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SUMMARY

Parkinson’s disease (PD) is a neurodegenerative dis-
order characterized by the progressive degeneration
of midbrain neurons (MBNs). Recent evidence sug-
gests contribution of the adaptive immune system
in PD. Here, we show a role for human T lymphocytes
as cell death inducers of induced pluripotent stem
cell (iPSC)-derived MBNs in sporadic PD. Higher
Th17 frequencies were found in the blood of PD pa-
tients and increased numbers of T lymphocytes
were detected in postmortem PD brain tissues. We
modeled this finding using autologous co-cultures
of activated T lymphocytes and iPSC-derived
MBNs of sporadic PD patients and controls. After
co-culture with T lymphocytes or the addition of IL-
17, PD iPSC-derived MBNs underwent increased
neuronal death driven by upregulation of IL-17 recep-
tor (IL-17R) and NFkB activation. Blockage of IL-17
or IL-17R, or the addition of the FDA-approved anti-
IL-17 antibody, secukinumab, rescued the neuronal
death. Our findings indicate a critical role for IL-17-
producing T lymphocytes in sporadic PD.

INTRODUCTION

Aberrant regulation of T lymphocyte activation during the adap-

tive immune response to infections or to self-antigensmay trigger

a strong immune reaction and result in uncontrolled inflamma-

tion. This mechanism is evident in several chronic inflammatory

autoimmune disorders, including those of the central nervous
system (CNS) like multiple sclerosis (MS), Sydenham’s chorea,

or Pediatric AutoimmuneNeuropsychiatric Disorders Associated

with Streptococcus infections, which are characterized by pro-

nounced neurodegeneration due to a chronic T lymphocyte-

driven inflammation (Cutforth et al., 2016; Dendrou et al., 2015).

Parkinson’s disease (PD) is a chronic neurodegenerative disor-

der characterized by the progressive degeneration of midbrain

neurons (MBNs) in the substantia nigra (SN) pars compacta.

A crucial role of inflammation for neurodegeneration in PD is well

established and mainly attributed to innate immune cells of the

CNS (Hirsch et al., 2012; Ransohoff, 2016). The potential contribu-

tionof theadaptive immunesystem inhumanPDpathogenesis re-

mains elusive. While CD4+ and CD8+ T lymphocytes have been

shown to be present in postmortem brain tissues of PD patients

(Brochardet al., 2009) andalterations of T cell subsets in the blood

of PD patients have been reported (Baba et al., 2005; Bas et al.,

2001; Stevens et al., 2012), it is still unclear whether and how

theycontribute toneurodegeneration. Interestingly, a recent study

demonstrated activation of T lymphocytes from PD patients by

a-synuclein, suggesting a possible role of autoimmune inflamma-

tion in PD pathogenesis (Sulzer et al., 2017).

Animal models have provided several indications of T lympho-

cyte involvement in PD pathology (Brochard et al., 2009; Rey-

nolds et al., 2010). However, it remains challenging to prove

that the implicated neurodegenerative mechanisms are also

evident in human neurons. Thus, new investigative models are

required to determine the impact of T lymphocytes on neurons

in human PD pathogenesis. The discovery of human induced

pluripotent stem cells (hiPSCs) opens up the unique possibility

of modeling disease in a human cellular system (Lee and Studer,

2010; Takahashi et al., 2007). Indeed, hiPSC studies of mono-

genic PD have already reproduced PD-associated phenotypes

(Borgs et al., 2016; Byers et al., 2011; Nguyen et al., 2011;

Ryan et al., 2013; Shaltouki et al., 2015). The derivation of hiPSC
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Figure 1. In Vivo Evidence of T Cell Alter-

ations in Sporadic PD Patients

Postmortem substantia nigra (SN) of sporadic

PD patients shows reduced numbers of

neuromelanin+ neurons (A and E) compared to

control tissue (B and E); examples indicated by

stars. In close proximity to neuromelanin+

neurons, CD3+ T cells were detected in PD SN

(C and F), but not in control SN, where CD3+

T cells almost exclusively occurred perivascularly

(D and F). For quantification, total CD3+ T cells

including those juxtaposed to neuromelanin+

neurons as well as perivascular CD3+ cells were

counted. Ex vivo analysis of circulating T cells of

early-disease-stage sporadic PD patients re-

vealed increased frequencies of IL-17-producing

CD4+ T cells (Th17 cells) as shown in represen-

tative dot plots (G) and confirmed by quantification

(H). The frequencies of IFNg- and IL-4-producing

T cells (Th1 and Th2 cells, respectively) were not

altered between PD cells and controls (H). Scale

bars, 50 mm. Experiments were performed using

postmortem SN of three PD patients and two

controls. The blood analysis was done using 10

sporadic PD patients and 10 controls. Data are

shown as means ± SD. *p < 0.05 by two-tailed

Student’s t test. See also Figure S1 and Tables S1

and S2.
lines from sporadic PD cases exhibited, however, limited pheno-

types (Sánchez-Danés et al., 2012; Soldner et al., 2009).

To delineate the impact of human T lymphocytes on neurode-

generation in PD, we developed an autologous cell co-culture

system of hiPSC-derived MBNs from sporadic PD patients and

peripheral blood T lymphocytes from the identical individuals.

The physiological relevance in human PD pathology was sup-

ported by increased amounts of CD3+ T lymphocytes that

were detected in the vicinity of neuromelanin+ neurons in post-

mortem SN tissues of PD patients. Moreover, elevated fre-

quencies of IL-17-producing CD4+ T cells in the blood of PD

patients were associated with an increased in vitro ability of T

lymphocytes to induce cell death of hiPSC-derived MBNs from

PD patients. This effect was driven by the IL-17–IL-17 receptor

(IL-17R) signaling and upregulation of its downstream target, nu-

clear factor kappa-light-chain enhancer of activated B cells

(NFkB), and could be rescued by the blockage of IL-17 or IL-

17R. Overall, our findings indicate a critical role for IL-17-produc-

ing T cells in human PD-associated neuronal cell death.
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RESULTS

CD3+ T Lymphocytes Infiltrate the
Midbrain of PD Patients
To understand the impact of T lympho-

cytes in PD, we evaluated the presence

of T lymphocytes (CD3+) in the postmor-

tem midbrain of PD patients. As ex-

pected, neuromelanin+ cells were sig-

nificantly reduced in PD (Figures 1A, 1B,

and 1E). In PD patients’ SN, CD3+ T lym-

phocytes were significantly increased

(6.4 ± 0.9 CD3+ T lymphocytes/mm2)
compared to control (1.9 ± 0.7 CD3+ T lymphocytes/mm2,

Figure 1F). CD3+ T lymphocytes were located close to

neuromelanin+ neurons in PD (Figure 1C), but they were almost

exclusively present in blood vessels in control SN (Figure 1D).

The ratios of T lymphocytes to neuromelanin+ neurons in post-

mortem SN are about one T lymphocyte per two in PD and per

ten in controls of neuromelanin+ neurons (Figures 1E and 1F).

To investigate T lymphocyte subtypes during disease progres-

sion, we isolated T lymphocytes from peripheral blood of 10 spo-

radic PD patients (Hoehn & Yahr: 1-2) and 10 controls

(Figure S1A) and analyzed them either in resting state or after

ex vivo stimulation (Table S1). Significantly increased fre-

quencies of IL-17-producing CD4+ T lymphocytes were

detected in PD patients (Figures 1G and 1H), whereas no

differences in frequencies both of interferon (IFN)g- and IL-4-

producing CD4+ T lymphocytes (Figure 1H) and of CD3+ CD4+

T lymphocytes (Figure S1B and Table S1) were observed.

The expression of surface markers in resting and ex vivo-

stimulated T lymphocytes indicated reduced numbers of



CD4+ CD25+ T lymphocytes in PD samples. Of note, signifi-

cantly higher frequencies of CD178+ (Fas Ligand) within

stimulated CD4+ and CD8+ T lymphocytes were observed

in PD patients (Table S1), indicating an upregulation of

pathways regulating cell death. Frequencies of CD4+, CD8+,

CD95+ (Fas Receptor), and CD54+ (an adhesion molecule,

ICAM-1) T lymphocytes and expression of dopamine receptors

(DR1-5) were unchanged in resting condition and after stimula-

tion (Table S1). No significant correlation between the amount

of dopaminergic medication (Levodopa equivalent daily dose

[LEDD] (Tomlinson et al., 2010)) and frequencies of IL-17-

producing CD4+ T lymphocytes in PD patients was found

(Figure S1C).

T Lymphocytes Induce Cell Death in Autologous hiPSC-
Derived MBNs from PD Patients
To understand how T lymphocytes contribute to neurodegener-

ation in PD, we established a human autologous co-culture of T

lymphocytes with PD patient hiPSC-derived MBNs. MBNs were

generated from sporadic PD patients in an early disease stage

(Hoehn & Yahr: 1-2) and age- and sex-matched controls (Table

S2) via reprogramming of fibroblasts to hiPSCs (Figure S2A). We

analyzed hiPSC pluripotency and differentiated hiPSCs into

MBNs via an intermediate step of neural precursor cells gener-

ated by the addition of small molecules (small molecule neural

precursor cells [smNPCs], Figures S2B and S2C) (Reinhardt

et al., 2013). Neuronal differentiation was comparably effective

in all hiPSC lines and MBNs expressed b-3-tubulin (TUBB3,

pan neural marker), tyrosine hydroxylase (TH; about 15% TH+

neurons), inward rectifying potassium channel (Girk2, gene

KCNJ6, midbrain dopaminergic [DA] neuronal marker), and the

nuclear receptor-related 1 protein (Nurr1, gene NR4A2, DA

neuronal marker) at comparable levels and were functional (Fig-

ures S2C–S2E). Next, we co-cultured hiPSC-derived MBNs with

the respective autologous CD3+ T lymphocytes following opti-

mization of co-culture conditions and cell ratios (Figure S3A).

Unless indicated, co-culture experiments were performed with

the ratio of one T lymphocyte to one MBN, within the range of

the calculated ratio in postmortem tissues (Figures 1E and 1F).

The co-culture of MBNs with ex vivo polyclonally activated

autologous T lymphocytes using CD3 CD28 dynabeads (para-

digm: Figure 2A) resulted in significantly increased neuronal

cell death in the PD group (assessed by activated Caspase 3

[aCASP3]/TUBB3 double-positive neurons, Figures 2B and

2C; and by TUNEL/TUBB3 double-positive cells, Figure 2D).

The ratio of one T lymphocyte to ten neurons also led to a sig-

nificant increase in neuronal cell death in PD (Figure 2C).

Neuronal cell death was unchanged in PD and control without

the addition of T lymphocytes (Figures 2B–2D). Accordingly, a

prolonged co-culture time of up to 10 days was not able to

induce increased neuronal cell death in control neurons (Fig-

ure S3B), excluding the possibility of a delayed response of con-

trol neurons to T lymphocytes.

In PD co-cultures of T lymphocytes and hiPSC-derived MBNs,

significantly increased neuronal death of both TH+ and TH� neu-

rons was detected with a higher cell death rate in TH+ neurons

(Figures 2E and 2F). A significantly reduced TH neurite length

was found after co-culture with T lymphocytes in both PD and

control TH+ neurons (Figure 2G).
T Lymphocytes Induce Cell Death of PD hiPSC-Derived
MBNs by IL-17–IL-17R Signaling
To test if PD patient hiPSC-derived MBNs were more suscepti-

ble to PD-specific T lymphocytes, we co-cultured PD hiPSC-

derived neurons with control T lymphocytes or control

hiPSC-derived neurons with PD T lymphocytes (Figure 2H). PD

hiPSC-derived neurons showed no increase in cell death levels

in co-culture with control T lymphocytes; nor did PD T lympho-

cytes induce pronounced cell death of control hiPSC-derived

neurons (Figure 2I). These results indicate a neurotoxic capacity

of PD T lymphocytes toward PD-related neurons, suggesting

that a PD-specific co-culture was necessary for an increase in

T lymphocyte-induced neuronal death. To test the potential

role of major histocompatibility complex (MHC) class I mis-

matches in allogeneic T cell:neuron co-cultures, we stained

hiPSC-derived neurons from autologous and allogeneic co-cul-

tures as well as untreated hiPSC-derived neurons for MHC

class I. We detected very faint MHC class I levels in hiPSC-

derived neurons in all of the three conditions, whereas positive

MHC class I staining was found in Lipopolysaccharides (LPS)-

treated astrocytes, which were used as a positive control

(Figure S3C).

To determine the impact of Th17 lymphocytes on neurodegen-

eration in PD, we analyzed cytokines in the supernatants of

hiPSC-based co-cultures (Figure 3A) and found increased levels

of IL-17 in PD co-cultures (Figure 3B). In addition, increased

levels of the pro-inflammatory cytokines tumor necrosis factor

(TNF)a, IL-1b, and IL-6, known to be elevated in PD, were found

in the supernatant of PD hiPSC-based co-cultures (data not

shown). Gene expression of the respective cytokine receptors

indicated that the IL-17R was significantly upregulated in

hiPSC-derived neurons from PD patients compared to controls

after 3 days of co-culture (Figure 3C). This finding was further

supported by immunostaining and western blot analysis, which

revealed increased expression of IL-17R in hiPSC-derived neu-

rons from PD patients after stimulation with IL-17 (Figures 3D

and 3E). The expression of genes encoding the TNFa receptor

(TNFaR) and IL-1 receptor (IL-1R) was not altered (data not

shown). As was now predicted, we detected IL-17R expression

in neuromelanin+ neurons in the postmortemSN tissues fromPD

patients (Figure S4A), confirming our cell culture findings in vivo

in human PD brains.

IL-17, added to hiPSC-derived MBNs for 3 days (Figure 3F),

led to increased neuronal cell death in hiPSC-derived MBNs

from PD patients, but not in controls (Figure 3G). Thus, we

demonstrated that IL-17 is capable of inducing increased cell

death in hiPSC-derived neurons from PD patients and that these

are more susceptible to IL-17-induced cell death. Moreover, IL-

17 released from T lymphocytes induces cell death in hiPSC-

derived MBNs from PD patients, possibly by upregulating

neuronal IL-17R expression. We hypothesized that blockage of

IL-17 or IL-17R might prevent T lymphocyte-induced neuronal

death. Therefore, IL-17- or IL-17R-neutralizing antibodies were

added to the hiPSC-derived MBNs prior to co-culture with autol-

ogous T lymphocytes (Figure 3H). Both IL-17 and IL-17R

blockages were able to fully rescue the T lymphocyte-induced

cell death of the total neuronal population (Figure 3I) and the

TH+ neurons (data not shown). Remarkably, secukinumab

(Cosentyx), an FDA-approved humanized anti-IL-17 antibody
Cell Stem Cell 23, 123–131, July 5, 2018 125



Figure 2. Increased Cell Death in PD hiPSC-

Derived Neurons after Co-culture with

Autologous T Lymphocytes

hiPSC-derived midbrain neurons (neurons) were

co-cultured with autologous T lymphocytes (L)

isolated from peripheral blood for 3 days (A).

Increased numbers of activated Caspase 3

(aCASP3)+/b-3-tubulin (TUBB3)+ neurons were

found in PD co-cultures but not in control, as

shown in representative immunofluorescence im-

ages (B, double-positive cells indicated by arrows)

and quantified in (C) for different T cell:neuron

ratios compared to untreated conditions. The

enhanced cell death rate was confirmed by

increased numbers of TUNEL+/TUBB3+ neurons

in PD when co-cultured with T lymphocytes at the

1:1 ratio (D, +L). Increased cell death was also

found in TH+ and TH� hiPSC-derived neurons in

PD compared to control determined by increased

numbers of TUNEL+/TH+ and TUNEL+/TH�
neurons, respectively (E and F, +L). TH+ neurons

had reduced neurite length after co-culture with T

lymphocytes in PD and controls (+L) (G). Non-

autologous co-culture of PD-derived T lympho-

cytes (red L) with control hiPSC-derived midbrain

neurons (blue) or vice versa (H) did not induce any

neuronal cell death (I). Neuronal cell death was

determined via staining for aCASP3 or TUNEL of

either whole neuronal population (TUBB3+) or

dopaminergic neurons (TH+). Scale bars, 50 mm in

(B), 20 mm in (E). Experiments were performed

using two hiPSC clones for each of three patients/

controls (n = 6 per group). Data are shown as

means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001 by one-way (in D, F, and G) and two-

way (in C) ANOVA and Sidak or Tukey tests for

multiple comparisons. ns, not significant. See also

Figures S2 and S3 and Table S2.
clinically used in psoriasis treatment, was also able to rescue the

T lymphocyte-induced neuronal death in PD hiPSC-based

neuronal co-cultures (Figure 3I). Hence, T lymphocytes induced

neuronal death via IL-17 bound to the IL-17R and thus activated

downstream cell death signaling.

Since hiPSC-derived neuronal cultures contain low numbers

of astrocytes (5%–10%), we tested the possibility that the effect

of IL-17 on human neurons was transduced by astrocytes. IL-17

was added to human primary astrocytes and did not change the

IL-17R and IL-17 gene expression (Figure S4B).

NFkB Signaling Is Activated by IL-17 Signaling in hiPSC-
Derived MBNs from PD Patients
To obtain insights into the mechanisms by which IL-17 leads to

MBN death in PD, we performed deep RNA sequencing (RNA-

seq) of IL-17-treated PD and control hiPSC-derived neurons

(Figure 4A). Upon IL-17 treatment only 17 genes were found to

be dysregulated in controls, but 125 genes were dysregulated
126 Cell Stem Cell 23, 123–131, July 5, 2018
in hiPSC-derived MBNs from PD patients

(DESeq2 analysis, adj. p < 0.05, log2FC

[fold change] > 1, mean RPKM [reads

per kilobase per million mapped reads]

of gene > 1), with minor overlap between
regulated genes in hiPSC-derived MBNs from control and PD

patients (Figure 4B). The 125 IL-17-dependent genes in PD

hiPSC-derived neurons separated the treated from untreated

PD hiPSC-derived neuronal samples using an unsupervised, hi-

erarchical clustering applying a Euclidean distance metric (Fig-

ure 4C). When the exact same 125 genes were applied to the

control samples, no clustering of IL-17-treated versus untreated

hiPSC-derived neuronal samples by the same method could be

observed (Figure S4C), indicative of a PD-specific IL-17-induc-

ible gene expression pattern.

Gene expression changes upon IL-17 signaling are accom-

plished by activation of different transcription factors (TFs),

including CEBPB, NFkB, and AP1 (heterodimer of cFos and

cJun). By analyzing the TF binding sites (TFBSs) of the three

abovementioned TF in promoters of genes regulated by IL-17

in hiPSC-derived neurons from PD patients, we found that

only NFkB sites computed a significant TFBS enrichment in

genes induced, but not repressed, by IL-17 (Figure 4D),



Figure 3. IL-17-Mediated Cell Death in PD

hiPSC-Derived Neurons

After co-culture of hiPSC-derived neurons with

autologous T lymphocytes (L) for 3 days (A),

increased amounts of IL-17 were detected in the

supernatants of PD co-cultures (B). Increased

expression of the IL-17 receptor (IL-17R) was de-

tected after 3 days of PD co-culture on mRNA (C)

and protein levels (D and E). When treating hiPSC-

derived neurons with either low (concentration

corresponding to the concentration in the co-cul-

ture supernatants) or high (10-fold higher than low)

concentrations of IL-17 (F), PD neurons underwent

increased cell death as determined by the staining

for aCASP3 and normalized to untreated neurons

(G). Treatment of PD hiPSC-derived neurons with

IL-17 or IL-17R neutralizing antibodies or the

FDA-approved anti-IL-17 antibody secukinumab

directly prior to the 3 day co-culture with autolo-

gous T lymphocytes (H) led to a reduction in T cell-

induced neuronal death (+L) comparable to the

cell death levels of neurons cultured without T

lymphocytes (untreated) (I). Scale bar, 50 mm.

Experiments were performed with two hiPSC

clones for each of the three patients/controls (n = 6

per group). Data are shown as means ± SD. *p <

0.05, **p < 0.01, ****p < 0.0001 by one-way ANOVA

and Sidak Test for multiple comparisons. See also

Figures S4A and S4B.
suggesting an important role for NFkB activation in IL-17-

induced signaling in PD hiPSC-derived neurons. Quantitative

reverse transcription (qRT)-PCR confirmed an increased

expression of STK36, SLC9A3, ABCA7, and PCSK4 genes,

found to be upregulated upon IL-17 treatment in hiPSC-derived

neurons from PD patients by RNA-seq with enrichment of NFkB

TFBSs (Figure S4D).

Western blot analysis for the p65 and p50 components of

the NFkB heterodimer, which is typically involved in the

inflammatory response, revealed comparable levels of p65

in the cytoplasmic fraction of untreated hiPSC-derived

neurons from PD patients and controls, demonstrating similar

baseline levels (Figure 4E). Treatment with IL-17 resulted in

a significant upregulation of cytoplasmic and nuclear p65

and p50 levels in hiPSC-derived neurons from PD patients, but

not in controls (Figures 4F–4I), indicative of activated NFkB

signaling. Additionally, we found upregulation of Act1 in PD,

but not control, hiPSC-derived neurons after IL-17 treatment

(Figure 4J), which is a downstream target of IL-17R signaling

and upstream to NFkB, further supporting our hypothesis.

Thus, we propose a model in which NFkB activation might

be the central pathway involved in IL-17-induced neuronal cell

death following T lymphocyte interaction in PD (Figure S4E).
Ce
DISCUSSION

Neuroinflammation is contributing to neu-

rodegeneration in sporadic PD (Hirsch

et al., 2012; Ransohoff, 2016). However,

the role of adaptive immune cells in PD

pathogenesis remains unsolved. Here,

we provide in vivo and in vitro data to
delineate an important contribution of T lymphocytes in human

PD pathology.

In contrast to the initial dogma that peripheral immune cells are

unable to enter the CNS, it is now established that peripheral im-

mune cells infiltrate the CNS under pathological conditions and

may trigger neurodegeneration (Mosley et al., 2012). T lympho-

cytes infiltrate into the CNS in neurodegenerative disease either

due to blood-brain barrier dysfunction (Kortekaas et al., 2005) or

via the choroid plexus (Schwartz and Baruch, 2014). Indeed, in

PD postmortem tissue, T lymphocytes were shown to be present

in the CNS (Brochard et al., 2009), which is also confirmed by our

in vivo data: increased numbers of CD3+ T lymphocytes in close

proximity to neuromelanin+ neurons in postmortem SN tissues

of PD patients point to the relevance of T lymphocytes for PD pa-

thology. The calculated cell ratio in PD SN in both studies was

one T lymphocyte per two neuromelanin+ neurons and in the

range of the cell ratios (1:1�1:10) used in the human autologous

co-culture model in our study. This ratio might result from a loss

of neuromelanin+ DA neurons and increased T lymphocyte infil-

tration into the CNS in PD.

By implementing an innovative, patient hiPSC-based co-cul-

ture model, we delineated a specific role of T lymphocytes

in neuronal cell death in sporadic PD. Patient-specific T
ll Stem Cell 23, 123–131, July 5, 2018 127



Figure 4. NFkB Activation in PD Patient hiPSC-Derived Neurons after IL-17 Treatment

RNA sequencing analysis was performed in IL-17-treated and untreated hiPSC-derived neurons (A). Gene expression changes in control (C) and PD neurons

upon IL-17 treatment were determined by DESeq2 analysis and illustrated in Venn diagrams showing numbers of significantly differentially regulated genes

(defined as having an adjusted p < 0.05, log2FoldChange [FC] > 1, and mean reads per kilobase per million > 1) (B). A heatmap represents unsupervised hi-

erarchical clustering based on the expression of the 125 differentially regulated genes in PD samples, which separates IL-17-treated and -untreated PD samples.

Benjamini-Hochberg corrected p values representing the enrichment significance of transcription factor binding sites (TFBSs) in the promoters of the 125

(legend continued on next page)
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lymphocytes led to an increased cell death of hiPSC-derived

MBNs from PD patients. Both hiPSC-derived TH+ and TH�
MBNs were affected by T lymphocytes in PD with a higher cell

death rate in the TH+ population. This indicates that all midbrain

neuronal populations are affected by activated T lymphocytes,

but DA neurons might be slightly more vulnerable, suggesting

that there might be a slight neurotransmitter phenotype speci-

ficity of the immune response. In accordance with this, in the

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse

model of PD, CNS-infiltrating T lymphocytes were responsible

for nigrostriatal neuronal cell death (Brochard et al., 2009). Also

in line with this, in a human cell culture system, increased sus-

ceptibility of DA neurons to a T lymphocyte-mediated cytotoxic

attack was reported (Cebrián et al., 2014). This effect wasmostly

mediated by IFNg, which was shown to induce the expression of

MHC class I in human stem cell-derived DA neurons (Cebrián

et al., 2014). In our experiments, IFNg levels were not altered be-

tween control and PD patients and in our hiPSC-derived neu-

rons, MHC class I expression was detectable at very faint levels,

comparable in untreated and autologous or allogeneic co-

cultured neurons. Our data show that PD patient hiPSC-derived

midbrain neuronal cell death could be strongly linked to IL-17-

producing CD4+ T lymphocytes. This suggests that, in addition

to neuronal vulnerability to CD8+ cytotoxic T lymphocytes

(Cebrián et al., 2014), CD4+ T cells are involved in human PD pa-

thology. Importantly, both studies independently showed the

particular susceptibility of MBNs to the effects of adaptive im-

mune cells in a human in vitro model. Notably, a majority of

hiPSC-based studies describe cellular neuronal phenotypes of

monogenic PD cases (Avior et al., 2016; Imaizumi et al., 2012;

Nguyen et al., 2011; Ohta et al., 2015; Ryan et al., 2013; Shaltouki

et al., 2015). In sporadic PD, reduced numbers of neurites and

neurite arborization were only present in hiPSC-based models

following long-term neuronal culture of 75 day cultures (Sán-

chez-Danés et al., 2012). This indicates the necessity to add

further stressors to the intrinsic susceptibility to delineate dis-

ease-specific pathology in sporadic PD. Here, we describe

how activated peripheral immune cells impair the survival of

MBNs derived from hiPSCs of sporadic PD patients to a greater

extent than controls. This suggests the susceptibility of MBNs to

the effects of adaptive immune cells.

Mechanistically, we show that T lymphocyte-induced

neuronal cell death in PD is mediated by IL-17 signaling via IL-

17R. This results in downstream activation of NFkB. In accor-

dance with this, previous studies of postmortem SN of PD

patients detected increased levels of nuclear NFkB (Soós

et al., 2004). Notably, increased expression of IL-17R in PD

patient hiPSC-derived neurons might underlie the specific

responsiveness of these neurons to IL-17 and to PD-derived T

lymphocytes, which comprise higher frequencies of IL-17 pro-

ducers. Moreover, rescue of the T lymphocyte-induced neuronal

cell death by blockage of either IL-17 or IL-17R, or by using the
differentially regulated genes in PD hiPSC-derived neurons upon IL-17 treatment i

red line represents a significance threshold of p = 0.05. Western blot analysis rev

PD and control hiPSC-derived neurons (E). After IL-17 treatment, increased levels

control neurons. The p50 protein level was significantly increased in the cytopla

treatment. Act1 protein levels were increased in PD hiPSC-derived neurons follow

each of three patients/controls (n = 6 per group). Data are shown as means ± SD
FDA-approved drug secukinumab, is further indication of spe-

cific IL-17-induced cell death in hiPSC-derived neurons from

PD patients and directs us toward new potential immunothera-

peutic approaches for PD.

Previous studies investigating immune cell populations in the

blood of PD patients resulted in inconclusive findings (reviewed

in Sommer et al., 2017), probably due to divergent experimental

setups. The approach undertaken here was to analyze isolated T

lymphocytes ex vivo, revealing significantly increased fre-

quencies of IL-17-producing CD4+ T lymphocytes (Th17 cells)

in the peripheral blood of sporadic PD patients and suggesting

that the pathogenesis of sporadic PD might be accompanied

by Th17 cell-driven systemic inflammation. CNS-infiltrating

Th17 cells were shown to induce neurodegeneration in the

MPTP mouse model by direct interaction with neurons via the

adhesion molecules LFA-1 and ICAM-1 expressed on Th17 cells

and neurons, respectively (Kawanokuchi et al., 2008; Liu et al.,

2016). While this data favors a contact-dependent signaling by

adhesion molecules in a mouse model, our human data demon-

strates that the IL-17R is expressed and modulated in human

neurons, permitting cytokine-dependent signaling of Th17 cells.

In summary, we propose that autologous IL-17-producing

CD4+ T cells cause neuronal cell death in sporadic PD. Our

data support a model of neuroinflammation in PD, driven by

adaptive immune cells, in which Th17 cell-released IL-17 binds

to IL-17R expressed on MBNs, inducing downstream signaling

by upregulation of NFkB. The role of glial cells in Th17-mediated

neuronal cell death in PD adds additional complexity. Autolo-

gous co-culture experiments with the addition of hiPSC-derived

microglia (Muffat et al., 2016) could clarify their potential involve-

ment in Th17-induced neuronal cell death in PD. In line with this,

a-synuclein-activated microglia were shown to induce MHC

class I expression on neurons (Cebrián et al., 2014), indicating

that activatedmicroglia might mediate an effect of peripheral im-

mune cells by priming ventral MBNs.

Overall, our findings propose a specific role for T lymphocytes

in mediating neuronal cell death in sporadic PD. The elevated

presence of Th17 cells in the blood of PD patients might explain

increased toxicity of PD-derived T lymphocytes for hiPSC-

derived neurons from PD patients mediated by IL-17. Th17 cells

are key players in autoimmune diseases like MS or rheumatoid

arthritis, and their possible involvement in PD might revise our

understanding of howPD neurodegenerationmight be promoted

by systemic inflammation driven by adaptive immunity.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD3 FITC Miltenyi 130-080-401, RRID: AB_244231

CD4 PE Miltenyi 130-098-134, RRID: AB_2660468

CD8 PE Miltenyi 130-091-084, RRID: AB_244338

CD8 APC Miltenyi 130-091-076, RRID: AB_244335

CD19 APC Miltenyi 130-098-069, RRID: AB_2661287

CD25 FITC Miltenyi 130-104-323, RRID: AB_2661152

CD54 APC Miltenyi 130-103-840, RRID: AB_2658697

CD95 APC Miltenyi 130-092-417, RRID: AB_871700

CD127 PE Miltenyi 130-094-889, RRID: AB_10828927

CD178 APC Miltenyi 130-096-458, RRID: AB_10827748

IFNg FITC Miltenyi 130-091-641, RRID: AB_244194

IL-2 PE Miltenyi 130-091-646, RRID: AB_244197

IL-4 PE Miltenyi 130-091-647, RRID: AB_615125

IL-10 PE Miltenyi 130-096-043, RRID: AB_10828152

IL-17A PE Miltenyi 130-094-521, RRID: AB_10827702

Tra-1-60 FITC BioLegend 330614, RRID: AB_2119064

Oct 3/4 Santa Cruz sc-5279, RRID: AB_628051

Nanog R&D Systems AF2729, RRID: AB_2150103

Nestin Milipore MAB5326, RRID: AB_2251134

Sox2 Santa Cruz sc-17320, RRID: AB_2286684

FoxA2 Santa Cruz sc-101060, RRID: AB_1124660

Tuj1 Biolegend 801202, RRID: AB_10063408

TH Abcam Ab112, RRID: AB_297840

Girk2 Abcam Ab65096, RRID: AB_1139732

Nurr1 Santa Cruz sc-990, RRID: AB_2298676

activated caspase 3 Cell Signaling 9661, RRID: AB_2341188

anti mouse 488 Life Technology A21202, RRID: AB_141607

anti rabbit 488 Life Technology A21206, RRID: AB_141708

anti goat 488 Life Technology A11055, RRID: AB_2534102

anti mouse 567 Life Technology A11036, RRID: AB_143011

anti rabbit 567 Life Technology A10040, RRID: AB_2534016

anti goat 567 Life Technology A11056, RRID: AB_142628

anti mouse 647 Life Technology A311571

NFkB /p65 Santa Cruz sc-8008, RRID: 628017

NFkB /p50 Abcam Ab32360, RRID: AB_776748

Act1 Santa Cruz sc-100647, RRID: AB_2209557

b-actin Sigma-Aldrich A1978, RRID: AB_476692

TATA Abcam Ab51841, RRID: AB_945758

IL-17R Abcam Ab5112-1, RRID: AB_10897797

MHC class I Santa Cruz sc-55582, RRID: AB_831547

Biological Samples

Human substantia nigra tissue (non-demented

control, F, 71 years, Braak 0)

Netherlands Brain Bank (NBB)

(paraffin embedded)

1992-027

Human substantia nigra tissue (non-demented

control, M, 72 years, Braak 0)

NBB (paraffin embedded) 1993-05

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Human substantia nigra tissue (Parkinson’s

disease, M, 71 years, Braak 3)

NBB (paraffin embedded) 2010-113

Human substantia nigra tissue (Parkinson’s

disease, F, 71 years, Braak 2)

NBB (paraffin embedded) 2012-041

Human substantia nigra tissue (Parkinson’s

disease, M, 77 years, Braak 3)

NBB (paraffin embedded) 2013-061

Chemicals, Peptides, and Recombinant Proteins

CHIR99021 Tocris 4423

Cycloheximide (CHX) Sigma Aldrich C104450

Glial Derived Growth Factor (GDNF) Peprotech 450-10

Purmorphoamine (PMA) Tocris 4551

Fibroblast Growth Factor 8 (FGF8) Peprotech 100-25

LDN Tocris 6053

SB 431542 Tocris 1614

Rho Kinase Inhibitor (RI) Y27632 Tocris 1254

Adenosine 3,5-cyclic monophosphate (cAMP) Applichem A0455

Transforming Growth Factor (TGF)b Peprotech AF-100-36E

Recombinant human IL-17/IL-17A R&D Systems 7955-IL-025/CF

Recombinant human TNFa R&D Systems 210-TA-005

Recombinant human IL-1b R&D Systems 201-LB

IL-17 neutralizing antibody Sino Biological 12047-M237-200

Secukinumab Novartis Cosentyx

IL-17R neutralizing antibody Sino Biological 10895-R004-500

GE Healthcare ECL Select Fisher Scientific 12393969

DAPI Thermo Fisher D1306

CD3 CD28 Dynabeads Thermo Fisher 11131D

OpTmizer T Cell Expansion SFM Medium Thermo Fisher A1048501

Accutase Sigma-Aldrich 10828010

Geltrex GIBCO A1569601

KO serum replacement Thermo Fisher 10828010

KO_DMEM Thermo Fisher 10829018

Non-essential amino acids Thermo Fisher 11140068

b-Mercaptoethanol Sigma-Aldrich M6250

Monensin Sigma-Aldrich M5273

Ionomycin Calbiochem 407952

Phrobol Myristate Acetate Sigma-Aldrich P8139

Lymphoflot BioRad 824012

CD3 microbeads Miltenyi 130-050-101

Saponin Sigma-Aldrich 47036

N2 Thermo Fisher A1370701

B27 Thermo Fisher 12587001

Neurobasal Thermo Fisher 21103049

DMEM/F12 Thermo Fisher 11320033

Astrocyte Medium ScienCell Research Laboratories 1801

NeuroFluor NeuO Stem Cell Technologies 01801

Collagenase IV Thermo Fisher 17104019

mTeSR Stem Cell Technologies 85850

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Critical Commercial Assays

TUNEL assay Life Technologies C10245

SYBR Green PCR Master Mix Applied Biosystems 4309155

QuantiTect Reverse Transcription Kit QIAGEN 205311

IL-17 Cytoscreen kit, BIOSOURCE for IL-17 Thermo Fisher AC1591

BCA Assay Thermo Fisher 23227

Deposited Data

RNA-Seq data (FastQ files) dbGAP accession nnumber pending;

contact authors for raw data

Experimental Models: Cell Lines

Human primary cerebellar astrocytes ScienCell Research Laboratories 1810

Oligonucleotides

Primers for RT-qPCR, see Table S3 This paper N/A

Software and Algorithms

ImageJ version 5.2.1 NIH RRID: SCR_003070

GraphPad Software Prism 6 GraphPad Software Inc. RRID: SCR_002798

FlowJo software 8.5.3 FlowJo, LLC RRID: SCR_008520

CytExpert software Beckman Coulter RRID: N/A
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed and will be fulfilled by the Lead Contact, Iryna Prots

(iryna.prots@uk-erlangen.de).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Subjects
Postmortem brain tissues were obtained from the Netherlands Brain Bank (NBB) from 3 early-stage sporadic PD patients and 2 age-

and sex-matched controls (NBB #1043, Table S2 and Key resources table). Peripheral venous blood samples were collected from 10

patients from the movement disorder clinic of the Department of Molecular Neurology (Universitaetsklinikum Erlangen, Erlangen,

Germany) with idiopathic PD and 10 age- and sex-matched controls (Figure S1A). HiPSCwere generated from 3 sporadic PD patients

and 3 sex- and age-matched controls (Table S2). Sample size of patient and control groups for postmortem brain tissue and periph-

eral blood analyses, and for hiPSC generation was taken as an optimal size requiring reasonable performing time and allowing sta-

tistic evaluation of the results. Control individuals were defined as those if they did not have any neurological disease. Controls and

patients with a history of cancer, infectious or autoimmune diseases, or anti-inflammatory treatment within the past three months

prior to the study inclusion were excluded. Patients were included into PD group based on the PD diagnosis. PD was diagnosed

by board examined movement disorder specialists according to consensus criteria of the German Society of Neurology, which

are similar to the UK PD Society Brain Bank criteria for diagnosis of PD. PD patients were defined as having a sporadic disease

by the absence of known PD-causing genetic mutations (PARK 1-18). Study approval was granted by the local ethics committee

(No. 4120 and No. 4485, Universitaetsklinikum Erlangen, FAU Erlangen-Nuernberg, Erlangen, Germany) and all participants gave

written informed consent prior to inclusion into the study. All PD patients were at early stages of PD (H&Y: 1-2 and Braak stage

2-3) and were under dopaminergic substitution therapy (Figure S1A and Table S2). Since PD is predominantly affecting male pop-

ulation, we designed our study cohorts accordingly consisting of 70%–90% of male and 10%–30% of female samples/subjects.

Furthermore, we do not expect a strong impact of sex on the immunological parameters tested in this study, while the sample

size of our cohorts would be too small in order to statistically prove a possible influence.

METHOD DETAILS

Human T lymphocyte isolation
Venous blood was withdrawn between 8 and 10 am and collected in heparin-containing syringes. To isolate PBMCs, 20 mL blood

was diluted with 20 mL Phosphate-buffered saline (PBS) and centrifuged over a layer of 10 mL ficoll at 600 g for 30 minutes (min) at

room temperature (RT). Subsequently, PBMCs were labeled with magnetic beads to isolate CD3+ T lymphocytes according to the

manufacturer’s instructions. The purity of isolated T lymphocytes was assessed by flow cytometry using staining for CD3 and was
e3 Cell Stem Cell 23, 123–131.e1–e6, July 5, 2018
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normally > 95%. More than 98% of the cells were viable after purification. CD3+ T cells were counted and used for surface staining,

ex vivo stimulation, or activation prior to co-culture with human neurons. Ex vivo stimulation for screening of surface markers and

Th-specific cytokines was performed in CTS OpTmizer T Cell Expansion SFMmedium supplemented with 2 mMMonensin, 1 mM Ion-

omycin and 20 ng/ml Phrobol Myristate Acetate for 5 hours (hr) at 37�C. Subsequently, cells were harvested, fixed with 4% parafor-

maldehyde (PFA) for 10 min at 37�C and permeabilized with 0.1% Saponin prior to surface and intracellular staining.

Flow cytometry analysis
For flow cytometry analysis, T lymphocytes or hiPSC were washed with 1 mL FACS-PBS (PBS, 2% FCS, 0.01% NaN3). For surface

staining, 0.13 106 cells/staining were incubated with saturating amounts of fluorescently labeled antibodies for 15 min at 4�C in the

dark. For intracellular staining, 0.53 106 cells/staining were incubated with saturating amounts of fluorescently labeled anti-cytokine

antibodies for 30 min at 4�C in the dark. All primary antibodies used are listed in the Key resources table. Cells were washed and

collected in 300 ml FACS-PBS. Flow cytometry was performed using FACS Calibur flow cytometer (BD Biosciences) or Cytoflex

(Beckman Coulter, Inc.) and analyzed using FlowJo software 8.5.3 (FlowJo, LLC) or CytExpert software (Beckman Coulter, Inc.).

Fluorescence signals were determined using an appropriate electronic compensation to exclude emission spectra overlap.

Generation and cultivation of MBN
HiPSCwere reprogrammed using retroviral transduction of the transcriptions factors OCT3/4, c-MYC, SOX2 and KLF4 as previously

described (Havlicek et al., 2014). The Institutional Review Board approval (Nr. 4120: Generierung von humanen neuronalen Modellen

bei neurodegenerativen Erkrankungen) and informed consent forms are on file at the movement disorder clinic at the Department of

Molecular Neurology, Universitaetsklinikum Erlangen (Erlangen, Germany). All the hiPSC lines were screened for pluripotency and for

stable karyotype using the G-banding chromosomal analysis (data not shown). Two hiPSC clones per individual of the 3 PD patients

and 3 age- and sex-matched controls (Table S2) were differentiated into MBN as previously described [16]. In brief, hiPSC were de-

tached five to seven days after passaging using collagenase IV (GIBCO� Thermo Fisher Scientific) treatment for 20 min at 37�C, 5%
CO2. Cell colonies were resuspended in human embryonic stem cells (hESC) medium (80% KO-DMEM, 20% KO serum replace-

ment, 1% non-essential amino acids, 1% Penicillin/Streptavidin, 1mM b-Mercaptoethanol supplemented with the small molecules

1 mM LDN, 10 mM SB, 3 mM Chir, and 0.5 mM Purmorphoamine [PMA]) and cultured on ultra-low adhesion plates. After 2 days of in-

cubation, the medium was changed to N2B27 medium (50% DMEM/F12, 50% Neurobasal Medium, 1:200 N2, 1:100 B27 supple-

mented with the same small molecules). On day four, the medium was changed to smNPC medium (N2B27 medium supplemented

with 3 mMChir, 0.5 mMPMA and 150 mMAscorbic acid [AA]). After 2 more days of suspension culture, cell colonies were replaced on

geltrex-coated 12-well plates in smNPC medium supplemented with Rho kinase inhibitor Y27532 (RI). Medium was changed every

other day and cells were passaged once a week as single cells at ratios of 1:6 to 1:9. After at least five passages, smNPCs were

differentiated into MBN. For this aim, two days after passaging, the medium was exchanged to N2B27 medium supplemented

with 100 ng/ml FGF8, 1 mM PMA and 200 mM AA. After eight days, medium was changed to maturation medium (N2B27 supple-

mented with 100 ng/ml FGF8, 10 ng/ml GDNF, 10 ng/ml TGFb, 200 mM AA, and 500 mM Dibutyryl-cAMP [dbcAMP]). On the next

day, cells were passaged at ratios of 1:2 – 1:3 as single cells after accutase treatment, plated onto geltrex-coated 4-well chamber

slides (Ibidi) or 12-well plates and further cultured for at least 2 weeks in maturation medium with two times media change per week.

Co-culture of MBN with T cells/ cytokines
To analyze the effect of T lymphocytes on MBN, human autologous co-culture experiments were performed. MBN were seeded at a

density of 100,000 cells/chamber of a 4-well chamber slide and 150,000 cells/well of a 12-well plate. To initialize the co-culture, me-

dium was changed to a CTS OpTmizer T Cell Expansion SFM medium supplemented with the neurotrophic factors as used for the

maturation of the neurons (described before). Isolated T lymphocytes were activated using CD3 CD28 dynabeads according to the

manufacturer’s instructions to achieve polyclonal T cell activation by triggering T cell receptor and costimulatory molecules using

antibodies against CD3 and CD28, respectively. Activated T lymphocytes were added to MBN from the same individual at a ratio

of 1:1 (or 0.1:1, 10:1) and cultured for 3 days (or 1 - 10d) at 37�C, 5% CO2. After 3 days of neuron:T lymphocyte co-culture, the su-

pernatants were collected for enzyme-linked immunosorbent assay (ELISA), whereas neurons were either collected for gene or pro-

tein expression analyses (12-well plates) or further processed for cell death and neurite outgrowth analyses (4-well chamber slides).

Three-day co-culture time point was chosen for the following reasons: 1) while defining the co-culture conditions, the three-day culti-

vation time point of either T lymphocytes or control neurons in a Serum-Free Lymphocyte Medium led to the optimal activation of T

lymphocytes and lowest neuronal cell death (Figure S3A, Medium #7); 2) a previous study (Giuliani et al., 2003) investigated cell death

of primary neurons after co-culture with T lymphocytes and found that the manifestation of T lymphocyte-mediated neurotoxicity is

evident after 3 days of culture. To exclude potential effect of CD3 CD28 dynabeads on neurons, we cultured themwith neurons in the

absence of T lymphocytes, but did not detect any effect.

As an alternative to co-cultures with T lymphocytes, MBN were treated with different doses of recombinant IL-17A (0.15 ng/ml,

0.5 ng/ml), IL-1b (0.03 ng/ml, 0.3 ng/ml) or TNFa (10 ng/ml, 100 ng/ml) for 3 days, according to the amount of cytokine found in

the supernatant (low concentration) or 10-times higher (high concentration). Rescue experiments were performed by adding

0.62 mg/ml anti-IL-17A neutralizing antibodies (either from Sino biological Inc., or secukinumab) or 1.06 mg/ml anti-IL-17R neutralizing

antibodies to neuronal cultures prior to adding T lymphocytes.
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Culture of human astrocytes
Human cerebellar astrocytes were cultured according to the manufacturer’s instructions. Briefly, 5000 astrocytes/cm2 were cultured

in astrocyte medium with supplements (ScienCell Research Laboratories) in uncoated T75 flasks or 6-well plates at 37�C, 5% CO2.

Full media changes were performed every three days, and astrocytes were passaged after reaching approximately 90% confluency

using trypsin/EDTA treatment for 3 min at RT. For the cytokine experiments, astrocytes were treated with IL-17 (0.15 ng/ml and

0.5 ng/ml) for 3 days.

Immunofluorescence and image analysis
Cells, including hiPSC, smNPC and differentiated MBN, were fixed with 4% PFA at RT for 10 min. Fixed cells were blocked for 1 hr

with PBS containing 3% donkey serum and 0.1% Triton X-100 before adding the primary antibodies (Key resources table) for an in-

cubation overnight at 4�C. For the MHC class I staining, fixed neurons were blocked with PBS containing 5% donkey serum without

Triton X-100 in order to determine only surface MHC class I. Subsequently, cells were incubated with the appropriate fluorescently

labeled secondary antibodies (Key resources table) for 1 hr at RT, followed by 2min incubation with DAPI (10 mg/ml) at RT to stain the

nuclei. Finally, stained cells weremounted on an object glass using 10 ml of mounting solution (Aqua-Poly/Mount, Polysciences). After

drying overnight at RT in the dark, the object glasses were stored at 4�C in the dark. Images were taken at the Axio Observer.Z1 fluo-

rescence microscope with ApoTome technology or LSM 780 confocal laser scanning microscope (both from Carl Zeiss). Images

were quantified using the cell counter plugin and the ImageJ software (version 5.2.1).

Cell death analysis
To determine the cell death rate of neurons, TUNEL assay was applied according to the manufacturer’s instructions. In parallel, cells

from the same experiment were pretreated with ice-cold acetic acid and ethanol (2:1) for 5 min at -20�C and stained with antibody

against aCASP3. TUNEL and aCASP3 are characteristic for different stages of cell death: TUNEL labels fragmented DNA, which oc-

curs at a late cell death stage, whereas aCASP3 is an early event during apoptosis. The numbers of double-positive cells (TUBB3/

TUNEL, TUBB3/aCASP3, or TH+/TUNEL, TH-/TUNEL) were calculated using ImageJ software to determine the apoptosis rate of

total neurons (TUBB3+) or midbrain dopaminergic (TH+) or TH- neurons. At least 500 cells were analyzed for each individual from

two independent hiPSC clones. The neurite length was determined in TH+ neurons in all conditions using the simple neurite tracer

plugin (ImageJ, version 5.2.1).

Cytokine analysis
IL-17 in the supernatants of the co-cultures was analyzed by ELISA according to the manufacturer’s instructions. In brief, cell culture

supernatants were equilibrated to room temperature and 100 ml of the supernatant were mixed with 50 ml of Solution A and 50 ml of

Biotin conjugate per well of the according ELISA plate and incubated on a shaking plate at 700 rpm. After 2 hr of incubation, the plate

waswashed three times using the BiosourceWash Solutions. Afterward, 100 ml of diluted Streptavidin-Horseradish peroxidase (HRP)

conjugate was added to each sample and incubated for 30 min at RT on a shaking plate at 700 rpm. Following three washing steps,

100 ml of Chromogenic solution was added to eachwell and incubated for 15min. Consequently, the reaction was stopped by adding

100 ml Stop solution before measuring the absorbance at 450 nm using SpectraMax 190 Microplate Reader (Molecular Devices). All

measured values were normalized to standard samples provided in the ELISA kit.

Gene expression analysis
For total RNA isolation, cells were lysed using QIAzol phase separation buffer followed by column separation using the RNeasy kit

according to the manufacturer’s instructions. Five hundred ng of total RNA was reversely transcribed into cDNA in 20 ml reaction so-

lution using theQuantiTect Reverse Transcription Kit according to themanufacturer’s instructions, including a DNase treatment step.

One ml of cDNA was used for a qRT-PCR reaction. qRT-PCR was performed as previously described (Sommer et al., 2016). Forward

and reverse primer pairs (Sigma-Aldrich) for SYBR Green PCR are listed in Table S3.

Library preparation and RNA sequencing
Libraries for next-generation sequencing were prepared with total RNA isolated from untreated and IL-17-treated cells with the

TruSeq� RNA Sample Preparation Kit v2 (Illumina) according to the manufacturer’s instructions. Finally, quality control with a

Bioanalyzer� (Agilent) and sequencing with a HiSeq 1000 sequencer (Illumina) were performed. For this purpose, all libraries

were quantified using the KAPA SYBR FAST ABI Prism Library Quantification Kit (Kapa Biosystems). Equimolar amounts of each

library were used for cluster generation on the cBot with the TruSeq SR Cluster Kit v3 (Illumina). The sequencing run was performed

on a HiSeq 1000 instrument (Illumina) using the indexed, 50 cycles single read (SR) protocol and the TruSeq SBS v3 Kit (Illumina).

Image analysis and base calling resulted in .bcl files that were then converted into .fastQ files by the CASAVA1.8.2 software.

RNA-Seq analysis
FastQ files were aligned to the human genome (hg19) using STAR under previously published conditions (Kapeli et al., 2016). Aligned

sam-files were annotated with gencode.v19 and features counted using SubReads featureCounts. DESeq2 was used to determine

differential expression (Kapeli et al., 2016). Stringent criteria were set to determine significantly dysregulated genes: adjusted p value

below 0.05 and log2FC of greater than one. To lessen false positives due to high variability of lowly expressed transcripts, only genes
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with a mean expression value of greater than one RPKM throughout the dataset were considered. Control and PD samples were

analyzed as two independent datasets. Hierarchical clustering and heatmaps representing z-scores were generated using the sea-

born package in python.

To determine if the promoters of dysregulated genes were enriched in certain TFBS, locations of IL-17-associated transcription

factors CEBPB, NFkB, cFos and cJun were extracted from UCSC’s database of 161 ChIP-seq experiments from ENCODE (Data

version: ENCODE Mar 2012 Freeze) (Consortium and ENCODE Project Consortium, 2012). Promoters were defined as 2.5kb up-

stream of the transcription start site. The intersections in TFBS in promoters were determined with bedtools and significance of

enrichment was calculated using the hypergeometric test in R, followed by Benjamini-Hochberg correction. Significant enrichment

was considered if the adjusted p value was below 0.05.

Western blot analysis
For the protein analysis, neurons were harvested and washed twice with cold PBS, gently resuspended in cold hypotonic buffer

(20 mM Tris pH 7.4, 10 mM NaCl, 3 mM MgCl2 supplemented with protease and phosphatase inhibitors) and incubated for

15 min at 4�C. After adding 10% NP40, homogenates were centrifuged for 15 min at 3000 rpm at 4�C to separate supernatant 1

(S1; cytosolic fraction) from pellet 1 (P1; nuclear pellet). While S1 was collected, P1 was resuspended in cold cell extraction buffer

(100 mM Tris pH 7.4, 2 mMNa3VO4, 100 mMNaCl, 1% Triton X-100, 10% glycerol, 1 mM EDTA, 1mM EGTA, 0.1% SDS, 1 mMNaF,

0.5% deoxycholate, 20 mMNa4P2O7 supplemented with protease and phosphatase inhibitors) and incubated for 30 min at 4�C, and
then posteriorly centrifuged for 30 min at 14000 rpm, 4�C. The resulting supernatant (S2; nuclear fraction) was collected. The protein

concentrations of lysed samples were determined using the bicinchoninic acid assay (Pierce BCA Protein Assay Kit). Equal amounts

of total protein (20 mg) were separated on 10% SDS-PAGE and transferred onto PVDFmembranes (Bio-Rad). Blots were probed us-

ing primary antibodies (Key resources table) and HRP-conjugated secondary antibodies (Key resources table). For visualization of

signals, the GE Healthcare ECL Select and the Fujifilm LAS 3000 device were used. The signal intensities of the respective proteins

were normalized to that of b-actin (cytoplasmic fractions) or TATA (nuclear fractions).

Patch clamp experiments
Whole-cell patch clamp recordings were performed at RT using an EPC 10 amplifier (HEKA electronics) in artificial cerebrospinal fluid

bubbled with 95% O2 and 5% CO2 (125 mM NaCl, 3 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 1.25 mM NaH2PO4, 25 mM NaHCO3 and

10 mM d-glucose; pH 7.4). The pipette solution contained 4 mM NaCl, 135 mM K-gluconate, 3 mM MgCl2, 5 mM EGTA, 5 mM

HEPES, 2 mM Na2-ATP and 0.3 mM Na3-GTP (pH 7.25). Neuronal cells were identified by NeuroFluor NeuO (Stemcell) staining ac-

cording to manufacturer protocol.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details of experiments
Each experiment was performed with 12 neuronal lines, where each line was differentiated from two hiPSC clones for each individual

for co-culture, immunofluorescence staining, and gene and protein expression, with their respective biological/technical numbers (n)

indicated in the figure legends. The flow cytometry analysis of resting or ex vivo stimulated T lymphocytes was performed with blood

from 10 PD patients and 10 sex- and age-matched controls. For flow cytometry analyses, at least 20,000 events were collected. The

postmortem analysis was performed with 3 SN samples from sporadic PD patients and 2 age- and sex-matched controls. Differ-

ences between the two groups were analyzed with two-tailed unpaired Student’s t test. Whenmore than two groupswere compared,

differences were analyzed with one- or two-way-ANOVA followed by Sidak or Tukey multiple comparisons tests as indicated. In all

analyses, p values of less than 0.05 were considered significant. All statistical tests were conducted with GraphPad Prism 6 Software

(GraphPad Software, Inc.).

DATA AND SOFTWARE AVAILABILITY

The RNA-seq data will be deposited in the database of Genotypes and Phenotypes (dbGaP) and the accession number is currently

pending. In the interim, please send requests for human RNA-seq data related to this manuscript directly to the authors, and we will

supply the relevant raw data.
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Table S1 (related to Fig. 1): Flow cytometry analysis of resting and stimulated T lymphocytes. T 

lymphocytes from PD patients and controls were characterized by flow cytometry for T cell surface 

  T cell subpopulation PD 
 (n=10) [%] 

Control  
(n=10) [%] 

p-value 
R

e
s

ti
n

g
 

CD3+ CD4+ 70.67 ± 11.85 75.96 ±  7.57 0.113 

CD3+ CD8+ 19.31 ± 12.50 19.99 ± 8.07 0.924 

CD4+ CD25+ 6.88 ± 1.95 17.06 ± 9.32 0.028 

CD3+ CD127lo 7.37 ± 2.67 8.44 ± 2.28 0.231 

CD3+ CD4+ CD54+  13.98 ± 4.89 7.91 ± 5.30 0.131 

CD3+ CD4+ CD95+  49.95 ± 12.58 40.32 ± 20.14 0.216 

CD3+ CD4+ CD178+  1.61 ± 1.24 0.97 ± 0.67 0.173 

CD3+ CD8+ CD54+  37.36 ± 21.12 38.61 ± 34.40 0.923 

CD3+ CD8+ CD95+  43.22 ± 24.74 41.05 ± 23.76 0.844 

CD3+ CD8+ CD178+  2.61 ± 3.31 0.98 ± 0.95 0.152 

DR1+ CD3+ CD4+  79.11 ± 21.85 99.16 ± 1.27 0.182 

DR1+ CD3+ CD8+  80.80 ± 15.99 97.76 ± 1.95 0.134 

DR2+ CD3+ CD4+  4.62 ± 3.27 17.90 ± 12.11 0.035 

DR2+ CD3+ CD8+  2.56 ± 3.94 10.68 ± 5.65 0.011 

DR3+ CD3+ CD4+  6.92 ± 2.61 5.51 ± 1.36 0.430 

DR3+ CD3+ CD8+  8.90 ± 3.98 14.13 ± 5.86 0.177 

DR5+ CD3+ CD4+  25.47 ± 32.08 35.98 ± 35.40 0.551 

DR5+ CD3+ CD8+  31.19 ± 33.03 35.98 ± 32.74 0.782 

S
ti

m
u

la
te

d
 

CD4+ CD25+ 10.36 ± 5.27 7.72 ± 3.08 0.188 

CD3+ CD127lo 5.30 ± 1.73 6.69 ± 1.79 0.055 

CD3+ CD4+ CD54+  11.96 ± 6.86 13.43 ± 8.14 0.668 

CD3+ CD4+ CD95+  36.81 ± 15.23 34.32 ± 11.09 0.681 

CD3+ CD4+ CD178+  4.05 ± 2.94 1.7 ± 0.80 0.026 

CD3+ CD8+ CD54+  39.44 ± 28.21 35.81 ± 17.02 0.732 

CD3+ CD8+ CD95+  42.23 ± 25.76 41.98 ± 19.53 0.981 

CD3+ CD8+ CD178+  13.65 ± 8.86 4.23 ± 2.46 0.005 

DR1+ CD3+ CD4+  2.78 ± 1.17 6.92 ± 3.45 0.075 

DR1+ CD3+ CD8+  82.53 ± 10.05 74.75 ± 16.62 0.497 

DR2+ CD3+ CD4+  11.25 ± 10.19 22.26 ± 17.05 0.133 

DR2+ CD3+ CD8+  21.60 ± 13.46 24.36 ± 17.89 0.727 

DR3+ CD3+ CD4+  3.35 ± 1.01 2.26 ± 0.23 0.224 

DR3+ CD3+ CD8+  17.07 ± 8.49 8.47 ± 10.08 0.328 

DR5+ CD3+ CD4+  11.27 ± 11.69 14.99 ± 11.05 0.581 

DR5+ CD3+ CD8+  20.91 ± 5.35 17.54 ± 12.85 0.518 

IFNg+  14.77 ± 8.35 10.27 ± 6.41 0.193 

IL-2+  9.20 ± 9.41 4.72 ± 5.28 0.205 

IL-4+ 1.64 ± 1.70 1.45 ±  0.83 0.755 

IL-10+  1.09 ± 0.69 2.09 ± 1.48 0.070 

IL-17+ 1.67 ± 0.75 0.75 ± 0.35 0.002 
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markers and dopamine receptors (DR1-5) either directly after isolation (resting) or after 5 hours of ex 

vivo stimulation (stimulated). After stimulation, cells were additionally stained intracellularly for cytokine 

production (IFNg, IL-2, IL-4, IL-10, IL-17). Experiments were performed with 10 PD patients and 10 

controls (n = 10 per group). Data are shown as means ± SD. p-values are marked in bold and italic 

when they reach a significance threshold of 0.05 by two-tailed Student´s t-test. CD = cluster of 

differentiation, IL = interleukin. 

 

 

 

Table S2 (related to Fig. 1 and Fig. 2): PD patient and control postmortem brain samples and 

cohorts used for the co-culture experiments. Postmortem brain tissues were obtained from the 

Netherlands Brain Bank from 3 early-stage sporadic PD patients (Braak stage 2-3; PD-SN-1-3) and 2 

age- and sex-matched controls (C-SN-1-2). Human induced pluripotent stem cells (hiPSC) generated 

from fibroblasts of 3 PD patients (PD1-3) and 3 age- and sex-matched controls (C1-3) were used for 

all co-culture experiments. The color code is used to label individual patients or controls in Fig. 1h and 

Fig. S1c. PD = Parkinson´s disease, ID = identification, C = Control, SN = substantia nigra, PMD = 

postmortem delay, hr = hours, M = male, F = female, H&Y = Hoehn and Yahr, LEDD = Levodopa 

equivalent daily dose in mg. 

  

PD patient and control postmortem brain samples 

Sample ID Barcode Gender Age at death PMD (hr) Braak stage 

PD-SN-1 2010-113 M 71 5:05 3 

PD-SN-2 2012-041 F 71 9:05 2 

PD-SN-3 2013-061 M 77 3:10 3 

C-SN-1 1992-027 F 71 9:00 0 

C-SN-2 1993-05 M 77 4:30 0 

PD patient and control cohorts used for the co-culture experiments 

Cell Line Abbre-
viation 

Group Age at 
donation 

Gender H&Y LEDD Color code 

UKERiAY6-R1-3 PD1-1 PD 
 

37 M 2 1050 
 

UKERiAY6-R1-4 PD1-2 

UKERiPX7-R1-1 PD2-1 
PD 49 M 1 850 

 

UKERiPX7-R1-2 PD2-2 

UKERi88H-R1-1 PD3-1 
PD 63 F 1 400 

 

UKERi88H-R1-2 PD3-2 

UKERi33Q-R1-2 C1-1 
Control 45 F - - 

 

UKERi33Q-R1-6 C1-2 

UKERiO3H-R1-1 C2-1 
Control 71 M - - 

 

UKERiO3H-R1-5 C2-2 

UKERi82A-R1-1 C3-1 
Control 66 F - - 

 

UKERi82A-R1-2 C3-2 
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Gene Forward (5´-3´) Reverse (5´-3´) 

IL17R  ACT GAG GCA TCA CCA CAG G TCT TGG ACT GGT GGT TTG G 

IL1R TGT GGA AAA TCC TGC AAA CA GGA ATC CCT GTA CCA AAG CA 

TNFaR TGC CAT GCA GGT TTC TTT C TCT GGG GTA GGC ACA ACT TC 

STK36 GAA CAT CCT CCT CGC CAA G GGT GTG CCT TTG ATG GAT G 

SLC9A3 CCA TGT CAA CGA GGT CCT G CGC CAC GAA AGA TTC AAA C 

ABCA7 TCT ACC AGG GCC ACA TCA C ATG AAG GCA GAG CCA CCA C 

PCSK4 CGG GCA GTA CTT TCA CCT G CAC GAC AGA GCG TTT CAC C 

HPRT CCT GGC GTC GTG ATT AGT G TCC CAT CTC CTT CAT CAC ATC 

β-actin TTT TTG GCT TGA CTC AGG ATT T GCA AGG GAC TTC CTG TAA CAA C 

2bm GAG GCT ATC CAG CGT ACT CC AAT GTC GGA TGG ATG AAA CC 

 
Table S3 (related to STAR Methods): Primers used for quantitative reverse transcription (qRT)-
PCR. 
 

 

 

Figure S1 (related to Fig. 1): Ex vivo blood study design and correlation analysis of IL-17-

producing T lymphocyte frequencies in peripheral blood of PD patients with Levodopa 

equivalent daily dose (LEDD). T lymphocytes were isolated from peripheral blood of 10 PD patients 

at an early disease stage and from 10 age- and sex-matched controls (a). m = male, f = female, H&Y 

= Hoehn and Yahr stage, UPDRS = Unified Parkinson Disease Rating Scale, LEDD = Levodopa 

equivalent daily dose. Data are shown as mean ± SD. Using a flow cytometry gating strategy, dead 

cells were excluded and the CD3+ CD4+ T cell population was analyzed (b). SSC = side scatter, FSC 

= forward scatter, CD = cluster of differentiation. The frequencies of IL-17-producing CD4+ T 

lymphocytes in the peripheral blood samples of PD patients did not correlate with the dose of LEDD 

treatment (R2=0.003250) (c). LEDD represents the amount of dopaminergic treatment per day for each 

patient. Experiments were performed with 10 PD patients. The colored dots represent the PD patients, 

whose cells were used for reprogramming and co-culture experiments. 
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Figure S2 (related to Fig. 2): Generation of midbrain neurons (MBN) by differentiation from 

human induced pluripotent stem cells (hiPSC) of PD patients and controls. HiPSC derived from 

PD patients and controls (C) were differentiated into MBN neurons based on previously published 

protocol (Reinhardt et al., 2013) (a). HiPSC expressed pluripotency markers Tumor recognition 

antigen (Tra)-1-60 (b), OCT3/4, and NANOG (c), and were differentiated into small molecule neural 

precursor cells (smNPCs) expressing the characteristic neural precursor markers nestin (NES) and 

SOX2 as well as the floor plate marker FOXA2 (c). Further differentiation and maturation for 3 weeks 

resulted in MBN expressing the neuronal marker ß3-tubulin (TUBB3) and dopaminergic markers: 

tyrosine hydroxylase (TH), Girk2 (KCNJ6), and Nurr1 (NR4A2) (c). Scale bar = 50 µm in (c, left part), 

20 µm in (c, right part). Neurons were functionally active, generating spontaneous (d) as well as 

evoked (e) action potentials. Two hiPSC clones per patient / control were differentiated. 
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Figure S3 (related to Fig. 2): Optimization of T lymphocyte:neuron co-culture conditions. Eight 

different media either with or without low concentrations of fetal calf serum (FCS) were tested to 

determine the medium that supported optimal T lymphocyte ex vivo activation and was not toxic to 

neurons (a). T cells were cultured for 1, 3, or 6 days (d) and neurons for 3, 5 or 7d in the respective 

media and cell death and/or activation were analyzed. Cell death and activation of T lymphocytes were 

determined by flow cytometry. Neuronal cell death was determined by the ITdead analysis (a). Control 

hiPSC-derived neurons were treated with autologous T lymphocytes for 1d up to 10d to exclude any 

delayed toxic effect (b). Three individual experiments were performed (n = 3 per group). Data are 

shown as means ± SD. ** - p-value < 0.01, *** - p-value < 0.001 by one-way ANOVA and Sidak test for 

multiple comparisons. Untreated hiPSC-derived neurons, as well as hiPSC-derived neurons from 

autologous (autolog 1:1) or allogeneic (allogene) co-cultures with T lymphocytes expressed faint levels 

of major histocompatibility complex (MHC) class I (green), while astrocytes treated with 

lipopolysaccharides (LPS, Astro. + LPS) showed expression of MHC class I (c). A representative line 

of hiPSC-derived neurons from a PD patient is shown. 
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Figure S4 (related to Fig. 3 [a-b] and to Fig. 4 [c-e]): IL-17 receptor (IL-17R) expression in 

postmortem substantia nigra (SN) neurons of PD patients; and genes, differentially regulated in 

IL-17-treated PD hiPSC-derived neurons, do not cluster in control samples. Human postmortem 
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SN samples were stained for IL-17R and positive staining was found in neuromelanin+ neurons in PD 

SN (as indicated by arrows), but not in controls. Scale bar = 50 µm (a). Human cerebellar astrocytes 

were treated with low or high concentrations of IL-17 for three days before analyzing the mRNA 

expression of IL-17 and IL-17R (b). Three individual experiments were performed (n = 3 per group). 

Data are shown as means ± SD. A heatmap represents 125 genes, differentially regulated in PD 

hiPSC-derived neuronal samples upon IL-17 treatment, that do not cluster within untreated and IL-17-

treated control hiPSC-derived neuronal samples (c). Quantitative reverse transcription (qRT)-PCR 

analysis confirms elevated expression levels of representative genes (STK36, SLC9A3, ABCA7, 

PCSK4) upregulated in PD hiPSC-derived neurons after IL-17 treatment with an enrichment of NFB 

transcription factor binding sites (TFBS) (d). Experiments were performed with two hiPSC clones for 

each individual (n=6 per group). Data are shown as means ± SD. *p-value < 0.05, **p-value < 0.01 by 

Student´s t-test. Model of T cell-released IL-17 and its effect on neurons in sporadic PD, where IL-17 

binds to IL-17R, expressed on midbrain neurons, and activates p65/p50 (NFB) signaling leading to 

neuronal death (e). 
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