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          Parkinson’s disease (PD) affects approximately 1% of people over the age of 60. Due to mechanisms that 
are still insufficiently understood, the specific degeneration of dopaminergic neurons in the substantia nigra pars 
compacta leads to resting tremor, bradykinesia, and gait- and balance deficits. Because of this local degeneration 
of a relatively small population of dopaminergic neurons in the midbrain, PD has been considered an especially 
interesting candidate for cell replacement therapy. Transplantations of fetal tissue in the 1980s and 1990s provided 
proof-of-concept for the potential of cell-replacement therapy for PD and some patients benefitted greatly from 
their transplants. However, post-mortem analysis of transplanted tissue revealed accumulation of pathological Lewy 
bodies in a small subset of transplanted cells over time, revealing a host-to-graft disease propagation. Lewy bodies 
which are intraneuronal aggregates composed mainly of misfolded alpha synuclein (a-syn) protein is a pathological 
hallmark seen in both sporadic and genetic forms of PD.
Today, clinical trials using stem cell-derived dopaminergic progenitors have commenced. These progeni-
tors which are derived from either embryonic stem cells (ESCs) or healthy induced pluripotent stem cells (iP-
SCs) express wild-type levels of a-syn, thus making them equally susceptible to developing Lewy bodies over 
time. The advent of iPSCs has opened up the possibility to graft patient-specific cells which most likely would 
circumvent the need for immunosuppression. However, patient-derived cells may be more prone to develop dis-
ease-associated pathology after grafting. If this is the case, gene-correction presents a solution for patients with 
known monogenetic mutations. However, this approach is not applicable for the majority of PD patients, since 
90-95% of all cases are sporadic. Instead, for sporadic patient cells alternative strategies need to be evaluated.  
The overall aim of this thesis has been to assess the potential of autologous grafting in cell replacement therapy for 
PD. First, we utilized single cell sequencing to dissect the differentiation of stem cells to midbrain dopaminergic 
neurons. Second, we used directly converted neurons from sporadic patient fibroblasts to study of age-related disease 
relevant pathology. Next, in order to study the potential of autologous cell replacement therapy we transplanted 
progenitors derived from a PD patient into a pre-clinical rat model. Lastly, we evaluated the strategy of knocking 
out a-syn as a means to protect the cells from transfer of pathology upon grafting. The data presented in this thesis 
may serve as valuable resources to help optimize future cell replacement therapies for patients suffering from PD.    

Fredrik Nilsson
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ABSTRACT

Parkinson’s disease (PD) affects approximately 1% of  people over the age of  60. Due to mecha-
nisms that are still insufficiently understood, the specific degeneration of  dopaminergic neurons in 
the substantia nigra pars compacta leads to resting tremor, bradykinesia, and gait- and balance deficits. 
Because of  this local degeneration of  a relatively small population of  dopaminergic neurons in the 
midbrain, PD has been considered an especially interesting candidate for cell-replacement therapy. 
Transplantations of  fetal tissue in the 1980s and 1990s provided proof-of-concept for the potential of  
cell replacement therapy for PD and some patients benefitted greatly from their transplants. However, 
post-mortem analysis of  transplanted tissue revealed accumulation of  pathological Lewy bodies in a 
small subset of  transplanted cells over time, revealing a host-to-graft disease propagation. Lewy bod-
ies which are intraneuronal aggregates composed mainly of  misfolded alpha synuclein (a-syn) protein 
is a pathological hallmark seen in both sporadic and genetic forms of  PD.

Today, clinical trials using stem cell-derived dopaminergic progenitors have commenced. These 
progenitors which are derived from either embryonic stem cells (ESCs) or healthy induced pluri-
potent stem cells (iPSCs) express wild-type levels of  a-syn, thus making them equally susceptible 
to developing Lewy bodies over time. The advent of  iPSCs has opened up the possibility to graft 
patient-specific cells which most likely would circumvent the need for immunosuppression. How-
ever, patient-derived cells may be more prone to develop disease-associated pathology after grafting. 
If  this is the case, gene-correction presents a solution for patients with known monogenetic muta-
tions. However, this approach is not applicable for the majority of  PD patients, since 90-95% of  
all cases are sporadic. Instead, for sporadic patient cells alternative strategies need to be evaluated.  
The overall aim of  this thesis has been to assess the potential of  autologous grafting in cell replace-
ment therapy for PD. First, we utilized single cell sequencing to dissect the differentiation of  stem 
cells to midbrain dopaminergic neurons. Second, we used directly converted neurons from sporadic 
patient fibroblasts to study of  age-related disease relevant pathology. Next, in order to study the po-
tential of  autologous cell replacement therapy we transplanted progenitors derived from a PD patient 
into a pre-clinical rat model. Lastly, we evaluated the strategy of  knocking out a-syn as a means to 
protect the cells from transfer of  pathology upon grafting. The data presented in this thesis may serve 
as valuable resources to help optimize future cell replacement therapies for patients suffering from 
PD.    
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LAY SUMMARY

Parkinson’s disease (PD) is the second most common neurodegenerative disorder and affects 
approximately 1 in 100 persons over the age of  60. Degeneration of  dopamine producing neurons 
in the midbrain causes motor symptoms such as resting tremor, slowness to initiate movement and 
gait- and balance deficits. Current treatments mainly focus on increasing the dopamine levels in the 
brain using pharmacological intervention. However, these strategies do not cure the disorder and over 
time lose their effectiveness and cause side-effects. Since the motor symptoms that arise in PD are due 
to the specific degeneration of  dopaminergic neurons in a single region of  the brain, PD has always 
been a promising candidate for cell replacement therapy. By replacing the degenerated dopamine 
neurons with healthy and functional ones, the motor symptoms can be treated. Clinical trials in the 
1980s and 1990s using dopaminergic neurons from aborted fetuses showed that these could survive, 
integrate and alleviate motor symptoms in some of  the recipients. However, due to ethical concerns 
and issues related to logistics, this cell source was non-sustainable. Also, from post-mortem analyses 
it was observed that the transplanted cells over time developed disease-associated inclusions called 
Lewy bodies. These pathological inclusions which are found in the brains of  PD patients are mainly 
composed of  a misfolded version of  a protein called alpha synuclein (a-syn). 

Today, thanks to advances in developmental biology we can easily and reproducibly produce 
dopamine neurons in the lab from stem cells. Clinical trials using these stem cell-derived dopamine 
cells have now begun. Moreover, scientific breakthroughs allow us today to generate stem cells 
from any individual. This makes it possible to transplant patients with their own cells. Because the 
cells are coming from the patients themselves, this treatment would most likely by-pass the need to 
immunosuppress the patient in order to prevent graft rejection. However, since the cells will carry a 
disease background, they might be prone to develop pathology quicker.

The focus of  my thesis has been to evaluate the potential of  patient-specific cell replacement 
therapy for PD. In the first paper we analyzed the differentiation of  stem cells to dopaminergic 
neurons on a single cell level using single cell sequencing. In the second paper we set up a cellular 
system where we can study age-related disease phenotypes. Next, in the third paper, we transplanted 
patient-derived cells into a pre-clinical model of  PD to assess their potential for motor recovery. In 
the fourth and final paper we studied the effect of  deleting the gene that encodes for a-syn as part of  
a strategy to help protect the cells from developing Lewy body pathology after transplantation. The 
results presented here can help improve future cell replacement therapies for PD.
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POPULÄRVETENSKAPLIG SAMMANFATTNING

Parkinsons sjukdom är den näst vanligaste neurodegenerativa sjukdomen och drabbar en procent 
av alla över 60 års ålder. Degenerationen av dopaminproducerande celler i mitthjärnan leder till 
motorsymptom såsom skakningar, svårigheter att initiera rörelser samt gång- och balanssvårigheter. 
Den vanligaste behandlingen fokuserar på att öka dopaminnivåerna i hjärnan genom medicinering. 
Detta botar dock inte sjukdomen och med tid tappar sin effekt samt leder till biverkningar. Eftersom 
motorsymptomen som uppstår vid Parkinsons sjukdom beror på den specifika degenerationen av 
dopaminerga nervceller i en specifik del av hjärnan har Parkinsons sjukdom alltid varit en attraktiv 
kandidat för cellterapi. Genom att ersätta de döda och skadade nervcellerna med friska och 
funktionella så kan motorsymptomen behandlas. Kliniska försök som gjordes på 1980- och 1990-talet 
med dopaminerga nervceller från aborterade foster visade att dessa kan överleva och integrera 
sig i hjärnan, och vissa patienter fick goda resultat från sina transplantat. Denna cellkälla är dock 
ohållbar på grund av etiska och logistiska problem. Från post-mortem-undersökningar såg man att 
de transplanterade cellerna över tid utvecklade patologiska ansamlingar, kallade Lewy kroppar. Dessa 
Lewy kroppar består till största del av en felvecklad version av proteinet alpha synuclein (a-syn). 

Tack vare framsteg i utvecklingsbiologi kan vi omvandla stamceller till dopaminerga nervceller 
i labbet. Kliniska försök med dessa stamcells-deriverade dopaminerga nerveller har redan gått av 
stapeln. Idag har vi dessutom möjligheten att göra patient-specifika behandlingar. Hudceller från 
patienter kan omvandlas till stamceller som sedan differentieras till dopaminerga nervceller som i sin 
tur transplanteras tillbaka in i patienten. Eftersom cellerna är patient-egna så är det väldigt liten risk 
att patientens immunförsvar kommer stöta bort de transplanterade cellerna. Dock så är det möjligt att 
dessa celler, på grund av sin sjukdomsbakgrund, utvecklar patologi snabbare som kan kompromissa 
den kliniska effekten. 

Fokuset för min avhandling har varit att studera potentialen av patient-specifik cellterapi för Par-
kinsons sjukdom. I den första studien så analyserade vi differentieringen av stamceller till dopamin-
erga nerveller på en singel-cellnivå. I den andra studien så etablerade vi en modell som kan använ-
das för att bättre studera åldersrelaterade sjukdomsfenotyper. I den tredje studien studerade vi ifall 
patient-deriverade dopaminerga celler kan återge motorförmåga i en preklinisk modell av Parkinsons 
sjukdom. I den fjärde och sista studien studerade vi effekten av att förhindra uttrycket av a-syn och 
utforskade ifall det kan vara en god strategi för att undvika patologiska Lewy kroppar i cellerna efter 
transplantation. Sammantaget kan resultaten från dessa studier hjälpa att förbättra framtidens celltera-
pibehandlingar mot Parkinsons sjukdom.
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ABBREVIATIONS

AAV		  adeno-associated virus
a-syn		  alpha synuclein
BBB		  blood-brain barrier
DA		  dopamine/dopaminergic
DAB		  di-aminobenzidine
DAT		  dopamine transporter
DBS		  deep brain stimulation
ESC		  embryonic stem cell
iDAN		  induced dopaminergic neuron
iN		  induced neuron
i.p		  intraperitoneal
iPSC		  induced pluripotent stem cell
LV		  lentiviral vector
MFB		  medial forebrain bundle
MHC		  major histocompatibility complex 
MOI		  multiplicity of  infection
NAc		  nucleus accumbens
NHP		  nonhuman primate
PCR		  polymerase chain reaction
PD		  Parkinson’s disease
PFA		  paraformaldehyde
PFC		  prefrontal cortex
PFFs		  preformed fibrils
PSC		  pluripotent stem cell
pSyn		  phosphorylated alpha-synuclein
REST		  RE-1 silencing transcription factor 
RT		  room temperature
SD		  Sprague-Dawley 
SNc		  substantia nigra pars compacta
s.c		  subcutaneous
vMB		  ventral midbrain
VTA		  ventral tegmental area
TH		  tyrosine hydroxylase
6-OHDA	 6-hydroxydopamine
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INTRODUCTION

Parkinson’s Disease

Parkinson’s disease (PD) is the second most common neurodegenerative disorder and is char-
acterized by the degeneration of  midbrain dopaminergic (mDA) neurons of  the substantia nigra pars 
compacta (SNc). These so called A9 DA neurons project to the dorsolateral striatum of  the forebrain 
and control voluntary movements. The loss of  A9 DA neurons manifests itself  primarily as motor 
symptoms that include resting tremor, rigidity, bradykinesia and gait-and balance deficits (Jankovic, 
2008). Located adjacently, just medial to the A9 DA neurons in the SNc are the A10 DA neurons of  
the ventral tegmental area (VTA). These neurons project to other areas such as the nucleus accum-
bens (NAc) and the prefrontal cortex (PFC) (Bjorklund and Dunnett, 2007). For reasons that are still 
insufficiently understood the A10 DA neurons tend to be spared in PD. Contrary to the A9 neurons 
that control voluntary movements, the degeneration of  the A10 subtype is associated with cognitive 
impairments, depression and anxiety (Chaudhuri et al., 2006; Tye et al., 2013). 

Current treatments and cell replacement therapy 

There is no cure for PD and the most common treatment today is pharmacological intervention 
to elevate dopamine (DA) levels in the brain using drugs that can cross the blood-brain-barrier (BBB). 
These include DA precursors, DA receptor agonists and DA degradation enzyme inhibitors (Connolly 
and Lang, 2014). While these drugs tend to work well initially, over time they lose their effect and 
cause side-effects (Thanvi and Lo, 2004). Two more advanced treatment approaches are DuoDopa® 
and deep brain stimulation (DBS). DuoDopa® is an alternative treatment option for advanced PD 
patients with motor fluctuations and dyskinesias. A gel consisting of  levodopa (a DA precursor) 
and carbidopa (an enzyme inhibiting peripheral dopa-decarboxylase and ensuring increased levodopa 
levels in the CNS) is administered via an intrajejunal tube. This helps to treat the symptoms but does 
not slow down the disease progression (Ciurleo et al., 2018; Nyholm, 2012). In DBS, electrodes are 
surgically implanted into the brain and electrical impulses are used to relieve motor symptoms (Groiss 
et al., 2009). Whereas this approach can be efficient in relieving motor symptoms it is an invasive 
treatment and can results in issues related to cognition (Rossi et al., 2018).

Since the cardinal symptoms of  PD arise due to the focal degeneration of  mDA neurons, it has 
for a long time been a particularly interesting candidate for cell replacement therapy. Back in the 
1980s and 1990s, a cohort of  patients were grafted with ventral midbrain fetal tissue. While the results 
varied, some patients showed alleviation of  motor symptoms and had surviving grafts up to 24 years 
after transplantation, thus giving proof-of-concept for cell replacement therapy for PD (Barker et 
al., 2013; Kefalopoulou et al., 2014; Li et al., 2016; Ma et al., 2010). However, the use of  tissue from 



22

aborted fetuses brought issues in regard to logistics, standardization and ethical aspects. Also, some 
patients developed graft induced dyskinesia that were attributed to contamination of  serotonergic 
neurons  (Hagell et al., 2002; Piccini et al., 2005; Politis et al., 2010). The development of  refined and 
well-established protocols for the differentiation of  stem cells to mDA neurons addressed these is-
sues, and today, clinical trials using stem cell-derived mDA progenitors have commenced (Barker et 
al., 2017; Doi et al., 2020; Piao et al., 2021; Takahashi, 2020). These trials have used mDA progenitors 
derived from either embryonic stem cells or induced pluripotent stem cells from a healthy donor. 

Generation of  midbrain dopaminergic neurons from pluripotent stem cells

While the fetal tissue transplantations represented a significant milestone in cell-replacement ther-
apy for PD, the issues with logistics and standardization highlighted a desperate need for a sustainable 
and renewable source of  mDA neurons. A major breakthrough to this end was the generation of  hu-
man embryonic stem cell lines from the inner cell mass of  human blastocysts (Thomson et al., 1998). 
Attempts were subsequently made to generate mDA neurons from these lines using feeder cells and 
the addition of  SHH and FGF8 during differentiation (Park et al., 2005; Perrier et al., 2004; Zeng 
et al., 2004). Although this managed to generate DA neurons in in vitro cultures it failed to generate 
DA neuron rich and functional grafts after transplantation. Additionally, due to incomplete differen-
tiations, still proliferating cells occasionally gave rise to teratomas (Brederlau et al., 2006; Roy et al., 
2006; Sonntag et al., 2007). However, important discoveries in developmental biology over the next 
few years would lead to the development of  highly efficient protocols for generating subtype specific 
DA neurons of  a midbrain identity. First, it was discovered that mDA arise from the floorplate of  the 
developing neural tube and not from the neuroepithelium which was believed at the time (Bonilla et 
al., 2008; Ono et al., 2007). Next, it was demonstrated that the addition of  the dual SMAD pathway 
inhibitors SB431542 and noggin to inhibit the Lefty/Activin/TGFβ and BMP pathways allowed for 
highly efficient neuronal induction (Chambers et al., 2009). Inhibition of  the dual SMAD pathways 
in combination with SHH for ventralization and canonical WNT activation via inhibition of  GSK3 
for caudalization differentiated PSCs to authentic mDA progenitors (Fasano et al., 2010; Kirkeby et 
al., 2012; Kriks et al., 2011; Nolbrant et al., 2017). Upon grafting these hESC-derived mDA progeni-
tors gave rise to TH rich grafts that mediated motor recovery in pre-clinical PD models (Nolbrant et 
al., 2017; Piao et al., 2021; Xiong et al., 2021) and functioned en par with mDA progenitors derived 
from fetal tissue (Grealish et al., 2014). iPSCs derived from healthy donors and PD patients have been 
shown to generate mDA at the same capacity as embryonic stem cells (Doi et al., 2020; Doi et al., 
2014; Kikuchi et al., 2017a; Kikuchi et al., 2017b; Song et al., 2020). The advantage of  iPSCs com-
pared to hESCs is the possibility of  autologous grafting and also the starting source is typically skin or 
blood cells which is less ethically problematic compared to ESCs isolated from a blastocyst (Robinton 
and Daley, 2012). However, the risk of  transplanting patient cells that carry a disease background in 
terms of  developing an exacerbated Lewy body pathology needs to be further assessed. If  so, genetic 
or modification strategies might be a necessity to protect them after grafting.  
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Autologous grafting  

The possibility of  transplanting patients with their own cells, i.e autologous transplantation was 
made feasible with the discovery of  induced pluripotent stem cells (Takahashi et al., 2007; Takahashi 
and Yamanaka, 2006). In 2020 the first case-study with an autologous transplantation of  a PD patient 
was reported (Schweitzer et al., 2020). The benefit of  such autologous transplantation would be the 
likely circumvention of  the need for immunosuppression which can come with side-effects and put 
the patients at risk of  infection (Morizane and Takahashi, 2021). While the brain has been considered 
to be completely immunoprivileged, this has been shown to not hold true and a cell transplantation 
would inevitably have to breach the BBB, allowing infiltration of  activated lymphocytes (Barker and 
Widner, 2004). Studies of  autologous grafting in NHPs have shown that autologous cells survive and 
mature upon grafting (Emborg et al., 2013) and improve motor function after MPTP lesion (Hallett 
et al., 2015; Tao et al., 2021). Comparison of  the difference in immune response after grafting be-
tween autologous and allogenic grafting revealed an acquired immune response to the allogenic graft 
with activated microglia and infiltrating lymphocytes (Morizane et al., 2013; Tao et al., 2021). This 
was either minimal or absent in the autologous grafts. Moreover, Tao and colleagues found that the 
autologous grafts, but not allogenic grafts, could mediate motor recovery and depressive behaviors 
in NHPs (Tao et al., 2021). While Morizane and colleagues found no difference in graft size between 
autologous and allogenic grafts, the autologous grafts had significantly higher numbers of  TH+ cells 
and TH density (Morizane et al., 2013). 

Several studies have shown that patient-derived iPSCs differentiate efficiently to mDA neurons 
and can alleviate motor symptoms upon grafting into rodents (Hargus et al., 2010; Kikuchi et al., 
2017b; Shrigley et al., 2021; Song et al., 2020) and NHPs (Kikuchi et al., 2017a). However, a concern 
regarding autologous transplantation is that the transplanted cells over time might develop disease-
associated pathology which can compromise graft function. Post-mortem studies of  the patients in 
receipt of  fetal tissue revealed a slowly progressive accumulation of  Lewy bodies and neurites, patho-
logical insoluble inclusions composed mainly of  the protein alpha synuclein (a-syn) in some patients 
(Kordower et al., 2008; Li et al., 2008; Li et al., 2010). This discovery suggested a host-to-graft transfer 
of  pathology. While this accumulation of  Lewy body pathology was slow and did not seem do affect 
the function of  the graft, it may be exacerbated in patient cells due to their disease background.  

Another drawback of  autologous grafting is the inherent difficulty to create an off-the-shelf  
product which means a higher cost per patient. Therefore, banking of  50-140 lines that can MHC-
match roughly 90% of  the population has been proposed as an option to combine the advantages 
of  autologous and allogenic transplantations (Nakatsuji et al., 2008; Taylor et al., 2012). However, 
these numbers are based on Japan and the UK, which have high homogeneity in HLA haplotypes. 
For more heterogenous countries such as the US, the number of  lines needed would be far higher 
(Zimmermann et al., 2012). A study comparing MHC-matching with MHC-mismatching revealed 
more surviving TH+ neurons and a lowered immune response in the matching group (Morizane et al., 
2017). However, in a NHP model of  Huntington’s disease it was reported that MHC-matching with-
out immunosuppression was not sufficient to allow long-term survival and more studies are needed to 
address this discrepancy (Aron Badin et al., 2019). Alternatively, efforts have made to produce “cam-
ouflaged” cells that have been genetically engineered to evade the immune system. However, also here 
more studies are needed before advancing to the clinic (Morizane and Takahashi, 2021). Nonetheless, 
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advances in automation, robotics and lab-on-a-chip technology may significantly reduce the time and 
money to the extent that autologous treatments become truly feasible on a large scale. 

The role of  alpha synuclein in PD  

The interest in a-syn arose when mutations in the SNCA gene encoding a-syn were reported to 
cause familial PD (Polymeropoulos et al., 1997) along with the discovery that a-syn was the major 
component of  Lewy bodies and Lewy neurites (Spillantini et al., 1998; Spillantini et al., 1997). Addi-
tionally, it was discovered that elevated a-syn levels due to duplications and triplications of  the SNCA 
locus could cause PD (Chartier-Harlin et al., 2004; Singleton et al., 2003). Epidemiology studies re-
vealed that persons with a SNCA locus triplication had an earlier disease-onset compared to persons 
with a duplication, giving further evidence of  the central role of  a-syn in PD (Fuchs et al., 2007). Due 
to this link between a-syn mutations/overexpression and PD, therapeutic approaches to target a-syn 
have been developed over the years. 

Several studies have aimed at knocking down or out the a-syn protein. For instance, shRNA has 
been used to reduce a-syn levels in neural progenitor cells with a SNCA triplication which increased 
their resistance to oxidative stress (Flierl et al., 2014). Another approach to downregulate SNCA 
transcription and translation has been to hypermethylate SNCA intron 1 using CRISPR-deactivated 
Cas9. This tactic reduced mitochondrial stress and increased cell viability in dopaminergic neurons 
(Kantor et al., 2018). Chen et al. used CRISPR/Cas9 to knock out exon 2 of  the SNCA gene which 
prevented the formation of  Lewy body-like aggregates when challenged with preformed a-syn fibrils 
(PFFs) (Chen et al., 2019). The administration of  antisense oligos targeting a-syn could rescue disease 
phenotypes in PFF models of  PD (Cole et al., 2021). Furthermore, SNCA-/- primary neurons and 
SNCA-/- mice show no pathology and degeneration when challenged with PFFs (Luk et al., 2012; 
Volpicelli-Daley et al., 2011). Although downregulating or knocking out SNCA expression has been 
shown to recue pathological phenotypes in vitro and in vivo, the functional impact on the neurons and 
their clinical potential when used in cell replacement need to be further evaluated.

Modelling PD in vivo

Over the years, many animal models have been established to study the etiopathogenesis and 
potential treatments of  PD. Important to know are the advantages, disadvantages as well as the limita-
tions of  each model. Invertebrates such as the common fruit fly (Drosophila melanogaster) and the nema-
tode (Caenorhabditis elegans) or small fishes are often used for high-throughput screenings. Mammalian 
models are instead used for studies involving complex motor and non-motor functions. The large 
and convoluted brains of  NHPs make them a suitable animal for modelling PD and to test treatment 
strategies. However, since they are expensive, ethically problematic to use and require specialized 
housing facilities their use is not commonplace. Rodent have instead become the most widely used 
model for PD because of  their low cost and possibility to study complex movements, cognition and 
other brain functions (Cenci and Bjorklund, 2020). The following section will thus focus on rodent 
models. 
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The common denominator for clinical PD is the loss of  dopaminergic innervation in the caudate 
putamen. Once roughly 50% of  this innervation is lost, motor deficits start to appear in patients 
(Fearnley and Lees, 1991; Kordower et al., 2013). Many models have been established to cause this 
neurodegeneration and other pathological features associated with PD. In order to recreate these 
features and motor deficits, a significant degeneration of  nigrostriatal dopamine neurons is necessary. 
This can be done in numerous ways, including using toxins, viral vectors, PFFs and transgenic 
techniques. Some of  the most commonly used ones are described below.  

6-hydroxydopamine and other toxin/drug models

The 6-hydroxydopamine (6-OHDA) model was the first toxin-based PD model (Ungerstedt, 
1968). Intracerebral injection of  6-OHDA causes widespread dopamine neuron degeneration on the 
ipsilateral hemisphere. 6-OHDA is a hydroxylated analogue of  dopamine that enters the dopamin-
ergic neurons via the dopamine transporter (DAT). Once inside the cells the oxidation of  6-OHDA 
leads to ROS-induced degeneration (Kupsch et al., 2014; Rotman and Creveling, 1976). The imbal-
ance in dopamine levels between the intact and lesioned side becomes apparent upon administration 
of  amphetamine. Amphetamine induces the release of  dopamine vesicles and the difference between 
the hemispheres will manifest itself  as the biased rotation toward the injected side (Ungerstedt and 
Arbuthnott, 1970). Measurements of  these rotations have been used extensively to study neuropro-
tective compounds and the functionality of  xenografts. However, the 6-OHDA model does not reca-
pitulate the progressive degeneration of  DA neurons nor the accumulation of  Lewy bodies. 

MPTP is another toxin that has been used to recreate the degeneration of  DA neurons seen in 
PD. Due to its lipophilic nature, MPTP can cross the BBB, unlike 6-OHDA that requires stereotaxic 
surgery. MPTP is oxidized in the brain to MPP+ which is structurally similar to DA and is taken up 
by DA neurons via DAT. MPP+ causes mitochondrial and ROS damage that ultimately leads to cell 
death. Similar to the 6-OHDA model, MPTP fails to recreate the slow progressive cell death and 
synucleinopathy. Also, since MPTP is administered systemically, both hemispheres will be affected by 
the toxin, making it more difficult to study its effect. This is in contrast to 6-OHDA lesions where the 
contralateral side acts as a control. Moreover, issues with high mortality, spontaneous recovery and 
resistance in rats has made the 6-OHDA the preferred choice (Cenci and Bjorklund, 2020). 

Environmental toxins such as the pesticides rotenone and paraquat have also been used to model 
dopaminergic degeneration ever since their exposure was associated with an increased risk of  PD. 
Both compounds can cross the BBB and cause DA neuron cell death by ROS damage and mito-
chondrial dysfunction. Also, cancer drugs that work by inhibiting the proteasome, such as MG132 
and lactacystin have also been used to model PD by triggering a-syn accumulation and DA neuron 
degeneration (Bentea et al., 2017). 

Alpha synuclein-based models 

The toxin-based models do not faithfully reproduce the Lewy body accumulation and inflamma-
tion that is seen in PD patients. Furthermore, toxins such as 6-OHDA cause a swift and widespread 
nigrostriatal degeneration instead of  a slower, progressive one. Therefore, efforts have been made to 
produce models that better mimic these features. By injecting adeno-associated viruses (AAVs) over-
expressing a-syn or PFFs, a progressive degeneration accompanied by Lewy body-like accumulation 
of  insoluble aggregates can be achieved. 
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The AAV model			 

Overexpression of  a-syn using AAVs recapitulates the progressive stages of  PD, making it a 
highly attractive disease-model. The a-syn overexpression induced by the AAVs lead to the formation 
of  phosphorylated a-syn (pSyn) inclusions, axonal pathology, deficits in DA release and uptake and 
eventually DA neuron degeneration (Decressac et al., 2012b; Lundblad et al., 2012). Once >50% of  
the DA neurons of  the nigra have been lost, motor symptoms can be measured using well-establish 
motor tests (Bourdenx et al., 2015; Decressac et al., 2012a; Van der Perren et al., 2015). While the 
AAV-a-syn model recapitulates many disease-relevant features of  PD, the model has a few drawbacks. 
Differences in serotype, production and promotor can lead to significant batch-to-batch variation. 
Also, in order to elicit degeneration and motor symptoms an a-syn overexpression much higher than 
what is seen in patients is required (Decressac et al., 2012b; Faustini et al., 2018). Additionally, it is 
advantageous to do a test run of  each batch since genome copies/volume does not predict effective-
ness after injection and equal titers may yield different results.   

The PFF model

Another common a-syn-based model is the PFF model. Injected PFFs will act as pathological 
seeds and recruit endogenous monomeric a-syn to create Lewy body-like pathological inclusions 
(Luk et al., 2012; Luk et al., 2009; Volpicelli-Daley et al., 2011). These inclusions are hyperphospho-
rylated, ubiquitinated, insoluble and structurally similar to those seen in patients. Because of  this, the 
PFF model serves as a good tool to study the dynamics of  seeding, aggregation and propagation. The 
disadvantages of  the PFF model are the long time it takes to cause DA degeneration and develop mo-
tor impairments as well as the poor spreading of  injected PFF which limits the number of  targeted 
neurons, especially in rats.

The combined AAV/PFF model

By combining AAV-a-syn overexpression with PFF inoculation many of  their individual short-
comings are addressed. The elevated levels of  a-syn (while still within a physiologically relevant range) 
in combination with the PFFs will hasten and exacerbate the aggregation, toxicity and the degenera-
tion (Hoban et al., 2020; Negrini et al., 2022; Thakur et al., 2017). For optimal toxicity in this model, 
the a-syn and fibrils should be from the same species (Luk et al., 2016).

Modelling PD in vitro

Stem cell-based models

The generation of  iPSCs from PD patients along with the development of  refined protocols for 
producing midbrain dopaminergic neurons allowed for the study of  cells with a disease background 
in a disease relevant cell type. In the years following Yamanaka’s discovery, iPSCs were generated from 
sporadic and familial PD patients (Devine et al., 2011; Nguyen et al., 2011; Soldner et al., 2009). These 
have been used to study the pathogenesis of  PD and Lewy body-like pathology. However, many of  
these models fail to recapitulate this synucleinopathy in the absence of  any challenge with toxins/
PFFs/a-syn oligomers (Oh, 2019). A reason for this can be insufficient time in culture. The use of  
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free-floating organoids and 3-dimensional cultures has made it possible to keep cells in culture for 
sufficient amounts of  time to allow Lewy body-like pathology to develop without the use of  toxins/
PFFs (Becerra-Calixto et al., 2023; Mohamed et al., 2021). Nonetheless, the ability of  PSC-derived 
DA neurons to model the ageing brain can be questioned. As somatic cells such as skin cells or blood 
cells are reprogrammed to iPSCs they lose many of  their ageing signature and become rejuvenated 
(Marion et al., 2009; Suhr et al., 2010; Vera and Studer, 2015).

Direct reprogramming 

In 2010 the first successful fibroblast-to-neuron direct reprogramming was reported. Using a 
lentiviral cocktail of  Ascl1, Brn2 and Myt1l, fetal mouse fibroblasts where directly reprogrammed 
to neurons (Vierbuchen et al., 2010). Subsequently, this was done in human fibroblasts (Pang et al., 
2011; Pfisterer et al., 2011). These so-called induced neurons (iNs) expressed neuronal markers and 
showed electrophysiological properties of  functional neurons. By introducing factors associated with 
dopamine neuron generation, fibroblasts can be directly converted to induced dopaminergic neurons 
(iDANs) (Caiazzo et al., 2011; Jiang et al., 2015; Liu et al., 2012; Pfisterer et al., 2011). Since iNs are 
not going through a pluripotent intermediate, they have been shown to retain the age of  the donor 
(Drouin-Ouellet et al., 2017; Huh et al., 2016; Mertens et al., 2015; Tang et al., 2017). This has made 
iNs very attractive for modelling age-related diseases of  the CNS as well as for drug screening and 
toxicology applications. 
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AIMS OF THE THESIS

This thesis can be divided into four major aims: 

I	 Dissect the differentiation of  human pluripotent stem cells to functional ventral midbrain 
dopaminergic neurons on a single-cell level.

II	 Generate a relevant PD model to study age and disease-relevant phenotypes in patient derived 
cells using directly reprogrammed induced neurons (iNs).

III	 Study the functionality of  patient-derived cells in a preclinical rat model of  PD. 

IV	 Evaluate the strategy of  SNCA deletion to prevent transfer of  pathology after transplantation. 
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SUMMARY OF RESULTS AND DISCUSSION

In Paper I we dissect the differentiation of  human embryonic stem cells toward functional mDA 
neuron using single-cell sequencing. In Paper II we establish a platform to generate subtype-specific 
iDANs from directly converted human fibroblasts that can be used to study age-related disorders 
such as PD. In Paper III we study the maturation and function of  patient-derived mDA neurons in a 
pre-clinical rat model of  PD. In Paper IV we evaluate the potential of  SNCA deletion as a means to 
prevent transfer of  host-to-graft pathology with a focus on assessing the functionality and integration 
of  SNCA-/- mDA neurons.

Dissect the differentiation of  human pluripotent stem cells to ventral 
midbrain dopaminergic neurons on a single-cell level (Paper I)

Clinical trials using hPSC-derived mDA progenitors have commenced (Doi et al., 2020; Piao et 
al., 2021)(Lund University, 2023-02-28, First patient receives milestone stem cell-based transplant for 
Parkinson’s Disease [Press release], https://www.lunduniversity.lu.se/article/first-patient-receives-
milestone-stem-cell-based-transplant-parkinsons-disease). Since the motor symptoms that arise in 
PD stem from the specific degeneration of  A9 dopaminergic neurons in the midbrain, it is imperative 
that the protocols generating these cells model mDA neurogenesis. In this study, we differentiated 
human embryonic stem cells toward mDA neurons in 2-dimentional cultures and performed single-
cell sequencing at three stages of  differentiation. 

Generation of  functional midbrain dopaminergic neurons from human embryonic stem cells

Human embryonic stem cells were differentiation as 2-dimensional cultures according to a well-
established protocol (Nolbrant et al., 2017). This protocol relies on SB and noggin for neuroectoderm 
induction, SHH for ventralization and CHIR for adjusting the caudalization. Cells were collected at 
day 16, 30 and 60 and processed for single cell sequencing (Fig.1A-D). As the progenitors mature to 
functional neurons they become less proliferative (marked with Ki67) and start to upregulate neuronal 
marker MAP2 and dopaminergic neuron marker TH (Fig.1E-G). To assess A9 and A10 sub-specificity 
we stained for commonly used A9 marker Girk2 and A10 marker Calbindin, indicating that both 
subtypes were present in the cultures (Fig.1H-I). Electrophysiological recordings at day 60 using the 
patch-clamp method showed induced action potentials (Fig.1J) and induced action potentials upon 
brief  depolarization (Fig.1K), indicative of  mature neuronal activity as well as spontaneous firing 
(Fig.1L) characteristic of  DA neurons.
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Distinct cell types are captured with single cell sequencing during neuronal differentiation 
and maturation.

Using single-cell sequencing we captured nearly 20.000 cells across all three time-points. These 
were assigned to seven clusters according to uniform manifold approximation and projection (UMAP) 
analysis (Fig.2A). The vast majority of  the cells were assigned either a floorplate or DA progenitor/
neuron identity. There was also a small cluster of  vascular leptomeningal cells (VLMCs) that previ-
ously have been shown to be associated with vasculature in the brain and have been present in hESC-
derived grafts (Marques et al., 2016; Tiklova et al., 2020). Separating the floorplate clusters (FP1-3) 
was mainly the expression of  cell cycling genes (Fig.2B). One of  the DA clusters had high expression 
of  floorplate markers and was labelled DA-early. While DA-1 and DA-2 both had high expression of  
TH, the DA-1 cluster had higher expression of  genes associated with midbrain DA neurons such as 

Figure 1. Generation of  functional mDA neurons from hPSCs. (A) Schematic of  experimental design. (B-D) Brightfield 
images at d16, d30 and d60. (E-G) Immunofluorescent stainings of  DA neuron marker TH, neuronal marker MAP2 and pro-
liferation marker Ki67. (H) Immunofluorescent stainings of  DA neuron marker TH and A9 marker Girk2 and (I) A10 marker 
Calbindin. Nuclei stained with DAPI. Scale bars = 100µm. (J) Cells analyzed at d60 demonstrated induced action potentials, 
(K) induced action potentials upon brief  depolarization and (L) spontaneous firing.
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SLC6A3 (DAT) and NR4A2 (NURR1) (Fig.2B, C). To assess the authenticity of  our captured cells 
we compared our data set with a human fetal VM data set comprised of  almost 25.000 cells (Birtele 
et al., 2022). The overall prediction score was high, particularly for clusters FP-1 and the DA clusters, 
emphasizing the validity of  the differentiation. 

Fibroblast growth factor 8 (FGF8b) is important for patterning to mature DA neurons

The addition of  FGF8b to the media during differentiation (day9-16) has been shown to fine-
tune the patterning to a more caudal midbrain identity (Kirkeby et al., 2017; Nolbrant et al., 2017). 
We differentiated hESCs according the same protocol as mentioned above but removed FGF8b 
from one culture condition (Fig.3A). Single cell sequencing carried out at day 60 revealed significantly 
higher expression of  genes associated with mDA neurons in the FGF8b+ condition (Fig.3B). In 
contrast, the FGF8b- condition had higher expression of  markers that would indicate a more rostral 
mesencephalic/diencephalic patterning (Fig.3B). UMAP analysis further revealed that the addition of  
FGF8b resulted in more cells in the DA clusters (DA-1 in particular) and fewer cells in the FP clusters 
(FP-3 in particular) (Fig.3C, D). 

Figure 2. Dissecting the differentiation of  hPSCs to mDA neurons. (A) UMAP analysis resulting in seven clusters. (B) Heatmap 
plot displaying the expression levels of  selected genes for each assigned cluster. Values are given as standard deviations relative 
to average expression across all clusters. (C) Bar plots of  the expression of  selected markers by clusters DA-1 and DA-2. Data 
reported as mean +/- SEM, ** p < 0.01, *** p < 0.001.
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Figure 3. Addition of  FGF8b improves patterning and differentiation to mDA neurons. (A) Schematic of  experimental 
design. (B) Bar plots of  selected rostral and caudal mesencephalic markers for FGF8b+/- conditions. Data reported as mean 
+/- SEM, ** p < 0.01, *** p < 0.001. (C) UMAP plot showing the distribution of  cells across the seven clusters for FGF8b+/- 
conditions. (D) Pie charts showing the proportions of  the seven clusters for FGF8b+/- conditions. 
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Reconstruction of  developmental trajectories using single cell sequencing 

Using our dataset of  captured cells from day 16 to 60 we looked at the temporal expression 
of  important early and late mDA markers. As the cultures matured, we saw a downregulation of  
progenitor markers and an upregulation of  mDA neuron markers. Next, we performed a Slingshot 
analysis which enables lineage inference. The analysis revealed three tentative lineages, all originating 
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Figure 4. Developmental trajectories during mDA differentiation. (A) Slingshot analysis suggesting three tentative lineages. (B) 
Pseudotime inference reconstruction plot of  appearing cell types.
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sequentially from FP-1, FP-2 and FP-3 (Fig.4A, B). One trajectory had VLMC as the terminal trajectory 
while the other two went through DA-Early and had DA-1 and DA-2 as terminal trajectories (Fig.4A, 
B). 

The data presented in Paper I validates the use of  stem cell cultures to model human DA neu-
rogenesis. Here we used single cell sequencing to study the differentiation and maturation of  stem 
cell cultures patterned toward a midbrain identity. After 60 days the main cell type was DA neurons 
that revealed high similarity to authentic fetal DA neurons. Although, not all cells displayed a mature 
neuronal identity at this timepoint, giving validity to the use of  3-dimensional cultures that can be 
maintained in cultures for several months to ensure a more widespread maturation. The bioinformat-
ics pipeline generated here allowed us to study the transcriptomic landscape during differentiation 
and help to elucidate the intricate regulatory network of  coding and noncoding genes during mDA 
neuron differentiation. Taken together this data may serve as a valuable resource to further dissect the 
development and maturation of  functional mDA neurons.

Generation of  a relevant PD model of  the ageing brain using directly 
reprogrammed induced neurons (iNs) (Paper II)

The first case of  directly converted neurons from fibroblast were reported in 2010 (Vierbuchen 
et al., 2010). These so called induced neurons (iNs) have later been shown to retain ageing hallmarks 
of  the starting fibroblast, including DNA-damage, telomere length and organelle defects (Huh et al., 
2016; Kim et al., 2018; Mertens et al., 2015; Tang et al., 2017). In this study, we generated subtype 
specific induced dopaminergic neurons (iDANs) from sporadic and healthy fibroblast and found 
impairments due to their age and disease background. 

Conversion of  sporadic and healthy fibroblast lines to active iDANs

Fibroblasts were converted using a cocktail of  eight viral vectors: five DA neuron determinants 
(LMX1a, LMX1b, FoxA2, Otx2 and Nurr1), two inhibitors of  REST (shREST1 &2) to allow for 
neuronal induction, as well as a pioneering factor (Ascl1) (Fig.5A). The iDANs expressed mature 
neuronal marker MAP2 and DA neuron marker TH (Fig.5B). They also expressed several other genes 
associated with DA neurons such as VMAT2, AADC, DAT, GIRK2, DRD2 and PITX3 (Fig.5C). 
Electrophysiological recordings with the patch-clamp methods demonstrated mature neuronal func-
tionality (Fig.5D, E). 

Conversion of  sporadic and healthy iPSC lines to active iPSC-iDANs

Multiple studies have demonstrated that the reprogramming of  fibroblasts to iPSCs rejuvenates 
the cells and erases the aging hallmarks. Therefore, to act as negative aging controls we generated 
iPSCs from a subset of  PD and healthy donor fibroblast lines. We subjected these iPSCs to the same 
conversion protocol as the fibroblasts. Immunofluorescent stainings showed expression of  mature 
neuronal markers TAU and MAP2 and DA neuron marker TH (Fig.6A). RT-qPCR analysis of  gene 
expression showed upregulation of  genes associated with DA neurons (Fig.6B) and patch-clamp 
recordings demonstrated mature neuronal activity (Fig.6C, D). 
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Maintenance of  aging signatures in iNs

A well-documented feature of  ageing is DNA damage (Mah et al., 2010; Sedelnikova et al., 2004). 
We stained fibroblasts, iNs and iPSC-iNs for DNA damage marker γH2AX and found numerous 
puncta in the fibroblasts that were maintained as the cells were converted to iNs. This level of  DNA 
damage was not present in the iPSC-iNs from the same cell lines, suggesting a rejuvenation as the 
fibroblast are reprogrammed to pluripotency (Fig.7A-C). Another sign of  neuronal maturity is the 
expression of  the 4R isoform of  Tau on exon 10. While the 3R version is expressed in PSC-derived 
neuronal cultures, the 4R version is not expressed even after 365 days in vitro (Sposito et al., 2015). 
Looking at the expression of  the 4R isoform in converted neurons from adult fibroblasts, fetal fibro-
blast and iPSCs, only iNs from adult fibroblasts had expression of  4R Tau, again suggesting a retain-
ment of  age in iNs from adult fibroblasts (Fig.7D)

Accumulation of  Lewy body like pathology in PD-iNs 

Phosphorylated inclusions of  a-syn is a well-documented pathological hallmark of  PD. The 
build-up of  these pathological inclusions can be attributed to a failure to clear these inclusions. Au-
tophagy, a lysosomal degradation pathway essential for maintaining cellular homeostasis, is decreased 
in an age-dependent manner (Fleming et al., 2022; Rubinsztein et al., 2011). To study if  stress-induced 
autophagy would lead to such inclusions, we starved iNs to induce macroautophagy and also inhib-
ited autophagy flux using bafilomycin A1. While no differences were detected in healthy iNs and 
iDANs, an increase of  inclusions were observed in PD iNs and iDANs (Fig.8A). Notably, starvation 
and autophagy flux blockage had no effect on iPSC-derived iNs, whether from a healthy or disease 
background (Fig.8B).

Figure 5. Generation of  functional iDANs. (A) Schematic of  conversion protocol. (B) Immunofluorescent staining of  neu-
ronal marker MAP2 and DA neuron marker TH. Nuclei stained with DAPI. Scale bar = 25µm. (C) RT-qPCR values for 
expression of  selected DA neuron markers relative to unconverted fibroblasts. (D) Current induced action potential and (E) 
spontaneous firing demonstrating neuronal activity.
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Figure 6. Generation of  functional iPSC-iNs. (A) Immunofluorescent staining of  neuronal markers MAP2 and TAU and 
DA neuron marker TH. Nuclei stained with DAPI. Scale bar = 100µm. (B) RT-qPCR values for expression of  selected DA 
neuron markers relative to unconverted iPSCs. (C) Current induced action potential and (D) spontaneous firing demonstrating 
neuronal activity.
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Figure 7. iNs maintain ageing hallmarks from donor fibroblasts. (A) Immunofluorescent stainings of  DNA damage marker 
yH2AX in fibroblast, iNs and iPSC-iNs reveal a maintenance of  DNA damage during direct reprogramming. (B) Quantifica-
tion of  yH2AX spots in fibroblast and iNs showing no difference. (C) Quantification of  yH2AX spots in fibroblasts, iNs and 
iPSC-iNs. (D) Sashimi plots showing that only iNs from fibroblasts express the 4R Tau isoform (exon 10).
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The study of  the aged brain is inherently difficult. While post-mortem analyses can answer certain 
questions, the cells are no longer alive and it gives a mere snapshot of  the end stage. Therefore, mod-
els to study aged neurons in a dish is highly sought after. Although reprogrammed iPSCs will carry the 
genetic background of  the patient, the reprogramming resets many aging hallmarks. Therefore, iNs, 
that maintain these hallmarks have tremendous potential for disease modelling and drug screening. In 
Paper II we generated subtype specific iDANs that revealed autophagy impairments and accumula-
tion of  phosphorylated a-syn inclusions upon starvation-induced stress and bafilomycin A1 treat-
ment. Moreover, unlike iPSC-iNs, the iNs retained DNA damage from the fibroblasts and expressed 
the 4R Tau isoform. In summary, directly reprogrammed fibroblasts can serve as a powerful tool to 
study the aged brain in the dish and be used to develop and assess novel therapeutic interventions.   

Patient-derived mDA neurons can mediate motor recovery but 
demonstrate increased proneness to develop Lewy body-like pathology 
(Paper III and IV)

In 2020 the first PD patient underwent autologous transplantation as a medical intervention (Sch-
weitzer et al., 2020) but there are no current ongoing clinical trials. The idea of  autologous grafting is 
appealing from an immune-compatibility standpoint, but the use of  cells with a disease background 
raises a few concerns. For instance, it is imperative that the patient cells can function en par with 
healthy cells and are not prone to develop disease-associated pathology to the extent that it may im-
pact the longevity, integrity and function of  the transplant. Should the latter be the case, strategies to 
help protect the cells after grafting need to be evaluated.

Figure 8. Autophagy impairments leading to pSyn accumulation in PD iNs. (A) Immunofluorescent stainings of  neuronal 
marker TAU and pSyn marker 81A in iNs and (B) iPSC-iNs from a subset of  individuals.  
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Assessing the functionality of  patient-derived cells

The 6-OHDA model is a well-established model to study therapeutic neuroprotection and the 
functionality of  transplanted cells. We transplanted mDA progenitors from a patient carrying a trip-
lication of  the SNCA locus (called AST18) along with a healthy hESC line, RC17, into 6-OHDA le-
sioned rats (Fig.9A). Both cell lines mediated motor recovery as assessed by the amphetamine-induced 
rotation test (Fig.9B, C) and gave rise to neural and DA neuron rich grafts (Fig.9D, E). Quantification 
of  the number of  TH+ DA neurons did not reveal any differences between the lines (Fig.9F). 

Lewy body-like pathology in patient-derived neurons

While the 6-OHDA model is a robust model to study behavior deficits and recovery in studies 
of  neuroprotection and neurorestoration, it does not recapitulate some of  the cardinal pathologi-
cal features of  PD. For instance, it does not create a pathological environment resembling that of  
a patient’s brain. Therefore, any observed cellular pathology would be the result of  intrinsic factors. 
Immunostainings of  phosphorylated a-syn (pSyn), a marker of  Lewy body-like pathology, revealed 
that after 24 weeks 7% of  the patient derived TH+ neurons had pSyn+ inclusions (Fig.10A-F). On 
the contrary, no pSyn pathology was observed in the RC17 TH+ cells (Fig.10C). 

Figure 9. Long-term functional assessment of  patient-derived cells carrying an SNCA triplication. (A) TH-DAB staining 
showing lesioned nigra on the right hemisphere. (B) Motor recovery seen in 5/5 of  rats transplanted with RC17 and (C) 4/5 
transplanted with AST18. (D) hNCAM and TH stainings of  grafts with magnification of  TH staining of  RC17 grafts and (E) 
AST18 grafts. (F) No difference in DA yield between the two cell lines was observed. Scale bar sections = 1mm. Scale bar high 
magnification = 50µm. 
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Since the patient-derived DA neurons displayed pathological inclusions in a model that lacks a 
pathological environment, we wanted to see how these cells would fare in a model that recapitulates 
some of  the pathological features observed in patient brains. To this end, we took advantage of  a 
humanized rat model (SynFib model) where pathological features are recapitulated and transfer of  
pathology may be evaluated (Hoban et al., 2020). AAVs overexpressing a-syn and PFFs were injected 
into the SNc and VTA and four weeks later, cells were grafted into the striatum where a-syn pathol-
ogy had spread (Fig.11A-C). Three patient lines, one genetic (AST18) and two sporadic (PD16 and 
PD22) along with hESC line RC17 were grafted and assessed after 24 weeks (Fig.11D). Comparison 
of  the number of  TH+ neurons with pSyn inclusions were markedly higher in the patient lines 
(Fig.11E). Also, comparison of  pSyn inclusions in the AST18 line in the 6-OHDA and SynFib model 
reveals an exacerbated development of  pathology when placed in a more pathological environment 
(Fig.11F). 

The data presented in Paper III demonstrate that patient-derived mDA grafts can give rise to 
functional grafts that alleviate motor symptoms in the preclinical 6-OHDA model. However, even 
in the absence of  a pathological environment the patient cells developed Lewy body-like pathology 
after 24 weeks. Moreover, as presented in Paper IV, once patient-derived cells were grafted into the 

Figure 10. Long-term pathology assessment. (A,A’,B,B’) Stainings of  DA neuron marker TH, microglia marker IBA1 and 
Lewy body-like pathology marker pSyn within the grafts. Scale bar = 20 µm. (C) Quantifications of  number of  TH+ cells 
harbouring pSyn inclusions. (D,D’,D’’) TH neurons harbouring small granular inclusions of  pSyn. Scale bar = 10 µm. (E,E’) 
pSyn pathology observed in neurites. Scale bar = 20 µm. (F,F’,F’’) Weak TH staining overlapping with pSyn, indicating down-
regulation of  TH. Scale bar = 20 µm.
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SynFib model this accumulation was exacerbated. This body of  data suggest that patient-derived cells 
might not be suitable for transplantation without prior modifications as their proneness to developed 
exacerbated pathology might compromise the clinical benefit of  the transplant. A protective strategy 
could also be preferrable for patients in receipt of  healthy PSCs considering the graft would need to 
remain functional for decades. This would be particularly important for patients that have an early 
disease-onset (<50 years of  age) which is about 10% of  all cases (Mehanna et al., 2014; Schrag and 
Schott, 2006).

Figure 11. Patient-derived cells show exacerbated pathology. (A) No pathology is observed on the intact side. (B) In contrast 
the injected side show abundance of  pSyn+ inclusions. (C) Spread of  pathology to the striatum of  the injected side while no 
pathology is observed on the intact side. (D) hNCAM stainings of  the grafts at 24 weeks. (E) Percentage of  TH+ cells with 
pSyn inclusions showing an increased sensitivity in the patient lines. (F) Percentage of  TH+ cells with pSyn in RC17 and AST18 
cells when placed in pathology free environment (6-OHDA model) and in a pathological environment (SynFib model).
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Functional and molecular assessment of  SNCA-/- mDA neurons 
(Paper IV)

Several studies have demonstrated that neurons lacking a-syn expression do not develop Lewy 
body pathology (Chen et al., 2019; Luk et al., 2012; Volpicelli-Daley et al., 2011). This could therefore 
serve as a strategy to protect the transplants from host-to-graft transfer of  pathology after grafting. 
This would be particularly important for autologous transplantation or patients with an early disease-
on or aggressive synucleinopathy. However, studies on the functionality of  SNCA-/- cells are lacking, 

Figure 12. SNCA-/- hPSCs generate functional mDA neurons en par with parental hESC line RC17. (A) Stainings at d16 of  
floorplate markers LMX1a, OTX2 and FOXA2. Scale bar = 100µm. (B) RT-qPCR analysis of  selected progenitor markers at 
d16.  Values given as fold change over undifferentiated stem cells. (C) Stainings at d45 of  neuronal markers TAU, MAP2, DA 
neuron marker TH and a-syn. Scale bar = 100µm. (D) RT-qPCR analysis of  selected DA neuron markers at d45. Values given 
as fold change over undifferentiated stem cells. (E) Patch-clamp recordings demonstrating induced mature action potentials, 
indicative of  neuronal functionality. 
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Figure 13. Tracing afferent input of  grafted SNCA-/- progenitors. (A) Schematic of  the rabies-based tracing system. (B) 
Mapping of  the traced endogenous neuron. (C) Immunofluorescence images of  traced neuron in different regions. Scale bar 
= 100µm.

which we aimed to address here.

SNCA-/- hPSC differentiate en par with hESC to mature mDA neurons

We patterned two SNCA-/- clones and their parental hESC line RC17 to mDA progenitors and 
subsequently to mDA neurons. Immunofluorescence and RT-qPCR at day 16 and day 45 showed 
efficient differentiation en par with RC17 (Fig.12A-D). Patch-clamp recordings demonstrated electro-
physiological activity indicative of  a mature neuronal identity (Fig.12E).

SNCA-/- mDA progenitors integrate into host striatum and receive appropriate regional in-
put from host brain

Next, in order to study survival and integration upon grafting, we took advantage of  the rabies-
based monosynaptic tracing system that allows the tracing of  afferent input to the grafted neurons. 
In short, transplanted neurons are transduced with a vector that labels them with nuclear GFP and 
carries the machinery to allow mCherry+ rabies infection and first-order synaptic spread. (Fig.13A). 
Using this approach, we transplanted SNCA-/- mDA progenitors and assessed the integration after 8 
weeks. Stainings for mCherry revealed input from regions known to connect to the dorsolateral stria-
tum such as the cortex, pre-frontal cortex, amygdala and thalamus (Fig.13B, C), which is in accordance 
with previously published data on transplanted RC17 cells (Adler et al., 2019; Grealish et al., 2015). 
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Figure 14. Long-term graft assessment after 7 months in the 6-OHDA model. (A,B) Amphetamine-induced rotations revealed 
motor recovery for all three lines. (C) hNCAM staining of  the grafts. Scale bar = 1mm. (D) TH staining of  the grafts. Scale bar 
= 1mm. (E) No statistically significant differences were detected in TH+ cell density among the lines. 

Long-term graft assessment of  SNCA-/- transplantations

In order for SNCA deletion to a viable option in a clinical setting it is essential that the absence of  
any a-syn expression does not interfere with the cells ability to release dopamine and alleviate motor 
symptoms. To answer this, we transplanted both SNCA-/- clones along with RC17 into 6-OHDA 
lesioned nude rats. Grafts isolated at 7 months and analyzed with single-nuclei sequencing revealed 
no population bias and the same populations that were captured (neurons, astrocytes and VLMCs) 
are in accordance with previously published data on stem cell-derived grafts (Tiklova et al., 2020). 
Furthermore, amphetamine-induced rotations demonstrated that the SNCA-/- lines could mediate 
motor recovery (Fig.14A, B) and stainings showed hNCAM and TH rich grafts (Fig.14C, D). Quanti-
fication of  the DA neurons showed no difference in TH+ neuron density among the lines (Fig.14E). 
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In Paper IV we wanted to evaluate if  SNCA deletion has the potential to serve as a univer-
sal strategy for graft protection against host-to-graft transfer of  Lewy body pathology. Since a-syn 
serves a physiological role it is imperative to ensure that the lack of  expression does not interfere with 
the ability to generate mDA neurons and treat motor symptoms. We demonstrate in Paper IV that the 
SNCA-/- cells differentiate and mature to mDA neurons en par with parent ESC line RC17. Moreo-
ver, upon grafting into the 6-OHDA lesioned rat brain the KO cells survive, integrate and mediate 
motor recovery. Taken together, these data suggest that SNCA deletion could be a viable strategy to 
help protect the cells after grafting and stay fully functional for the remaining lifetime of  the patient. 
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SUMMARIZING CONCLUSIONS AND FUTURE 
PERSPECTIVES 

The field of  cell replacement therapy for PD has undoubtedly entered a very exiting era. At the 
time of  writing this it has been four years since the hPSC-based clinical trial started in Japan, almost 
two years since their start in the US and this year the first patient was transplanted in Sweden. The 
clinical trial in Japan used iPSCs from from the same healthy donor to graft to all patients, while the 
trials in the US and in Sweden used hESC-derived progenitors. The breakthrough of  iPSC repro-
gramming makes it possible to use patient-specific cell, and in 2020 the first case-study  of  autologous 
grafting was reported (Schweitzer et al., 2020) and there is a great interest to develop autologous graft-
ing into clinical trials and new therapies. In this thesis the focus has been on evaluating the potential 
of  autologous grafting in cell replacement therapy for PD with focus on cell quality, integrity and 
function without development of  disease associated pathology after grafting.

In Paper I, we reported a single-cell sequencing data set on hPSC-derived mDA progenitors 
and neurons. Using this data set we could follow the differentiation from pluripotent stem cell to 
active, mature neurons. Also, using a fetal tissue data set we could show that the cells we generate 
are similar on a transcription level to authentic dopamine progenitors and neurons from human fetal 
brain. However, even at day 60 there were remaining cells that still had a floorplate progenitor identity 
which indicates that maturation was noncomplete. This speaks to use of  3-dimensional organoids 
cultures for studying more mature mDA neurons since their free floating nature allows for long-term 
cultures (Sozzi et al., 2022). We also created a pipeline where we could study long noncoding RNAs 
during differentiation. The data we gathered for this study can be a valuable resource to study mDA 
neurogenesis and further optimize and quality control stem cell differentiation toward functional 
mDA neurons for clinical purposes. 

While pluripotent stem cell derived mDA neurons are used for cell replacement therapy, they 
have an inherent flaw in terms of  drug screening and disease modelling using patient derived cells. 
Namely, as somatic cells are reprogrammed to iPSCs, they lose many hallmarks of  ageing. Since age 
is the biggest risk factor for PD this present an issue. Directly converted induced neurons retain 
these ageing signatures which makes them very attractive for drug screening and disease modelling 
purposes. In Paper II we generated iDAN enriched cultures by transducing PD and healthy donor 
fibroblasts with an 8-viral vector cocktail. We saw that PD and healthy donor fibroblasts convert 
with the same efficiency, but PD iNs displayed increased autophagy impairments and vulnerability to 
starvation-induced stress. This was not observed with iPSC-derived neurons from the same individu-
als. Moreover, these iNs also maintained the DNA damage seen in the starting fibroblast. Together, 
these data accentuate the potential of  direct reprogramming for disease modelling and drug screening 
applications. The maintained age means that pathology arise in a shorter time frame which is good for 
in vitro modelling of  disease. Since pathology was observed in the sporadic PD-iNs but not the iPSCs 
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the iNs have the potential to serve as a tool to in a short period of  time help predict the outcome in 
in vivo grafting of  iPSCs that are meant to stay functional for decades. 

The low cost and short time to generate patient-specific iNs as well as by avoiding a proliferative 
intermediate have sparked an interest in iNs as a therapeutic option in cell replacement therapy. How-
ever, improvements in conversion efficacy, determining the effect of  using aged cells and extensive 
testing in animal models are required in order to make this a feasible option.

The possibility to generate patient-specific cells has generated a lot of  interest in autologous 
grafting. Studies in NHPs have demonstrated the capacity to generate TH rich grafts that can al-
leviate motor symptoms all while eliciting a minimal to no immune response without the need for 
immune suppression (Morizane et al., 2013; Tao et al., 2021). To evaluate this type of  grafting, in 
Paper III, we grafted patient-derived mDA progenitors carrying a triplication of  the SNCA locus 
into the preclinical 6-OHDA model. Although the patient-derived cells gave rise to DA rich graft and 
could mediate motor recovery in the amphetamine-induced rotation test, we observed accumulation 
of  pSyn+ inclusions. Since the 6-OHDA does not recapitulate the pathological features of  PD, this 
would suggest that patient cells are intrinsically more prone to develop a-syn pathology due to their 
disease background independent of  environment. 

In Paper IV we aimed to assess how these patient cells would fare in a more pathological set-
ting that is more reminiscent of  the patient brain in terms of  proteinopathy, inflammation and slow 
degeneration. We transplanted the same triplication cell line, along with two sporadic PD lines into 
the SynFib model. Here we found that all the patient lines displayed a much more exacerbated a-syn 
pathology compared to healthy hESC-derived grafts. This suggests that in order for autologous grafts 
to stay functional for the remaining lifetime of  the patient, the cells need to be protected or made dis-
ease resistant through genetic engineering approaches or other means. Studies in rodents and hPSC-
derived cultures have demonstrated that SNCA null cells do not develop Lewy-body like pathology 
(Chen et al., 2019; Luk et al., 2012; Volpicelli-Daley et al., 2011). We wanted to evaluate if  SNCA dele-
tion is a viable strategy to prevent host-to-graft transfer of  pathology, with a focus on ensuring that 
its deletion does not prevent functionality and its potential use in a clinical setting. While the precise 
physiological role of  a-syn in still not completely understood it is involved with synaptic vesicle traf-
ficking (Burre, 2015; Burre et al., 2013; Sharma and Burre, 2023). Here, we show that the deletion of  
SNCA does not prevent the differentiation to mature, functional mDA neurons. Furthermore, upon 
grafting, the cells receive afferent synaptic input from the correct host brain regions and can mediate 
motor recovery in a preclinical rat model. These data suggest that SNCA deletion could serve as a 
valuable strategy to prevent graft pathology while maintaining the advantages of  autologous grafting. 

Building on past decades of  efforts stem cell-based therapies have finally reached clinical trials 
towards developing treatments for multiple diseases, such as Parkinson’s disease, macular degeneration, 
diabetes and heart disease. With all the reprogramming and genetic engineering tools we have at our 
disposal today we have the ability to custom-design the cells before transplantation. This include 
removing or introducing genes, induced production of  neurotrophic factors and modifications to 
prevent immunosuppression. Together with advances in robotics and automation for production and 
quality control the future will see an unprecedented opportunity to deliver personalized medicine in 
the field of  cell replacement therapy. 
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MATERIAL AND METHODS 

In this section I will be describing the methods that have been instrumental for the work included 
in this thesis. For more details, I refer to the material and methods section of  each individual paper. 

In vitro studies
 
Culturing of  human pluripotent stem cells

All pluripotent stem cells were maintained on laminin-521-coated (0.5μg/cm2, Biolamina, LN- 
521) plates in iPS-Brew XF medium (StemMACS, Milteny) to retain pluripotency. The cells were split 
upon reaching a 70-90% confluency using accutase and ROCK inhibitor (10μM Y-27632) was added 
to the media for the first 24 hours. The stem cells were maintained in culture for at least one week 
before the start of  differentiation. 

Differentiation of  human pluripotent stem cells to midbrain DA neurons in 2D and 3D

The detailed protocol for the differentiation of  human pluripotent stem cells to mDA progenitors 
and subsequently mDA neurons can be found in Nolbrant et al., 2017  (Nolbrant et al., 2017) but 
will be briefly described here. On day 0, the cells are detached using accutase or EDTA, counted and 
plated onto laminin-111-coated plates (1μg/cm2, Biolamina, LN-111) at a seeding density of  10.000 
cells/cm2. From day 0 to day 9 the cells were kept in N2-media supplemented with SB431542 and 
noggin for dual SMAD-inhibition and differentiation towards early neuroectoderm, sonic hedgehog 
(SHH) for ventralization and CHIR-99021 for caudalization. From day 9 to day 11 the N2 media 
was supplemented with only FGF8b to help with patterning towards caudal midbrain. On day 11 the 
cells were detached with accutase, counted and re-plated onto laminin-111-coated plates at a seed-
ing density of  800.000 cells/cm2 in B27-media supplemented with BDNF, AA and FGF8b. On day 
16 the cells were either frozen down for later use, prepared fresh for transplantation or replated for 
terminal differentiation. In the later scenario, the cells were replated onto laminin-111-coated plates at 
a seeding density of  155.000 cells/cm2 in B27-media supplemented with BDNF, GDNF, AA, DAPI 
and db-cAMP. Media was changed every 2-3 days until end of  experiment. Before proceeding with 
transplantations and terminal differentiation it is encouraged to perform a quality control (QC) on 
the cells and ensuring high expression of  ventral midbrain markers FOXA2, OTX2, LMX1A, EN1, 
CORIN and SHH by staining or RT-qPCR. 

The protocol for generating 3-dimensional ventral midbrain organoids for long-term cultures 
is carefully explained elsewhere and resembles the protocol for 2D differentiation described above 
(Sozzi et al., 2022). The main difference is that the cells are seeded in ultra-low attachment plates in 
iPS-brew 3 days before switching to N2-media in order to allow self-aggregation and embryoid bodies 
to form. Also, on day 14-16 the organoids may be embedded in a hydrogel (most commonly Matrigel) 
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that will mimic the extracellular matrix and help with maturation and support axonal outgrowth 
(Fiorenzano et al., 2021). Although, the embedding can interfere with various functionality experi-
ments such as electrophysiology and dopamine release assays. 

Culturing human adult dermal fibroblasts 

Skin fibroblast were cultured in uncoated flasks in fibroblast media consisting of  DMEM, 10% 
fetal bovine serum and 1% penicillin-streptomycin. Media was changed every 2-3 days until 90-95% 
confluency, whereupon the cells were split using 0.05% trypsin according to Shrigley et al., 2018 
(Shrigley et al., 2018).

Lentiviral production

The production of  lentiviral vectors (LV) was carried out according to Zufferey et al., 1997 
(Zufferey et al., 1997). In summary, HEK293 cells were transfected with the plasmids of  interest along 
with helper plasmids necessary for the packaging of  LVs and their production as well as transfection 
reagent polyethylenimine (PEI). After two days the media containing the LVs were collected, filtered 
and ultracentrifuged. The pellet of  LV particles was resuspended in PBS, aliquoted and stored at 
-80°C.

Generation of  induced neurons in 2D and 3D

For conversion in 2D fibroblasts were seeded onto plates sequentially coated with poly-ornithine, 
laminin and fibronectin at a density of  25.000 cells/cm2 in fibroblast media. The following day LVs 
were added with new fibroblast media. For iDAN conversion 5 vectors of  DA neuron fate determi-
nants (LMX1A, LMX1B, FOXA2, OTX2 and NURR1) were added along with pioneering factor 
ASCL1 and shREST1 and shREST2 for neuronal induction at an MOI of  5 each. For general neuron 
conversion (yielding mostly glutamatergic neurons) a single vector termed pBpA (carrying BRN2, 
ASCL1, shREST1 and shREST2) was used instead at an MOI of  20 (Drouin-Ouellet et al., 2017). 
From day 3 to day 16 the cells were maintained in early conversion media which was switched to 
late conversion media from day 16 until end of  experiment. For in vivo experiments or in vitro experi-
ments longer than 4 weeks the cells were converted in 3D cultures. Fibroblast were either seeded and 
aggregated in ultra-low attachment 96-wells, spun down in microwells to generate microspheres or 
embedded in collagen. In order to allow a more homogenous transduction in 3D, the LVs were mixed 
and added along with the cells. 

Dopamine release detection using sniffer cells

To assess the potential of  our cultures to produce and release dopamine, we took advantage of  
genetically engineered HEK293 cells, called sniffer cells (Klein Herenbrink et al., 2022). These cells 
have been modified to express tetracycline-induced DA sensors that through G-protein coupled re-
ceptors fluoresce upon contact with dopamine. DA neuron rich cultures were washed and put in a 
high NaCl solution. Following this, the solution was changed to one with a high KCl concentration 
to force dopamine release. This solution was then added on top of  the sniffer cells that had been 
seeded on polyornithine-coated glass-bottom plates. The increase in fluorescence was measured by 
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acquiring images before and after the addition of  the solution and was presented as a percentage of  
maximum fluorescence (measured after addition of  highly concentrated DA solution to reach satura-
tion of  sensors).

Immunocytochemistry 

Cells were washed 3x in PBS and fixed with 4% paraformaldehyde for 15 min at room tempera-
ture (4 hours for organoids) and washed 3x again. Organoids were left in 30% sucrose overnight, 
cryopreserved in blocks of  OCT Cryomount, sectioned with a cryostat and stained as slices on glass 
slides. The cells were incubated in blocking solution (5% serum and 0.1% Triton in PBS) for 1-2 
hours to avoid any unspecific binding and left overnight incubating in primary antibodies diluted in 
blocking solution. The following day the cells were washed 2x and put in blocking solution for 30min 
and subsequently in blocking solution with secondary antibodies and DAPI for 1 hour in RT. Lastly 
the cells were washed 3x and stored in PBS at 4°C until imaging. For full list of  antibodies that were 
used in vitro, see table 1. 

mRNA extraction, cDNA conversion and RT-qPCR

Gene expression analysis was carried out using reverse transcription quantitative real-time PCR 
(RT-qPCR). Cells were washed twice in PBS and mRNA was collected and extracted according to 
manufacturer instructions (QIAGEN RNeasy Micro Kit, #74004). The concentration of  mRNA 
was measured with a NanoDrop™ spectrophotometer and roughly 1µg of  mRNA was reverse tran-
scribed to cDNA using Maxima First Strand cDNA Synthesis Kit (Thermo Scientific, #K1642). The 
samples, primers of  interest and SYBR Green (Roche, #04887352001) were mixed using a Bravo 

Antigen		  Species 		  Company (catalog )		  Dilution

AADC		  Rabbit		  Merck Millipore (AB1569)	 1:500
COL1A1		  Sheep		  R&D Systems (AF6220)	 1:200
FOXA2		  Mouse		  Santa Cruz (sc-101060)	 1:500
GFP		  Chicken		  Abcam (ab13970)		  1:1000
GIRK2		  Goat		  Abcam (ab65096)		  1:200
hGFAP (STEM123)	 Mouse		  Takara Bio (Y40420) 		 1:500
Human Nuclei	 Mouse		  Merck Millipore (MAB1281)	 1:200
(HuNu)
LMX1A		  Rabbit		  Merck Millipore (AB10533)	 1:1000
MAP2		  Chicken		  Abcam (ab5392)		  1:5000
mCherry		  Goat		  Sicgen (AB0040-200)		 1:500
OTX2		  Goat		  R&D Systems (AF1979)	 1:2000
TAU		  Rabbit		  DAKO (A0024)		  1:1000
TH		  Rabbit		  Merck Millipore (AB152)	 1:1000 
TUBB3		  Mouse		  Biolegend (801202)		  1:500

Table 1. List of  antibodies used in vitro.
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Automated Liquid Handling Platform (Agilent) and analysed with a LightCycler 480 II (Roche). The 
gene expression was normalized to two housekeeping genes (actin beta and GAPDH) and compared 
to undifferentiated/unconverted cells. 

 

In vivo studies

Animals

All experiments conducted using live animals were carried out in full accordance with the Euro-
pean Union Directive 2010/63/EU and were approved by Jordbruksverket (the Swedish Department 
of  Agriculture) and the local ethics committee at Lund University. For experiment shorter than 18 
weeks, procedures were conducted in adult female Sprague-Dawley (SD) rats purchased from Charles 
River Laboratories. Since SD rats have a fully functional immune system, they received daily injections 
of  Ciclosporin A (10mg/kg) intraperitoneally (i.p.) starting 2 days prior to cell transplantation in or-
der to keep them immune-suppressed and prevent graft rejection. For long-term experiments lasting 
longer than 18 weeks adult female athymic rats from Envigo were used instead, which did not require 
daily Ciclosporin injections. All rats weighed at least 225g before any surgical procedure and were kept 
in ventilated cages under 12-hour light/dark cycles with free access to food and water. 

Gene 		  Full gene name		  Primer Sequence (fwd/rev)

ACTB		  Actin beta			   CCTTGCACATGCCGGAG
					     GCACAGAGCCTCGCCTT
CORIN		  Corin, serine peptidase	 CATATCTCCATCGCCTCAGTTG
					     GGCAGGAGTCCATGACTGT
EN1		  Engrailed homeobox 1	 CGTGGCTTACTCCCCATTTA
					     TCTCGCTGTCTCTCCCTCTC
FOXA2		  Forkhead box A2		  CCGTTCTCCATCAACAACCT
					     GGGGTAGTGCATCACCTGTT
FOXG1		  Forkhead box G1		  TGGCCCATGTCGCCCTTCCT
					     GCCGACGTGGTGCCGTTGTA
GAPDH		  Glyceraldehyde-3-phosphate	 TTGAGGTCAATGAAGGGGTC
		  dehydrogenase		  GAAGGTGAAGGTCGGAGTCA
HOXA2		  Homeobox A2		  CGTCGCTCGCTGAGTGCCTG
					     TGTCGAGTGTGAAAGCGTCGAGG
LMX1A		  LIM homeobox transcription	 CGCATCGTTTCTTCTCCTCT 
		  factor 1 alpha 		  CAGACAGACTTGGGGCTCAC
LMX1B		  LIM homeobox transcription	 CTTAACCAGCCTCAGCGACT
		  factor beta 		  TCAGGAGGCGAAGTAGGAAC
NURR1 (NR4A2)	 Nuclear Receptor Subfamily	 CAGGCGTTTTCGAGGAAAT 
		  4 Group A Member 2 		 GAGACGCGGAGAACTCCTAA 
SHH		  Sonic Hedgehog Signalling	 CCAATTACAACCCCGACATC 
		  Molecule			   AGTTTCACTCCTGGCCACTG
TH		  Tyrosine Hydroxylase		 CGGGCTTCTCGGACCAGGTGTA 
					     CTCCTCGGCGGTGTACTCCACA 

Table 2. List of  primers used for RT-qPCR gene expression analysis. 
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Surgeries 

All surgical procedures took place under general anaesthesia via i.p. injection of  a mixture of  
ketaminol® (ketamine hydrochloride, 45mg/kg) and domitor® (medetomidine, 0.3mg/kg) with the 
addition of  Marcain® (bupivacaine, 0.1ml) injected subcutaneous (s.c.) as a local anaesthesia. The rats 
were carefully placed in stereotaxic frames and placed in a “flat head” position, i.e. the dorso-ventral 
difference between bregma and 8.0mm posteriorly is less than ± 0.3mm. After the surgery the an-
aesthesia was reversed with Antisedan® (atipamezole, 0.28mg/kg) and Temgesic® (buprenorphine, 
0.04mg/kg) was given as analgesia. All coordinates for the different procedures and rat strains can be 
found in Table 3. 

6-OHDA model

The ability to mediate motor recovery was assessed in the well-established 6-OHDA model. In 
this preclinical model, the toxin 6-OHDA is injected into the medial forebrain bundle (MFB) of  the 
animals to achieve a complete dopamine degeneration on the injected hemisphere. The 6-OHDA 
was prepared by diluting 6-OHDA (3.5µg/µL free base SigmaH481-1G) in ascorbic acid (0.02% in 
saline) and put on ice. This imbalance in DA can be assessed by the administration of  amphetamine, 
which causes the release of  DA vesicles and prevents its update via DAT (Sulzer et al., 1995). Upon 
amphetamine administration the rats will (if  well-lesioned) turn toward the lesioned side and this can 
be quantified by placing the rats in a harness inside a bowl and record their turning behaviour (Un-
gerstedt and Arbuthnott, 1970).

Procedure			  A/P	 M/L	 D/V		  Details

MFB Lesion		  -4.4	 -1.1	 -7.8		  3µl, 0.3µl/min 
SD rats							       No diff. time
MFB Lesion		  -3.9	 -1.2	 -7.3		  3µl, 0.3µl/min
Nude rats	  						      No diff. time
Striatum transplantation	 +1.2	 -3.0	 -4.5 / -5.5		  75.000 cells/µl
SD rats			   +0.5	 -2.6	 -4.5 / -5.5		  1µl/min
							       1µl/deposit, 2 min diff.time
Striatum transplantation	 +1.4	 -3.0	 -4.0 / -5.0		  75.000 cells/µl
Nude rats			   +0.9	 -2.6	 -4.0 / -5.0		  1µl/min
							       1µl/deposit, 2 min diff.time
Rabies injection		  +0.8	 -2.8	 -4.5 / -5.5		  3µl, 0.3µl/min
SD rats							       No diff. time
Rabies injection		  +1.1	 -2.8	 -4.0 / -5.0		  3µl, 0.3µl/min
Nude rats				     			   No diff. time
Nigral/VTA 		  -5.0	 -2.6	 -6.1		  2µl, 2µl, 1µl. 0.2µl/min
SynFib Lesion		  -5.0	 -1.6	 -6.8		  No diff. time
Nude rats			   -5.0	 -0.8	 -6.6

	

Table 3. Coordinates, volumes, rate of  injection and diffusion times for all surgical procedures.
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The rats were given an i.p. injection of  dexamphetamine (3.5mg/kg), put in a harness and placed 
in a rotometer bowl. Their movements were recorded for 90 minutes and each clockwise turn was 
registered as a positive value and each counterclockwise turn as a negative value. The results were 
measured as net turns per minute. The criterium for a well-lesioned rat was set to 4 net turns per 
minutes. In experiments to evaluate if  a cell line could mediate motor recovery, this criterion was set 
to the following: (1) statistically significant decrease in net turns per minute on a group level and (2) 
more than 50% of  the group should record 2 turns per minute or less. 

SynFib model

AAV6 expressing a-syn under the synapsin promoter were produced as previously described 
(Decressac et al., 2011). For the experiments included in this thesis the titer was measured to 4.7x1014 
genome copies/mL and diluted to 20%. The PPFs were made by sonicating 5mg/mL of  full-length 
recombinant human α-syn protein (gifted by Kelvin Luk) at pulses of  6x 5 seconds (Volpicelli-Daley 
et al., 2014). The AAVs and PFFs were mixed at a ratio of  1:1 to yield a final concentration of  10% 
AAVs and 2.5mg/mL PFFs. The preparation, including the sonication was made on the day of  sur-
gery and put on ice when not in use.

Cell preparation for transplantation

On the day of  transplantation, cells were prepared either from fresh cultures or frozen vials. The 
cells were counted and prepared to a final concentration of  75.000 cells per µL in HBSS and DNase 
(1:10). The cells were placed on ice and resuspended each time before injection.

Perfusion and histology 

At the end of  the experiment the rats were administered a terminal anesthetic dose of  pentobar-
bital i.p. and transcardially perfused with room-temperature 0.9% saline followed by ice-cold 4% PFA 
for 5 minutes. Subsequently, the brains were taken out from the skull and put in 4% PFA for post-
fixation overnight at 4ºC. The following day the PFA was replaced with 25% sucrose in PBS and left 
for 2-3 days or until the brain had sunk to the bottom of  the vial. Lastly, the brains were sectioned 
with a freezing microtome at a thickness of  35 µm per section, in series of  1:8 and were ready for 
staining. The sections to be analyzed at a later timepoint were stored in anti-freeze at 4ºC.

All sections were stained as free-floating slices in glass vials. The sections were washed 3x in KPBS 
and then incubated in TRIS-EDTA (pH 9) for 30 min at 80ºC. Sections to be DAB-stained were put 
in a quenching solution (10% methanol, 3% H2O2 in KPBS) for 15 min and washed 3x. Next, the sec-
tions were incubated in blocking solution (5% serum, 0.25% triton) for 1 hour to prevent unspecific 
binding and lastly the sections were left to incubate in blocking solution with added primary antibod-
ies at room temperature overnight. 

The following day the sections were washed twice and put in blocking solution for 30 min. For 
immunofluorescence staining, the sections were incubated with fluorophore-conjugated secondary 
antibodies (5μl/ml) and DAPI (1:1000) for 1-2 hours at RT, washed 3x, mounted onto gelatine-coated 
glass slides and coverslipped with PVA-DABCO. The DAB-sections were instead incubated in bioti-
nylated secondary antibodies (5μl/ml), washed 3x, left in an avidin-biotin complex (ABC complex) 
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for 1 hour and washed 3x. Next, the sections were incubated in DAB solution (20μl/ml) for 2 minutes 
prior to adding 20μl of  3% H2O2 solution to allow the colour to develop. The sections were washed 
3x, mounted onto gelatine-coated glass slides, dehydrated in an ascending order of  alcohol concentra-
tion, cleared with xylene and coverslipped with DPX mountant.

DA neuron quantification 

TH+ DA neurons were quantified using TH DAB-staining. Following the staining, the sections 
were imaged with an Olympus CKX53 brightfield microscope with a 20x objective at two different 
focal planes. The images were imported onto ImageJ and quantified. 

Antibody		  Host species	 Company and catalogue number		  Dilution

AADC		  Rabbit		  Merck Millipore (AB1569)		  1:500
COL1A1		  Sheep		  R&D Systems (AF6220)		  1:200
FOXA2		  Mouse		  Santa Cruz (sc-101060)		  1:500
GFP		  Chicken		  Abcam (ab13970)			   1:1000
GIRK2		  Goat		  Abcam (ab65096)			   1:200
hGFAP (STEM123)	 Mouse		  Takara Bio (Y40420) 			  1:500
Ki67		  Mouse		  BD Biosciences (ab550 609		  1:500
mCherry		  Goat		  Sicgen (AB0040-200)			  1:500
TH		  Rabbit		  Merck Millipore (AB152)		  1:1000
TUBB3		  Mouse		  Biolegend (801202)			   1:500

Table 4. List of  antibodies used in vivo.
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Abstract: Dopaminergic (DA) neurons derived from human pluripotent stem cells (hPSCs) represent
a renewable and available source of cells useful for understanding development, developing disease
models, and stem-cell therapies for Parkinson’s disease (PD). To assess the utility of stem cell
cultures as an in vitro model system of human DA neurogenesis, we performed high-throughput
transcriptional profiling of ~20,000 ventral midbrain (VM)-patterned stem cells at different stages
of maturation using droplet-based single-cell RNA sequencing (scRNAseq). Using this dataset, we
defined the cellular composition of human VM cultures at different timepoints and found high purity
DA progenitor formation at an early stage of differentiation. DA neurons sharing similar molecular
identities to those found in authentic DA neurons derived from human fetal VM were the major
cell type after two months in culture. We also developed a bioinformatic pipeline that provided a
comprehensive long noncoding RNA landscape based on temporal and cell-type specificity, which
may contribute to unraveling the intricate regulatory network of coding and noncoding genes in DA
neuron differentiation. Our findings serve as a valuable resource to elucidate the molecular steps of
development, maturation, and function of human DA neurons, and to identify novel candidate coding
and noncoding genes driving specification of progenitors into functionally mature DA neurons.

Keywords: human pluripotent stem cells; dopamine neuron differentiation; single-cell RNA sequencing

1. Introduction

Dopaminergic (DA) neurons in the ventral midbrain (VM) are essential for controlling
key functions such as control of voluntary movement, reward processing, and working
memory. Dysfunction of DA neurons in the ventral tegmental area (VTA), which projects
into corticolimbic structures, is associated with the development of neuropsychiatric disor-
ders, drug addiction, and depression while degeneration of DA neurons in the substantia
nigra compacta (SNc) is the main pathology in Parkinson’s disease (PD). Over the last three
decades, scientific endeavors have focused on designing a novel cell-based therapy for PD
via replacement of lost cells with new healthy DA neurons [1]. Major efforts have thus
focused on generating ventral midbrain DA neurons from human pluripotent stem cells
(hPSCs) for use in disease models and diagnostics [2] as well as in cell-based therapies for
PD [3,4]. It is now possible to obtain mature and functional DA neurons from hPSCs for
disease modeling and therapeutics [5–7], and these 2D culture systems could potentially
also be used as stem cell models of human VM DA neurogenesis.

We previously reported a standardized differentiation approach based on floor-plate
transition with the addition of dual-SMAD inhibition (Noggin and SB431542) combined
with i) sonic hedgehog (SHH) to induce differentiation into ventral neural fates and ii)
glycogen synthase kinase 3 inhibitor (GSK3i) to progressively pattern hPSCs toward a
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caudal VM progenitor phenotype [8]. Our protocol also included the timed delivery of
fibroblast growth factor 8b (FGF8b) to drive a more fine-tuned control of rostro-caudal
patterning of VM progenitors, which subsequently gave rise to mature DA neurons [9,10].

In this study, we assessed the potential of long-term in vitro differentiation as a stem-
cell model of human DA neuron specification and maturation. We used 10× single-cell
RNA sequencing (scRNAseq) to perform high-throughput transcriptional profiling of a
large number of hPSCs (19,841) at different developmental stages of VM patterning and
differentiation. To better dissect the DA developmental program, we examined the cel-
lular composition of VM-patterned stem-cell cultures at the progenitor state, and after
one and two months, when functionally mature DA neurons have been formed. Based
on single-cell data obtained at different timepoints of DAgenesis, we reconstructed de-
velopmental trajectories able to deduce the origin and timing of cell type appearance
during VM differentiation. The advent of single-cell resolution technologies has brought
unprecedented insights into the complexity and diversity of cell types during brain devel-
opment [11,12]. However, most scRNAseq studies of neural differentiation currently focus
on coding genes, failing to consider the vast amount of noncoding RNA. Long noncoding
RNAs (lncRNAs) are a class of noncoding transcripts longer than 200 nucleotides that have
emerged as key transcriptional and posttranscriptional regulators acting at multiple levels
of gene expression [13–16]. We therefore developed a bioinformatic pipeline for profiling
the expression of lncRNA and obtained a single-cell landscape of these noncoding genes
during DA differentiation in the 10× Genomics dataset by mapping their temporal and
cell-type-specific expression.

Together, our findings constitute a valuable resource that may help identify both
candidate lncRNAs and coding genes involved in regulatory mechanisms during DA
neurogenesis. This single-cell dataset will serve as a powerful tool to elucidate human DA
neuron development, maturation, and function, and will contribute to establishing more
refined DA differentiation protocols.

2. Materials and Methods
2.1. hPSC Culture and 2D Differentiation

Undifferentiated RC17 (Roslin Cells, #hPSCreg RCe021-A) were maintained on 0.5µg/cm2

Lam-521 (BioLamina, #LN-521)-coated plates in iPS Brew 4 medium (Miltenyi, #130-104-368)
until the start of differentiation. They were passaged with 0.5mM EDTA (ethylenediaminete-
traacetic acid) roughly every 7 days (with 10µM Y-27632 and seeding density 2500 cells/cm2)
or when becoming confluent. The cells were differentiated into 2D VM-patterned progen-
itors using our good manufacturing practice (GMP)-grade protocol [9]. On day 0 of the
differentiation the cells were detached with EDTA and seeded (10,000 cells/cm2) onto
Lam-111 (BioLamina, #LN-111)-coated plates (1 µg/cm2) in N2 medium with SB431542
(10 µM), Noggin (100 ng/mL), Shh-C24II (300 ng/mL), CHIR99021 (0.9 µM), and Y-27632
(10 µM). Media was changed on days 2, 4, 7. On day 9 the media was changed to either
N2 medium with FGF8b (fibroblast growth factor 8b, 100 ng/mL) or solely N2 medium.
The cells were detached with accutase on day 11 and replated (800,000 cells/cm2) on
Lam-111-coated plates (1 µg/cm2) in B27 medium with BDNF (brain-derived neurotrophic
factor, 20 ng/mL), AA (ascorbic acid, 0.2 mM), and Y-27632 (10 µM), either with or without
FGF8b (100 ng/mL). Media was changed on day 14. On day 16 the cells were either taken
for analysis or replated for terminal differentiation. For long-term culture the cells were de-
tached with accutase and replated at a lower density (155,000 cells/cm2) on Lam-111-coated
plates in B27 medium with BDNF (20 ng/mL), AA (0.2 mM), GDNF (glial cell line-derived
neurotrophic factor, 10 ng/mL) + db-cAMP (dibutyryl cyclic adenosine monophosphate,
500 µM), DAPT (notch inhibitor, 1 µM), and Y-27632 (10 µM). Media was changed every
2–3 days until the end of the experiment. For the long-term cultures the cells were plated
on Lam-111 with double concentration (2 µg/cm2) and after day 25 only 50–75% of the
media was changed in order to minimize the risk of detachment.
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2.2. scRNA-Seq Analysis

Cell suspensions were loaded into a 10× Genomics Chromium Single Cell Sys-
tem (10× Genomics) and libraries were generated using version 3 chemistry according
to the manufacturer’s instructions. Libraries were sequenced on Illumina NextSeq500
(400 million reads flow cells) using the recommended read length. Sequencing data was
first pre-processed through the Cell Ranger pipeline (10× Genomics, Cellranger count v2)
with default parameters (expect-cells set to number of cells added to 10× system), aligned
to GrCH38 (v3.1.0) and resulting matrix files were used for subsequent bioinformatic
analysis. Seurat (version 3.1.1 and R version 3.6.1, R, Vienna, Austria) was utilized for
downstream analysis. Batch effects were removed using the Harmony algorithm (1.0),
treating individual 10× runs as a batch. Cells with at least 200 detected genes were retained
and the data was normalized to transcript copies per 10,000, and log-normalized to reduce
sequencing depth variability. For visualization and clustering, manifolds were calculated
using UMAP methods (RunUMAP, Seurat) on 20 precomputed principal components.
Clusters were identified by calculating a shared-neighbor graph and then defined (Find-
Clusters, Seurat) with a resolution of 0.2. Identification of differentially expressed genes
between clusters was carried out using the default Wilcoxon rank sum test (Seurat). For
pseudotime and trajectory analysis Slingshot (1.4) was adopted. For comparison with fetal
data Seurats LabelTransfer was used with fetal data as reference object projected the PCA
structure onto the data.

2.3. LncRNA Quantification

Cell populations identified on the basis of protein-coding genes were used to quantify
lncRNA from each cell type across three time points. The expression of lncRNAs was
analyzed by extracting cell barcodes for all clusters using Seurat function WhichCells
and the original .bam files obtained from the Cellranger pipeline were used to subset
aligned files for each cluster (subset-bam tool provided by 10×. Each cluster-specific .bam
file was then used as input to count LncRNA expression using FeatureCounts (forward
strand). The LncRNA annotation file was downloaded from Gencode (release 36, assembly
GRCh38). Differential lncRNA expression analysis was performed using DeSeq2 for both
cell types (DA neuron and floor-plate progenitors (FP)) and time points (days 16 and 60)
as design (p adj < 0.01). This tool creates a general linear model, assuming a negative
binomial distribution. LncRNA that overlapped within a 5kb distance to a protein-coding
gene were defined as intragenic. Nearby correlation analysis was performed computing
Pearson correlation coefficient using change in protein coding gene expression and lncRNA
expression. All data visualization was performed using tidyverse (V1.3), ggplot2 (V3.3.0),
and genomic ranges (V1.40.0) running on R (V. 4.0).

2.4. qRT-PCR

Total RNAs were isolated on day of analysis using the RNeasy Micro Kit (QIA-
GEN#74004) according to manufacturer instructions. Approximately 1 µg of RNA was re-
verse transcribed using Maxima First Strand cDNA Synthesis Kit (Thermo Fisher 2#K1642In
vitrogen). cDNA was prepared together with SYBR Green Master mix (Roche#04887352001)
using the Bravo instrument (Agilent) and analyzed by quantitative PCR on a LightCycler
480 II instrument (Roche) using a 2-step protocol with a 95 ◦C, 0.5 min denaturation step
followed by a 60 ◦C, 1 min annealing/elongation step for 40 cycles in total. All quanti-
tative RT-PCR (qRT-PCR) samples were run in technical triplicates, analyzed with the
∆∆Ct-method, normalized against the two housekeeping genes ACTB (actin-beta) and
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) and results are given as a fold
change of expression over undifferentiated hPSCs. Details and list of primers are reported
in Supplementary Table S1.
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2.5. Electrophysiology

Prior to recording, cells on coverslips were transferred to a recording chamber con-
taining Krebs solution gassed with 95% O2 and 5% CO2 at RT and exchanged every 20 min
during recordings. The standard solution was composed of (in mM): 119 NaCl, 2.5 KCl,
1.3 MgSO4, 2.5 CaCl2, 25 glucose, and 26 NaHCO3. For recordings, a Multiclamp 700B
Microelectrode Amplifier (Molecular Devices) was used together with borosilicate glass
pipettes (3–7 MOhm) filled with the following intracellular solution (in mM): 122.5 potas-
sium gluconate, 12.5 KCl, 0.2 EGTA (egtazic acid), 10 HEPES (N-2-hydroxyethylpiperazine-
N-ethanesulfonic acid), 2 MgATP, 0.3 Na3GTP, and 8 NaCl adjusted to pH 7.3 with KOH,
as previously described. Data acquisition was performed with pCLAMP 10.2 software
(Molecular Devices, San Jose, CA, United States); current was filtered at 0.1 kHz and
digitized at 2 kHz. Cells with neuronal morphology and round cell body were selected for
recordings. Resting membrane potentials were monitored immediately after breaking-in
in current-clamp mode. Thereafter, cells were kept at a membrane potential of −60 mV
to −80 mV, and 500 ms currents were injected from −85 pA to +165 pA with 20 pA incre-
ments to induce action potentials. For inward sodium and delayed rectifying potassium
current measurements, cells were clamped at −70 mV and voltage-depolarizing steps were
delivered for 100 ms at 10 mV increments.

2.6. Immunocytochemistry

The cells were washed with PBS and fixed in 4% paraformaldehyde solution for 15 min
at room temperature (RT) prior to staining. The cells were pre-incubated in a blocking
solution containing 0.1 M PBS with potassium (KPBS) +0.1% Triton +5% serum (of secondary
antibody host species) for 1–3 h before the primary antibody solution was added.

The cells were incubated with the primary antibodies overnight at 4 ◦C and the fol-
lowing day they were washed with KPBS before adding the secondary antibody solution
containing fluorophore-conjugated antibodies (1:200, Jackson ImmunoResearch Laborato-
ries, West Grove, PA, USA) and DAPI (4′,6-diamidino-2-phenylindole) (1:500). The cells
were incubated with the secondary antibodies for 2 h at RT and finally washed with KPBS.
Primary antibodies used were: rabbit anti-TH(tyrosine hydroxylase) (1:1000, AB152, Merck
Millipore, Burlington, MA, USA), chicken anti-MAP2 (1:10,000, ab5392, Abcam, Cambridge,
United Kingdom), mouse anti-Ki67 (1: 500, ab550609, BD Biosciences, San Jose, CA, USA),
mouse anti-FOXA2 (1:1000, ab101060, Santa Cruz, Dallas, TX, USA), rabbit anti-LMX1A
(1:1000, AB10533, Merck Millipore), goat anti-OTX2 (1:2000, AF1979, R&D Systems, Min-
neapolis, MN, USA), rabbit anti-TAU (1:2000, A0024, DAKO, Glostrup, Denmark), rabbit
anti-GIRK2 (G-protein-regulated inward-rectifier potassium channel 2) (1:500, APC006,
Alomone Labs, Jerusalem, Israel), rabbit anti-AADC (aromatic L-amino acid decarboxylase)
(1:500, Merck Millipore AB1519), rabbit anti-CALB (calbindin) (1:200, cb38, Swant Inc.,
Marly, Fribourg, Switzerland), and mouse anti-GFAP (glial fibrillary acidic protein) (1:200
SMI 21, BioLegend San Diego, CA, USA).

2.7. Microscopy

Fluorescent images were captured using a Leica DMI6000B widefield microscope with
a Leica 12V 100W Lamphouse 11,504,103 BZ: 00 light source. The images were either taken
with a 10× objective (HC PL FLUOTAR 10×, NA = 0.30, immersion = DRY) or a 20×
objective (HC FLUOTAR L 20x, NA = 0.4, immersion = DRY). The channels and filters used
were DAPI (EX=excitation (nm), EM= emissions (nm); EX: 320–400, EM: 430-510), Cy2
(EX: 430–510, EM: 475–575), Cy3 (EX: 485–585, EM: 535-685), and Cy5 (EX: 560–680, EM:
625–775). Image acquisition software was Leica LAS X and images were processed using
Adobe Photoshop CC 2020 (Adobe, San Jose, CA, USA). Any adjustments were applied
equally across the entire image, and without the loss of any information. All brightfield
images were taken with an Olympus CKX53 with a 4x objective (UPlanFL N 4×/0.13 NA,
immersion = DRY) and the software used was OLYMPUS cellSens Standard V1.18.
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2.8. Statistical Analysis

All data are expressed as mean ± standard error of the mean (SEM). A Shapiro–Wilk
normality test was used to assess the normality of the distribution and parametric or
nonparametric tests were performed accordingly. Statistical analyses were conducted using
GraphPad Prism 8.0 (GraphPad, San Diego, CA, USA).

2.9. Code Availability

Code for bioinformatics pipeline used in this analysis is available at GitHub https:
//github.com/davhg96/SC_lncRNA.git.

3. Results
3.1. hPSCs Are Patterned into Functionally Mature DA Neurons

We used a well-established differentiation protocol [9] that relies on dual-SMAD
inhibition for neuralization, combined with exposure to the ventralizing secreted factor
SHH and to GSK3i for caudalization in order to efficiently drive hPSC differentiation into
DA progenitors and subsequently into mature VM DA neurons for single-cell sequenc-
ing (Figure 1A). This protocol results in the formation of a homogeneous VM progenitor
population after 16 days, as assessed by immunostaining for FOXA2, LMX1a, and OTX2
(Figure 1B,E and Supplementary Figure S1A,B). Subsequent differentiation (Figure 1C,D)
led to downregulation of the progenitor markers SOX2 and SHH1, and upregulation of
the DA transcripts NURR1 and TH (Supplementary Figure S1E and Supplementary Table
S1). The progressive formation of DA neurons was confirmed by staining for TH/MAP2,
TAU/MAP2 and AADC/MAP2 (Figure 1F,G and Supplementary Figure S1C,D), showing
an increase in morphological complexity of cultures over time as DA progenitors exited
from cell cycle and differentiated into postmitotic DA neurons. Immunocytochemistry
for Ki67 showed that cells were highly proliferative at days 16 and 30, but that prolif-
eration was minimal at day 60 (Figure 1E–G). At this later timepoint, DA neurons had
acquired a subtype identity, expressing GIRK2 (Figure 1H) and CALB (Figure 1I), and had
reached functional maturity, as confirmed by whole-cell patch-clamp electrophysiological
recordings (Figure 1J–L). Patched cells (n = 5) exhibited functional properties such as
hyperpolarized resting membrane potentials (−47.12 mV) and presence of inward sodium
(Na+)-outward delayed-rectifier potassium (K+) currents (Supplementary Figure S1F,G).
Neuronal function was confirmed by the ability to fire multiple induced-action potentials
(APs) upon current injections (n = 4/5) (Figure 1J) with majority of the cells (n = 4/5)
showing rebound APs after brief depolarization (Figure 1K), characteristic of midbrain
DA neurons in vitro [17]. Furthermore, some cells (n = 3/5) displayed the ability to fire
APs without current injection, as shown by spontaneous firing (Figure 1L), indicative of
functional neuronal maturation.

3.2. scRNAseq Reveals Cell-Type Specificity and Developmental Trajectories During VM
Differentiation

We next performed a 10× Genomics droplet-based single-cell time course transcrip-
tomic analysis at days 16, 30, and 60 of differentiation (Figure 1A and Supplementary
Figure S2C), and a total of 19,841 cells were retained for analysis following quality control
(QC). Uniform manifold approximation and projection (UMAP) and graph-based clustering
assigned the majority of cells to either a floor plate or a DA progenitor/neuron identity in the
integrated dataset (Figure 2A,B). A few cells with features of vascular leptomeningal cells
(VLMCs), a new cell type associated with vasculature in the brain [18], but none with a glia
cell signature were detected (Figure 2A,B). These findings were confirmed at protein level
by immunocytochemistry (Supplementary Figure S2A,B). Cell cycle analysis corroborated
immunostaining data (Figure 1E–G), with 33%, 6%, and <1% of cells in active cell cycle at
day 15, 30, and 60, respectively (Figure 2C,D). A large population of floor-plate cells was
also detected, and further analysis of cell cycle showed that the major segregation within
this population was due to cycling genes (Figure 2B–D). UMAP distinguished three clusters,
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which we named FP-1, FP-2, and FP-3 (Figure 2A). We then identified the most highly dif-
ferentially expressed genes using the Wilcoxon rank sum test for each cell cluster. FP-1 and
FP-2 shared key molecular features of radial glial (RG) cells, characterized by expression of
SOX2, PLP1, EDNRB, and SOX9 (Figure 2B and Supplementary Figure S2D,E). FP-1 differed
primarily from FP-2 in that it included cycling cells with a highly proliferative signature
(TOP2A and CENPA), as visualized by UMAP cell cycle score (S.Score and G2M.Score)
as well as in expression of the pro-neural gene SOX2 and the chromatin-associated gene
E2F1(Figure 2B–D and Supplementary Figure S2D,E). The FP-3 cluster was instead highly
enriched by expression of the morphogens SHH, CORIN, and WNt5A as well as FOXA2,
LMX1A, and OTX2, which define the VM floor plate (Figure 2B and Supplementary Figure
S2D,E). Furthermore, the scRNAseq data revealed the absence of pluripotency-associated
genes (NANOG and OCT4) as well as forebrain (FOXG1 and SIX6) and hindbrain (HOXA2
and GBX2) cells, showing efficient VM patterning (Supplementary Figure S2F).

Figure 1. VM-patterned hPSC differentiation generates functionally mature dopaminergic (DA) neurons. (A) Schematic
overview of the experimental design. (B–D) Representative bright-field images of ventral midbrain (VM) differentiation
cultures at different time points (16, 30, and 60 days). Scale bars, 100 µm. (E–G) Immunofluorescence staining of tyrosine
hydroxylase (TH), MAP2, and Ki67 at days 16, 30, and 60. Scale bars, 100 µm. Nuclei were stained with 4′,6-diamidino-2-
phenylindole (DAPI). (H) Immunofluorescence staining of DA markers TH/GIRK2. (I) TH/calbindin (CALB) at day 60.
Scale bars, 25 µm. Nuclei were stained with DAPI. (J–L) Electrophysiological assessment of DA neuron-rich cultures using
patch-clamp analysis. (J) Cells analyzed at day 60 displayed induced action potentials. (K) Induced action potentials upon
brief depolarization. (L) Spontaneous firing characteristic of DA neurons.
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Figure 2. Single-cell RNA sequencing (ScRNAseq) captures distinct cell-type identities during human pluripotent stem cell
DA neuron differentiation. (A) Uniform manifold approximation and projection (UMAP) plot embeddings of 19,841 cells
from VM cultures at day 16, 30, and 60. Cell-type assignments are indicated. (B) Heat map showing expression levels of
selected genes for each cluster. Values are given as standard deviations relative to average expression across all clusters. (C)
UMAP embeddings showing the predicted cell cycle phase. (D) Cell-cycling score (S.Score + G2M.Score) calculated using
Seurat CellCycleScoring function. (E) Bar plot of DA-1 and DA-2 clusters showing expression of meso/diencephalic markers.
Data represent mean ± SEM, ** p < 0.01, *** p < 0.001. (F) Schematic overview of the experimental design. (G) UMAP
embeddings of prediction score for human fetal VM cells from three separate fetuses (6, 8, and 11 weeks post-conception)
vs. hPSC VM-derived culture cell types. (H) Predicted cell types using fetal derived cell types as reference. (I) Relative
overlapping quantification (% cells overlapping) of human fetal midbrain vs. hPSC VM culture datasets.
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We also identified a large neuronal cluster (8989 cells) with increased expression
of MAP2, DCX, POU2F2, and RBFIX1 (all upregulated with an adjusted p-value <10−30

compared to FPs) (Figure 2B and Supplementary Figure S2C–E). This neuronal cluster
was further refined into three subclusters, which we called DA-early, DA-1, and DA-2
(Figure 2A and Supplementary Figure S2C). DA-early differed mainly from the DA-1 and
DA-2 clusters in its retained expression of the floor-plate markers LMX1A and FOXA2, but
was starting to gain additional expression of the neuronal precursor markers DCX and
SYT1, and the late DA progenitor markers Nurr1 and DDC (Figure 2B and Supplementary
Figure S2D). DA-1 and DA-2 subclusters both expressed TH (Figure 2B,C). DA-1 (orange
in Figure 2A and Supplementary Figure S2C) was characterized by key markers of VM DA
neurons such as TH, NR4A2, PAX5, SLC6A3, and EN2 (Figure 2E), while the smaller DA-2
cluster (purple in Figure 2A) displayed lower or no expression of most DA-related genes
(Figure 2E). This latter cluster was instead enriched for non-DA genes such as ANGLT4,
FEZF1, LEFTY2, NKX2.1, and TBR1 (Figure 2E).

We next compared the molecular identity of the cells in our 2D VM cultures to a
newly generated single-cell dataset of human fetal VM from fetuses dissected 6–11 weeks
post conception using the Seurats data projection method in order to assess how well the
in vitro stem-cell system captures human VM development (Figure 2F). The fetal dataset
comprised 23,438 cells, including ~12,400 progenitors and almost 4000 cells classified as
DA neurons (Birtele et al) [19]. Overall prediction quality between the 2D VM-patterned
stem-cell culture and fetal VM was high, with a median prediction score of 0.67. Accuracy
was higher for the FP-1 and the neuronal clusters, and lower for FP-2 (Figure 2G). Focusing
on the two DA clusters in 2D culture revealed 43% of the cells in DA-1 and 25% in DA-2
predicted to be in the fetal DA neuron cluster (median prediction score 0.70 and 0.60,
respectively) (Figure 2H,I). However, 56% of DA cells in DA-1 and 68% in DA-2 were also
predicted to be fetal neuroblasts, suggesting that not all DA neurons fully mature under
2D culture conditions (Figure 2H,I).

The fine-tuned balance of patterning factors is crucial for ensuring homogeneous VM
cell commitment. We previously showed that addition of FGF8b to VM progenitors at days
9–16 resulted in more robust and precise DA neuron formation after transplantation in
a PD rat model [8,9]. In this study, we compared the cellular composition of terminally
differentiated VM cultures patterned with or without FGF8b at single-cell level (Figure 3A).
scRNAseq showed that the absence of FGF8b correlated with ectopic expression of ros-
tral meso/diencephalic markers (BARHL1, NKX2.1, PAX6, and FOXG1) accompanied by
downregulation of caudal VM markers (PAX5, EN1, and NR4A2) (Figure 3B).

Further investigation of the cellular composition of VM culture with and without
FGF8b at day 60 showed that in this 2D model, the timed and dosed delivery of FGF8b
also resulted in an increased yield of the DA neuron population (Figure 3C,D).

Interestingly, after two months, over twice the number of cells were found in the
DA-1 cluster cultured under FGF8b+ conditions than in the FGF8b- culture (45% vs. 20%,
respectively) (Figure 3D). In contrast, a larger DA-early and floor-plate clusters were found
in the FGF8b- (DA-early, 8%; FP clusters, 47%) than in the FGF8b+ (DA-early, 4%; floor
plate, 20%) (Figure 3C,D) cultures, pointing to the fact that a considerable number of cells
with immature identities were still present in 2D cultures grown without FG8b. Single-
cell analysis (Figure 3E) and immunohistochemistry of early and late DA markers also
confirmed that the absence of FGF8b affected the recapitulation of more mature human DA
neurons (Figure 3F,G).
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Figure 3. Fibroblast growth factor 8 (FGF8b) facilitates progenitor transition into mature DA neurons. (A) Schematic
overview of the experimental design. (B) Bar plots showing expression of rostral and caudal mesencephalic markers with
and without FGF8b treatment at 2 months from single-cell dataset. Data represent mean ± SEM, ** p < 0.01, *** p < 0.001. (C)
UMAP embeddings showing cells from 60-day VM culture with and without FGF8b colored by cell types. (D) Pie chart
showing cell-type proportion with and without FGF8b at 2 months. (E) Dot plot showing percent of cells expressing early
and late DA markers in VM culture with and without FGF8b at 2 months. (F) Immunofluorescence staining of TH/NESTIN
with and (G) without FGF8b treatment at 2 months VM culture. Scale bars, 100 µm. Nuclei were stained with DAPI.

Together, these findings underscore the pivotal role of FGF8b in the induction and spec-
ification of DA progenitors into functionally mature DA neurons during VM differentiation.

We also assessed the dynamics of DA neuron development in our stem-cell-based
model. Time-based expression analysis of progenitor markers including CORIN, SHH,
and SOX2 decreased from day 16 to day 60, whereas markers for maturing neurons
increased over time (Figure 4A). This prompted us to exploit our a single-cell dataset to
temporally reconstruct human DA neurogenesis in in vitro 2D culture using Slingshot
on integrated data from all timepoints of differentiation (Figure 4B). Slingshot performs
lineage inference using a cluster-based minimum spanning tree, constructing simultaneous
principal curves for branching paths through the tree. Three tentative lineages were
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identified, all originating from the floor-plate population (Figure 4B). Specifically, the
resulting plots placed the cells along a continuous path, identifying first FP-1 and then
FP-2 as the parent lineage, which subsequently underwent gradual transcriptional changes
projecting into three different tentative trajectories (Figure 4B,C). Two of the trajectories
shared the same four progenitors (FP-1, FP-2, FP-3, and DA-early), but with DA-1 and
DA-2 as terminal states, respectively (Figure 4C,D). In the third trajectory, VLMC was the
terminal state, with FP-1, FP-2, and FP-3 as progenitors (Figure 4C,D). Overall, these data
confirm that key molecular aspects of DA neurogenesis are recapitulated along a temporal
axis in 2D VM culture following a precise developmental program, which eventually gives
rise to the generation of functionally mature DA neurons. Interestingly, we also found that
the VLMC and DA neuron clusters originated from the same VM floor-plate cells and did
not diverge until terminally differentiated into DA neurons or VLMCs, respectively.

Figure 4. ScRNAseq reconstructs developmental trajectories during VM-patterned hPSC differentiation. (A) Temporal
expression pattern of early and late DA markers during hPSC VM differentiation (16–60 days). (B) Slingshot-based
pseudotime trajectories calculated from UMAP embeddings showing combined developmental trajectories of all identified
cell types and, (C) individual trajectory curves colored by pseudotime. (D), Pseudotime inference reconstruction plot
showing the appearance and temporal progression of cell-types along a pseudotemporal axis.
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3.3. 10× Genomics Captures a Repertoire of lncRNAs during VM Differentiation

In order to study tissue-specific expression of lncRNAs and their functional impor-
tance as critical regulators in key biological processes we developed a pipeline to examine
the developmental dynamics and cell-type specificity of lncRNAs during DA neuron differ-
entiation. The pipeline was designed to comprehensively profile differentially expressed
lncRNAs at different timepoints or according to cell-type specificity based on the clusters
previously defined using coding gene markers. To identify lncRNAs expressed during VM
differentiation, we merged the reads from each cluster and performed lncRNA quantifica-
tion in a strand-specific manner (see Materials and Methods and Figure 5A). By comparing
the expression of lncRNAs and mRNAs, we found that the average number of mapped
lncRNA genes at each timepoint was significantly lower than that of mRNA genes. How-
ever, no significant changes were detected from day 16 to day 60 (Figure 5B). Our pipeline
detected 3802 lncRNA genes, including 1961 sense and 1842 antisense (expression base
mean ≥1), and distance matrix of lncRNA expression showed a correlation between cell
types and differentiation timepoints (Figure 5C,D and Supplementary Figure S3A,B). Since
lncRNAs can exert either repressive or promoting activities on target genes by coordinating
protein and RNA interactions both in cis (on neighboring genes) and in trans (on distant
loci), we investigated their genomic distribution. Among 3803 identified lncRNA genes,
the majority were intragenic (Supplementary Figure S3C). Pearson’s pairwise correlation
analysis showed that lncRNAs exhibited a higher change in expression correlation with
their nearest protein coding gene (<5 kb, Figure 5E). Specifically, we found a higher percent-
age of positive correlations between cis pairs. Length distribution showed that the majority
of lncRNAs detected in this pipeline ranged from 300 to 2500 base pairs (Figure 5F). This
confirms that the pipeline is able to profile lncRNAs during VM differentiation regardless
of genomic location, length of transcript, or transcriptional direction.

3.4. Single-Cell Analysis Reveals Dynamics and Cell-Type Specificity of LncRNAs During VM
Differentiation

scRNAseq based on coding gene analysis distinguished cell types and defined their
developmental dynamics during differentiation. We therefore investigated whether the
expression of captured lncRNAs correlated to that of molecularly distinct cell clusters
identified during DA neuron specification. C (PCA) clustered 456 single cells into three
distinct populations, in line with the three different stages of human VM differentiation an-
alyzed, showing that lncRNAs exhibit high stage specificity following VM developmental
dynamics (Figure 6A). The MA plot showed significantly differentially expressed lncRNAs
(p value adjusted < 0.01) between day 16 and day 60 (Figure 6B). As expected, during
VM differentiation we found downregulated well-known lncRNAs such as NR2F2-AS1,
and LHX5-AS1 were shown to play regulatory roles in neural stem-cell differentiation
(Figure 6B,E and Supplementary Figure S3D) [20,21]. LINC01833 (also called SIX3os), the
long noncoding opposite strand transcript of homeodomain factor Six3, known to be in-
volved in neuronal differentiation and retinal cell specification, was also downregulated
(Figure 6B,E) [22]. Captured downregulated lncNRAs also included annotated transcripts
not yet associated with neurodevelopment, such as LINC01918 and AL139393.2, implicated
in thyroid and medulloblastoma carcinoma, respectively [23,24], as well as SMCR2, also
known as lncSREBF1, which plays a role in lipid metabolism (Figure 6B,E and Supplemen-
tary Figure S3D) [25].
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Figure 5. Bioinformatic pipeline detects lncRNAs from 10x Genomics single cell dataset (A) Schematic overview of pipeline
designed for lncRNA quantification. (B) Count distribution of protein-coding genes and lncRNAs from each sample at three
time points of hPSC DA neuron differentiation (day 16, 30, 60). (C) Heatmap of Euclidean distance across different cell types
and time points (log2 normalized counts). (D) Number and distribution of protein-coding genes and lncRNAs expressed
(baseMean >1), strand (sense “+”, antisense “−”). (E) Pearson correlation of change in expression of protein-coding genes
and lncRNAs (±5Kb, p adj < 0.01). The x-axis shows the log fold change of the lncRNA and the y-axis the log fold change of
the overlapping protein-coding gene. (F) Length distribution of expressed lncRNAs (x-axis).
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Figure 6. Catalogue of lncRNA time and cell-type specificity. (A) Principal component analysis (PCA) plot of lncRNA
expression across timepoints in hPSC DA neuron differentiation. (B) MA plot of lncRNAs showing their log2 fold change
and log2 baseMean expression across time points (p adj < 0.01). (C) PCA plot of lncRNA expression across cell types in
hPSC DA neuron differentiation. (D) MA plot of lncRNAs showing their log2 fold change and log2 baseMean expression
across cell type (p adj < 0.01). (E) Expression map of candidate lncRNAs projected on UMAP plot. (F) Expression heatmap
of the top 50 most differentially expressed lncRNAs across cell types (log2 vst, p adj < 0.01).
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Differentially expressed upregulated lncRNAs in long-term VM culture included
the well-known nuclear paraspeckle assembly transcript 1 (NEAT1), overexpressed in the
substantia nigra, as well as H19, MALAT1, and SNHG12, previously reported to be enriched
at early stages of PD pathogenesis (Figure 6B,E and Supplementary Table S2) [26–28]. We
also found upregulated expression of AC005062.1 and AL590302.1, as well as LINC02019
and the antisense SPRY4-AS1, previously associated with tumorigenesis (Supplementary
Figure S3D and Supplementary Table S2) [29].

We next examined lncRNA expression based on cell-type specificity by combining
single-cell data from days 16, 30, and 60. PCA revealed that lncRNAs clearly segregated
into DA and floor-plate clusters, and 140 lncRNAs were found significantly differentially
expressed in these two molecularly distinct cell types (Figure 6C). Consistent with these
findings, we found lncRNAs associated with brain development to be upregulated in the
DA cluster, such as the nuclear-localized MIAT, also known as Gomafu, reported to be
expressed in postmitotic neurons (Figure 6C,D) [30]. The imprinted lncRNA Meg3 [31]
(Figure 6E and Supplementary Figure S3A), expressed in the cortex, was also found
enriched in DA neurons, similarly to its neighbor gene DLK1, which plays a critical role in
DA specification. LINC01111, identified as an oncosuppressor in pancreatic cancer [32], and
the annotated LHX1-DT and AC006387.1 transcripts were also significantly enriched in the
DA population (Figure 6F and Supplementary Table S3). Noteworthy, ~80% of lncRNAs
detected in the DA cell type were also found upregulated at day 60 of VM differentiation.
In contrast, OTX2-AS1 was significantly enriched in the floor-plate cluster together with
TP53TG1, implicated in carcinoma but not as yet associated with a neuronal phenotype [33]
(Figure 6D–F and Supplementary Figure S3E). This cluster of immature cells was also
characterized by SNHG18 [34], known to play an oncogenic role in glioma, LINC0052 [35],
which acts as a sponge for miR-608, and the annotated transcripts AC026124.1, AL132780.2,
and AC026401.3 (Figure 6D–F and Supplementary Figure S3E).

4. Discussion

In this study, we used single-cell sequencing to assess the validity and potential use of
stem-cell-based differentiation to model human DA neuron development. By transcrip-
tionally profiling almost 20,000 cells at different time points, spanning the transition from
progenitor stage to functionally mature DA neurons, we were able to assess the extent to
which this culture system recapitulates DA neuron development. Our findings prompt a
number of important observations. Firstly, clustering analysis shows that cell types present
during stem-cell differentiation are similar to those present during fetal VM development
and that no aberrant cell types are found in the cultures. Secondly, the temporal appear-
ance of different cell types corresponds to the order of progression previously observed
in human fetal VM [11] and in xenograft models [10]. Thirdly, the molecular profile of
the resulting DA neurons closely matches that of fetal VM-derived DA neurons. Taken
together, these considerations support the use of stem-cell-based models to study aspects
of human brain development.

When using the single-cell dataset to reconstruct lineage specification and DA neu-
rogenesis, we were able to identify three distinct lineages all originating from the same
floor-plate population. Two of the trajectories shared exactly the same progenitors (FP-1,
FP-2, FP-3, and DA-early), but then diverged into a large DA population (DA-1) and a
smaller population of neurons expressing TH but few other DA-associated markers (DA-2).
This latter population also shared a much smaller overlap of genes with DA neurons in
fetal VM, indicating that some cells in 2D culture underwent incomplete differentiation
and/or insufficient patterning toward a VM regional fate or otherwise aberrantly express
TH in non-DAergic cells as is commonly observed in in vitro cultures [36–39]. Interestingly,
this lineage analysis also revealed that the VLMC and DA neuron clusters originated from
the same VM floor-plate cells and did not diverge until terminal differentiation into DA
neurons or VLMCs had occurred.
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Rostro-caudal patterning in VM differentiation protocol can be more precisely con-
trolled using timed delivery of FGF8b [9]. By quantifying cellular composition of cells
patterened with and without FGF8 after two months in culture, we showed that FGF8b fa-
cilitates the conversion of progenitors into functionally mature DA neurons while enabling
efficient differentiation toward a caudal VM pattern. These findings also underscore the
need to identify and validate more markers able to predict functional maturation in both
long-term culture and in vivo after transplantation.

In the past decades, large-scale genome-wide sequencing has revealed the tissue-
specificity and functional relevance of lncRNAs as key regulators in neural development,
refuting the paradigm of RNA as simply an intermediary between DNA and protein [40–42].
In this expanding view of the genomic landscape, very few scRNAseq studies have as
yet provided comprehensive human lncRNA repertoires of different healthy human tis-
sues [43–46]. Although the relatively low expression levels of lncRNAs make analysis
at single-cell resolution challenging, a detailed catalog of cell-type-specific lncRNAs ex-
pressed during DA differentiation may increase our understanding of their involvement
in the VM developmental program and intricate regulatory DA pathways [47,48]. Here,
we exploited 3′-end high-throughput sequencing of 10× Genomics technology to capture
polyadenylated noncoding genes and developed a bioinformatic pipeline that provided
the first comprehensive dataset of lncRNAs showing cell-type specificity by analyzing
different stages of DA neuron differentiation. 3′-end sequencing is not able to capture non
polyA transcripts and is less efficient than full-length scRNAseq methodologies. Neverthe-
less, 10× Genomics performs high-throughput microfluidic profiling of a large number
of cells. Thus, although many lncRNAs may individually have low expression levels, the
extensive number of cells that is possible to sequence with this method also allows lncRNA
expression to be analyzed and mapped to distinct clusters defined by the coding gene
expresssion.

We found that many lncRNAs are specific to distinct cell types associated with either
progenitors or functionally mature DA neurons. Interestingly, we identified new lncRNAs
potentially involved in early steps of DA differentiation, such as TP53TG1, LINC01833,
and SNHG18, found specifically enriched in the floor-plate clusters, as well as two anti-
sense transcripts of the NR2F1 and OTX2 coding genes, which play a key role in cortical
development and VM floor-plate formation, respectively [49]. Our dataset also includes
significantly enriched lncRNAs not previously linked to functionally mature DA cells, such
as LINC01111, RFPL1S, and AL365361.1. It also confirms the expression of lncRNAs already
associated with DA tissue, including MIAT, involved in DA signaling via modulation of
DA transmission and neurobehavioral phenotypes [50]. Using a microfluidic approach
enabled us to analyze a sufficiently large number of cells and more accurately redefine the
feature expression map of lncRNAs which until now were thought to be mainly expressed
in late stages of VM differentiation. NEAT1, for example, known to exert a neuroprotective
role in SNc, was also found highly expressed in our floor-plate subclusters, suggesting
its potential role in DA commitment [51]. The imprinted lncRNA Meg3 also displayed a
particular cell-type-specific expression pattern robustly expressed in DA clusters, hinting
at its involvement as a critical regulator of DA neuron specification, possibly through
crosstalk with its coding neighbor gene DLK1. In this scenario, integrating single-cell
transcriptomics and epigenomics technologies, such as assay for transposase-accessible
chromatin using sequencing (ATAC-seq), will bring valuable insights into the complex and
intricate regulatory network involving coding and noncoding genes during stem-cell DA
differentiation.

Taken together, these findings provide a valuable transcriptomic dataset of coding
and noncoding genes in human DA neurogenesis that may lead to the identification of
novel cell types and a better definition of molecular diversity in progenitor and mature DA
populations.
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Figure S2: Cell-type identification based on scRNAseq and immunocytochemistry, Figure S3: Differ-
entially expressed lncRNAs based on cell-type and time-point, Table S1: RT-qPCR primer list, Table
S2: LncRNAs deregulated in 60 vs. 16 time points, and Table S3: LncRNAs deregulated in DA vs. FP
cell-types.
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SUMMARY

We have developed an efficient approach to generate functional induced dopaminergic (DA) neurons from adult human dermal fibro-

blasts. When performing DA neuronal conversion of patient fibroblasts with idiopathic Parkinson’s disease (PD), we could specifically

detect disease-relevant pathology in these cells. We show that the patient-derived neurons maintain age-related properties of the donor

and exhibit lower basal chaperone-mediated autophagy compared with healthy donors. Furthermore, stress-induced autophagy resulted

in an age-dependent accumulation of macroautophagic structures. Finally, we show that these impairments in patient-derived DA neu-

rons leads to an accumulation of phosphorylated alpha-synuclein, the classical hallmark of PDpathology. This pathological phenotype is

absent in neurons generated from induced pluripotent stem cells from the same patients. Taken together, our results show that direct

neural reprogramming can be used for obtaining patient-derived DA neurons, which uniquely function as a cellular model to study

age-related pathology relevant to idiopathic PD.

INTRODUCTION

Parkinson’s disease (PD) is a neurodegenerative disorder

that has a major pathology within the midbrain dopami-

nergic (DA) neurons and involves the aggregation of the

misfolded protein alpha-synuclein (aSYN). How the dis-

ease arises and develops is currently unknown and no

cure exists. There is an urgent need for better treatments

and disease modifying therapies, but their development

is hampered by a poor understanding of the pathogenesis

of PD and lack of appropriate model systems, in particular

ones that capture age, the biggest risk factor for developing

this condition.

To better recapitulate disease relevant features and age,

we have established a protocol formaking induced neurons

(iNs) that can be directly generated from adult human

dermal fibroblasts (aHDFs). This type of direct neural con-

version offers several advantages. In particular, such cells

retain many important aspects of the aging signatures

of the starting fibroblasts, including age-related changes

in the epigenetic clock, the transcriptome and microRNAs,

the reactive oxygen species level, DNA damage and telo-

meres length, as well as in their metabolic profile andmito-

chondrial defects (Huh et al., 2016; Kim et al., 2018; Mert-

ens et al., 2015, 2021; Tang et al., 2017).

The idiopathic nature of most PD cases, coupled to the

late age at onset, complicates the study of pathophysi-

ology as it is challenging to design and interpret models

of idiopathic PD. For example, animal models depend

on toxin-induced mitochondrial damage or overexpres-

sion of aSYN at non-physiological levels (i.e., levels that

exceed what is observed in idiopathic PD patients). Pa-

tient-derived induced pluripotent stem cells (iPSCs) are

frequently used to study cellular features of PD (Brazdis

et al., 2020; Lang et al., 2019) but fail to capture the age

and epigenetic signatures of the patient (Lapasset et al.,

2011; Mertens et al., 2015, 2021; Miller et al., 2013;

Tang et al., 2017).

In this study, we investigated iNs using specific combina-

tions of transcription factors and fate determinants

without a pluripotent intermediate (Ambasudhan et al.,

2011) as a mean to better recapitulate disease-relevant fea-

tures of idiopathic PD. While it is possible to generate iNs

with a DA-like phenotype (Caiazzo et al., 2011; Jiang

et al., 2015; Li et al., 2019; Pereira et al., 2014; Pfisterer

et al., 2011), current protocols are not efficient enough to

Stem Cell Reports j Vol. 17 j 2203–2219 j October 11, 2022 j ª 2022 The Authors. 2203
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generate DA neurons from aHDFs of elderly donors in

numbers required for further downstream experimental

studies. Therefore, we first identified a combination of

reprogramming factors that resulted in the efficient gener-

ation of subtype-specific and functional induced DA

neurons (iDANs) when converting aHDFs from aged indi-

viduals. Subsequently, we used this protocol to convert

iDANs from idiopathic PD patient-derived aHDFs as well

as age- and sex-matched controls.

When analyzing the patient-derived neurons, we found

stress-induced chaperone-mediated autophagy (CMA) and

macroautophagy impairments in the idiopathic PD iNs

but not in control iNs or in parental aHDFs of the patients.

This type of pathologyhas previously only been captured in

genetic PD variants using iPSC-based models (Sánchez-

Danés et al., 2012; Schöndorf et al., 2014), and we hypoth-

esized that the ability to do so in idiopathic PD iNs as re-

ported here is related to maintenance of donor age in the

iNs. To test this, we established iPSCs from a subset of the

same patients. This analysis confirmed that fibroblast-

derived iNs maintain expression of age-associated genes

and express mature isoforms of TAU (4R), whereas iPSC-

derived iNs do not. In line with this, we were able to detect

aSYN pathology in directly converted patient-derived neu-

rons but not in iPSC-generated patient-derived neurons.

This study thus reports PD-associated phenotypes in

directly converted neurons from patient aHDFs and pro-

vides a new model to study idiopathic forms of PD.

RESULTS

Generation of functional iDANs from aHDFs of adult

donors

To enable a cell-based model of idiopathic PD using iNs

with characteristics of aged DA neurons, we screened 10

different reprogramming factors (Ascl1, Lmx1a, Lmx1b,

Foxa2, Otx2, Nr4a2 (Nurr1), SMARCA1, CNPY1, EN1,

PAX8) that were selected based on their (1) role during

normal DA neurogenesis (Luo and Huang, 2016), (2)

expression in the normal human fetal ventral midbrain

(Nelander et al., 2013), (3) value in predicting functional

DA differentiation from hPSCs (Kirkeby et al., 2017), and/

or (4) role on midbrain-specific chromatin modeling (Met-

zakopian et al., 2015). All factors were expressed in combi-

nation with the knockdown of the RE1-silencing transcrip-

tion factor (REST) according to our published protocol for

high efficiency reprograming of aHDFs (Drouin-Ouellet

et al., 2017). Three of the screened combinations gave

rise to a significant proportion of tyrosine hydroxylase

(TH)-expressing neurons: shREST, Ascl1, Lmx1a, Lmx1b,

Foxa2, Otx2 (2.21% ± 2.02), shREST, Ascl1, Lmx1a, Lmx1b,

Foxa2, Otx2, SMARCA1 (7.50% ± 3.55%), and shREST,

Ascl1, Lmx1a, Lmx1b, Foxa2, Otx2, Nr4a2 (Figures 1A and

S1A). The best TH-positive cell yield was obtained with

the last combination, which gave rise to up to 70.3% ±

0.3% of cells expressing the neuronal marker TAU, of

which 16.1% ± 2.01% also expressed TH (Figure S1A),

Figure 1. Generation of iDANs from Parkinson’s disease and heathy donor lines
(A) Reprogramming iDANs from adult fibroblasts.
(B) Quantification of TAU-positive and TH-positive cells (mean average of 2,575 TAU-positive and 32 TH-positive cells assessed per line,
n = 28 lines). Data are expressed as mean ± the SD.
(C) TAU-positive and TH-positive iDANs. Cells are counterstained with DAPI (in blue). Scale bar, 25 mm.
(D) Quantification of ALDH1A1 and TAU or MAP2 double-positive cells (mean average of 1,652 TAU-positive and 1,258 MAP2-positive cells
assessed per well from four replicates per line, n = 7 lines (lines #4, #8, #9, #10, #26, #27, and #28). Data are expressed as mean ± the SD.
(E) TAU-positive, MAP2-positive, and TH-positive iNs and iDANs expressing ALDH1A1 and VMAT2. Cells are counterstained with DAPI
(in blue). Scale bars, 25 mm.
(F) Gene expression quantification of DA genes relative to parental fibroblast levels (from two to three well replicates [white dots] from
line #2). Data are expressed as mean ± the SD.
(G) Quantification of the neurite profile in TAU-positive and TH-negative (iNs) versus TAU and TH double-positive cells (iDANs) from
healthy and Parkinson’s disease lines (mean average of 2,575 TAU-positive and 32 TH-positive cells assessed per line, n = 28 lines). Two-
tailed unpaired t test with Welch’s correction: ***p = 0.0004, df = 30.82; *p = 0.0245, df = 32.94. Data are expressed as mean ± the SD.
(H) Patch clamp recordings of iDANs from line #2 (at day 65).
(I) Double TAU-positive and TH-positive H-iDANs and PD-iDANs at day 60. Scale bar, 100 mm.
(J) Quantification of the neurite profile in TAU-positive H-iNs and PD-iNs (experiment has been repeated independently three times,
mean average of 2,142 TAU-positive cells assessed per line, n = 10 healthy and n = 18 Parkinson’s disease lines). Data are expressed as
mean ± the SD.
(K) Quantification of voltage-clamp recordings of evoked action potentials (n = 8–10 neurons per line, n = 5–6 lines per group), resting
membrane potential of H-iNs and PD-iNs (n = 4–9 neurons per line, n = 5–6 lines per group), inward and outward currents (n = 4–9 neurons
per line, n = 5–6 lines per group). Lines #1, #2, #4, #5, #6, #8, #13, #16, #17, #24, #28 were used for patch clamp experiments. Data are
expressed as mean ± the SD.
(L) Voltage-clamp recordings of repetitive evoked action potentials.
(M) Representative traces of membrane sodium and potassium currents following voltage depolarization steps in H-iNs and PD-iNs. APs,
action potentials; ns, not significant; TTX, tetrodotoxin.



94

with an average TAU purity of 9.1% ± 3.3% and TH purity

of 2.6% ± 1.7% (Figures 1B and 1C) when reprogramming

all lines used in the study (see Table 1), and showed robust

upregulation of DA genes as measured by RT-qPCR

(Figure S1B).

Further characterization of the iNs obtained using this re-

programming factor combination showed that, in addition

to TH, 35.38% ± 9.05% of the TAU-positive and 45.20% ±

14.65% of the MAP2-positive cells were also expressing

ALDH1A1 (Figure 1D), which is found in a subset of A9

DA neurons that are more vulnerable to loss in PD (Poulin

et al., 2014), as well as VMAT2, a key DA neuronal marker

(Figure 1E). Gene expression profiling of 76 neuronal genes

relating to dopaminergic, glutamatergic, and GABAergic

neuronal subtypes confirmed an upregulation of key genes

related to DA patterning and identity (FOXA1, OTX1, SHH,

PITX3), as well as DA synaptic function, including the re-

ceptors DRD1 to DRD5; the DA transporter SLC6A3

(DAT); the enzymes DDC, MAOA, and ALDH1A1; and the

A9-enriched DA marker KCNJ6 (GIRK2) (Figures 1F, S1C,

and S1D). Thus the iDANs expressed the key markers of

the AT-DAThigh subgroup of the DA sublineage as identified

in Tiklová et al. (2019). Finally, to get a better idea of the

identity of the cells that did not convert to iNs, we per-

formed a triple staining using MAP2 to identify iNs, as

well as GFAP and collagen 1 to identify potential glial cells

and cells that remained fibroblasts. We observed that some

MAP2-negative cells are expressing either collagen 1 or

GFAP alone, or together (Figure S1E).

Morphologically, the iNs are quite immature at this stage

(i.e., day 25–30), but high-throughput image acquisition

analysis showed that TH-positive iNs express significantly

more neurites compared with non-TH iNs but had signifi-

cantly fewer branch points (Figure 1G). Patch-clamp electro-

physiological recordings 65 days post transduction

confirmed that the reprogrammed cells had functionally

matured (Figure 1H). They were able to fire repetitive action

potentials upon injection of current as well as exhibited in-

ward-sodium, outward-potassium currents with depolariz-

ing steps. When a continuous depolarizing voltage ramp

was applied, inward currents were seen across the mem-

brane and could be blocked by the neurotoxin tetrodotoxin,

indicating an involvement of voltage-gated sodium chan-

nels in these currents. Without any injection of current or

voltage, the cells displayed spontaneous firing, and 43.8%

of iNs also showed rebound action potentials and/or pace-

maker-like activity typical of mesencephalic DA neurons

(Figure 1H). Based on this, we refer to the cells as iDANs.

Generation of functional iDANs from aHDFs of

idiopathic Parkinson’s disease patients

Using this new iDAN reprogramming method, we next

converted aHDFs of 18 idiopathic PD patients and 10 age-

and sex-matched healthy donors (Table 1). We found that

the aHDFs obtained from PD patients reprogrammed at a

similar efficiency to those obtained from healthy donors

(Figure 1B) and displayed a similar neuronalmorphological

profile (Figures 1I and 1J). When measuring their func-

tional properties using patch clamp electrophysiological

recordings, we confirmed that iNs derived fromhealthy do-

nors (H-iNs) and from PD patients (PD-iNs) displayed

similar functionalities in terms of the number of current-

induced action potentials, resting membrane potential,

and the inward-sodium, outward-potassium currents

(Figures 1K–1M).

PD-iDANs show altered chaperone-mediated

autophagy

To assess the presence of age- and PD-related pathological

impairments in iDANs derived from idiopathic PD pa-

tients, we focused on autophagy, a lysosomal degradation

pathway that is important in cellular homeostasis and

the efficiency of which decreases with age (Rubinsztein

et al., 2011). We first looked for CMA alterations as this is

one type of autophagy that has been suggested to be impli-

cated in the pathophysiology of PD (Cuervo et al., 2004).

During CMA, HSC70 recognizes soluble proteins carrying

a KFERQ-likemotif and guides them to the transmembrane

LAMP2a receptor. Thereafter, the protein cargo is translo-

cated into the lysosomal lumen and, as such, the level of

LAMP2a determines the rate of CMA (Klionsky et al.,

2016). To induce autophagy, cells were cultured under star-

vation conditions, which promotes the recycling of non-

essential proteins and organelles for reuse (Klionsky et al.,

2016). After validating that the starvation regimen had

no impact on the number of neurons and induced changes

in LAMP2a and HSC70 expression using western blot (WB)

(Figures S2A–S2C), we assessed CMA expression using a

high-content imaging approach, which allowed us to

analyze cytoplasmic puncta in parental aHDFs, iNs (TAU

positive and TH negative), and iDANs (TAU positive and

TH positive) in a quantitative manner, and also to deter-

mine their subcellular location. When investigating this

in parental aHDFs and PD-iNs at baseline and in the

context of starvation using an antibody specific to the ‘‘a’’

isoform of LAMP2, we observed a slight reduction in

LAMP2a-positive cytoplasmic puncta in healthy donors’

parental aHDFs, which was also seen in PD patients’

aHDFs, although this was not significant (Figures S2F and

S2G). Moreover, we did not observe a difference in

LAMP2a-positive cytoplasmic puncta in the neurites of

TAU-positive iNs upon starvation in both H-iNs and PD-

iNs (Figures S2J and S2K). However, when looking specif-

ically at iDANs, we observed a lower number of LAMP2a-

positive cytoplasmic puncta in the neurites at baseline in

the PD-iDANs compared with H-iDANs, suggesting a lower
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Table 1. Demographics, clinical, and genotype data of the study participants

Line ID Group Sex
Age at
biopsy

MAPT
haplotype

Age at
onset
(years)

Disease
duration
(years)

aUPDRS
motor
decline

aMMSE score
decline

iPSC
lines

1 healthy M 69 H1/H1

2 healthy F 67 H1/H1

3 healthy M 80 H2/H2

4 healthy F 75 H1/H1 healthy 4

5 healthy M 70 H1/H2 healthy 5

6 healthy F 70 H1/H2

7 healthy M 71 H1/H1

8 healthy F 61 H1/H2 healthy 8

9 healthy F 66 H2/H2

10 healthy F 58 H1/H1

ratio F:M/

mean ± SD

6:4 68.7 ± 6.3

11 PD M 56 H1/H1 34 23 �0.32 0

12 PD M 60 H1/H1 48 12 �0.43 0

13 PD F 77 H2/H2 65 12 1.48 0

14 PD F 67 H1/H1 56 12 0.76 �0.07

15 PD F 59 H1/H1 45 15 �1.39 0

16 PD F 80 H1/H2 69 11 0.39 �0.07

17 PD M 80 H2/H2 49 33 1.70 0

18 PD F 87 H1/H1 72 15 0.25 �0.12

19 PD F 77 H1/H1 56 24 �0.42 �0.25

20 PD M 75 H1/H1 63 13 �1.18 0

21 PD M 77 H1/H1 66 11 �1.68 0

22 PD F 71 H1/H1 62 14 0 �0.47

23 PD M 72 H1/H1 70 2 1.71 �0.44

24 PD M 81 H1/H1 76 6 1.88 0.14

25 PD F 44 H1/H1 40 5 �3.56 0.15

26 PD F 79 H1/H1 NA NA NA NA PD 26

27 PD F 68 H1/H1 55 15 1.65 0

28 PD M 57 H1/H1 50 8 NA NA PD 28

ratio F:M/mean ± SD 10:8 70.4 ± 11.2 57.4 ± 11.9 12.5 ± 7.1 0.05 ± 1.5 �0.07 ± 0.18

MMSE, Mini-Mental State Examination; NA, not available; UPDRS, Unified Parkinson’s Disease Rating Scale.
aAverage rate of decline per year over a minimum of 2 years.
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basal rate of CMA in PD-iDANs (Figures 2A and 2B). Impor-

tantly, starvation induced a decrease in LAMP2a-positive

cytoplasmic puncta in neurites only in H-iDANs, suggest-

ing that PD-iDANs have an altered response to starvation,

and that this alteration is specific to the DA subtype

(Figures 2A and 2B). We next looked at HSC70 expression,

the main chaperone responsible for the degradation of

aSYN via CMA (Cuervo and Wong, 2014). Both parental

aHDFs from healthy and PD donors showed a decrease in

HSC70 expression in response to starvation (Figures S2H

and S2I). While the number of HSC70-positive puncta in

the neurites of starved H-iDANs increased (154.0% ±

117.2% of the non-starved condition), starvation-induced

autophagy led to a decrease of HSC70-positive puncta in

PD-iDANs (55.9% ± 28.1% of the non-starved condition)

(Figure 2C). At baseline, an increase in the colocalization

between HSC70 and ⍺SYN was observed in iDANs from

the PD group comparedwith healthy controls (Figure S2O).

However, this was not accompanied by a decrease in ⍺SYN
in PD-iDANs following starvation (Figures S2P and S2Q).

Taken together, these results suggest that there is both an

alteration in baseline CMA as well as stress-induced auto-

phagy that is specific to idiopathic PD-derived iDANs.

Altered macroautophagy response to stress-induced

autophagy in iNs from PD patients

CMA preferentially degrades specific proteins, rather than

organelles and other macromolecules (Salvador et al.,

2000). However, while there is considerable crosstalk be-

tween CMA and macroautophagy, starvation predomi-

nantly induces macroautophagy, a process involving the

formation of double-membraned autophagosomes that

Figure 2. Chaperone-mediated autophagy impairment in PD-iDANs
(A) LAMP2a-positive dot expression and spot detection analysis of LAMP2a-positive (green arrowhead) and HSC70-positive (blue ar-
rowheads) puncta in TH-positive iDANs. Scale bar, 10 mm.
(B) Quantification of LAMP2a-positive puncta in the neurites of TH-positive iDANs (mean average of 14 TH-positive cells assessed per line,
n = 10 healthy and n = 18 Parkinson’s disease lines). Kruskal-Wallis test, Dunn’s multiple comparisons test: *p = 0.0067. Healthy: two-
tailed paired t test, #p = 0.0194, df = 8. Parkinson’s disease: Wilcoxon matched pairs signed rank test, ##p = 0.0098, rs = 0.339. Data are
expressed as mean ± the SD.
(C) Quantification of HSC70-positive puncta in neurites of TH-positive iDANs (mean average of 95 TH-positive cells assessed per line,
n = 8–9 healthy and n = 16 Parkinson’s disease lines). Mann-Whitney U test: *p = 0.0128, U = 26.5. Wilcoxon matched pairs signed rank
test: ##p = 0.0031, rs = 0.395. CT, control; H, healthy; PD, Parkinson’s disease; ST, starved. Data are expressed as mean ± the SD.
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fuse with lysosomes, resulting in degradation of their con-

tents. Given that we observed CMA alteration in PD-

iDANs in response to starvation, we sought to further inves-

tigate whether there is an impairment in macroautophagy

in PD-iNs. To validate the activation of macroautophagy

upon starvation, we first looked at the cargo receptor p62,

which decreases in the context of nutrient deprivation (Pircs

et al., 2012). In the parental aHDFs, our starvation regimen

induced a decrease in p62-positive cytoplasmic puncta in

both healthy and PD donor-derived lines (Figures S3A and

S3B). This decrease was also observed in H-iNs (70.6% ±

27.2% of the non-starved condition in the cell body and

77.1% ± 22.8% in neurites) (Figures 3A and 3B). However,

once converted to neurons, the majority of PD lines failed

to degrade p62 upon starvation, resulting in an accumula-

tion of p62-positive puncta in PD-iNs compared with

H-iNs, which was observed in all TAU-positive iNs, regard-

less of the neuronal subtype or neuronal compartment

(97.5% ± 37.1% of the non-starved condition in the cell

body and 106.0% ± 37.4% in neurites) (Figures 3A and 3B;

see representative images of the puncta quantified in

Figures S3G–S3I). We then assessed more specifically micro-

tubule-associated protein 1 light chain 3 beta (LC3) to iden-

tify autophagic structures (Pircs et al., 2018). We found that

starvation significantly reduced the size of LC3-positive

cytoplasmic puncta in the cell bodies of H-iNs (26.5% ±

15.9% of the non-starved condition). However, LC3-posi-

tive cytoplasmic puncta in the cell body of PD-iNs were

not significantly smaller after starvation (56.5% ± 44.2%

of the non-starved condition). When comparing the level

of size reduction of LC3-positive cytoplasmic puncta in

the cell body after starvation, PD-iNs failed to reduce puncta

size to the level that was seen in the H-iN group (Figures 3C

and 3D), whereas no effect of starvation was observed in

the neurites of H-iNs and PD-iNs (116.3% ± 53.6% of the

non-starved condition for H-iNs, and 104.4% ± 51.8% for

PD-iNs). Furthermore, this difference in macroautophagy

between H-iNs and PD-iNs in the cell bodies was a cell-

type-specific feature as it was not seen in the parental aHDFs

(Figures S3C and S3D).

Once autophagosomes have enclosed their autophagy

substrates, they can fuse with endosomes or lysosomes

to form amphisomes and autolysosomes. We thus used

LAMP2 (detecting all three isoforms: LAMP2a, LAMP2b,

and LAMP2c) to visualize these structures. LAMP2-posi-

tive cytoplasmic puncta decreased upon starvation in

the parental aHDFs of PD lines (Figures S3E and S3F).

However, while an increase of the size of these structures

upon starvation was similar in the cell bodies of both H-

and PD-iNs (140.1% ± 41.6% of the non-starved condi-

tion for H-iNs and 130.06% ± 43.8% for PD-iNs), in the

neurites, the size of LAMP2-positive puncta was unaf-

fected by starvation in H-iNs (118.9% ± 42.3% of the

non-starved condition), whereas they were significantly

bigger in PD-iNs (251.8% ± 177.7% of the non-starved

condition) (Figures 3E and 3F). Unlike the altered CMA

Figure 3. Accumulation of p62, LC3, and LAMP2 in PD-iNs upon starvation
(A) p62-positive dot expression in TAU-positive iNs. Scale bar, 10 mm.
(B) Quantification of p62-positive puncta in TAU-positive iNs (mean average of 577 TAU-positive cells assessed per line, n = 10 healthy and
n = 18 Parkinson’s disease lines). Cell body: Mann-Whitney test, *p = 0.0400; healthy, two-tailed paired t test, ##p = 0.0056, df = 9. Neurite:
unpaired t test, *p = 0.0357, df = 26, healthy, two-tailed paired t test, #p = 0.0128, df = 9. Data were normalized as percentage of control
condition (not starved) and are expressed as mean ± the SD.
(C) LC3-positive dot expression in TAU-positive iNs. Scale bar, 10 mm.
(D) Quantification of LC3-positive puncta in TAU-positive iNs (mean average of 479 TAU-positive cells assessed per line, n = 10 healthy
and n = 18 Parkinson’s disease lines). Cell body: two-tailed Mann-Whitney U test, *p = 0.0311, U = 51; healthy, two-tailed paired t test,
##p = 0.0051, df = 9. Data were normalized as percentage of control condition (not starved) and are expressed as mean ± the SD.
(E) LAMP2-positive dot expression in TAU-positive iNs. Scale bar, 10 mm.
(F) Quantification of LAMP2-positive puncta in TAU-positive iNs (mean average of 202 TAU-positive cells assessed per line, n = 10 healthy
and n = 17 Parkinson’s disease lines). Cell body: healthy, two-tailed paired t test, ##p = 0.0078, df = 8; Parkinson’s disease, #p = 0.0295, df =
13. Neurites: two-tailed unpaired t test with Welch’s correction, *p = 0.0136, U = 24; *p = 0.0125, df = 18.23. Parkinson’s disease: two-
tailed paired t test, ##p = 0.0042, df = 16.75. Data were normalized as percentage of control condition (not starved) and are expressed as
mean ± the SD.
(G) Boxplots of log2 fold changes in expression of genes associated with lysosomal functions (adjusted p value <0.09, n = 10 healthy and
n = 10 Parkinson’s disease lines). Data are expressed as mean ± the SD.
(H) Accumulation of LAMP2-positive puncta upon stress-induced autophagy is associated with the age of the donor (n = 23 lines).
Spearman’s rank correlation: ***p = 0.0007; 95% confidence interval, 0.3199–0.8437.
(I) Association between accumulation of LAMP2-positive puncta upon stress-induced autophagy and the age of onset of Parkinson’s
disease (n = 14 Parkinson’s disease lines). Spearman’s rank correlation: p = 0.056; 95% confidence interval, 0.01127–0.8263.
(J) More pronounced accumulation of LAMP2-positive puncta upon stress in MAPT H2 carrier Parkinson’s disease patients. Kruskal-Wallis
test, Dunn’s multiple comparisons test: *p = 0.0265. Two-tailed Mann-Whitney U test: #p = 0.0250, U = 3. Data are expressed as mean ± the
SD. CT, control; H, healthy; PD, Parkinson’s disease; ST, starved.
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response (Figures 2A–2C), these phenotypes were present

in all iNs and not just DA neurons (Figure S4). Blocking

the autophagic flux using bafilomycin A1 led to an accu-

mulation of LC3-positive puncta in the cell body of H-iNs.

However, this accumulation of autophagosomes was ab-

sent in PD-iNs (Figures S6C–S6E), indicating possible

impairment at early steps of the autophagic process, as

also supported by a downregulation of early autophagy-

related genes in PD-iNs (Figure S6F).

Toassesswhether this altered autophagy responsecouldbe

due to basal changes in the transcriptome of PD-iNs, we per-

formed RNA sequencing (RNA-seq) analysis on the iNs and

the parental aHDFs. This analysis confirmed there was ama-

jor change in gene expression profile as aHDFs were reprog-

rammed toward a neuronal phenotype (Figure S5). More-

over, gene set enrichment analysis (GSEA) using Kyoto

Encyclopedia of Genes and Genomes (KEGG) pathways

identified genes in the lysosome pathway (hsa014142) to

be significantly enriched (adjusted p value = 0.026) (Fig-

ure S6A). When analyzing specifically the lysosomal

genes, we found that the lysosomal cholesterol trafficking

gene NPC1 involved in the inherited metabolic disease

Niemann-Pick, typeC (Park et al., 2003) aswell as threeother

lysosomal enzymes (NAGA, NCSTN, NAGLU) were downre-

gulated inPD-iNs compared toH-iNs (Figure 3G), supporting

the data suggesting that there are alterations in lysosomal

functions atbaseline and in linewithobservations that these

inherited disorders can lead to parkinsonian states clinically

and pathologically (Winder-Rhodes et al., 2012). Impor-

tantly, when analyzing expression of these genes between

the healthy controls and PD patients in parental aHDFs,

they were not differentially expressed (Figure S6B).

Age-related correlation in disease-associated

impairments and accumulation of phosphorylated

aSYN

Recent reports have shown that age-associated properties

of the human donors are maintained in iNs but not in

iPSC-derived neurons (Capano et al., 2022; Huh et al.,

2016; Kim et al., 2018; Mertens et al., 2015, 2021; Tang

et al., 2017). We therefore assessed whether the accumula-

tion of lysosomal structures in H- and PD-iNs was associ-

ated with the age of the donor. We found a positive correla-

tion between the age and the accumulation of lysosomes in

neurites (Figure 3H), and a trend toward a positive correla-

tion of this accumulation with age of onset at diagnosis

(Figure 3I). This was more pronounced in lines derived

from patients carrying the H2 haplotype of MAPT, which

has previously been associated with a more rapid progres-

sion and cognitive decline in PD and other neurodegener-

ative disorders (Figure 3J) (Valenca et al., 2016; Vuono et al.,

2015).

To further study donor age and how this affects disease-

related pathology, we next established iPSC lines from

the aHDFs of two patients (with a high amount of pathol-

ogy as quantified in the iNs derived from same patient’s

aHDFs) and three controls (see Table 1). The cells were re-

programmed into iPSCs using the StemRNA 3rd Generation

Reprogramming Kit (Figure 4A). Quality control analysis

confirmed that the iPSCs retained a normal karyotype

(Figure 4B), and expression of pluripotency markers was

confirmed using immunocytochemistry and flow analysis

(Figures 4C and 4D). We then confirmed that the same

protocol developed for the fibroblast-to-iDAN conversion

(Figure 1A) also converted iPSCs to functional iDANs

(Figures 4E and 4F). iPSC-iDANs expressed high levels of

DA-related genes (Figure 4G) and were functionally mature

(Figure 4H). Similarly to fibroblast-derived iDANs, there

was no difference in neuronal purity, although a slightly

lower neurite count was observed in iPSC-derived iDANs

from PD patients (Figures 4I and 4J).

Next, we used RNA-seq from iNs derived from aHDFs

(Fib-iNs) and iNs derived from iPSCs (iPSC-iNs) from the

same individuals to assess age-related aspects in the result-

ing neurons (Figure 5A). First, GSEA was performed to

determine if any molecular features relating to cellular

Figure 4. Generation of iDANs from iPSCs of healthy donors and idiopathic PD patients
(A) Brightfield images of fibroblasts reprogrammed to iPSCs using a StemRNA 3rd Generation Reprogramming Kit. Scale bar, 100 mm.
(B) Cells retained a normal karyotype.
(C) FACS quantification of stem cell markers OCT4, SOX2, and CD24.
(D) Immunofluorescence staining showing that cells express stem cell markers NANOG, OCT4, and CD24. Scale bar, 50 mm.
(E) MAP2-positive, TAU-positive, and TH-positive iPSC-iDANs. Cells are counterstained with DAPI (in blue). Scale bars, 100 mm.
(F) Representative images of MAP2-positive, TAU-positive, and TH-positive iPSC-iDANs derived from healthy donors and PD patients. Cells
are counterstained with DAPI (in blue). Scale bars, 25 mm.
(G) Quantitative RT-PCR gene expression quantification of DA genes relative to parental iPSC levels (nine clones from five lines). Refer to
Table 1 for information on each donor from which the iPSC cell lines were derived. Data are expressed as mean ± the SD.
(H) Patch clamp recordings of iDANs reprogrammed from RC17 embryonic stem cells at day 35 (n = 8 neurons).
(I) Quantification of double-MAP2-positive and TH-positive cells (from two clones; six well replicates). Data are expressed as mean ± the SD.
(J) Quantification of neurite profile in TAU-positive H-iNs and PD-iNs derived from iPSCs (from two clones; six well replicates). Data are
expressed as mean ± the SD.
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aging were associated with the donor age in Fib-iNs.

Genes were ranked based on their association (using the

Pearson correlation coefficient) with age at sampling

and six gene sets related to aging were extracted from

the Gene Ontology database. Despite the limited age

span of the donors included in this analysis (58–80 years

old), we observed a positive correlation between donor

age with expression of an age-related gene signature

(normalized enrichment score 1.4, adjusted p value =

0.015) in Fib-iNs (adjusted p value = 0.4; Figures 5B–5D).

To complement the GSEA data, we also looked at DNA

damage, another independent marker of cellular aging,

using gH2AX. This analysis comparing the number of

gH2AX spots in the nucleus of parental aHDFs with re-

programmed iNs showed a maintenance of the number

of gH2AX spots after 27 days of conversion, which was

not the case following reprograming of these same cell

lines to iPSC-iNs, indicating a rejuvenation of the cells

during reprograming to pluripotency (Figures 5E–5G).

Next, we looked at the presence of the isoforms of TAU

expressed in adult mature neurons. There are three TAU

isoforms with three repeats (3R) and three with four re-

peats (4R). Neurons generated from iPSCs very strongly

express the 3R isoforms but do not express the 4Rs at

the protein level, even after 1 year of in vitro maturation

(Sposito et al., 2015), reflecting the expression of only

the 3Rs of TAU at the human embryonic stage. This anal-

ysis showed that exon 10 (giving rise to 4R isoforms) is

only expressed in iNs from aHDFs (in �40% of tran-

scripts), and not in iNs derived from fetal fibroblasts or

from iPSCs (Figure 5H). Moreover, the 3R/4R ratio for

aHDFs was 23%, whereas it was <1% for hFL1s. Taken

together, this analysis suggests that donor age is at least

partially maintained during iN conversion but erased dur-

ing iPSC reprogramming, similar to other reports (Capano

et al., 2022; Mertens et al., 2015; Tang et al., 2017).

Phosphorylated aSYN is a hallmark of PD pathology

and this has been recapitulated in some iPSC-based

cellular models of genetic forms of PD (Kouroupi et al.,

2017; Lin et al., 2016) but not idiopathic PD. We there-

fore sought to investigate whether alterations in stress-

induced autophagy observed in Fib-iNs from idiopathic

PD patients could lead to changes in the levels of phos-

phorylated aSYN at the serine 129 site (pSer129 aSYN).

We found that while a concurrent activation of macroau-

tophagy by starvation and a blockage of the flux with ba-

filomycin A1 did not induce significant changes in

pSer129 aSYN in H-iNs (83.1% ± 53.9% of the starved

condition), it did lead to an increase in the number of

PD-iNs with pSer129 aSYN-positive cytoplasmic dots

(126.5% ± 54.0% of the starved condition) (Figures 6A

and 6B). This increase was also observed when looking

specifically at PD-iDANs (128.1% ± 21.4% of the starved

condition), compared with H-iDANs, which again did

not show any changes in pSer129 aSYN upon bafilomy-

cin A1 treatment (98.2% ± 16.0% of the starved condi-

tion) (Figures 6D and 6E). Positive correlation between

the accumulation of 81A-positive puncta in two inde-

pendent experiments evaluating the pSer129 aSYN spot

expression in iNs and in iDANs showed that the same

cell lines are prone to pSer129 ⍺SYN accumulation inde-

pendently of the neuronal subtype, and demonstrates

the reproducibility of these experiments (Figure S6G).

Interestingly, for some of the results including pSer129

⍺SYN, p62, and LAMP2 accumulation, subanalyses al-

lowed a stratification of the PD patient population based

on their age and age at onset (Figures S3J and S6I).

Finally, to assess whether elevated basal levels of total

aSYN could explain the elevated levels of pSer129

aSYN observed in lines starved and treated with bafilo-

mycin A1, we plotted the measure of the total aSYN fluo-

rescence intensity against the pSer129 aSYN expression

Figure 5. Assessment of cellular aging
(A) Overview of RNA-seq experiment.
(B) Gene set enrichment analysis (GSEA) showing enrichment scores of pathways related to cell aging.
(C) Top genes showing a clear increase in expression with age were extracted from the Gene Ontology database and queried against using
GSEA (as implemented in the clusterProfiler R package). Five out of six of these gene sets showed negative enrichment scores, indicating
association of aging with donor age in this dataset.
(D) Multicellular organism aging showing a significant enrichment score.
(E) Representative image of gH2AX expression in TAU-positive iNs, parental fibroblasts and iPSC-iNs, all from line #18 (87 years old). Scale
bar, 10 mm.
(F) Quantification of gH2AX-positive puncta in TAU-positive iNs and parental fibroblasts (mean average of 1,327 fibroblasts and 1,210
TAU-positive cells assessed per line, n = 26 lines). Two-tailed paired t test: p = 0.071, df = 25.
(G) Quantification of gH2AX-positive puncta in TAU-positive iNs, parental fibroblasts and iPSC-iNs (mean average of n = 329 fibroblasts,
n = 833 TAU-positive iNs, and n = 24 iPSC-iNs assessed per line, n = 3 lines). Refer to Table 1 for the information of each donor from which
the iPSC cell lines were derived.
(H) Sashimi plots visualizing splice junctions and genomic coordinates from merged bam files from adult Fib-iNs (red) and fetal Fib-iNs
(blue) indicating that expression of exon 10 (4R isoforms) is only present in iNs from adult fibroblasts. Height of bars indicates expression
level and the number on the lines gives number of reads spanning that splice junction. ns, not significant; Vim, vimentin.
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measured in iDANs. There was no correlation be-

tween basal total aSYN levels and the bafilomycin A1-

induced accumulation of pSer129 aSYN in iDANs

(Figure S6H), suggesting that the increase seen in the

PD group is not due to higher basal aSYN expression

(Figures S2L–S2N). When assessing iN reprogrammed

from iPSCs established from the two PD lines showing

the most pSer129 aSYN accumulation in fibroblast-

derived iNs and iDANs as well as three control lines

(Table 1), we could not detect any pSer129 aSYN puncta

in the resulting iPSC-iNs in these lines (Figures 6B and

6C), supporting that the maintenance of age in iNs is

important for modeling the aSYN pathophysiology of

idiopathic PD.

Figure 6. Autophagy impairments lead to an accumulation of phosphorylated aSYN in PD-iNs and PD-iDANs
(A) Confocal images of 81A-positive dot expression in TAU-positive iNs directly reprogrammed from fibroblasts. Scale bar, 10 mm.
(B) Fluorescent images of 81A-positive dot expression in TAU-positive iNs reprogrammed from iPSCs. Scale bar, 25 mm.
(C) Quantification of TAU-positive iNs with 81A-positive (pSer129 aSYN) puncta in the cell body (iPSCs-iNs: mean average of 180 TAU-
positive cells assessed per line, n = 3 healthy and n = 2 PD lines. Direct-iNs: mean average of 1,461 TAU-positive cells assessed per line, n =
9 healthy and n = 18 PD lines). Two-tailed unpaired t test: *p = 0.0329, df = 25. Refer to Table 1 for the information of each donor from
which the iPSC cell lines were derived. Data are expressed as mean ± the SD.
(D) Quantification of TAU-positive/TH-positive iDANs with 81A-positive puncta in the cell body (mean average of 28 TAU-positive/TH-
positive cells assessed per line, n = 8 healthy and n = 10 PD lines). Two-tailed unpaired t test: **p = 0.0054, df = 16. Data are expressed as
mean ± the SD.
(E) 81A-positive dot expression (in magenta) in TH-positive iDANs (in green) directly reprogrammed from fibroblasts. Scale bar, 25 mm.
BAF, bafilomycin A1; H: healthy; PD, Parkinson’s disease; ST, starved.
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DISCUSSION

We report on an improved cellular model of idiopathic PD

using a REST knockdown approach to enable neuronal

gene transcription in aHDFs (Drouin-Ouellet et al., 2017),

combined with an optimal combination of DA fate deter-

minants (Lmx1a, Lmx1b, Foxa2, Otx2, Nr4a2). This new

direct reprogramming approach increased the efficiency,

subtype identity, and functional maturation of iDANs dur-

ing direct conversion,making it possible to perform studies

at a scale suitable for disease modeling, drug screening, and

other biomedical applications. The model is much less la-

bor intensive and cost-effective than iPSC-modeling,

which allowed us to compare iNs from 18 different idio-

pathic PD patients that were all processed at the same

time. Moreover, it maintains the donor’s age and reflect

pathological changes after only 25 days.

We observed alterations in stress-induced autophagy

across the different patient-derived iNs compared with

healthy donor lines. We found that blocking the autopha-

gic flux through the inhibition of the fusion of autophago-

somes with lysosomes resulted in accumulation of pSer129

aSYN in PD-iNs and PD-iDANs. These impairments of auto-

phagy-lysosomal function may reflect the effect of the

important presence of variants of genes related to lyso-

somal storage disorders in the PD patient population.

Indeed, a recent study reported that more than half of

the cases in a PD patient cohort harbored one or more pu-

tative damaging variants among the lysosomal storage dis-

orders genes, suggesting the possibility that these variants

may interact in a multi-hit, combinatorial manner to

degrade lysosomal function, causing the accumulation of

aSYN and increasing susceptibility to PD (Robak et al.,

2017). Future studies using lines derived from patients

with strong genetic forms of PD will also help our under-

standing of the phenotypes found in the idiopathic PD

lines and how they relate to different pathways disrupted

in familial PD.

Disease-associated impairment could not be detected in

the parental aHDFs, nor in the same cells when they were

first reprogrammed to pluripotency and then converted

toDAneurons. This shows that direct conversion of aHDFs,

where age-related aspects of the donor aremaintained, pro-

vides a faithful cell-based model of idiopathic PD. Impor-

tantly, our cellular model showed that iNs from different

patients are not impaired to the same degree. We found

that the degree of impairment relates, at least to some

extent, to the age of the donor, the age at PD onset, and

the MAPT haplotype. This effect of age and genetic vari-

ance on disease pathology has not been recapitulated in

cellular models before, and suggests that direct conversion

to iDANs could be used for differential diagnostics, drug

screening, and disease modeling of late-onset neurogener-

ative diseases while also capturing the heterogeneity of dis-

ease that is apparent clinically.

In this respect, our results demonstrate the utility of es-

tablishing models of neurodegenerative disorders with

cells that resemble the subtype and functionality of the

affected neurons in individual patients as closely as

possible. For example, we could not detect any auto-

phagy-related impairment in the aHDFs prior to conver-

sion, clearly demonstrating that the reprogramming to

neurons is essential to reveal disease-related phenotypes.

Also, specific CMA impairments were detected only in

iNs with a DA phenotype.

While it is hard to draw exact parallels between stem-cell

derived neurons formed via developmental principles and

directly converted neurons, both systems have their own

merits. Of importance here is that the aging signature of

the donor cell is maintained during direct conversion

when postmitotic neurons are formed without a prolifera-

tive intermediate. Our data support the maintenance of

donor age, which uniquely allows for modeling age-related

aspects of PD. Future studies using this cellular model will

thus contribute to a deeper understanding of the age-associ-

ated pathology of PD along with the cellular basis of disease

subtypes and variable progression and, by so doing, allow us

to better develop and assess novel therapeutic interventions.

EXPERIMENTAL PROCEDURES

Cell lines
aHDFs were obtained from the Parkinson’s Disease Research Clinic

at the John vanGeest Centre for Brain Repair (Cambridge, UK) and

used under full local ethical approvals: REC 09/H0311/88 (Univer-

sity of Cambridge) and CERSES-18-004-D (University of Montreal)

(Table 1). The subjects’ consent was obtained according to the

declaration of Helsinki. Cell lines used in this study will be made

available to others subject to appropriate ethical approval and an

MTA from the requestor. For biopsy sampling information see

Drouin-Ouellet et al. (2017).

Neural reprogramming
For direct neural reprogramming, aHDFswere plated at a density of

26,300 cells/cm2 in 24-well plates (Nunc) according to a previously

published protocol (Shrigley et al., 2018). Prior to plating, thewells

were coated overnight with either 0.1% gelatin (Sigma), or a com-

bination of polyornithine (15 mg/mL), fibronectin (0.5 ng/mL), and

laminin (5 mg/mL). To assess the reprogramming efficiency of each

line, all 28 lines were reprogrammed at the same time with the

same virus mixture, and this was repeated three times using

different batches of virus for each of the eight lentiviral vectors

required for the iDAN reprogramming.

Starvation and bafilomycin A1 treatment
On day 28 following viral transduction, iNs were starved for 4 h by

replacing the culture medium with HBSS and Ca2+/Mg2+ and
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compared with the condition without starvation, where cells were

left in their original culture medium. The duration of starvation

treatment was chosen based on a starvation curve performed on

the iNs (0, 2, and 4 h), which showed clear increases in p62 and

LC3 expression by WB in the absence of neuronal cell death

(Figures S2D and S2E). For the experiment with bafilomycin A1,

cells were starved in HBSS Ca2+/Mg2+ containing bafilomycin A1

(100 nM; SigmaAldrich) for 2 h and comparedwith cells incubated

in HBSS Ca2+/Mg2+ containing dimethyl sulfoxide (DMSO;

vehicle). This regimen was chosen based on the increase of LC3-

II and the LC3-II/LC3-I ratio as assessed by WB. At the end of the

incubation period, cells were fixed in 4% paraformaldehyde.

High-content screening quantifications
The total number of DAPI-positive, TAU-positive, and TH-positive

cells per well, as well as the average fluorescence intensity for

aSYN, was quantified using the Cellomics Array Scan (Array Scan

VTI, Thermo Fisher). Average dot number and size were measured

in those neurons in which the cytoplasm and neurites were

defined by TAU or TH staining. Puncta of p62, LC3, LAMP2,

LAMP2a, HSC70, aSYN, and 81Awere detected (using a spot-detec-

tion program) and measured in each case. Images with cells with

extreme valuesweremanually verified tomake sure that poor focus

was not underlying these results. The primary antibodies used are

listed in Table S1. Cell images in Figures 2, 3A, 3C, 3E, 6A, 6B, and

6E are representatives images acquired by confocal microscopy

(Zeiss LSM800) at 633.

Statistical analysis
All data are expressed as mean ± the SD. Whenever the analysis is

performed with one cell line, three to four well replicates were

used. In case of experiments using multiple cell lines, we used a

minimum of n = 6 to account for inter-individual variation. A

Shapiro-Wilk normality test was used to assess the normality of

the distribution. When a normal distribution could not be

assumed, a non-parametric test was performed. Groups were

compared using a one-way ANOVA with a Bonferroni post hoc or

a Kruskal-Wallis test with a Dunn’s multiple comparisons tests.

To determine whether there was a significant difference between

two sets of observations repeated on the same lines, a paired sam-

ple t test was also performed. In cases of only two groups, theywere

compared using a Student’s t test. An F test was used to compare

variance and, in cases of unequal variance, a Welch’s correction

test was then performed. Statistical analyses were conducted using

the GraphPad Prism 7.0. An alpha level of p < 0.05 was set for

significance.

See supplemental experimental procedures for further details.

Data and code availability
The accession number for the RNA-seq dataset reported in this pa-

per is GEO: GSE125239.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/

10.1016/j.stemcr.2022.08.010.
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Abstract.
Background: Human induced pluripotent stem cells (hiPSCs) have been proposed as an alternative source for cell replacement
therapy for Parkinson’s disease (PD) and they provide the option of using the patient’s own cells. A few studies have
investigated transplantation of patient-derived dopaminergic (DA) neurons in preclinical models; however, little is known
about the long-term integrity and function of grafts derived from patients with PD.
Objective: To assess the viability and function of DA neuron grafts derived from a patient hiPSC line with an �-synuclein
gene triplication (AST18), using a clinical grade human embryonic stem cell (hESC) line (RC17) as a reference control.
Methods: Cells were differentiated into ventral mesencephalic (VM)-patterned DA progenitors using an established GMP
protocol. The progenitors were then either terminally differentiated to mature DA neurons in vitro or transplanted into 6-
hydroxydopamine (6-OHDA) lesioned rats and their survival, maturation, function, and propensity to develop �-synuclein
related pathology, were assessed in vivo.
Results: Both cell lines generated functional neurons with DA properties in vitro. AST18-derived VM progenitor cells
survived transplantation and matured into neuron-rich grafts similar to the RC17 cells. After 24 weeks, both cell lines
produced DA-rich grafts that mediated full functional recovery; however, pathological changes were only observed in grafts
derived from the �-synuclein triplication patient line.
Conclusion: This data shows proof-of-principle for survival and functional recovery with familial PD patient-derived cells
in the 6-OHDA model of PD. However, signs of slowly developing pathology warrants further investigation before use of
autologous grafts in patients.
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INTRODUCTION

Parkinson’s disease (PD) is one of the most com-
mon neurodegenerative disorders, affecting millions
of people worldwide. It is characterized primarily
by the loss of dopaminergic (DA) neurons in the
substantia nigra pars compacta, degeneration of the
nigrostriatal pathway, and the presence of patholog-
ical protein inclusions known as Lewy bodies. For
decades cell replacement therapy, where the aim is
to replace the lost DA neurons with new healthy
ones, has been explored as a treatment for PD [1]. In
early clinical trials, patients were transplanted with
DA progenitors obtained from fetal ventral mesen-
cephalic (VM) tissue [2, 3]. These efforts showed
proof-of-principle for graft survival and long term
clinical benefit, albeit with varying outcomes [4–8].
However, fetal tissue is scarcely available, and its use
for transplantation is associated with a number of eth-
ical and practical issues. Alternative cell sources are
therefore required for wide use of cell replacement
therapy in PD.

Recent advances in stem cell biology now make
it possible to generate DA progenitors from human
embryonic stem cells (hESCs) and human induced
pluripotent stem cells (hiPSCs) in vitro with high
similarity to authentic midbrain DA neurons [9–11].
These pluripotent stem cell-derived DA neurons
represent a scalable source of cells that can be
standardized, and quality controlled prior to trans-
plantation. Additionally, the use of hiPSCs provides
the option to use the patient’s own cells for transplan-
tation. Autologous cell replacement therapy has the
advantage that the patient may not require immuno-
suppressive drugs, therefore avoiding any associated
complications [12–16].

In some patients who received fetal VM trans-
plants, postmortem analysis revealed the presence of
slowly developing pathological or phosphorylated �-
synuclein (pSyn) inclusions within the grafted cells
[17–21]. Currently, it remains unclear if patient-
derived VM progenitors would be inherently more
susceptible to develop pathology in the grafted DA
neurons than cells from healthy donors over time. A
number of in vitro studies suggest that patient-derived
DA neurons, especially those from familial forms of
PD, are more vulnerable to dysfunction and protein
inclusions due to their disease-specific backgrounds
[22–26]. However, only a small number of studies
have investigated transplantation of patient-derived
DA neurons in preclinical models of PD using hiP-
SCs derived from sporadic PD patients [11, 27–29].

None of these studies reported any evidence of pathol-
ogy in the transplant, however, given the extensive
time it takes for pathology to develop in patients who
received fetal VM transplants (>10 years), it may be
too early to observe any pathological changes in cells
from sporadic PD patients in these models.

In this study, we used a hiPSC line derived from an
individual with a triplication mutation in SNCA, the
gene encoding for �-synuclein (�Syn). Mutations in
the SNCA gene have been linked to familial forms
of PD [30–32] and variation at this locus (4q22)
is also the most significant risk factor for sporadic
PD [33, 34]. The �Syn triplication mutation leads
to three copies of the gene on the first allele and
one copy on the second allele, totaling 4 copies of
the SNCA gene. This results in a doubling of mes-
senger RNA and �Syn protein expression [26, 31,
35]. Since �Syn forms a major component of Lewy
body pathology [36], and the triplication mutation is
associated with early onset and rapidly progressing
PD [31], we hypothesized that �Syn pathology, if
present, would develop earlier in these grafts. There-
fore, to investigate how cells with �Syn triplication
mature and function, and if they develop any pathol-
ogy after extended time periods after transplantation,
we transplanted DA neurons derived from the Alpha
Synuclein Triplication line AST18 [35] into the 6-
hydroxydopamine (6-OHDA) preclinical model of
PD. RC17, a clinical grade hESC line that has been
extensively used in a number of pre-clinical studies
[10, 37–39] was grafted in parallel as a control.

MATERIALS AND METHODS

Terminal differentiation of DA neurons

hESCs (RC17; Roslin Cells) and hiPSCs (AST18)
were differentiated into DA neurons as described
in Nolbrant et al. 2017 [10]. Pluripotent cells were
maintained on laminin-521 in iPS brew. Cells were
passaged approximately every 7 days (or when reach-
ing confluency) with EDTA using a seeding density
of 2,500 cells/cm2 in iPS brew with Y-27632. For
differentiation, on day 0 cells were plated on laminin-
111 coated wells in differentiation medium (N2
medium + Y-27632 + SB431542 + Noggin + Shh-C2
4II + CHIR99021), they received a medium change
on day 2, 4, and 7. On day 9 the medium was changed
to N2 medium + FGF8b. Cells were replated on
day 11 using replating medium (B27 medium + Y-
27632 + BDNF + AA + FGF8b), they also received
a medium change on day 14. On d16 cells were
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replated using terminal differentiation medium (B27
medium + BDNF + AA + GDNF + cAMP + DAPT),
cells received a medium change every 2-3 days.
From day 25 onwards, only 75 % of the medium was
replaced to reduce the risk of cell detachment. Cells
were fixed and analyzed after 35 days in culture.

Electrophysiology

Electrophysiological recordings were performed
on cells after 35 days in culture. Cells were cul-
tured on coverslips and transferred to a recording
chamber with constant flow of Krebs solution gassed
with 95% O2 and 5% CO2 kept at room tempera-
ture (RT). The composition of the Krebs solution
was (mM) 119 NaCl, 2.5 KCl, 1.3 MgSO4, 2.5
CaCl2, 25 Glucose and 26 NaHCO3. Multiclamp
700B (Molecular Devices) and pulled glass capil-
laries with a resistance of 3–7 MOhm filled with
intracellular solution (mM) 122.5 potassium glu-
conate, 12.5 KCl, 0.2 EGTA, 10 Hepes, 2 MgATP,
0.3 Na3GTP and 8 NaCl adjusted to pH 7.3 with
KOH were used for recordings. Data acquisition was
performed with pClamp 10.2 (Molecular Devices);
current was filtered at 0.1 kHz and digitized at 2 kHz.
Cells with a neuronal morphology and clear from any
surface debris were selected for recordings. Imme-
diately after establishing whole-cell access resting
membrane potential (RMP) was measured in current
clamp mode, and cells were kept at a holding poten-
tial of –60 to –70 mV. 500 ms long current in rheobase
injection steps from –20 to + 35pA at 5pA increments
was performed for evoked action potentials. For mea-
surements of inward sodium and delayed rectifying
potassium currents cells were clamped at –70 mV and
voltage-depolarizing steps were delivered for 100 ms
at 10 mV increments. Data analysis was performed
using Igor Pro 8.04 (Wavemetrics) with NeuroMatic
package [40].

Immunocytochemistry

Cells were fixed in 4% PFA for 15 min and washed
twice using 0.1 M phosphate-buffered saline with
potassium (KPBS, pH = 7.4). Before staining cells
were washed once with KPBS and then incubated in
blocking solution (KPBS containing 0.1% Triton-X
and 5% serum specific to the species of the sec-
ondary antibody) for 1 h. Following this, the primary
antibody in blocking solution was added overnight
at 4

◦
C. The primary antibodies used were: rabbit

anti-LMX1A (1:1000, Merck Millipore ab10533),

mouse anti-FOXA2 (1:500, Santa Cruz Biotech-
nology sc101060), goat anti-OTX2 (1:2000, R&D
Systems AF1979), rabbit anti-TH (1:1000, Merck
Millipore ab152), mouse anti-TAU(HT7) (1:500,
Thermo Fisher Scientific MN1000), chicken anti-
MAP2 (1:10000, Abcam ab5392), goat anti-GIRK2
(1:200, Merck Millipore ab65096), and mouse anti-
�-synuclein (1:250, BD Biosciences 610787). The
next day cells were washed three times and incubated
with fluorophore-conjugated secondary antibodies
(1:200, Jackson ImmunoResearch Laboratories) and
DAPI in blocking solution for 2 h at room temperature
(RT). Cells were then washed with KPBS a further
three times and stored at 4

◦
C until analysis.

Animals

All procedures were performed in accordance
with the European Union Directive (2010/63/EU)
and approved by the local ethical committee at
Lund University, as well as the Swedish Department
of Agriculture (Jordbruksverket). Female Sprague-
Dawley (SD) rats were purchased from Charles River
Laboratories and female nude athymic rats (Hsd:RH-
Foxn1rnu) were purchased from Envigo. All rats were
housed in ventilated cages with ad libitum access to
food and water under a 12- h light/dark cycle.

In vivo experimental design

SD rats received a 6-OHDA medial forebrain
bundle (MFB) lesion and the extent of the lesion
was confirmed by amphetamine-induced rotation test
after 4 weeks. Following this, the rats received cell
transplantation surgery and were perfused 8 weeks
later. SD rats received daily immunosuppression via
intraperitoneal injection of cyclosporine (10 mg/ kg)
to prevent graft rejection. Nude athymic rats received
a 6-OHDA MFB lesion and the extent of the lesion
was confirmed by the amphetamine-induced rota-
tion test after 4 weeks. Following this, the rats
received cell transplantation surgery and were per-
fused either 7 or 24 weeks later. Behavioural recovery
was assessed by amphetamine-induced rotations at
16, 18, 20, 22, and 24 weeks post-transplantation.

Preparation of DA progenitor cells for
transplantation

hESCs (RC17; Roslin Cells) and hiPSCs (AST18)
were differentiated into VM-patterned progenitor
cells as described in Nolbrant et al. 2017 [10] and
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transplanted on day 16. All cell preparation batches
passed quality control checks as in the protocol (Sup-
plementary Figure 1).

Surgeries

All surgeries were performed under general anes-
thesia using a solution of fentanyl (0.36 mg/kg) and
medetomidine hydrochloride (dormitor; 0.36 mg/
kg). Animals were placed into a stereotaxic frame and
the tooth bar was adjusted to the flathead position. For
the lesion surgery, 3 �L of 6-OHDA (3.5 �g/�L of
free base, dissolved in ascorbate-saline) was injected
unilaterally into the MFB (AP –4.4, ML –1.1, DV
–7.8) at a rate of 0.3 �L per minute. For the transplant
surgery, 4 �L of cell suspension (75,000 c/�L) was
injected unilaterally at four sites in the striatum (SD
rats: AP + 0.5, ML –3.0, DV –4.5/–5.5 and AP + 1.2,
ML –2.6, DV –4.5/–5.5; nude athymic rats: AP + 0.9,
ML –3.0, DV –4.0/–5.0 and AP+1.4, ML –2.6, DV
–4.0/–5.0) at a rate of 1 �L per minute. After surgery,
anesthesia was reversed with atipamezole (antisedan;
0.28 mg/kg) and analgesia was administered using
buprenorphine (temgesic; 0.04 mg/kg).

Behavioural testing

Rotational bias was assessed by amphetamine-
induced rotations both before transplantation and
at several timepoints after transplantation. Animals
received an intraperitoneal injection of dexam-
phetamine solution (3.5 mg/kg) and were placed into
automated rotometer bowls for 90 min (Omnitech
Electronics Inc.). Full body turns towards the side
of the lesion were given positive values and turns
to the opposite side given negative values, with data
expressed as net turns per minute. In the behavioural
assessment, only animals with complete lesions (>4
net turns/min on the amphetamine rotation test at
baseline) and confirmed TH+ cell loss in the substan-
tia nigra post-hoc were included, resulting in n = 5 for
the RC17 and n = 5 for the AST18 group.

Immunohistochemistry

Rats were given terminal anesthesia with a lethal
dose of sodium pentobarbitone injected intraperi-
toneally. Animals were transcardially perfused with
physiological saline solution followed by ice-cold 4%
PFA. Brains were post-fixed for 24 h in 4% PFA,
transferred to 25% sucrose for 48 h and then sectioned
coronally using a freezing microtome at a thickness
of 35 �m (1:8 series). Immunohistochemistry was

performed on free floating sections and all wash-
ing steps used 0.1 M phosphate-buffered saline with
potassium (KPBS, pH = 7.4).

For DAB staining, sections were washed three
times and then incubated in a quench solution for
15 min at RT. After washing a further three times, the
sections were incubated in blocking solution (KPBS
containing 0.25% Triton-X and 5% serum specific to
the species of the secondary antibody) for 1 h. Fol-
lowing this, the primary antibody in blocking solution
was added overnight at RT. The primary antibodies
used were mouse anti-hNCAM (1:1000, Santa Cruz
Biotechnology sc106) and rabbit anti-TH (1:2000,
Merck Millipore ab152). The next day sections were
washed twice and incubated in blocking solution for
30 min. The sections were incubated with secondary
biotinylated antibodies (1:200, Vector Laboratories)
for 1 h at RT. After washing a further three times,
sections were incubated with avidin-biotin complex
(ABC) for 1 h at RT for amplification. Next, sections
were incubated in 0.05% DAB for 1–2 min before
addition of 0.01% H2O2 for 1–2 min. After develop-
ment, sections were mounted on gelatin-coated slides
and then dehydrated in an ascending series of alco-
hols, cleared in xylene, and coverslipped with DPX
mountant.

For fluorescent immunolabeling, sections were
washed three times and then incubated in Tris-EDTA
(pH 9.0) for 30 min at 80◦C for antigen retrieval.
After washing a further three times, the sections were
incubated in blocking solution for 1 h. Following this,
the primary antibody in blocking solution was added
overnight at RT. The primary antibodies used were:
rabbit anti-TH (1:2000, Merck Millipore ab152),
sheep anti-TH (1:1000, Merck Millipore ab1542),
mouse anti-�-synuclein (211) (1:2000, Santa Cruz
sc12767), rabbit anti-IBA1 (1:1000 WAKO 019-
19741), mouse anti-p-synuclein (81A) (1:10000, gift
from Kelvin Luk University of Pennsylvania). The
next day sections were washed twice and incu-
bated in blocking solution for 30 min. The sections
were incubated with fluorophore-conjugated sec-
ondary antibodies (1:200, Jackson ImmunoResearch
Laboratories) for 1 h at RT. After washing a further
three times, sections were mounted on gelatin-coated
slides and coverslipped with PVA-DABCO contain-
ing DAPI (1:1000).

Graft quantifications

Photomicrographs of hNCAM stained coronal sec-
tions were taken at the level of the striatum. To



115

S. Shrigley et al. / �Syn Triplication Grafts Develop Pathology 519

determine graft volume, the area of the graft core
in every eighth section through the graft was mea-
sured using ImageJ (version: 2.0.0-rc-69/1.52p) and
calibrated by associating the number of pixels with
a known measurement, obtained from a scale taken
as a photomicrograph using the same resolution and
settings. The graft volume was calculated according
to Cavalieri’s principle, given the known distance
between each section and the known section thick-
ness. To determine the DA neuron yield, the number
of DAB-stained TH+ neurons in each section was
counted manually using the Olympus AX70 inverted
microscope at 20x magnification in brightfield. Final
counts were adjusted for the number of series (1:8),
and Abercrombie’s formula was used for correction
of cell counts in histological sections to get an esti-
mate of the total number of TH+ cells within the graft.

For the counts of pSyn+ pathology inside TH+
and IBA1+ cells, fluorescent images were taken on a
TCS SP8 laser scanning confocal microscope at 20X
objective magnification, and collected in a 3D stack
(775 × 775 �m x ca25 �m). The scan resolution was
2048x2048 and scanning speed 200 MHz interval of
every 1 �m (z-stack). Microglia size was calculated
by determining the total volume of stained IBA1+
cells determined by threshold in the collected 3D
stack, divided by the number of IBA1+ cells in each
stack. Microglia density was calculated by the num-
ber of microglia/stack. TH+ and IBA1+ cells were
identified and assessed for co-expression of pSyn+
inclusions using Volocity software. 15 animals were
quantified (7 in the RC17 group and 8 in the AST18
group), with 5730 IBA1+ cells counted in total (mean
382 IBA1+ cells per animal) and 2703 TH+ cells
counted in total (mean 180 TH+ cells per animal).

RESULTS

αSyn triplication does not significantly affect
differentiation towards DA neurons in vitro

In order to confirm previous findings that the �Syn
triplication line does not affect differentiation into
DA neurons in vitro [35], we performed an experi-
ment with both the AST18 and RC17 lines patterned
towards a VM fate using our previously published
GMP differentiation protocol [10]. Immunostaining
on day 35 showed high expression of neuronal mark-
ers TAU and MAP2, as well as the DA marker TH in
both cultures (Fig. 1A). Moreover, RC17-derived and
AST18- derived cells expressed FOXA2 and GIRK2,
indicating subtype-specific maturation (Fig. 1B, C).

At this timepoint �Syn was expressed in both cultures
(Fig. 1D).

We also assessed the functional maturity of the DA
neurons at day 35 in vitro using whole-cell patch-
clamp recordings. This revealed similar resting mem-
brane potential, and both lines displayed the ability to
produce evoked action potentials from current injec-
tion (Fig. 1E, F). Moreover, cells exhibited voltage
gated sodium (Na+) and potassium (K+) currents
with no major differences between the cell lines
(Fig. 1G). This demonstrates that both RC17- and AS
T18-derived cells are capable of maturing into func-
tional neurons under in vitro conditions in 35 days.

αSyn triplication VM progenitor cells survive
intracerebral transplantation and generate
neuron-rich grafts

Since AST18 cells have never been investigated
after transplantation before, we first tested their
capacity to survive and mature after intracerebral
grafting. In this experiment, day 16 VM progeni-
tors derived from either RC17 or AST18 were quality
controlled according to Nolbrant et al. 2017 (Supple-
mentary Figure 1) and transplanted into the striatum
of 6-OHDA-lesioned, immunosuppressed SD rats.
The animals in this group were sacrificed at 8 weeks
post-transplantation, a timepoint when, based on pre-
vious studies, the DA neurons are expected to have
formed in the grafts. The grafts were assessed using
standard histology. All transplanted rats (3/3 in the
RC17 group and 3/3 in the AST18 group) had sur-
viving grafts. The grafts were neuron and DA rich,
as evidenced by staining for hNCAM (Fig. 2A) that
detects all human neurons, and the DA neuron marker
TH (Fig. 2C), thus providing evidence that cells with
�Syn triplication survive the transplantation proce-
dure and also mature into DA neurons in vivo.

To substantiate these findings, we repeated the
experiment in 6-OHDA-lesioned nude athymic rats,
that do not require daily injections of cyclosporine,
therefore allowing for functional studies that require
a minimum of 18–20 weeks maturation after
transplantation since human cells mature slowly.
VM-patterned cells from both lines were transplanted
in parallel and a total of 12 rats per cell line were
grafted. Four animals in each group were analyzed
at 7 weeks post-transplantation to confirm the ear-
lier findings obtained in the immunosuppressed SD
rats. All 4 animals in the RC17 group and all 4 ani-
mals in the AST18 group had surviving grafts that
were neuron and TH rich (Fig. 2B, D). We performed
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Fig. 1. Analysis of terminally differentiated DA neurons at day 35 in vitro. Immunostaining of VM-patterned neurons showing (A) high
expression of neuronal markers TAU and MAP2, and DA marker TH. Immunostaining showing co-expression of (B) TH, FOXA2, and
MAP2, (C) TH, GIRK2, and MAP2, and (D) TH, �Syn, and TAU. Scale bar 50 �m. (E) Resting membrane potential (RMP) at day 35
measured by whole-cell patch-clamp recordings showing no major difference between the cell lines, n = 8 in each group. (F) Representative
trace of voltage responses from the whole-cell patch-clamp showing evoked action potentials from current injection. (G) Inward sodium
(Na+) and outward potassium (K+) currents triggered by stepwise depolarization of the cell showing no major difference between the cell
lines, n = 8 in each group. All data are expressed as mean ± the standard deviation.

quantification of graft size and TH+ neuron content
of all rats analysed at 7-8-weeks (n = 7 animals per
group in total, combining grafts from both SD and
nude athymic rats). Although their size and TH+ neu-
ron content varied markedly (Fig. 2E, F), as expected
in xenografts of this type, the data confirmed that both

RC17 and AST18 derived grafts had formed DA neu-
rons with an appearance that is in line with previous
reports. We also examined the grafts for �Syn and, as
expected, we could observe �Syn expression in both
RC17- and AST18- derived grafts at this time point
(Fig. 2G).
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Fig. 2. Short term analysis of transplants. hNCAM immunostaining showing surviving grafts (A) in SD rats at 8 weeks and (B) in nude
athymic rats at 7 weeks from both RC17 and AST18 VM progenitor cells, scale bar 1 mm. High magnification images of TH immunostaining
(C) in SD rats at 8 weeks and (D) in nude athymic rats at 7 weeks, scale bar 50 �m. (E) Graft volume quantified showing no major difference
between the cell lines in both experiments, n = 3 for SD rats (shown in dark blue and dark gray) and n = 4 for nude athymic rats (shown in
light blue and light gray). (F) Quantification of TH+ cells within the graft showing a similar number in grafts from both cell lines in both
experiments, n = 3 for SD rats (shown in dark blue and dark gray) and n = 4 for nude athymic rats (shown in light blue and light gray). (G)
Double staining for TH and human �Syn showing the distribution of �Syn within the transplant (Tx), scale bars 10 �m and 100 �m. All
data are expressed as mean ± the standard deviation.

These results demonstrate that VM progenitors dif-
ferentiated from an �Syn triplication patient hiPSC
line survive and mature into neuron-rich grafts simi-
lar to RC17 hESCs after transplantation in vivo. This
suggests that �Syn triplication does not significantly
affect the ability of transplanted cells to undergo
subtype-specific maturation into DA neurons in the
rodent brain.

VM progenitor grafts derived from an αSyn
triplication hiPSC line survive long term and are
able to mediate functional recovery

Graft-induced functional recovery was assessed
using the amphetamine-induced rotation test in the
6-OHDA lesioned nude athymic rats grafted with
RC17-derived and AST18-derived DA progenitors.

Animals were tested pre-transplantation (0 weeks)
and again at 16, 18, 20, 22, and 24 weeks post-
transplantation. Only rats with complete lesions
(pre-transplant rotation score >4 net turns/min) and
confirmed loss of nigral TH+ neurons (posthoc his-
tological analysis) (Fig. 3A) were included in this
functional analysis, resulting in n = 5 in the RC17
group and n = 5 in the AST18 group. The rotation data
showed that 5/5 of the RC17-derived grafts (Fig. 3B),
and 4/5 of the AST18-derived grafts (Fig. 3C),
mediated full functional recovery at the endpoint of
experiment, i.e., 24 weeks post-transplantation and in
a time course that is expected for human DA neurons
[41, 42].

Histological analysis was performed on all ani-
mals at the end point of the experiment (i.e., also
including those with a partial lesion at the start of
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Fig. 3. Long term behavioural assessment and analysis of transplants. (A) TH immunostaining showing loss of nigral TH+ neurons in the
substantia nigra on the lesioned side of the brain, scale bar 1 mm. Net ipsilateral rotation scores at 0, 16, 18, 20, 22, and 24 weeks showing
progressive recovery of rotational bias (B) in 5/5 animals in the RC17 group and (C) in 4/5 animals in the AST18 group. (D) hNCAM and
TH immunostaining showing surviving grafts at 24 weeks from RC17 VM progenitor cells, scale bar 1 mm. High magnification images of
TH immunostaining within the graft at 24 weeks, scale bar 50 �m. (E) hNCAM and TH immunostaining showing surviving grafts at 24
weeks from AST18 VM progenitor cells, scale bar 1 mm. High magnification images of TH immunostaining within the graft at 24 weeks,
scale bar 50 �m. (F) Quantification of TH+ cells within the grafts showing no major difference between the cell lines, n = 8 in each group.
All data are expressed as mean ± the standard deviation.

the experiment). Graft survival was 8/8 in the RC17
group and 8/8 in the AST18 group as assessed by
hNCAM and TH staining (Fig. 3D, E). TH immunos-
taining revealed a more mature neuronal morphology
of the DA neurons in both RC17 and AST18 ani-
mals (Fig. 3D, E, high magnification) compared to
what was observed after 7-8 weeks (Fig. 2C, D),
with most mature TH+ neurons located at the graft
edge (Fig. 3D, E). Quantifications of TH+ cells in
the grafts showed similar DA content between RC17-
and AST18-derived grafts (Fig. 3F). The quantifica-
tions also revealed that the one animal in the AST18
group that did not recover in the rotation test had a
low number of DA neurons (1440 TH+ cells) which
is at the threshold for recovery in the rotation test
[43].

Thus, both wt hESCs and hiPSCs with an �Syn
triplication mutation generate functional grafts rich in
TH+ neurons capable of innervating the surrounding
host striatum and mediating functional recovery.

Grafts derived from αSyn triplication VM
progenitor cells show evidence of pathological
changes

Finally, we performed a detailed investigation of
any potential pathology in the AST18- vs the RC17-
derived grafts at 24 weeks. For this purpose, grafts
were immunolabeled for TH, the microglial marker
IBA1, and pSyn (the phosphorylated, pathological
form of �Syn which is the main component of Lewy
bodies).

We detected a microglial response to the grafts
derived from both cell lines, which is expected with
a xenograft transplant (Fig. 4A-D). As illustrated in
Fig. 4G, the overall density of IBA1+ cells in the
grafts was similar to that seen in the surrounding host
striatum, and it did not differ between the two graft
types. Next, we examined the microglia for expres-
sion of pSyn using confocal microscopy. We observed
distinct pSyn+ inclusions in IBA1+ microglia within
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Fig. 4. Pathology in microglia 24 weeks after transplantation. IBA1 and pSyn immunostaining within the striatum from (A) RC17- and (B)
AST18-derived grafts. The area of the transplant (Tx) is marked with dashed white lines, scale bar 100 �m. High magnification images of
IBA1 and pSyn double staining within the (A’) RC17 and (B’) AST18 transplant, scale bar 50 �m. No pSyn+inclusions were detected in
(C) the host striatum outside of the transplant area or (D) on the contralateral side, scale bar 100 �m. (E) Arrowheads indicating microglia
with pSyn+ inclusions, as well as an TH cell containing a pSyn+ inclusion marked with an asterisk, scale bar 10 �m. (F,F’,F”) Showing a
microglial cell containing pSyn+ inclusion as evidenced by orthogonal projection, scale bar 10 � m. Quantifications showing (G) microglia
density plotted against the number of microglia with pSyn+ inclusions and (H) the percentage (%) of microglia with pSyn inclusions in
RC17- and AST18-derived transplants (Tx) showing a significant difference between the groups (t(13) = 3.20, p = 0.007).

the AST18-derived grafts (Fig. 4B, B’ and 4E, F),
which was markedly different from what we observed
in the RC17-derived grafts (Fig. 4A, A’). The fre-
quency of IBA1+ microglia with pSyn+ inclusions
inside the grafts, as assessed in 3D stacks on the
confocal microscope (Fig. 4H), showed a significant
difference between the two graft types: much fewer
in the RC17 grafts as compared to the AST18-derived
grafts. No pSyn+inclusions were detected in the host
striatum outside of the transplant area (Fig. 4C) or on
the contralateral side (Fig. 4D).

To assess any potential disease-related pathology
in the DA neurons within the grafts, we analysed
the co-expression of TH and pSyn using confocal

microscopy. In line with previous transplantation
studies of RC17-derived DA transplants in the 6-
OHDA model [44], we did not observe any pSyn
pathology in TH+ neurons in the RC17 group. How-
ever, we did find signs of pSyn+ inclusions in a small
number of the TH+ neurons in AST18 grafts (Fig. 5A,
B). Quantifications showed that 7% of the TH+ neu-
rons (99 out of 1437 TH+ neurons counted in 8
different animals) in AST18-derived grafts contained
pSyn+ inclusions (Fig. 5C). The pSyn+ inclusions in
the AST18 grafts were most often found within small
granular aggregates in the cytoplasm (Fig. 5D) or
along neurites (shown by arrowheads in Fig. 5E). We
also observed pSyn+ inclusions in cells that displayed
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Fig. 5. Pathology in DA neurons 24 weeks after transplantation. (A, A’, B, B’) TH, IBA1, and pSyn triple immunostaining within the graft
showing TH+ neurons containing pSyn+ inclusions as evidenced by orthogonal projections, scale bar 20 �m. (C) Quantification of the
number of pSyn+ inclusions in TH+ neurons from both RC17 and AST18-derived grafts. TH and pSyn immunostaining showing (D, D’,
D”) small granular aggregates of pSyn within a TH+ neuron, scale bar 10 � m, and (E, E’) a TH-stained neurite containing pSyn+ inclusions
(indicated by arrowheads), scale bar 20 �m. (F) Granular aggregates of pSyn in a weakly stained DA neuron (shown by arrowheads)
suggesting down-regulation of TH, scale bar 20 �m. All data are expressed as mean ± the standard deviation.

weak TH+ staining (shown by arrowheads in Fig. 5F)
indicative of TH down-regulation as part of a degen-
erative process.

DISCUSSION

Cell replacement therapy for PD was first explored
decades ago, yet a scalable source of cells for trans-
plantation has only recently become available due to
advances in stem cell biology. It is now possible to
efficiently generate transplantable progenitors, from
both hESCs and hiPSCs, that give rise to functional
midbrain DA neurons after transplantation into both
rodent and primate models of PD [9–11, 28]. This
pivotal development has led to the initiation of new
clinical trials using allogeneic hiPSCs in Japan (CiRA
trial) [45], HLA-matched hESCs in China [46], and
others due to be initiated in the next few years in
Europe and the United States [47, 48]. In these trials,

PD patients will be transplanted with DA progenitors
differentiated from either hESCs or hiPSCs (derived
from donors without a PD disease background), and
patients receiving allogeneic transplants will undergo
1 year of immunosuppression [47].

Personalised stem cell therapy for PD is an
attractive future application that is actively under
investigation. An autologous grafting strategy in-
volves hiPSC generation, differentiation, and trans-
plantation of the patients’ own cells, and would
remove the need for immune suppression. To date,
one individual with sporadic PD has been reported
to have received an autologous cell transplantation,
approved by regulatory authorities as compassionate
use [16], thereby showing feasibility of the approach.
However, given post mortem evidence of slowly
developing pSyn pathology in the recipients of fetal
VM grafts [17–21], and the observation of disease-
associated features appearing when patient-derived
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hiPSCs are differentiated into DA neurons in vitro
[22–26], a number of questions relating to the long-
term integrity, stability and function of grafts from
patient-derived cells remain to be answered.

One key issue to be addressed before initiating
clinical trials based on autologous cells are whether
patient-derived cells are more prone to develop
pathology over extended time periods in the brain,
and if they develop pathology in an accelerated man-
ner in an autologous grafting paradigm compared to
strategies where cells from healthy donors are used.
So far, this has been investigated in very few trans-
plantation studies using cell lines generated from
sporadic PD patients. These studies demonstrate that
DA progenitors derived from sporadic PD patients
are capable of producing DA-rich grafts that medi-
ate functional recovery both in rodent [27–29] and
primate models of PD [11]. No obvious signs of
pathology have been reported in these studies. How-
ever, in a clinical setting the graft should remain
healthy and functioning for decades, and this is
not possible to predict from these studies. In this
study, we therefore used a hiPSC line from a patient
with an �Syn triplication mutation with the idea
that the pathological process is likely accelerated
in these cells compared to cells from sporadic PD
patients.

Previous studies have presented conflicting
evidence about the DA differentiation efficiency of
patient cell lines harboring the �Syn triplication
mutation. One study reported that �Syn triplication
impairs neuronal differentiation and maturation in
vitro [49]. However, other studies have reported that
patient cell lines with �Syn mutations differentiate
with the same efficiency as healthy cell lines regard-
less of the SNCA genotype [22, 26, 35]. Here, we
made a comparison of the AST18 cell line (derived
from an �Syn triplication patient) with that of a
clinical grade hESC line with no mutations in known
PD related genes. We found no difference in how
these cells responded to patterning factors, and both
lines generated mature and functional DA neurons
in vitro, which is in agreement with previous studies
[22, 26, 35].

Furthermore, we next showed that �Syn trip-
lication cells generate DA-rich grafts also after
transplantation into the 6-OHDA preclinical model
of PD. At early time points, these grafts behave
on par with grafts derived from a healthy GMP-
grade hESC stem cell line grafted in parallel, and in
line with previous transplantation studies using fetal,
hESC, and hiPSC-derived grafts [10, 11, 37, 38]. In

addition, at 24 weeks post-transplantation grafts
derived from an �Syn triplication patient medi-
ated functional recovery, thereby supporting previous
reports that patient-derived DA neurons function in
preclinical PD models [27–29].

However, contrary to previous studies using cells
derived from sporadic PD patients, we observed the
appearance of pathological changes in grafts derived
from an �Syn triplication patient in the form of pSyn+
inclusions present in both reactive microglia and in
the cell bodies and/or fibers of TH+ neurons indicat-
ing that the pathological process is progressing. The
dynamics and extent of TH down-regulation vs. DA
neuron degeneration is not possible to experimentally
assess in our study, but we did observe signs of TH
down-regulation in affected cells (see for example
Fig. 5F), similar to what has been shown for endoge-
nous DA neurons in AAV-mediated overexpression
of �Syn in vivo [50, 51].

In previous studies �Syn pathology has been
observed in grafted DA neurons [17–21], but in
all these cases the appearance of �Syn aggregates
reflects transfer of pathology from the �Syn overex-
pressing host brain. In this study, �Syn triplication
grafts show evidence of pathological changes at 24
weeks post-transplantation despite there being no
ongoing pathology in the host brain. The development
of �Syn pathology in these grafts is most probably
due to the 2-fold increase in �Syn protein known to be
expressed by these cells [26, 35] suggesting that cell
intrinsic properties, and increased cellular levels of
�Syn in particular, can lead to pathological changes
within the grafts. Of particular note, is that the lim-
ited amount of pathology in the AST18-derived grafts
was of no consequence to the function of the graft at
this timepoint; however, it cannot be ruled out that the
pathology may severely affect the graft and reduce its
effectiveness over an extended period of time which
cannot be modeled in a xenograft setting. Further-
more, this study was conducted in the 6-OHDA lesion
model of PD [52], a toxin based system that induces
profound loss of DA neurons accompanied by severe
motor deficits, but does not reflect the progressive
time course of the disease and lacks pathological hall-
marks of the disease process. Therefore, the presence
of pathology in the cells may in fact be more aggres-
sive when exposed to the host environment of the PD
patient brain, as would be the case in an autologous
grafting paradigm. Future studies, therefore, need
to investigate patient-derived grafts in more disease
relevant models with the presence of proteinopathy
and/or inflammation.
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Even though this and future studies may indicate
that PD patient-derived hiPSCs may not be suitable
for immediate use in autologous therapy, there are
several ongoing developments in the field that could
be used in such cases. For monogenetic cases, gene
correction strategies could be employed at the hiPSC
stage of cell development [26]. Other examples are
drugs or antibodies that prevent Lewy body forma-
tion and/or prevent the potential spread of �Syn from
host to graft that are under development and could
be used in combination with autologous grafting in
both sporadic and familial patient groups [53, 54].
Future studies could also investigate the effect of
engineering �Syn null cells for transplantation, as
it has been suggested that cells lacking �Syn may
be resistant to synuclein pathology [26, 55]. These
developments could allow for autologous cell ther-
apy and the associated benefits, while minimizing
potential pathological effects on the grafted cells and
ensuring their long-term function.
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DG, Krüger R, Federoff M, Klein C, Goate A, Perlmut-
ter J, Bonin M, Nalls MA, Illig T, Gieger C, Houlden H,
Steffens M, Okun MS, Racette BA, Cookson MR, Foote
KD, Fernandez HH, Traynor BJ, Schreiber S, Arepalli S,
Zonozi R, Gwinn K, van der Brug M, Lopez G, Chanock SJ,
Schatzkin A, Park Y, Hollenbeck A, Gao J, Huang X, Wood
NW, Lorenz D, Deuschl G, Chen H, Riess O, Hardy JA,
Singleton AB, Gasser T (2009) Genome-wide association



124

528 S. Shrigley et al. / �Syn Triplication Grafts Develop Pathology

study reveals genetic risk underlying Parkinson’s disease.
Nat Genet 41, 1308-1312.

[35] Devine MJ, Ryten M, Vodicka P, Thomson AJ, Burdon T,
Houlden H, Cavaleri F, Nagano M, Drummond NJ, Taanman
J-W, Schapira AH, Gwinn K, Hardy J, Lewis PA, Kunath T
(2011) Parkinson’s disease induced pluripotent stem cells
with triplication of the �-synuclein locus. Nat Commun
2, 440.

[36] Spillantini MG, Schmidt ML, Lee VM-Y, Trojanowski JQ,
Jakes R, Goedert M (1997) a-Synuclein in Lewy bodies.
Nature 388, 839-840.

[37] Kirkeby A, Grealish S, Wolf DA, Nelander J, Wood J,
Lundblad M, Lindvall O, Parmar M (2012) Generation
of regionally specified neural progenitors and functional
neurons from human embryonic stem cells under defined
conditions. Cell Rep 1, 703-714.

[38] Grealish S, Diguet E, Kirkeby A, Mattsson B, Heuer
A, Bramoulle Y, Van Camp N, Perrier AL, Hantraye
P, Björklund A, Parmar M (2014) Human ESC-derived
dopamine neurons show similar preclinical efficacy and
potency to fetal neurons when grafted in a rat model of
Parkinson’s disease. Cell Stem Cell 15, 653-665.

[39] Cardoso T, Adler AF, Mattsson B, Hoban DB, Nolbrant S,
Wahlestedt JN, Kirkeby A, Grealish S, Björklund A, Parmar
M (2018) Target-specific forebrain projections and appro-
priate synaptic inputs of hESC-derived dopamine neurons
grafted to the midbrain of parkinsonian rats. J Comp Neurol
526, 2133-2146.

[40] Rothman JS, Silver RA (2018) NeuroMatic: An integrated
open-source software toolkit for acquisition, analysis and
simulation of electrophysiological data. Front Neuroinform
12, 14.

[41] Brundin P, Strecker RE, Clarke DJ, Widner H, Nilsson OG,
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