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ARTICLE INFO ABSTRACT

Keywords: Background: Antigen-specific neuroinflammation and neurodegeneration are characteristic for neuro-
Parkinson’s disease immunological diseases. In Parkinson’s disease (PD) pathogenesis, a-synuclein is a known culprit. Evidence for
Neuroinflammation

a-synuclein-specific T cell responses was recently obtained in PD. Still, a causative link between these a-synuclein
responses and dopaminergic neurodegeneration had been lacking. We thus addressed the functional relevance of
a-synuclein-specific immune responses in PD in a mouse model.

Methods: We utilized a mouse model of PD in which an Adeno-associated Vector 1/2 serotype (AAV1/2)
expressing human mutated A53T-a-Synuclein was stereotactically injected into the substantia nigra (SN) of
either wildtype C57BL/6 or Recombination-activating gene 1 (RAG1)”" mice. Brain, spleen, and lymph node
tissues from different time points following injection were then analyzed via FACS, cytokine bead assay,
immunohistochemistry and RNA-sequencing to determine the role of T cells and inflammation in this model.
Bone marrow transfer from either CD4"/CD8’, CD47/CD8", or CD4"/CD8" (JHD”") mice into the RAG-17" mice
was also employed. In addition to the in vivo studies, a newly developed A53T-a-synuclein-expressing neuronal
cell culture/immune cell assay was utilized.

Results: AAV-based overexpression of pathogenic human A53T-a-synuclein in dopaminergic neurons of the SN
stimulated T cell infiltration. RNA-sequencing of immune cells from PD mouse brains confirmed a pro-
inflammatory gene profile. T cell responses were directed against A53T-a-synuclein-peptides in the vicinity of
position 53 (68-78) and surrounding the pathogenically relevant S129 (120-134). T cells were required for
a-synuclein-induced neurodegeneration in vivo and in vitro, while B cell deficiency did not protect from dopa-
minergic neurodegeneration.

Conclusions: Using T cell and/or B cell deficient mice and a newly developed A53T-a-synuclein-expressing
neuronal cell culture/immune cell assay, we confirmed in vivo and in vitro that pathogenic a-synuclein peptide-
specific T cell responses can cause dopaminergic neurodegeneration and thereby contribute to PD-like pathology.
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1. Background

Parkinson’s disease (PD) is the most common neurodegenerative
movement disorder, affecting 6-7 million people worldwide. Pathologic
hallmarks are degeneration of dopaminergic neurons in the substantia
nigra (SN) and formation of a-synuclein-containing protein aggregates
called Lewy-bodies (Spillantini et al., 1997). While the physiological
role of a-synuclein points towards a function in synaptic transmitter
release (Abeliovich et al.,, 2000), the pathogenic role of insoluble
a-synuclein remains obscure (Bendor et al., 2013). The observation that
multiplications and mutations of the a-synuclein encoding SNCA gene
can elicit genetically inherited forms of PD has robustly linked o-synu-
clein to PD pathogenesis (Fuchs et al., 2007; Kruger et al., 1998; Poly-
meropoulos et al, 1997). Though generally not considered an
autoimmune disease, neuroinflammation still plays an essential role in
the pathogenesis of PD. The SN of post mortem human PD brains is
characterized by microglia activation and T cell infiltration (Brochard
et al.,, 2009; McGeer et al., 1988). Additionally, pro-inflammatory cy-
tokines such as tumor necrosis factor (TNF)-a, interferon (IFN)-y, in-
terleukins (IL)-1p and IL-6 are elevated in the nigrostriatal tract of PD
patients compared to controls (Mogi et al., 1994a; Mogi et al., 1994b).
Naive T cells and anti-inflammatory regulatory T cells are decreased in
the peripheral blood of PD patients (Bas et al., 2001; Saunders et al.,
2012). An increased ratio of IFN-y to IL-4-producing T cells in PD pa-
tients indicates a shift towards a pro-inflammatory environment (Baba
et al., 2005). Recently, a-synuclein-specific T cell responses were
detected in peripheral blood cells of PD patients (Sulzer et al., 2017) and
found to precede motor symptoms (Lindestam Arlehamn et al., 2020).
Two a-synuclein-deduced peptides were shown to elicit MHC-restricted
cytokine release from peripheral blood mononuclear cells (Sulzer et al.,
2017). One antigenic region (Y39) is close to well-known disease-asso-
ciated a-synuclein mutations, such as the A53T mutation (Hernandez
et al., 2016; Sulzer et al., 2017). The second antigenic region surrounds
the phosphorylated S129 position. Extensive S129 phosphorylation,
which promotes a-synuclein fibril formation, is considered a specific
marker of a-synucleinopathies (Fujiwara et al., 2002). However,
whether immunogenic variants of a-synuclein and a-synuclein-specific T
cells contribute functionally to neurodegeneration and disease pro-
gression in PD was unclear.

The pathogenic role of T cells in PD has mostly been analyzed in
toxin-based models such as the 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine (MPTP) or the 6-hydroxy dopamine (6-OHDA) models (Bro-
chard et al., 2009; Ip et al., 2015; Reynolds et al., 2010). However, given
their lack of a-synuclein aggregation and Lewy body formation, these
models poorly reflect the molecular aspects of the human disease. The
role of the adaptive immune system thus needs to be assessed in path-
ogenetically more relevant model systems. Williams et al. recently tested
the role of T cells in a viral vector model of PD. However, the antigen
specificities of these cells were not evaluated (Williams et al., 2021). We
have recently generated a mouse model of PD, in which neuro-
degeneration is induced by stereotactic injection of a viral vector
(AAV1/2) encoding the human pathogenic A53T-a-synuclein (haSyn) in
the SN (Ip et al., 2017). This haSyn PD model displays a high face and
construct validity with behavioral deficits, loss of dopaminergic SN
neurons and striatal fibers, reduction of striatal dopamine, and forma-
tion of insoluble a-synuclein aggregates after proteinase K digestion.
These aggregates show aSyn’!? phosphorylation and Lewy-like neurites
and bodies. Here we confirm that T cells found in brains of haSyn PD
mice induce neurodegeneration with PD-like symptoms. We describe
novel putatively MHC I- and MHC II-restricted haSyn peptides that
induce IFN-y release from brain, cervical lymph nodes and splenic T cells
from diseased mice. Building on the recent descriptions of a-synuclein-
specific immune responses in patients with PD (Gate et al., 2021; Lin-
destam Arlehamn et al., 2020; Sulzer et al., 2017) and on negative
correlations between immunosuppression and the risk for PD (Racette
et al, 2018), our findings support immunomodulation as a
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2. Material and methods
2.1. Human midbrain sections

Human brains were obtained with the written informed consent of
the next of kin and according to the guidelines of the Local Ethics
Committee of the University Hospital of Marburg. Formalin-fixed and
paraffin-embedded archival human brain tissue from the SN pars com-
pacta from neuropathologically characterized PD cases (n = 22 SN from
11 patients, Braak stage 4: n = 3, stage 5: n = 4, stage 6: n = 4, (Braak
etal., 2004), mean age 73.5 years + 11.9 S.D.) and age-matched controls
(n = 18 SN from 9 controls, Braak stage 0, 69.7 + 12.0 years) were
collected from the Department of Neuropathology Marburg. The male/
female ratio in the control group was 8/1, in the PD group 7/4. Immu-
nohistochemistry was performed on 3 um thick sections with rabbit anti-
CD4 (1:50; DCS diagnostics CI851C002; clone SP35), rabbit anti-CD8
(1:100; DCS diagnostics CI008C002; clone SP16) and mouse anti-
CD68 (1:100; Dako M0876; clone PG-M1). CD4" and CD8™ cells were
counted within the whole SN using 40x magnification. The area of
CD68" microglial processes and macrophages was measured in 10
representative areas of 0.036 mm? each equally distributed in the SN
using the NIH ImageJ Software.

2.2. Double immunofiuorescence for CD8" T cells and activation markers
in human midbrain sections

Double immunofluorescence-stainings were performed on 3 um thick
sections with either rabbit anti-CD8 or mouse anti-CD8 (1:50; DCS di-
agnostics CI101C01; C8/144B) combined with rabbit anti-KLRG1 (1:20;
R&D Systems MAB70293; 2388C), mouse anti-CD107a (1:500; Bio-
Legend 328602; H4A3) and mouse anti-Granzyme B (1:100; SB 10345;
2F5F2D10). Depending on the species of the primary antibody, goat
anti-mouse or goat anti-rabbit Alexa Fluor 488 (1:1000; Invitrogen A-
11001 and A-11008) and goat anti-mouse or goat anti-rabbit Alexa Fluor
568 (1:1000; Invitrogen A-11004 and A-11011) were used for visuali-
zation. Lymphocytes within both SN of midbrains were counted.

2.3. Animals and stereotaxic surgery

275 male wild type (wt), 66 Recombination-activating gene 1 (RAG-
1)7", 8 CD4/CD8", 14 CD4*/CD8 and 9 JHD”~ (CD4"/CD8™) mice, all
on the C57BL/6 background, were obtained from the animal facility of
the University Hospital of Wiirzburg and maintained in a specific
pathogen-free environment under standard conditions. Twelve weeks
old mice were unilaterally injected in the right SN (Bregma: AP —3.1
mm; ML —1.4 mm; DV —4.2 mm) with 2 pl of haSyn (97 wt, 56 RAG-17)
or EV (87 wt, 10 RAG-17 ) vector (5.16 x 102 genomic particles (gp)/
ml) as described (Ip et al., 2017). AAV were obtained from Genedetect®.
Equal number of genomic particles in EV and haSyn AAV was controlled
by the manufacturer. The Regierung von Unterfranken Wiirzburg
approved all animal experiments.

2.4. Immunohistochemical stainings and cell quantification of mouse
brain

Immunohistochemical stainings of mouse tissue for CD4", CD8™,
B220", CD11b", and TH" profiles were performed using 10 um fresh
coronal cryo-sections of the SN and striatum. 40 pm PFA-fixed cry-
osections were processed for unbiased stereology (TH) covering the
whole SN. After acetone (for lymphocytes) or 4% PFA fixation (for
CD11b" and TH™), sections were incubated with either rat anti-mouse
CD4 (1:1000, Serotec, cat # MCA1767), rat anti-mouse CD8 (1:500,
Serotec, cat # MCA609G), rat anti-mouse CD11b (1:100, Serotec, cat #
MCA74G), rat anti-mouse B220 (1:100, BD Pharmingen, cat # 550286)
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or rabbit anti-mouse TH (1:1000, Abcam, cat # 112) antibodies followed
by biotinylated rabbit anti-rat and goat anti-rabbit secondary antibodies
(Vector Labs, cat # BA-4001 and BA-1000). Development was done
using (DAB)-HCl-peroxidase (Vector Labs) and stained for TH as
described.

T cells and microglia were quantified at a magnification of 200x in
the region of the SN and striatum as depicted by consecutive sections
stained for TH on a BH2 light microscope (Olympus). Estimation of the
number of dopaminergic neurons in the SNpc and SNpr was done by
unbiased stereology using the Stereo Investigator software package
(v11.07, MicroBrightField Biosciences) and a BX53 microscope
(Olympus, 100x/1.25 numerical aperture). Seven sections per animal
covering the SN were included in quantification, separated by 160 pm
(1/4 series) with grid size 110 x 110 pm, counting frame 50 x 50 pm, 2
pm guard zone, Gundersen coefficient of error for m = 1 less than or
equal to 0.1. The optical density (OD) of TH™ fibers was measured in the
striatum using NIH ImageJ (v1.5). OD values were calculated as a ratio
of the difference between right and left striatal OD and the unstained
corpus callosum. Three striata slices per mouse were analyzed.

2.5. Double immunofluorescence for viral proteins (VP)™ and tyrosine
hydroxylase (TH)" dopaminergic neurons in mouse SN sections

After acetone fixation, 10 um fresh coronal cryo-sections from mouse
SN were blocked with either 5% BSA (for CD4/CD8 stainings) or 5%BSA
and 10%NGS (for AAV-VP1-3 stainings) for one hour. Following
blocking, sections were incubated overnight at 4 with rabbit anti-mouse
TH (1:500, Abcam, cat # 112) combined with either mouse anti-AAV-
VP1-3 (1:500, antibodies-online #ABIN1824130) or rabbit anti-mouse
Laminin (1:50, Abcam, cat # ab11575) in combination with either rat
anti-mouse CD4 (1:1000, Serotec, cat # MCA1767), rat anti-mouse CD8
(1:500, Serotec, cat # MCA609G). These proteins were then visualized
using goat anti rabbit Cy3 (1:300, Dianova #111 165 144), goat anti
mouse Alexa Fluor 488 (1:300, Dianova #111 595 160), and goat anti-
rat Alexa Fluor 647 (1:300, Abcam ab150167). All antibodies were
diluted in 1%BSA (for CD4/CD8 stainings) or 1%BSA and 1%NGS (for
AAV-VP1-3 stainings).

2.6. RNA-sequencing

10-12 week old mice were injected with an AAV1/2 virus with or
without haSyn into SN (n = 5 for each group). 16 weeks later, SN and
striatum were microdissected, incubated for 30 min at 37 °C and 650
rpm in 1 ml HBSS with 5 mg Collagenase NB4 and 0.1 mg Dnasel fol-
lowed by the generation of cell suspensions in HBSS with a 70 pm cell
strainer. Cells were centrifuged at 240 g and 18 °C for 5 min. The pellet
was resuspended in 30% Percoll/PBS, layered on top of a 70% Percoll/
PBS gradient, and centrifuged at 650 g and 18 °C for 30 min. Immune
cells were isolated at the 70/30 interphase and RNA isolation was per-
formed with the RNeasy micro kit (Qiagen) according to manufacturer’s
instructions. Sequencing libraries were prepared from 0.5 ng of total
RNA using the SMARTer Stranded Total RNA-Seq Kit v2 (Takara) with 4
min RNA fragmentation at 94 °C, 5 cycles of PCR for cDNA library pre-
amplification and 15 cycles of PCR amplification after recombinant
deoxyribonucleic acid (rDNA) depletion. The size distribution of bar-
coded DNA libraries was estimated ~ 430 bp by electrophoresis on
Agilent High Sensitivity Bioanalyzer microfluidic chips. Sequencing of
pooled libraries, spiked with 1% PhiX control library, was performed at
~ 35 million reads/sample in single-end mode with 75 nt read length on
the NextSeq 500 platform (Illumina) with the High Output Kit v2.5.
Demultiplexed FASTQ files were generated with bcl2fastq2 v2.20.0.422
(Illumina). To assure high sequence quality, [llumina reads were quality-
and adapter-trimmed via Cutadapt version 2.5 using a cut-off Phred
score of 20 in NextSeq mode. Reads without any remaining bases were
discarded (command line parameters: —nextseq-trim = 20 -m 1 -a
NNNAGATCGGAAGAGCACACGTCTGAACTCCAGTCAC -O 6). Reads
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were subsequently mapped to the mouse genome (GRCm38.p6 primary
assembly and mitochondrion) and the cDNA sequence of human
a-synuclein encoding SNCA AS53T using STAR v2.7.2b (Dobin et al.,
2013). Read counts on exon level summarized for each gene (RefSeq
annotation) were generated using featureCounts v1.6.4 (Liao et al.,
2014) from the Subread package. Multi-mapping and multi-overlapping
reads were counted strand-specifically and reversely stranded with a
fractional count for each alignment and overlapping feature (command
line parameters: -s 2 -t exon -M -O —fraction). The count output was
utilized to identify differentially expressed genes using DESeq2 version
1.24.0 (Love et al., 2014). Read counts were normalized by DESeq2 and
fold-change shrinkage was applied by setting the parameter “betaPrior
= TRUE”. Due to diversity of immune cell types enriched, 1262 genes
exhibiting fold changes (FC) > |1.5| in expression (log2FC > |0.6]),
irrespective of adjusted p-values, were considered differentially
expressed.

Z-score transformation was performed on the regularized log2-
transformed read counts for the 1262 genes with FC > |1.5| and these
count values were utilized to generate a heatmap using the Bio-
conductor/R package gplots version 3.0.3. The enrichGO (gene
ontology) function in the Bioconductor/R package clusterProfiler
version 3.12.0 (Yu et al., 2012) was used to perform GO over-
representation analysis of the 1262 genes with a log2 fold-change >|
0.6 relative to background genes. The function barplot in gplots v3.0.3
was utilized to plot the top ten over-represented GO terms with a g-
value < 0.05. The function cnetplot was applied to plot a gene concept
network plot of the top ten over-represented GO terms and their
respective genes. Deconvolution of relative immune cell composition on
mouse expression profiles based on RNA-seq data was performed with
the ImmuCC algorithm (Chen et al., 2018). To ensure high similarity to
SVM training data, raw FASTQ files were independently processed for
this analysis according to the ImmuCC RNA-seq pipeline (https://github
.com/wuaipinglab/ImmuCC/tree/master/webserver). To this aim, the
following software versions were used together with the Ensembl Mus
musculus GRCm38 version 99 genome reference and annotation: FastQC
v0.11.7, Trimmomatic-0.39, STAR-2.7.2b, samtools-1.9, RseQC-3.0.1,
Htseq 0.12.4. Afterwards, the resulting expression table was subjected to
web server analysis (http://218.4.234.74:3200/immune/) using the
SVR method for Illumina RNA-seq data.

For the 127 genes associated with the top ten over-representing GO
terms, a literature review was performed to screen for associations be-
tween individual genes and their described roles in inflammation and in
neuroinflammatory diseases. Being aware that a tabular assignment of
pro- vs. anti-inflammatory functions, associated cell types and possible
links to neuroinflammation or PD requires considerable simplification,
we sought to extract key information from the available literature.
Enrichment of target genes for specific transcription factors was
analyzed by using the Enrichr Online Tool https://amp.pharm.mssm.
edu/Enrichr/ (Chen et al., 2013; Kuleshov et al., 2016). The 842 upre-
gulated and, respectively, the 420 downregulated genes were loaded
into Enrichr and the ENCODE and CHEA Consensus transcription factors
from ChIP-X was utilized to identify the transcription factors with tar-
gets that were upregulated in the immune cells of the PD mice. Tran-
scription Factors were sorted by p-value Ranking. The output from this
analysis is provided as a supplementary table (supplementary Excel file
sheet DESeq output for all genes). Sequencing data are available at GEO
(http://www.ncbi.nlm.nih.gov/geo) under the accession number
GSE148784.

2.7. Fluorescence-activated cell sorting (FACS) and cytokine assay

Brains, cervical lymph nodes and spleens were cut into pieces,
digested with DNase I and collagenase NB4 for 30 min at 37 °C, ho-
mogenized put through a cell 70 um strainer and centrifuged (1500 rpm)
for 5 min at RT. The pellet was resuspended with 70% Percoll, overlaid
with 30% Percoll and centrifuged for 30 min RT at 2000 rpm. Extracted
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cells (bulk leukocytes) were stained with conjugated antibodies from
BioLegend for 30 min at 4 °C: CD4-AF647 (AlexaFluor 647), CD8-PerCP-
Cy5.5 (Peridin chlorophyll protein-Cyanine 5.5), and CD69-AF488.
2x10° cells from brain, cervical lymph nodes, or spleen were plated in
a 96-well U-bottom plate and re-stimulated with phorbol 12-myristate
13-acetate (PMA) (0.1 pg/ml, Sigma-Aldrich) and ionomycin (1 ug/ml,
Sigma-Aldrich) for 4 h. Supernatants were collected, cytokine detection
for IL-2, IL-4, IL-17A, and IFN-y was carried out using LEGENDPlex™
Multi-Analyte flow assay kit from BioLegend. Data were acquired on a
FACSCalibur™ (Becton Dickinson) and analyzed using FlowJo software
(FLOWJO, LLC).

2.8. Behavioral tests

Behavioral studies (rotarod, cylinder test) were carried out serially
on mice starting with pre-operative baseline testing and follow-up an-
alyses until week nine after surgery.

2.8.1. Accelerating rotarod

Mice were initially trained for two days prior to pre-operative mea-
surements. They were placed on a rotarod (RotaRod Advanced, TSE-
systems) with an accelerating speed from 5 rpm to a maximum of 50 rpm
for the duration of 300 s. Each day of training consisted of five runs of
300 s each. Pre-operative measurements were recorded on the third day
after the two-day training session. All measurements after the two-day
training consisted of five runs lasting 300 s each. Post-operative mea-
surements were done in the 4th and 8th weeks. Latency times until mice
fell off the rotarod were automatically recorded. Data are shown as la-
tencies of 4th and 8th week relative to the pre-operative measurement
for each mouse.

2.8.2. Cylinder test

Spontaneous forepaw use was evaluated using the cylinder test prior,
as well as five and nine weeks post AAV1/2 injection. Mice were placed
in a transparent plexiglass cylinder of 12 cm diameter and 30 cm height
in front of two mirrors and were video recorded for 12 min. The videos
were scored by a blinded observer as previously described (Ip et al.,
2017). Each rearing of mice was assessed for the number of touches of
the inner surface of the cylinder with either the right (ipsilateral), the
left (contralateral), or both forepaws concurrently. The data shown
represent the percentage of ipsilateral forepaw (corresponding to site of
injection) use, which is calculated as follows: ((ipsilateral paw + 0.5
both paws) / (ipsilateral paw + contralateral paw + both paws)) x 100.
The calculated percentage shows inclination of forepaw usage as 100%
= symmetric use of both forepaws; <100% = preference of the left
forepaw; >100% preference of the right forepaw.

2.9. Bone marrow transplantation

Bone marrow from approximately eight-week-old donor mice (11 wt,
14 CD47/CD8", 8 CD4/CD8", and 9 CD4"/CD8" (JHD”)) was isolated
and 2 x 107 cells were injected intravenously via the lateral tail vein of
restrained mice in a volume of 350 pl into seven-week-old RAG-17"
mice. Blood from all recipient mice was examined for T and B cell
reconstitution by FACS analysis.

2.10. Striatal dopamine transporter (DAT) autoradiography

Fresh frozen tissue sections were developed in binding buffer con-
taining 50 mM Tris, 120 mM NaCl and 5 mM KClI at room temperature
(RT). Sections were placed again in the same buffer supplemented with
50 pM [125I]-RTI-121 (Perkin-Elmer, specific activity 2200 Ci/mmol)
for 2 h at 25 °C. Subsequently, slides were washed in ice-cold binding
buffer, rinsed in ice-cold distilled water, and dried. Slides were then
juxtaposed to an autoradiographic film (Kodak) together with [125I]-
microscale standards (Amersham) and left for two days at 4 °C before
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development. Autoradiograms were analyzed by MCID software (Image
Research Inc, Ontario, Canada). Three striatal slices per mouse were
used for densitometric measurement with a reference curve of c.p.m.
versus OD calculated from p-emitting [14C] micro-scale standards and
used to quantify the intensity of signal as nCi/g. Background intensity
was subtracted from each reading and data was expressed as the mean of
signal intensity for the treatment groups. Non-specific binding was
defined as that observed in the presence of 100 mM GBR 12,909 (Tocris
Bioscience).

2.11. Catecholamine quantification by high-performance liquid
chromatography (HPLC)

Brain sections were homogenized in 200-750 pl of 0.1 M TCA (10-2
M sodium acetate, 10-4 M EDTA, 10.5% methanol). Samples were
centrifuged at 10,000 g for 20 min, supernatants were collected, and the
pellets were stored for protein analysis. Catecholamines were evaluated
using a specific HPLC assay with an Antec Decade II (oxidation: 0.5)
electrochemical detector operated at 33 °C. Supernatant samples were
injected by a Water 717 + autosampler onto a Phenomenex Nucleosil
(5u, 100A) C18 HPLC column (150x4.60 mm). Analytes were eluted
with a mobile phase of 89.5% 0.1 M TCA, 1072 M sodium acetate, 10~*
M EDTA, 10.5% methanol, followed by delivery of the solvent at 0.8 ml/
min with a Waters 515 HPLC pump. Analytes were examined in the
following order: 3,4-dihydroxyphenylacetic acid (DOPAC), dopamine
(DA), homovanillic acid (HVA). Waters Empower software was used for
HPLC control and data acquisition. Total protein for each sample was
determined with Pierce BCA protein assay, and the amount of cate-
cholamines was expressed as ng analyte/mg total protein.

2.12. haSyn peptides and analysis of specific T cell responses by IFN-y
ELISpot

Using NCBI protein Blast, www.syfpeithi.de (Ver. 1.0) and
netMHC4.0 (http://www.cbs.dtu.dk/services/NetMHC/), the haSyn
protein sequence was aligned with murine a-synuclein and screened for
potential neo-antigens likely to be presented on MHC I (H-2DP and H-2
Kb) and MHC II (I—Ab) molecules. The three highest scoring peptides for
each MHC molecule (8-15 amino acids long) were synthesized in aqua
basic quality by Thermo Scientific. Each peptide was used to stimulate
cells from lymph nodes or spleen followed by ELISpot assay. Splenocytes
from two initially non-responsive haSyn mice and two controls were
cultured for 10 days in the presence of all 10 peptides (1 pg/ml each) in
RPMI with 10% FCS and 20 ng/ml IL-2. Multiscreen PVDF plates
(MSIPS4510, Millipore) were activated with 35% ethanol, washed with
sterile PBS and coated overnight with 2 ug/ml filtered anti-mouse IFN-y
antibody (AN18, Mabtech) at 4 °C. Isolated single cell suspensions from
cervical lymph nodes and spleen were plated with or without 5 pg/ml
synthetic peptide in IMDM with 7.5% FCS. IFN-y spots were then
detected with 2 ug/ml biotinylated anti-mouse IFN-y antibody (R4-6A2,
Mabtech), followed by horseradish peroxidase-conjugated streptavidin
(Cell Signaling) in PBS-T supplemented with 0.05% BSA. The assay was
developed with filtered “ready to use” TMB substrate (Mabtech) and
analyzed using an Immunopost S6 Core Analyzer (Cellular Technology
Limited). Spot analysis was performed using basic count for single color
gated size above 0.01 mm? and normalized to non-peptide control.

2.13. Primary neuronadl cell culture preparation

Primary hippocampal neurons were prepared from wt mice on em-
bryonic day 18 of development. Hippocampi were collected in Hank’s
buffered saline solution (Sigma) and trypsinized with 2.5% trypsin at
37 °C for 20 min. Trypsinization was stopped with 200 pl of trypsin
inhibitor, and tissue was triturated with a 1000 pl micropipette tip. Cells
were pelleted for 3 min at 1400 rpm, washed three times in Neurobasal
medium (Invitrogen), and resuspended in Neurobasal medium
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supplemented with 1x B27, 1x Glutamax, and 1x penicillin/strepto-
mycin. Cells were counted and seeded in a 96-well plate that had been
coated overnight with 0.1% poly-L-lysine at 4 °C. After seven days of
plating, cells were transduced with either 3x10° of haSyn or 3x10° gp/
ml of EV viral vectors. Four days after transduction, T cells (200,000)
were isolated from the brains of haSyn PD mice and co-cultured with
neurons (20,000) in culture for 8 h. For control experiments, bulk lymph
nodes cells from wt mice were collected and suspended as described
above. 2x10° cells were plated in a 48-well plate in 1 ml of R10 medium
and stimulated for approximately 24 h with soluble low endotoxin/
azide-free (LEAF) CD3"/CD28™" (E18) antibodies at a final concentra-
tion of 2.5 pg/ml each. Cells were collected, counted, and used for ex-
periments. The activation status of T cells (CD69 expression) was always
controlled by FACS analysis prior to experiments. The experiments
showed that a 10:1 ratio of bulk (including primed haSyn-specific) T
cells versus cultured hippocampal neurons induced no detectable
changes on the gross morphology of the hippocampal neurons (Fig. 60).
For this reason, a 10:1 T cell/neuron ratio was used throughout the
experiment.

2.14. Immunocytochemistry and measurement of fluorescence intensity

Neurons were fixed with 4% PFA and blocked with 5% NGS and
0.3% Triton X100 and stained with anti-mouse microtubule-associated
protein-2 (MAP2, clone AP20, 1 ug/ml, Sigma, cat # M1406) and rabbit
anti-human a-synuclein (1:30,000, Sigma cat # S3062) and goat anti-
mouse Alexa Fluor 488 (1:300, Dianova, cat #115-545-166), and
goat-anti rabbit Cy3 (1:300, Jackson laboratories, cat # 111-165-003)
secondary antibodies and DAPI counterstaining. Experiments were
conducted in triplicates and each cell culture well was imaged blindly
and randomly using a 20x objective on a Leica DMi8 microscope. 8-bit
color images were converted to 8-bit greyscale, and pixel intensity of
the MAP2 staining was measured for every condition without adjust-
ments using ImageJ. A rectangular region-of-interest was drawn around
cells to determine the area and mean fluorescence-signal intensity.
Background measurements were determined adjacent to cells, and the
corrected total cell fluorescence (CTCF) was calculated as integrated
density — (area of selected cells x mean fluorescence of background
measurements).

2.15. Statistics

Normality of each data set was investigated by the D’Agostino &
Pearson omnibus normality test. Parametric methods were employed for
normally distributed data, and non-parametric tests were used in the
instances of non-normal distributed data or unequal variances. For
analysis of striatal TH™ optical density and stereological estimation of
SN cell numbers and FACS analyses the parametric one-way ANOVA was
used, followed by Tukey’s multiple comparison test. For the cylinder and
rotarod tests, DAT autoradiography, HPLC analyses, estimation of
lymphocyte numbers, cytokine analyses, and measurement of corrected
total fluorescence, non-parametric tests were implemented (Mann-
Whitney test for comparison of two groups, Kruskal-Wallis test for
comparison of > 3 groups, followed by Dunn’s multiple comparison
test). Unpaired, two-tailed Student’s t test was used for comparing the
number of microglial cells between two groups. Analysis of T cell-
specific responses was done by two-way ANOVA with pairwise
Fisher’s Least Significant Difference (LSD) test. *P < 0.05, **P < 0.01,
***P < 0.001 were considered as significant P-values.

3. Results

3.1. Neuroinflammation is found in the SN of human PD brains and in the
nigrostriatal tract of haSyn PD mice

Human PD brains are characterized by significantly elevated CD8" T
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cell numbers within the SN. Similar, though non-significant, trends were
also observed for SN CD4 ™ T cell counts (p = 0.057) and for perivascular
CD4" T cells (p = 0.06) (Fig. 1A-H). Co-expression analyses further
demonstrated significant elevations of Granzyme B, KLRG1 and CD107a
expression in CD8" T cells in PD samples compared to human control
brains (Fig. 11, Fig. S1). CD68" myeloid cells, consisting of resident
microglia and infiltrating myelomonocytic cells, were also enriched in
SN samples from PD patients (Fig. 1J-L). In the haSyn PD mouse model,
neuroinflammation was confirmed by staining the nigrostriatal tract for
CD4" and CD8™ T cells and for CD11b™ myeloid cells. Compared to
empty vector (EV) control mice, haSyn PD mice showed significantly
increased CD4" and CD8™ T cell infiltrates within the SN (Fig. 1M-O, Q-
S). B cell numbers were, in contrast, low and unaltered (Fig. S2). In the
striatum, where T cell infiltration was roughly ten times lower than in
the SN, CD4" but not CD8" T cell counts were significantly elevated in
haSyn PD mice over controls (Fig. 1P, T). By directly comparing T cell
numbers between human PD and haSyn PD mouse samples, we found ~
20x more CD4" and ~ 10x more CD8™ T cells in haSyn mice. Moreover,
while most T cells observed in haSyn PD mice were found in the SN
parenchyma (~80% for both T cell subpopulations), only ~ 30% of T
cells in human PD samples were located in the parenchyma and ~ 70%
showed perivascular localization (Fig. 1U-W, Fig. S3). CD11b™ microglia
and other myeloid cells were well represented in the SN and striatum,
with significantly elevated cell numbers and increased surface expres-
sion in haSyn PD mice compared to EV controls (Fig. 1X-Z1). In line with
the faster onset and progression of disease, the haSyn PD mouse model
demonstrates a higher amount of T cell accumulation. Also, the pro-
portion of lymphocytes in the parenchyma was higher in brains from
haSyn mice than in the SN of PD patients. Still, both the nigrostriatal
tract of haSyn PD mice and the SN of human PD brains were charac-
terized by neuroinflammation.

3.2. Differentially expressed pro-inflammatory gene profile of immune
cells in the brains of haSyn PD mice

To obtain broader insights into the immune activation in the haSyn
PD mouse brain, we sacrificed haSyn PD and EV control mice 16 weeks
after AAV1/2 injection into the SN, isolated the immune cells from the
SN and striatum and performed RNA sequencing. The advanced disease
time point was chosen to ensure sufficient accumulation of immune cells
in this progressive and low-grade inflammatory model of PD. Moreover,
as most human patients only receive the clinical diagnosis of PD once
they have already suffered an estimated loss of > 50% of all dopami-
nergic SN neurons (Dauer and Przedborski, 2003; Lang and Lozano,
1998; Marsden, 1990; Ross et al., 2004), the late time point is also ex-
pected to enhance comparability. As expected, monocyte-like cells
(likely microglia) made up the majority of the analyzed cells. Decon-
volution of expression profiles (Chen et al., 2017) also confirmed the
presence of other immune cell types including CD4" and CD8" T cells
(Fig. 2A). We considered a Fold Change cutoff of |1.5| to screen for
biological trends in the data. This approach still yielded 1262 genes that
were differentially expressed in haSyn PD mice compared to EV control
(Fig. S4). Pathway analysis based on Gene Ontology (GO) enrichments
indicated inflammation-associated processes (Fig. 2B, supplementary
excel file, GO Analysis table). Out of the 127 deregulated genes falling
into these GO categories, 117 were up- and 10 downregulated (Fig. 2C).
Eighty-One of the upregulated genes (69%) were described as pro-
inflammatory in the UniProt database (https://www.uniprot.org/),
thereby indicating a pro-inflammatory shift in the brains of haSyn PD
mice (Fig. 2C, supplementary excel file, upregulated/downregulated
gene tables). Cell types associated with these 127 genes included lym-
phocytes in general (mentioned 17 times), macrophages (45), dendritic
cells (43), T cells (43), monocytes (42), granulocytes (36 including 13
neutrophils and 3 basophils), B cells (21), NK cells (16), and mast cells
(11). Moreover, 32 genes (25%) had previously been implicated in
neuroinflammation. PD-associated pro-inflammatory genes Aif1, Casp1,
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Fig. 1. Human PD brains and haSyn PD mice demonstrate T cell and myeloid cell accumulations. A, B, E, F, J, K Representative images of human control (A, E, J) and
PD patients (B, F, K) brain autopsies stained and counted for CD4™ (A-D) and CD8" (E-H) T cells (arrows) and CD68" myeloid cells (J-L) in the SN. Co-expression of
CD8™ T cells with activation marker Granzyme B, KLRG1 and CD107a (I). Macrophages in B, F, J and K depicted by arrowheads, arrows in K point at processes of
microglia, dopaminergic neurons marked as DN (A, B, E, F, K). M—T, Immunohistochemical stainings and quantification for CD4" (M—P) and CD8" (Q-T) T cells in
the SN and striatum of EV vector (EV) and haSyn vector (haSyn) injected mice, ten weeks after AAV injection. U, V, Triple-immunofluorescence images from haSyn
mouse SN stained for CD4" (U) or CD8" T cells (V), TH for dopaminergic neurons and Laminin as vessel marker. Relative distribution of T cells regarding the
proximity to vessels in haSyn PD mice and human PD SN (W). X-Z1, Images (X, Y) from CD11b" immunostained myeloid cells and cell counts (Z-Z1) from EV control
(Z) and haSyn PD mice (Z1). Data shown as mean + SEM. n (A-L) = number of human SN; n (M—Z1) = number of biologically independent animals. Statistical
analysis by one-tailed Mann-Whitney test for human samples, by unpaired, two-tailed Student’s ¢ test: SN t(12) = 8.804, P < 0.0001; striatum: t(12) = 7.167, *P <
9.05, **P < 0.01, ***P < 0.001. Scale bars: B, F, K, V 50 um each, N, R, Y 20 ym each.

Il1b, Jun, Sphk1, Tnf, and Trem2, and anti-inflammatory Gpnmb and
Fcgr2b genes were also found to be upregulated in haSyn PD mice
(supplementary excel file, upregulated/downregulated gene tables).
Based on the 1262 genes with > |1.5] fold change, transcription factor
enrichment analyses (supplementary excel file, ENCODE and ChEA3
Consensus TFs table) revealed significant upregulation of SPI1 (Padj =
0.001; 74 genes) and IRF8 (Padj = 0.002; 16 genes) which have already
been linked to alterations of gene expression in human PD (Satoh et al.,
2014; Su et al., 2018). Other transcription factors were not significantly
enriched.

3.3. T cells in the brain of haSyn mice display an activated marker profile

Since T cell related genes were prominently altered in haSyn PD
mice, we characterized T cells from these mice compared to EV controls
and naive wild type (wt) mice by FACS analysis. One, five and ten weeks
after disease induction, T cell activation was assessed in brain, cervical
lymph nodes, and spleen using CD69 as an activation marker. One week
after injection, detection of AAV coating proteins in > 95% of dopami-
nergic SN neurons from both haSyn and EV mice confirmed a similar
transduction efficiency in both groups (Fig. S5). At the same time point,
a significant elevation of CD8YCD69" T cells was found in brains of
haSyn PD and EV mice compared to naive wt controls. This elevation
was observed until 5 weeks after AAV delivery. At ten weeks, however
activated CD47CD69" and CD8'CD69' T cells were significantly
increased only in haSyn PD mouse brains compared to age-matched EV
controls and all other groups (Fig. 3A-H). This level of T cell activation
persisted and was also observed at the 16 weeks time point chosen for
gene expression analysis (Fig. S6). Irrespective of the chosen time point,
cervical lymph nodes from haSyn PD mice showed no induction of CD69
while the spleen of haSyn PD mice demonstrated only significantly
increased activation of CD4" and CD8" T cells compared to the one
weeks groups of mice (Fig. 3A-H).

3.4. T cells from peripheral lymphatic organs of haSyn PD mice express
an early pro-inflammatory cytokine profile

In addition to T cell activation, we further determined cytokine
release in response to PMA/ionomycin. One week after disease induc-
tion haSyn PD mice displayed a prominent elevation of IL-2 in cervical
lymph nodes and spleen. This finding possibly indicates a T cell acti-
vation in peripheral organs (Fig. 3I-K). Interestingly, no significant IL-2
release was observed in T cells from brain at the early stages. A very
recent report also suggests that T cells persisting in the brain undergo
epigenetic adaptations induced by the transcription factor TOX which
result in a partial loss of effector functions (Page et al., 2021). Respon-
sive T cells detected at 5 weeks after infection may thus have freshly
immigrated into the brain. Further cytokine analyses to indicate T cell
polarization into Th1, Th2 or Th17 CD4" T helper cell subsets revealed
heterogeneous results. IL-4 as a marker for Th2 immunity did not show
any significant differences between haSyn PD mice and EV controls. In
addition, non-significant trends towards elevated IFN-y and IL-17 pro-
duction were detectable in cervical lymph nodes (IL-17) and spleen
(IFN-y) at early time points (Fig. 3L-T). Altogether, these results support
an early peripheral T cell priming event, as indicated by IL-2 release
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from spleen and cervical lymph node cells. Responses observed in both
EV and a-synuclein-injected, but not in control mice, are likely directed
against AAV antigens. Initial priming of T cells against AAV and a-syn-
uclein antigens may also explain the ambiguous polarization of early
immune responses, with traits of Th1l, Th2 and Th17 signatures. How-
ever, as T cell activity in EV-infected mice subsides to control levels
within weeks, T cell responses assessed at later time points are likely
a-synuclein-specific.

3.5. Genetic lymphocyte deficiency alleviates motor symptoms and
prevents SN dopaminergic perikarya loss without rescuing dopaminergic
terminals in the striatum of haSyn PD mice

To evaluate the functional role of adaptive immune cells in nigros-
triatal degeneration and ensuing deterioration of motor function, we
performed rotarod performance and cylinder tests on haSyn PD mice
with or without RAG-1 deficiency. RAG-1 deficient mice produce no
mature lymphocytes and can therefore indicate a role for these cells in
PD disease progression. While all EV control groups showed a consistent
performance, haSyn PD mice displayed a significant deterioration of
motor performance on the rotarod at four and, to a more pronounced
extent, at eight weeks (Fig. 4A). In line with the predicted role for
lymphocytes in disease progression, RAG-1 deficiency (RAG-17~ haSyn)
prevented this deterioration (Fig. 4A). This protection of motor symp-
toms was also found by cylinder tests nine weeks after disease induction
(Fig. 4B). A preference for using the right forepaw, ipsilateral to the
injection site of the right SN, was observed in immune-competent wt
haSyn PD mice but not in EV control or RAG-17" haSyn PD animals. A
comparison between the five week and the nine week time points also
indicates the progressive character of this imbalance in the cylinder test.
To demonstrate that the absence of lymphocytes and not genotype-
related factors were the cause for the amelioration of motor symp-
toms, RAG-17" mice were reconstituted with lymphocytes by bone
marrow transfer (Fig. 4D-E). In these immunologically reconstituted (wt
BM RAG-17" haSyn PD) mice, infiltration of T cells into the nigrostriatal
system was comparable to wt haSyn PD mice (Fig. 4C) and associated
with a significant deterioration of motor performance compared to their
RAG-17" haSyn counterparts. In line with the behavioral tests, quanti-
fication of dopaminergic SN neurons ten weeks after disease induction
revealed a substantial cell loss in wt haSyn PD mice that was hardly
observed in RAG-17" haSyn PD mice. Reconstitution of lymphocytes in
RAG-17" haSyn PD mice (wt BM RAG-17" haSyn PD) restored the pa-
thology (Fig. 4F, G). These data clearly demonstrate the pathogenic role
of lymphocytes in SN dopaminergic neurodegeneration. Interestingly,
optical density measurement of TH" fibers and autoradiography-based
dopamine transporter (DAT) binding analyses, performed to assess the
striatal innervation with dopaminergic terminals, revealed that the loss
of dopaminergic terminals was lymphocyte-independent. Ten weeks
after disease induction, all groups of mice injected with the pathogenic
haSyn vector (wt, RAG-17 °, wt BM RAG-17") showed reduced TH* op-
tical density and striatal DAT binding on the injected side, whereas no
apparent loss of dopaminergic terminals was visible in EV injected wt
and RAG-17" mice (Fig. 4H-J). Striatal dopamine levels ipsilateral to the
haSyn vector injection were similarly reduced in wt, RAG-17" mice, and
in wt bone marrow reconstituted RAG-17" mice (Fig. 4K). Still, the
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Fig. 2. Transcriptome analysis of brain immune cells reveals an inflammatory profile in haSyn PD mice. A, Pie Charts depicting the relative distribution of the
various immune cell types from EV (left) and haSyn PD (right) mouse brains after discontinuous Percoll gradient to enrich for immune cells in the SN and striatum.
Data represent the average of five mice each. B, Bar plot depicting the top enriched GO terms from the genes with a FC > |1.5| (log2FC > |0.6|) in haSyn PD mice
compared to EV control. X-axis represents the number of genes and colors are depicting the g-values for the GO term enrichment. C, Network map of the top 10
upregulated GO terms from B and the genes associated with these GO terms. Genes are color-coded for fold change with green dots representing down-regulation and
red dots representing up-regulation, with brown letters representing described pro-inflammatory and blue letters representing anti-inflammatory roles. Tan circles
represent the individual GO terms, numbered as in B. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 3. Activation of T cells and early elevation of cytokines in haSyn PD mice. A-H, FACS-based staining for CD4"CD69" or CD8CD69 " activated T cells in haSyn
PD mice compared to EV and naive controls of brain (A, D), cervical lymph nodes (B, E), and spleen (C, F) one, five and ten weeks after AAV injection. Representative
FACS results are shown for at ten weeks for CD4"CD69™ (G) and CD8TCD69 ™ T cells (H). I-T, Cytokine analyses from supernatants of cells derived from the indicated
organs after ex vivo stimulation with PMA/ionomycin. IL-2 (I-K), IFN-y (L-N), IL-4 (O-Q), and IL-17A (R-T) levels. Data shown as mean + SEM. n = number of
biologically independent samples, each sample for cytokine analyses consist of pools of two animals. Statistical analysis by one-way ANOVA with Tukey for FACS
(CD4*CD69™" brain: F(6, 48) = 10.64, P < 0.0001; CD4"CD69 spleen: F(6, 46) = 3.594, P = 0.0053. CD8"CD69" brain: F(6, 48) = 17.02, P < 0.0001; CD8*CD69
spleen: F(6, 47) = 2.998, P = 0.0146) and Kruskal-Wallis test followed by Dunn’s multiple comparison test for each time point for cytokine analyses. *P < 0.05, **P
< 0.01, ***P < 0.001.
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Fig. 4. Lymphocytes contribute to nigrostriatal dopaminergic degeneration in the haSyn PD mouse model. A, B, Data from rotarod performance and cylinder test of
EV vector-injected wt and RAG-17" control mice, immune-competent haSyn PD mice (wt aSyn), RAG-17~ haSyn mice and bone marrow reconstituted RAG-1-/- haSyn
PD mice (wt BM RAG-17" haSyn). C-E, For each animal, successful reconstitution of T cells by wt bone marrow transfer into RAG1”~ mice was demonstrated by the
presence of T cells in FACS analysis of the spleen and by infiltration of the SN with CD4" and CD8™ T cells. In compliance with rules for the reduction of animal use in
research, the wt EV data for C are identical to the ones presented in Fig. 10, S. F-G, Representative images of TH" dopaminergic neurons in the SN of the indicated
groups of mice (F) and estimated cell number of SN neurons by unbiased stereology (G). H-I, Representative images from the indicated groups of mice showing the
dorsolateral striatum after TH* immunostaining. Optical density measurements (I). J, DAT autoradiography in the striatum of the same groups of mice. K-L, Analyses
of striatal dopamine levels and HVA/DA ratio. All data are shown as mean + SEM. n = number of biologically independent animals. Statistical analysis for A, B, J-L:
Kruskal-Wallis test followed by Dunn’s multiple comparison test. For C: Mann-Whitney test, for G, I: one-way ANOVA followed by Tukey’s multiple comparison test:
§N: F(4, 22) = 9.779, P = 0.0001; Striatum: F(4, 21) = 4.901, P = 0.0060. *P < 0.05, **P < 0.01, ***P < 0.001. Scale bars: C: 20 um; F: 200 um; H: 1000 um.

homovanilic acid (HVA) to dopamine ratio revealed a significantly 3.6. CD4" and CD8" T cells both induce relevant damage to

higher dopamine turnover in wt haSyn PD mice compared to wt and dopaminergic SN neurons

RAG-17" EV-injected controls. RAG-1 deficiency resulted in a slight

reduction of the HVA/dopamine ratio after haSyn vector injection, while To further define the lymphocyte subpopulation(s) responsible for
lymphocyte reconstitution with wt bone marrow enhanced the HVA/ the observed dopaminergic SN cell loss in immune-competent haSyn PD
dopamine ratio again (Fig. 4L). Thus, lymphocyte deficiency can mice, we reconstituted RAG-17" mice with bone marrow from mice
completely reverse behavioral deficits and most histological alterations, lacking either CD4" (CD4/CD8") or CD8" (CD4'/CD8) T cells or B
whereas lymphocyte reconstitution sets back the phenotype to wt cells (CD41/CD8™). Successful bone marrow transfer was controlled by
impaired haSyn PD mice. Brain-infiltrating lymphocytes hence play a FACS analysis of blood and spleen lymphocytes (Fig. 5A-C). Ten weeks
critical functional role in neurodegeneration in the haSyn PD model. after virus delivery, dopaminergic SN neurons were reduced in haSyn-

injected RAG-17" mice that received CD4*/CD8", CD4/CD8" or JHD”
bone marrow compared to EV control RAG-17" mice (Fig. 5D, E).
Analysis of striatal dopaminergic fiber innervation again demonstrated a
loss of striatal fibers in all mice injected with the haSyn vector, and a
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Fig. 5. CD4" and CD8" T cells are both detrimental in the haSyn PD mouse model. A-C, Representative FACS analyses of mouse spleens from RAG-17" mice after
successful transplantation with either CD4%/CD8’, CD4/CD8%, or CD4"/CD8" bone marrow showing reconstituted CD4" or CD8%, or CD47+CD8" T cells,
respectively. B cells, which are also lacking in RAG-17" mice, were not reconstituted in this assay. (D-E) TH immunostained SN images showing dopaminergic neurons
from EV vector-injected controls (wt EV, RAG-17" EV) and from the three T cell reconstituted mouse groups injected with haSyn as indicated (D). Number of
dopaminergic SN neurons (E). F-G, Optical density measurements (F) and DAT binding in striatum (G). H-I, Striatal dopamine levels and HVA/DA ratio. Data shown
as mean + SEM. n = number of biologically independent animals. In compliance with rules for the reduction of animal use in research, the wt EV and RAG-17" EV
data for E-I were identical to the ones presented in Fig. 4G, I-L. Statistical analysis for E and F: one-way ANOVA followed by Tukey’s multiple comparison test: E: F
(4,34) = 8.485, P < 0.0001; F: F(4, 33) = 8.392, P < 0.0001. For G-I: Kruskal-Wallis test followed by Dunn’s multiple comparison test. *P < 0.05, **P < 0.01, ***
0.001. Scale bar: D: 200 pm.
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Fig. 6. Causative link between a-synuclein-specific T cell responses and immune system-elicited neurodegeneration. A, Amino acid sequence of mutated human
A53T-haSyn. The mutation at position 53 is highlighted in red. Amino acids that differ between mouse and human aSyn are shown in blue. The P128L modification is
shown in orange brackets. B, Ten peptides predicted to bind to MHC I H-2 molecules K®, DP, and MHC II molecule I-A® generated from the human haSyn sequence are
shown with amino acid sequence and position. C, Results from IFN-y ELISpot analysis after stimulation of mononuclear cells containing CD4*, CD8" T cells and
myeloid cells from cervical lymph nodes of haSyn PD (red) and control mice (blue) with the predicted peptides, ten weeks after EV or A53T vector injection. D,
Leukocytes from spleens of haSyn PD and control mice were incubated with all ten predicted haSyn peptides for ten days. Values are shown as mean + SEM. n =5
biologically-independent animals for each group. E-G, Image showing immunofluorescence stainings of MAP2 (E, green) and haSyn (F, red) in hippocampal neurons
expressing haSyn after viral infection. Overlay with DAPI (G). H-J, L-N, O-Q, Primary neuron cultures in 96-well plates that were infected with EV vector (H, M, P),
haSyn vector (I, N, Q), or remained non-infected (J, L, O). Co-cultures with mononuclear cells including T cells from haSyn brains, extracted ten weeks after AAV
delivery (0O-Q), CD3/CD28-activated T cells (L-N), or thapsigargin (J). K, R, Measurement of MAP2 fluorescence intensity shown as mean + SEM. n = number of
biologically independent cell cultures for each experiment. Statistical analysis for C and D by two-way ANOVA with pairwise Fisher’s LSD test (C: F(10, 110) = 2.629,
P = 0.0066; D: F(10, 110) = 4.099, P < 0.0001), for K, R by Kruskal-Wallis test followed by Dunn’s multiple comparison test. *P < 0.05, **P < 0.01, ***P < 0.001.
Ecale bars: 50 pm each. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

corresponding dopaminergic terminal loss as reflected by reduced activation (CD69™) in the brain.
striatal TH™ fiber innervation and DAT binding (Fig. 5F, G). Reduction of
striatal dopamine and increase of dopamine turnover was observed in all
three groups of mice after haSyn vector injection (Fig. 5H, I). In sum-
mary, these data indicate that both CD4" and CD8™ T cells but not B cells
are detrimental to dopaminergic SN neurons.

3.8. Mononuclear cells isolated from haSyn-expressing brains specifically
induce damage to haSyn-expressing neurons

To clarify whether murine T cells that specifically respond to human
haSyn peptides can actively induce haSyn-specific damage to neurons,

3.7. haSyn peptides elicit antigen-specific responses primary mouse hippocampal neurons were infected with haSyn or
control vector. Four days after infection, all haSyn vector-infected
Having demonstrated the pathogenic relevance of T cells in the neurons expressed haSyn (Fig. 6E-G) and displayed cell numbers and
haSyn PD mouse model, we screened for antigen-specific T cell re- cell integrity comparable to EV infected cells, as judged by the neuronal
sponses against haSyn epitopes. Ten weeks after AAV injection, mono- somatodendritic marker MAP2 (Fig. 6H, I). Treatment with thapsigargin
nuclear cells including bulk CD4" and CD8™ T cells were extracted from reduced MAP2 staining by > 80% (Fig. 6J, K). We then performed an ex
cervical lymph nodes or from spleens of haSyn vector-injected mice, vivo/in vitro study by extracting mononuclear cells (including T cells and
before being stimulated with haSyn-derived peptides and tested for IFN- microglia) from haSyn PD mouse brains. Unspecific activation of T cells
y production by ELISpot assays. Peptide antigen candidates from the with anti CD3/CD28 antibodies elicited massive cell loss in both naive
mutated human haSyn sequence (Fig. 6A) were selected based on neo- and vector-infected neurons (Fig. 6L-N, R), thereby confirming func-
antigenicity (due to species difference), on predicted affinity and on tionality of the isolated immune cells. Incubation of haSyn-infected
the likelihood of being presented by murine MHC I molecules H-2 K® and neurons for eight hours with brain leukocytes from haSyn PD mice
H-2DP and by the MHC II molecule I-AP (Fig. 6B). The haSyn peptide likewise resulted in massive (>80%) neuron damage (Fig. 6Q, K). In
121-128 was further modified (P128L) to increase predicted affinity to contrast, EV-infected and non-infected naive neurons did not suffer from
H-2 KP. Out of ten predicted peptides, haSyn68-78 and haSyn100-114 incubation with mononuclear cells derived from haSyn PD mouse brains
elicited increased IFN-y production in ELISpot assays with T cells iso- (Fig. 60, P, K). This assay thus showed that mononuclear cells from
lated from cervical lymph nodes of 3/5 haSyn PD mice (Fig. 6C). Cells brains of haSyn PD mice induced neuronal damage in a strictly haSyn
from control animals did not respond. To improve the signal to noise ~ antigen-specific manner, which indicates that T cells (rather than
ratio, antigen-specific T cells were cultured for 10 days in the presence of =~ microglia) are the critical effectors.
all ten peptides (+IL-2). After resting, the in vitro expanded T cells were
stimulated with individual peptides and IFN-y production was assessed 4. Discussion
by ELISpot. Cells from the two initially non-responsive haSyn PD mice
now also displayed significantly increased IFN-y production in response There is increasing evidence for involvement of adaptive immunity

to haSyn68-78 peptide (Fig. 6D). In addition, elevated IFN-y levels were in PD pathophysiology (Brochard et al., 2009; Lindestam Arlehamn
observed in haSyn PD mice for haSyn92-100, 121-128, 100-114 and et al., 2020; Sommer et al., 2018; Sulzer et al., 2017; Williams et al.,
120-134 (Fig. 6D). Thus, T cells from peripheral lymphatic organs of all 2021). Knowing a-synuclein to be a major culprit for PD pathogenesis
tested haSyn PD mice showed antigen-specific T cell responses to at least (Fuchs et al., 2007; Kruger et al., 1998; Polymeropoulos et al., 1997;

one peptide of the mutated human haSyn protein, with a preference for Spillantini et al., 1997), a-synuclein-derived peptide antigens were
haSyn68-78. haSyn antigen-specific T cells can thus be detected in cer- found to elicit helper and cytotoxic T cell responses in vitro in about 40%
vical lymph nodes and, albeit at lower frequencies, in spleens from of investigated patients with sporadic PD (Sulzer et al., 2017). Human
haSyn PD mice. Since ELISpot analyses from brain mononuclear cells at Th17 cells were further shown to induce apoptosis in autologous
ten weeks of disease did not yield clear results, we repeated the exper- pluripotent stem cell-derived midbrain neurons (Sommer et al., 2018).
iment with mice at an earlier disease stage, two weeks after haSyn vector Still, ethical considerations preclude any attempt to prove a causal link
injection This revealed a significantly increased IFN-y production, again between a-synuclein peptide-specific T cells and dopaminergic neuro-
in response to the haSyn68-78 and haSyn120-134 peptides. No such degeneration in humans. Using a mouse model in which PD-like pa-
responses were found in EV injected mice (Fig. S7). Interestingly, the thology is induced by (over)expression of mutated human a-synuclein in
number of haSyn-transduced TH™ SN neurons was higher at two weeks dopaminergic SN neurons, we here describe that dopaminergic neuro-
than at ten weeks after AAV delivery, mostly because of the degenera- degeneration is mediated by antigen-specific T cells. We further iden-
tion of TH' neurons (Fig. S8). This finding could therefore explain the tified novel haSyn-derived antigenic peptides recognized by murine T
differences in haSyn-responsiveness of T cells comparing these two time cells.

points. Taken together, our results indicate a two-phasic disease course So far only two studies have compared CD4" and CD8" T cell sub-
in haSyn PD mice with an early phase (1-5 weeks) characterized by population in PD brain autopsies with controls, both demonstrating
peripheral immune activation (IL-2 increase in cervical lymph nodes and elevated CD8" T cell counts in PD patients (Brochard et al., 2009;
spleen) and haSyn-specific-immunoreactivity of brain T cells and a late Galiano-Landeira et al., 2020). One study also showed a significant in-
phase (10-16 weeks) with pronounced neuroinflammation and T cell crease of CD4" T cells (Brochard et al., 2009). In the current study, we
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confirmed significantly higher CD8" T cell numbers within the SN
(Galiano-Landeira et al., 2020). In addition, we extended this observa-
tion to elevated CD8™ T cell activation markers Granzyme B, KLRG1 and
CD107a in human PD SN.

The haSyn PD mouse model was already shown to faithfully reca-
pitulate features of human PD pathophysiology, including dopaminergic
endpoints and a-synuclein pathology with insoluble Lewy-like structures
(Ip et al., 2017). The increase in T cell numbers in PD patients was
mirrored by elevated, CD8" T cell numbers, in addition to CD4" T cells
in the nigrostriatal tract of haSyn PD mice. The number of T cells was 10-
20x higher in haSyn PD mice compared to human PD, pointing towards a
stronger immunological reaction in haSyn PD mice. Nevertheless, the
observed neuroinflammation could still be considered low-grade
compared to the acute MPTP model of PD that demonstrates
massively elevated CD4" and CD8™ T cell infiltrations in the SN, up to ~
20x higher than observed in haSyn PD mice (Brochard et al., 2009).
While human PD displays an even lower level of T cell infiltration, its
symptoms only develop over decades. The level of T cell infiltration
induced in our mouse model may, in contrast, be sufficient to cause
disease formation within months, thereby rendering the haSyn mouse
model suitable for use in a research context. A neurotoxic role of CD4* T
cells appears plausible as AAV-encoded a-synuclein, but not AAV-GFP
had been shown to enhance MHC II expression, CD4" T cell prolifera-
tion, and numbers of microglial cells in another mouse model for PD
(Harms et al., 2013; Theodore et al., 2008; Williams et al., 2021), in
which CD4”/" and MHC II knock-out mice were protected from dopa-
minergic neurodegeneration. The presumed causal role of neuro-
inflammation in PD is further supported by findings from the rAAV2/7-
A53T-aSyn rat model (Van der Perren et al., 2011) where immunosup-
pression by FK506 treatment reduces T cell infiltration and loss of
dopaminergic neurons. Still, the functional role of a-synuclein-specific T
cells in neurodegeneration had not been systematically explored before.
Transcriptomic data from the immune cell compartment of our haSyn
PD mouse model revealed a shift towards a pro-inflammatory milieu in
haSyn PD mouse brains indicated by an upregulation of pro-
inflammatory genes relevant for both adaptive (in particular T cell-
associated) and innate immune functions. The pro-inflammatory genes
Aif1, Casp1, Jun, Sphk1, Tnf, Trem2, I11b that had already been linked to
PD pathogenesis based on PD cell models, animal models and genetic
studies in PD patients (Han et al., 2019; Hu et al., 2019; Koprich et al.,
2008; Lindenau et al., 2017; Pyszko and Strosznajder, 2014; Ren et al.,
2018; Wang et al., 2016) were found to be upregulated in haSyn PD
mice. Gpnmb, an anti-inflammatory transmembrane protein that has
neuroprotective effects in MPTP mice (Budge et al., 2020), was also
induced in haSyn PD mice. Due to elevated protein levels in SN of post
mortem PD tissue, and based on genome-wide association analyses
((IPDGC, 2011); Moloney et al., 2018) which identified Gpnmb as a
potential PD risk gene, Gpnmb is also implicated in human PD. Based on
differentially regulated genes, we finally identified an upregulation of
targets of the transcription factors SPI1 and IRF8, which are both linked
to microglia activation and possibly to PD (Satoh et al., 2014; Su et al.,
2018; Zhou et al., 2019). Gene expression and target enrichment ana-
lyses thus indicate an inflammation/repair situation in brains of haSyn
PD mice with chronic disease. Deregulations in numerous genes asso-
ciated with PD underline the high validity of the haSyn PD mouse model.

Focusing on T lymphocytes, we found progressive accumulation of
activated CD4"CD69" and CD8'CD69" T cells in the brains of haSyn PD
mice. Consistent with the extracranial origin of other neuro-
inflammatory diseases (Ferreri et al., 2010), T cells from cervical lymph
node display an early and strong upregulation of IL-2 after haSyn vector
injection, whereas brain-derived T cells are refractory to stimulation by
PMA/ionomycin at that time point. This may be due to an epigenetic
adaptation to the normally rather immune-privileged intracranial
microenvironment. As meningeal lymphatic vessels drain antigens from
the brain into deep cervical lymph nodes (Aspelund et al., 2015; Prinz
and Priller, 2017), drainage of haSyn proteins from the brain into
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cervical lymph nodes may occur shortly after transgene production by
the haSyn vector. Lymph node-resident dendritic cells would then pro-
cess haSyn proteins into immunogenic peptides, as identified by ELISpot
assays. Upon antigen-dependent priming, IL-2 then promotes the dif-
ferentiation of naive T cells into effector T cells (Boyman and Sprent,
2012). A small population of haSyn-specific memory T cells can then
infiltrate the brain, where they are reactivated upon encountering their
cognate antigen on neurons (Legroux and Arbour, 2015; Zhan et al.,
2017). Accordingly, T cell deficient RAG-17" but not B cell deficient
JHD”" haSyn PD mice are protected from motor deficits and loss of
dopaminergic neurons, while immunological reconstitution reveals the
detrimental roles of CD4" and - to a lesser, but still significant extent —
also CD8" T cells. However, T and B cells are mutually dependent on
each other as CD4" T helper cells are important for proper activation of
B cells. Likewise, CD4" T and B cells can also support priming and
maintenance of cytotoxic CD8™ T cells (Castiglioni et al., 2005; Kuma-
moto et al., 2011; Linterman et al., 2009). While this calls for a cautious
interpretation of our bone marrow reconstitution experiments, it may
also explain why these experiments did not reveal one single cell type
responsible for neurodegeneration. Similar T cell dependent mecha-
nisms have also been described for other neuroinflammatory diseases
such as multiple sclerosis (Legroux and Arbour, 2015), and are appar-
ently responsible for inducing PD-like symptoms in the haSyn PD mouse
model.

The notion that PD may be immune-mediated only recently gained
strong support when two antigenic regions of human a-synuclein were
found to elicit specific T cell responses in PD patients (Sulzer et al.,
2017). Strikingly, most PD patients showed MHC Il-restricted CD4" T
helper cell-mediated IFN-y (Th1) and IL-4 (Th2) immune responses,
indicating a primarily CD4" T cell-mediated autoimmune response. In
one PD patient, however, T cell responses were mediated by IFN-
y-producing CD8" T cells (Sulzer et al., 2017). Identification of five
haSyn-derived epitopes which specifically induce IFN-y release in
memory T cells from haSyn PD mice implies that a similar situation may
be induced by overexpressing mutant haSyn in the SN of mice. Inter-
estingly, one of the identified immunogenic haSyn epitopes (hu_a-
Syn120-134) demonstrated an overlap of all but one amino acid witha T
cell activating a-synuclein-derived peptide (DNEAYEMPSEEGYQD) that
was recently identified as a T cell epitope in PD patients with dementia
(Gate et al., 2021).

Further neuronal damage is likely be caused by activated CD11b"*
myeloid cells, which were abundantly present in the dopaminergic
nigrostriatal tract of haSyn PD mice. A loss of striatal dopaminergic
innervation in haSyn PD mice that was even observed in the absence of T
cells may be due to reactive oxygen species released by accumulating
microglial or infiltrating monocytic cells. The haSyn PD mouse model
may thus also allow the investigation of AAV-haSyn induced innate
immune pathology which may inflict damage to dopaminergic terminals
and axons while sparing the less vulnerable dopaminergic perikarya.
Despite intrinsically limited axonal regeneration in adult brains, this
would likely result in an (at least partly) repairable neuronal damage.
Subsequent induction of T cell-mediated neuronal apoptosis (as shown
in Fig. 6) would, however, cause the irreversible loss of dopaminergic
neurons. Such a mechanism would also be in line with the growing body
of evidence that describes PD as a dying-back neuropathy which starts as
an axonopathy followed by neuronal cell body degeneration (Cheng
et al., 2010; Doppler et al., 2017; Meissner et al., 2003; Orimo et al.,
2008). Despite the lack of protection of striatal fibers and terminals by T
cell deficiency in our PD mice, the alleviation of motor deficits could be
explained by compensatory adaptation of dopamine turnover in sur-
viving neurons as depicted by a less pronounced HVA/DA ratio in mice
either lacking the entire T cell population or CD4" T cells only.

To demonstrate that T cells from haSyn PD mice induce haSyn
antigen-specific neuronal damage, we added mononuclear cells from
brains of haSyn PD mice to primary mouse neuron cultures. As different
neuronal cells are expected to present ectopically expressed haSyn in a
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similar way, we increased the number of available cells (and thus the
robustness of our results) by using hippocampal rather than dopami-
nergic neuron cultures. As an additional advantage, this approach could
even expand the scope of our findings beyond PD towards dementia with
Lewy bodies (DLB), a disease that is affected by hippocampal a-synu-
clein aggregations. In DLB, Lewy pathology was dominantly present in
the CA2 subregion of the entorhinal cortex (Adamowicz et al., 2017).
Moreover, CD4" T cells were observed in the hippocampus of post
mortem DLB brains close to vessels, while only a few CD8" T cells and
almost no B cells were found (Iba et al., 2020). To document the loss of
neuronal structures by haSyn-activated T cells, we used the somato-
dendritic marker MAP2. This marker labels neuronal microtubule
structures and is suited to document early and late signs of neuronal
structure degradation (D’Andrea et al., 2001; Sferra et al., 2020). Use of
bulk brain leukocytes rather than purified T cells minimized both ex vivo
handling of brain-derived immune cells and bias due to preselection of
cells. Using this method, we could clearly confirm T cell-induced haSyn-
specific neurotoxicity in our mouse model. Antigen-specific damage
mediated by the adaptive immune system has been described in several
neuroinflammatory diseases such as multiple sclerosis and chronic in-
flammatory demyelinating polyneuropathy (Diederich et al., 2018; Holz
et al., 2000; Kaushansky et al., 2010). It has also been demonstrated for
B-synuclein-specific T cells in a novel animal model for multiple sclerosis
(Lodygin et al., 2019). Our novel findings now support the notion that
PD could be another T cell-mediated autoimmune disease or, at least, a
neuroinflammatory disease with a relevant contribution from autor-
eactive T cells at later time points. Activated microglia might, however,
still be the culprits for the T cell-independent loss of striatal dopami-
nergic innervation observed in haSyn PD mice.

In summary, our findings demonstrate a causal role for a-synuclein
specific T cells in PD-associated neurodegeneration and motor
dysfunction. The proof of detrimental neuroinflammation in PD has
important therapeutic implications. Large randomized controlled, mul-
ticentric trials engaging in immune modulation in PD have not been
conducted to date. However, several potential immunomodulating
agents such as p2-Adrenoceptor agonists or anti-IL-17 therapy have been
tried in small open label clinical trials with partially encouraging results
(Magistrelli and Comi, 2020; Storelli et al., 2019). A population-based
case-control study including approximately 48,000 PD patients and
52,000 controls also analyzed the risk of developing PD with the intake
of immunosuppressants. Strikingly, patients medicated with inosine
monophosphate dehydrogenase (IMDH) inhibitors had a lower risk for
PD. As IMDH inhibitors such as azathioprine and mycophenolate pref-
erentially suppress T cell responses by inhibiting guanosine nucleotide
synthesis (Blaheta et al., 1998; Racette et al., 2018), this study supports
our conclusion that pro-inflammatory T cell responses represent a new
therapeutic target for a disease modifying treatment of human PD. The
haSyn PD model now provides an important tool to advance the pre-
clinical and translational work towards new and better immunother-
apies for patients with PD.
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