM-F12 with 1% L-Glu, 1%

NEAA, 2%B27 without vitamin A, 1% P/S, and 0.2 mg/ml heparin (Sigma-Aldrich)] with 20 ng/ml FGF2 (Thermo Fisher Scientific) and

20 ng/ml EGF (Peprotech) for 30 days. On day 60, EBs were washed and dissociated with 0.05% trypsin/1X-EDTA and seeded to
Cell Reports 34, 108895, March 23, 2021 e4
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adherent culture flasks coated with 20 mg/ml Poly-L-ornithine hydrobromide (P/O; Sigma-Aldrich) and mouse laminin (15 mg/ml for

initial seeding, then 5 mg/ml for subsequently passages) containing NEM and 20 ng/ml CNTF (R&D Systems) for 60-80 days in NDM.

Finally, from days 80-100, astrocytes were cultured in neural differentiation medium [NDM; (NB with 1% L-Glu, 1% NEAA, 1% N2,

and 1%P/S] with and 20 ng/ml CNTF (R&D Systems). Cells were passaged at confluency. Media was changed every 2 days from day

0-30 and every 3-4 days from day 30-100.

aSYN purification and species preparation
The expression and purification of human wild-type (WT) aSYNwas performed as previously described (Ghee et al., 2005). WT aSYN

was incubated in buffer A (50 mM Tris–HCl, pH 7.5, 150mMKCl) to obtain the fibrillar polymorph ‘‘fibrils,’’ in buffer B (5 mM Tris–HCl,

pH 7.5) for ‘‘ribbons,’’ in buffer C (20mMMES pH6,5, 150mMNaCl) for ‘‘F65,’’ and in buffer D (20 mMKPO4 pH9.1) for ‘‘F91,’’ at 37�C
under continuous shaking in an Eppendorf Thermomixer set at 600 rpm for 4-7 days (Bousset et al., 2013; Makky et al., 2016). A trun-

cated human aSYN spanning residues 1-110 was generated by introducing two stop codons after residue 110 by site directed muta-

genesis. This variant was purified exactly as full-length aSYN and was assembled into fibrillar structures ‘‘F110’’ in buffer A. The

fibrillar aSYN strains were centrifuged twice at 15,000 g for 10min and re-suspended twice in PBS at 1.446 g/L. On-fibrillar assembly

oligomeric aSYN in PBSwas prepared as described (Pieri et al., 2016b). All preformed assemblies aswell asmonomeric aSYN in PBS

were labeledwith ATTO-488 (or ATTO-555) NHS-ester (Atto-TecGmbh) fluorophore following themanufacturer’s instructions using a

protein:dye ratio of 1:2. The labeling reactions were arrested by the addition of 1 mM Tris pH 7.5. For fibrillar assemblies, the un-

reacted fluorophore was removed by a cycle of two centrifugations at 15,000 g for 10 min followed by resuspension of the pellets

in PBS. Formonomeric and oligomeric aSYN, the unreacted dyewas removed using a desalting column (PD10, GEHealthcare) equil-

ibrated in PBS buffer, pH 7.4. The quality control of recombinant human WT aSYN monomeric, oligomeric, fibrillar polymorphs, and

F110 was carried out as previously described (Bousset et al., 2013; Makky et al., 2016). For transmission electron microscopy, the

assemblies were adsorbed on 200 mesh carbon-coated electron microscopy grids and imaged after negative staining. For fibrillar

polymorph fingerprint analysis, aliquots of fibrillar assemblies were removed before or after addition of proteinase K, denatured in

boiling Laemmli buffer for 5min at 90�C, subjected to SDS-PAGE on 12%polyacrylamide gels, and stained byCoomassie coloration.

Monomeric and oligomeric aSYN were analyzed by analytical ultracentrifugation (Pieri et al., 2016b). The fibrillar polymorphs were

fragmented by sonication for 20 min in 2 mL Eppendorf tubes in a Vial Tweeter powered by an ultrasonic processor UIS250v (250

W, 2.4 kHz; Hielscher Ultrasonic, Germany) to generate fibrillar particles with an average size 42-52 nm.

Gene expression analysis
Day 97-105 astrocytes were seeded at 300,000 cells/well in a 6-well plate coated with 20 mg/ml P/O (Sigma-Aldrich) and 5 mg/ml

mouse laminin for 2 days and treatedwith either PBS (referred to as non-treated in the study), 100 ng/ml TNFa, or 10 mM aSYN (mono-

mers, fibrils, or F110) for 6 days. Astrocytes were then washed twice with PBS and frozen at �80�C before shipping to Kompetenz-

zentrum Fluoreszente Bioanalytik (Germany) for gene expression analysis using the Clariom S array (Affymetrix). The total RNA was

extracted from dry cells according to RNeasyMicro Kit protocol (QIAGEN). Sample preparation for microarray hybridization was car-

ried out as described in the Affymetrix GeneChip WT PLUS Reagent Kit User Manual (Affymetrix). Summarized probe set signals in

log2 scale were calculated by using theGCCN-SST-RMA algorithmwith the Affymetrix GeneChip Expression Console v1.4 Software.

Average signal values, comparison of fold changes, and significance P values were calculated with R. Probe sets with a fold change

above 4-fold (for TNFa-treated samples) and 1.5-fold (for aSYN-treated samples) and a Student’s t test P value lower than 0.05 were

considered as significantly regulated.

Flow cytometry analysis
Day 97-105 astrocytes were seeded at 500,000 cells/well in a 24-well plate coated with 20 mg/ml P/O (Sigma-Aldrich) and 5 mg/ml

mouse laminin for 2 days and treated with either PBS (non-treated), 100 ng/ml TNFa, 10 mM aSYN (monomers, fibrils, or F110), 10 mM

aSYN fibril plus 100 ng/ml TNFa, or 10 mM aSYN F110 plus 100 ng/ml TNFa for 6 days. Astrocytes were dissociated using pre-wared

Accutase and re-suspended in neural differentiation medium without phenol red. Cells were blocked with 5% donkey serum and

TruStain FcX (1:100) for 10min at RT and then stained for human HLA-DR, DP, DQ (1:100). 7-Aminoactinomycin D (7AAD) was added

to detect dead cells and incubated on ice for 5min prior to analysis. Samples were analyzed using a BD FACSAria III (BDBiosciences)

with FACSDiva v8.0 software (BD Biosciences) at the MultiPark Cellomics and Flow Cytometry Core technical platform at Lund Uni-

versity. The cytometer was set up using a 100 mm nozzle at standard pressure of 20 psi and a frequency of 30.0 kHz and was cali-

brated daily using BD FACSDiva Cytometer Setup and Tracking (CS&T) software and CS&T Research Beads (BD Biosciences). 7-

7AAD was excited by the blue laser (488 nm/20 mW) and emission was detected through a 695/40 bandpass (BP) filter. FITC was

excited by the yellow/green laser (561 nm/50 mW); emission at 610/20 BP. The strategy for gating was set to separate live and

dead cells based on uptake of 7-AAD (data not shown) and FITC-positive cells compared to unstained astrocytes for each treatment

condition. Each analysis was based on 10,000 to 20,000 events.

Quantitative RT-PCR
Day 100-105 old astrocytes were seeded at 18,000 cells/well in a 96-well plate coated with 20 mg/ml P/O (Sigma-Aldrich) and 5 mg/ml

mouse laminin for 2 days and treated with either PBS (non-treated), 100 ng/ml TNFa, 10 mM aSYN (monomers, fibrils, or F110), 10 mM
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aSYN fibril plus 100 ng/ml TNFa, or 10 mM aSYN F110 plus 100 ng/ml TNFa for 1 or 6 days. Fast SYBRGreen Cells-to-Ct kit (Ambion)

was used for lysis of astrocytes and reverse transcription to cDNA. The qRT-PCRwas done with TaqMan Fast AdvancedMaster Mix

and TaqMan primers (both from Thermo Fisher Scientific) and run according to the manufacture’s protocol. CT-values were normal-

ized to the geometric mean of the housekeeping genesHsp90AB1,GUSB andRPL13A using theDDCT-method. Results were shown

as fold change to mean of non-treated samples and a one-way ANOVA with a P value of < 0.05 was considered significant. Primer ID

list and catalog numbers: GUSB (Hs00939627_m1); RPL13A (Hs04194366_g1); HSP90AB1 (Hs04194340_g1); HLA-DMA

(Hs00185435_m1); HLA-DRB1 (Hs04192464_mH); HLA-DPB1 (Hs03045105_m1); CXCL8 (Hs99999034_m1); GOLGA8B

(Hs00367259_m1); LONP1 (Hs00998407_m1); DNM1L (Hs01552605_m1); HLA-F (Hs04185703_gH).

Pro-inflammatory cytokine analysis
Day 97-105 astrocytes were seeded at 20,000 cells/well in a 96-well plate coated with 20 mg/ml P/O (Sigma-Aldrich) and 5 mg/ml

mouse laminin for 2 days and treated with either PBS, 100 ng/ml TNFa, or 10 mM aSYN (monomers, fibrils, or F110) for 1 hour, 24

hours and 6 days with growth media collected and frozen at �80�C until analyzed. Total protein was determined immediately after

growth media was removed and plates for immunocytochemical analysis were immediately fixed (see section below). Total protein

from the cell pellet was determined using the PierceTM BCA assay. M-PERTM extraction reagent was used to lyse cells and the BCA

assay was run according to the manufacturer’s specified protocol using BSA as a standard and Milli-Q water as blank. Protein sam-

ples were analyzed and used to normalize cytokine concentrations. Growthmedia from astrocytes was quantified using themultiplex

pro-inflammatory Panel I (MesoScale Discovery, USA), an electrochemiluminescence sandwich immune-assay, for 10 cytokines

including: IFN-g, IL-1b, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70, IL-13, and TNFa. Samples were diluted 1:1 in supplied buffer and

analyzed in duplicates according to the manufacturer’s specified protocol. Concentrations were normalized using total protein

(pg/mg protein). Samples below or above the sensitivity of the assay were set to zero or the max value, respectively. Out of 69 ex-

periments performed, 3 failed and were not included in the analysis (one for GBA, PARK2, and SNCA), as the value for non-treated

astrocytes was similar or above that obtained for TNFa-treated astrocytes, which was close to or above the max value of the assay.

Immunocytochemical analysis
Cell cultures were fixed with 4% paraformaldehyde for 10 min at RT followed by standard immunocytochemical procedures, 1 hour,

24 hours and 6 days post-treatment. Blocking was done in 10% donkey serum in PBS with 0.1% Triton X-100 (Sigma-Aldrich) for 1 h

at RT. Primary antibodies, listed below, were added to thewells and incubated overnight at 4�C.Next the secondary antibodies, listed
below, were added and incubated for 1h at RT in the dark. Additionally, nuclei were stained by DAPI (1:10,000; Life Technologies). All

fluorescent photomicrographs were taken using an inverted epifluorescence microscope (LRI – Olympus IX-73) or confocal micro-

scope (Leica TCS SP8 confocal microscope (Leica Microsystems) equipped with diode 405/405 nm and argon (405, 488, 552,

638 nm) lasers with a HP PL APO 63x/NA1.2 water immersion objective). EBs were taken at day 15 for analysis. They were fixed,

sectioned and stained as previously described (Wichterle et al., 2002).

Pull-down assay and mass spectrometry
Ten million astrocytes were exposed or not to aSYN fibrils labeled with biotin (10 mM) for 6 days. aSYN fibrils in PBS were labeled by

addition of 2 molar equivalents of EZ-Link-Sulfo-NHS-S-S-Biotin (Thermo Fisher Scientific #2133) for 1 h at room temperature. The

reaction was stopped by addition of Tris–HCl buffer pH 7.5 to a final concentration of 40 mM and incubation during 10 min. The bio-

tinylated aSYN fibrils were recovered by centrifugation, 30 min at 25,000 g at room temperature and resuspended in PBS. The as-

trocytes were scraped and cytosol and membrane fractions were prepared by incubating the cells with 0.015% digitonin and sepa-

rating the two fractions by centrifugation (500 g) for 5 min at room temperature. Pull-down experiments were performed on cytosolic

and membrane fractions of astrocytes exposed or not to biotinylated aSYN fibrils using streptavidin beads. The presence of MHC-

class II proteins within the pull-down was assessed by western blot analysis after PAGE (12% acrylamide) and transfer to nitrocel-

lulosemembranes, using the anti-MHC-II beta chain HLA-DPb1mouse antibody, the anti-mouse secondary IgG-HRP goat antibody,

and ECL Femto (Pierce,Waltham,MA). Formass spectrometry analysis, 250 mg of astrocyte (exposed to biotin labeled aSYN fibrils or

not) membrane proteins were loaded onto 90 ml of magnetic beads functionalized with streptavidin (Pierce, Waltham, MA). The pulled

down proteins were eluted by 50 ml of Laemmli denaturing buffer, subjected to PAGE and in-gel digested with trypsin Gold (Promega)

at a concentration of 10 ng/ml in 25 mM ammonium bicarbonate. The tryptic peptides were dried and resuspended in 10 ml 0.1%

trifluoroacetic acid, desalted using a zip-tip C18, eluted, dried and resuspended in TFA. 1ml, corresponding to 250 ng of total proteins,

and an equivalent of 1mg of proteins were loaded on the streptavidin beads for the pulled-down fractions were loaded on an C18

Aurora UHPLC column with CSI fittings and the peptides were eluted with a 100 min gradient.

Seahorse analysis
Mitochondrial respiration was analyzed using the Seahorse XF96 analyzer (Agilent) following the manufacturer’s instructions. Briefly,

at dayminus 9 (�9), 96-well seahorse plates (Agilent) were coatedwith P/O (20 mg/ml; Sigma-Aldrich) andmouse laminin (5 mg/ml). At

day �8, 95-100-day astrocytes were seeded (30,000 cells/well) in 80 mL of NDM with CNTF (20 ng/ml; R&D Systems). At day �6,

media was changed and NDM added and cells were either left untreated (PBS condition) or treated with TNFa (100 ng/ml) or

aSYN monomers, fibrils, or F110 (10 mM). At day �1, Seahorse XF calibrant (Agilent) was added to hydrate the sensor cartridge
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and incubated at 37�C in a CO2-free incubator (Agilent). On the day of the experiment, XF-base medium (Agilent) was supplemented

with 5 mM pyruvate (Sigma-Aldrich), 2 mM L-glutamine (Thermo Fisher Scientific), and 10 mM glucose (Sigma-Aldrich) and adjusted

to pH 7.4 at 37�C. Cells were washed in XF-base medium (Agilent) and left in a non-ventilated, non-CO2 incubator at 37
�C for at least

an hour. Oxygen consumption rate (OCR) was measured at baseline (basal) and after sequential additions of 1 mg/ml oligomycin (to

inhibit ATP synthase (complex V); measure of coupled respiration), 1 mMFCCP (to uncouple oxygen consumption from ATP produc-

tion; measure ofmaximal respiration), and 2 mM rotenone (to inhibit complex I) and 1 mg/ml antimycin A (to inhibit complex III; measure

of nonmitochondrial respiration). The FCCP concentration used tomeasuremaximal uncoupledOCR has been determined in a sepa-

rate set of experiments (data not shown). The average of all data points per respiratory state was used for statistical analysis with

exception of FCCP where the data point showing the highest OCR was selected. Following the measurements, the medium was

removed and the plate washed with PBS and either PBS or M-PERTM extraction reagent was added to the cells before storage at

�20�C for total protein or citrate synthase activity measurements, respectively. The total protein was determined according to the

manufacturer’s instructions using the Protein Assay Kit II (Bio-Rad) with BSA standard (Bio-Rad) and Milli-Q H2O as blank. Samples

were analyzed and used to normalize Seahorse oxygen consumption rate (OCR). Citrate synthase was determined according to the

manufacturer’s instructions using a Citrate Synthase Kit (Sigma-Aldrich). Briefly, sample reagent mix was added to each well of the

XFe-96 Seahorse plate (Agilent) and the entire well content was transferred to a 96-well plate. Reagent Mix was added to control and

samples and background was measured. 10 mM Oxaloacetate Solution was added and citrate synthase activity was determined

using a microplate reader. Citrate synthase activity below 1 mmol/ml/min was reanalyzed and if still below 1 mmol/ml/min excluded

from the technical replicates. Background values were removed from final measurements. Seahorse analysis was performed with 8

technical replicates from 2 biological replicates. Wells that did not respond to the addition of the drugs were removed from analysis.

OCR values were corrected for non-mitochondrial oxygen consumption using the antimycin values. Coupled respiration (respiration

linked to phosphorylation by the ATP-synthase) was determined by subtracting the oligomycin OCR from the basal OCR. All values

were normalized using citrate synthase activity to show respiratory changes corrected for differences in mitochondrial content of the

cells (OCR per CS activity; [pmol O2 min-1 / mmol/ml/min]) and displayed as a percent of NT.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics
Statistical analyses were performed either with GraphPad Prism 7 software or with R (https://www.r-project.org/). Data were pre-

sented as mean ± s.e.m. A P value of < 0.05 was considered significant. * p % 0.05; ** p % 0.01, *** p % 0.001, **** p % 0.0001.

For the cytokine analysis, 2-3 biologically independent clones with 2-5 differentiations per clone (indicated in the figure or legend)

were used. An ANOVA with Dunnett’s or Tukey post-test was performed if there were multiple treatment comparisons and time

points. A Student’s t test was used when comparing a treatment group to the control for the FACS and seahorse experiments.

Aggregate size counting
The length of the aggregates was measured using the Metamorph software tool ‘‘box measurement tool,’’ which produced pixel

values that were then converted into length in mm. A total of 75 random ATTO-positive aggregates were counted.

Bioinformatics
Microarray data handling and analyses were performed using R. We used the gene symbol identifiers of the probes in the gene

expression datasets to retain those genes for which there was an Entrez gene identifier using the org.Hs.eg.db package version

3.11.4 available via bioconductor/R, a collaborative open source statistical programming environment (Gentleman et al., 2004).

The p value of the filtered data was adjusted for multiple comparison by performing the Benjamini-Hochberg false discovery rate

calculation in R. We flagged as significant genes for which the raw p values (sig_p value) were less than 0.05 and less than the cor-

responding adjusted p value, as previously employed byWindrem and colleagues (Windrem et al., 2017). Heatmaps of gene expres-

sion and fold change between condition versus PBS-treated astrocytes were made with ComplexHeatmap version 2.4.3 (Gu et al.,

2016). Volcano plots of log P value against log fold change were done using ggplot2 version 3.3.0 (Wickham, 2009). KEGG pathway

analysis was performed with WebGestalt version 0.4.4. (Wang et al., 2017).
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