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Abstract 

Extensive preclinical and clinical research have demonstrated the potential of cell-derived brain 

repair for Parkinsonôs disease showing that cells can survive, integrate and reinnervate the 

Parkinsonian brain ultimately providing functional recovery to patients. Although the historical 

source of dopaminergic neurons for cell replacement therapies had been foetal-derived cells, 

the ethical concerns related to their supply and various logistical issues have encouraged the 

field of brain repair to switch towards the transplantation of stem cell-derived dopaminergic 

progenitors.  

 

A multitude of preclinical trials have shown that these cells can survive, differentiate in situ 

and provide amelioration of motor deficits in animal models leading to the initiation of four 

clinical trials with the aim to test safety, tolerability and efficacy of both embryonic stem cell 

(ESC) and induced pluripotent stem cell (iPSC)-derived grafts for patients. However, the 

preclinical literature suggests poor in vivo survival and maturation of these progenitors 

undermining the realisation of the full potential of stem cell replacement therapies.  

 

In this context, injectable biomaterials have the potential to address these challenges. 

Specifically, neurotrophin (NTF)-loaded biomaterials could provide the transplanted cells with 

long-term NTF delivery overcoming the issue of trophic withdrawal post-grafting. Moreover, 

injectable in situ gelling collagen hydrogels could provide supportive benefits by acting as a 

matrix for cell adherence, by creating a physical barrier against the hostôs neuroimmune cells 

and by providing the transplanted cells with a NTF-rich microenvironment to aid their survival 

after transplantation and consequent in situ dopaminergic differentiation.  

 

Thus, the overall aim of this project was to assess the potential of NTF-enriched biomaterials 

for enhancing in situ survival and maturation of human iPSC-derived dopaminergic progenitors 

in Parkinsonian rats, particularly in immunosuppressed (rather than immunodeficient) rats. 

Specifically, we firstly conducted a systematic review of the preclinical literature to assess the 

extent of survival and dopaminergic differentiation of human ESC and iPSC-derived 

dopaminergic progenitors (DAPs) in the brain of Parkinsonian models. We found that cell 

survival was very variable (between 0% and 500%) but relatively high, with a median of 51%. 

However, although also very variable (between 0% and 46%), dopaminergic maturation was 

poor with a median of 3% of the transplanted cells.  
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Therefore, in an effort to improve survival and differentiation outcomes of cells in preclinical 

models, we firstly tested two systems - biomaterial microcarriers and engineered mesenchymal 

stem cells - for the delivery of glial cell line-derived neurotrophic factor (GDNF) in a sustained 

manner. However, these showed either to not being biocompatible or to not be suitable for co-

transplantation with iPSC-DAPs.  

 

In parallel, a recently conducted study in our group showed the ability of a GDNF and brain-

derived neurotrophic factor (BDNF) functionalised collagen hydrogel to dramatically enhance 

survival and differentiation of iPSC-DAPs in the brains of athymic nude rats (T-cell deficient) 

but not in the brains of cyclosporine suppressed rats (T-cell suppressed). Therefore, the focus 

of this research switched to the hydrogel. Particularly, we firstly studied the immunological 

profiles of athymic nude rats and cyclosporine suppressed rats after transplantation of iPSC-

DAPs either alone, with NTFs, in a hydrogel or in a NTF-enriched hydrogel. We found that 

cyclosporine suppressed rats were not fully immunosuppressed at the time of transplantation 

as residual T-cell populations were found infiltrating the brains in the peri-transplant area and 

circulating in the bloodstream. 

 

Next, we used an alternative immunosuppression regime to assess the potential of a NTF-

enriched collagen hydrogel for enhancing in situ survival and maturation of iPSC-derived 

dopaminergic progenitors in immunosuppressed Parkinsonian rats. Although the beneficial 

effect of this hydrogel was not as pronounced as seen in immunodeficient rats, in 

immunosuppressed hosts it still showed a beneficial effect on the corridor test performance, 

and in terms of consistency of survival and differentiation of the cells which generated 

significantly denser grafts compared to when transplanted alone. 

 

In conclusion, a NTF-enriched collagen hydrogel has the potential to improve the efficacy of 

stem cell replacement therapies in Parkinsonôs disease by providing dopaminergic progenitors 

with a supportive microenvironment throughout delivery and during the first week post-

transplantation. However, further studies are required to allow the NTF-enriched collagen 

hydrogel to realise its full potential in immunosuppressed hosts, rather than immunodeficient, 

and further functionalisation is required in order to achieve sustained neurotrophic factors 

delivery in the brain. 
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Chapter 1: General introduction  

Parkinsonôs disease was first described in 1817 by James Parkinson in his seminal 

paper ñAn Essay on the Shaking Palsyò where he outlined the motor symptoms 

observed in six patients on the streets of London. These included resting involuntary 

tremors, unusual posture and propensity to fall (Parkinson, 1817). Although two 

hundred years have passed since Parkinsonôs disease was firstly described, treatments 

remain purely symptomatic and do not target the progression of the illness driven by 

the continuous underlying pathogenesis. Currently, the ñgold-standardò treatment is a 

dopamine replacement therapy by using levodopa, a dopaminergic precursor, which is 

very effective in the early stages of the disease but which leads to serious side effects 

in the long-term use - such as dyskinesia  - and a significant reduction of its therapeutic 

effect (Jankovic, 2002).  

 

In light of these considerations, a disease-modifying therapeutic approach is a major 

unmet clinical need in the treatment of Parkinsonôs disease. In this scenario, cell 

replacement therapies have the potential to restore the impaired dopaminergic 

transmission in the striatum by replacing the diseased neurons with new ones. 

Although dopaminergic neurons derived from elective abortions were the historical 

source of cells for transplantation, currently, stem cell-derived brain repair seems to 

be the most promising approach to target the neuronal loss in the nigrostriatal pathway 

that characterises Parkinsonôs disease. Although five clinical trials are already 

underway to test the safety, tolerability and efficacy of human embryonic stem cells 

(hESCs) ESCs and human induced pluripotent stem cells (iPSCs)-derived grafts 

(Kyoto Trial: UMIN000033564; BlueRock Trial: NCT04802733; STEM-PD: 

NCT05635409, S.Biomedics Co. Trial: NCT05887466, Aspen Neuro: ANPD001), 

this approach is hindered by the variability, and the poor survival and differentiation, 

of the transplanted cells which are issues that need to be addressed in order to maximise 

the therapeutic potential for patients.  

 

In this context, biomaterials are substances that have been engineered to interact with 

biological systems for a medical purpose and have previously been shown to be 

beneficial in improving cell therapy approaches for Parkinsonôs disease in preclinical 
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studies. In particular, injectable hydrogels showed their ability to increase survival and 

reinnervation of the host striatum both after foetal ventral mesencephalon (VM) and 

ESCs-derived transplants (Moriarty et al., 2017, Moriarty et al., 2019, Adil et al., 

2017). This positive effect has been attributed to the biomaterialôs ability to provide 

the cells with a supportive microenvironment representing an adherent matrix and by 

creating a physical barrier to the innate host-immune cells. Moreover, hydrogels can 

be further functionalised with neurotrophic enrichment to provide the transplanted 

cells with a short term reservoir of neurotrophins which showed to be beneficial for 

the transplanted foetal cells (Moriarty et al., 2017, Moriarty et al., 2019).  

 

In light of these considerations, the overall aim of this project was to assess the 

potential of neurotrophin-enriched biomaterials for enhancing in situ survival and 

maturation of human iPSC-derived dopaminergic progenitors in Parkinsonian rats. 

This introduction chapter will provide an overview of Parkinsonôs disease, its 

symptoms and currently available therapeutic approaches. After, this chapter will 

focus on cell-derived brain repair as a possible therapeutic strategy including 

associated limitations. Finally, this introduction will focus on the use of neurotrophins 

and biomaterials as a potential strategy to overcome these limitations.  

 

  PARKINSONôS DISEASE 

Parkinsonôs disease is the second most frequent neurodegenerative disease in the 

world, only surpassed by Alzheimerôs, and with an incidence of 1% of the population 

over 65 years of age (Lees et al., 2009). Currently, the causes of Parkinsonôs disease 

are not fully understood but it is thought to be the result of a combination between 

genetic and environmental factors (Warner and Schapira, 2003). One of the 

pathological hallmark of Parkinsonôs disease is the presence of the pathological form 

of a protein - alpha-synuclein - which result in the formation of aggregates called Lewy 

bodies (Kalia and Lang, 2015). These are known to be one of the factors responsible 

for the degeneration of dopaminergic neurons primarily in the substantia nigra pars 

compacta (SNpc) (although not restricted to this area). As a result, dopaminergic 

transmission in the striatum is impaired leading to a variety of symptoms, including 

motor deficits (Jankovic, 2008). 
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1.1.1 Pathophysiology 

As mentioned above, Parkinsonôs disease is characterised by dopaminergic 

degeneration particularly in the SNpc, which results in an impaired dopaminergic 

transmission in the striatum leading to the characteristic symptoms of the disease, 

which will be discussed later in this chapter. To contextualise the neuropathology of 

Parkinsonôs, it is essential to understand the basal ganglia circuit which is directly 

involved in regulating voluntary movement (DeLong and Wichmann, 2015). 

 

1.1.1.1 Basal ganglia 

The basal ganglia are composed of putamen and caudate nucleus (collectively known 

as the striatum), globus pallidus (including globus pallidus internal (GPi) and globus 

pallidus external (GPe), substantia nigra (divided into substantia nigra pars compacta 

(SNpc) and substantia nigra par reticulata (SNpr)) and the subthalamic nucleus (STN). 

These interconnected nuclei are primarily involved in regulating voluntary 

movements, cognition and emotions as well as inhibiting interfering movements 

(DeLong and Wichmann, 2015). 

 

The striatum is the main structure that receives inputs from the cortex and thalamus. It 

also receives signals from the SNpc through the neurotransmitter dopamine and this 

circuit is fundamental for motor responses. This direct communication between SNpc 

and striatum through dopaminergic signalling represents the nigrostriatal pathway 

(Rice et al., 2011). The striatum is rich in dopamine receptors which are divided into 

two subtypes: D1 and D2 (Tritsch and Sabatini, 2012). D1 receptors are excitatory and 

once stimulated intensify the glutamatergic signals received from the cortex while D2 

receptors have an inhibitory effect on D1 actions once stimulated (Neve et al., 2004). 

The SNpc is rich in the enzyme tyrosine hydroxylase which is necessary for dopamine 

synthesis and communication throughout dopaminergic signalling with the striatum 

(Cavalcanti et al., 2014, Cacciola et al., 2016).  

 

Motor circuits in the basal ganglia can be divided into two main pathways: direct and 

indirect. In the direct pathway, the striatum receives excitatory glutamatergic signals 
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from the cortex as well as dopaminergic inputs from SNpc. Dopamine in the striatum 

binds to D1 receptors resulting in inhibition of GPi and SNpr. These, which are 

naturally inhibiting the thalamus, cannot realise this function anymore allowing the 

thalamus to send excitatory signals to the cortex and initiate voluntary movements 

(Graybiel, 2000). Therefore, the direct pathway is excitatory and, when activated, 

removes thalamus inhibition resulting in the promotion of movement (Fig. 1.1A).  

 

In the indirect pathway, dopamine released in the striatum binds to D2 receptors and 

directly inhibits GPe. Therefore, inhibition of STN, GPi and SNpr is removed. As a 

result, the thalamus is also inhibited. The indirect pathway is considered inhibitory 

and, when activated, inhibits the thalamus resulting in the suppression of unwanted 

movements (Fig. 1.1B) (Calabresi et al., 2014).  
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Figure 1.1. Schematic representation of the basal ganglia circuits. The basal 

ganglia are characterized by two primary pathways: A) direct and B) indirect which 

promote or inhibit motor function respectively. Green neurons represent excitatory 

pathways, red neurons represent inhibitory pathways, black neurons represent 

modulatory pathway (can be both excitatory and inhibitory due to the presence of both 

D1 and D2 receptors) and transparent neurons represent interrupted pathways. D1 and 

D2, dopamine receptor subtypes; SNr and SNc, substantia nigra pars reticulata and 

compacta; GPi and GPe, globus pallidus internal and external; STN, subthalamic 

nucleus. Image adapted from Rocha et al., 2023. 
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1.1.1.2 Nigrostriatal pathway degeneration 

Dopaminergic transmission in the nigrostriatal pathway plays a key role in regulating 

both direct and indirect pathways in the basal ganglia and a fine balance between the 

two is extremely important for motor control. A dysregulation in this pathway is 

considered the base of motor symptoms in Parkinsonôs disease. Indeed, the loss of 

dopaminergic neurons that project from the SNpc to the striatum is one of the primary 

features of the illness. When the motor symptoms of Parkinsonôs manifest, 

approximatively 50% of the dopaminergic neurons in the nigrostriatal pathway have 

already degenerated leading to a reduction up to 80% of dopamine in the striatum 

compared to healthy subjects (Bernheimer et al., 1973, Fearnley and Lees, 1991). The 

delayed onset of the clinical manifestation is explained by the capacity of the brain for 

compensatory mechanisms in the dopaminergic system (Blesa et al., 2017) these 

include upregulation of dopaminergic transmission and downregulation of dopamine 

uptake by dopamine transporter (DAT) (Pifl and Hornykiewicz, 2006, Zigmond et al., 

1990, Uhl et al., 1994). Furthermore, the reduction of striatal dopamine has been 

shown to increase the ratio of D2 receptors which are important for the indirect 

pathway in controlling movements (Chefer et al., 2008, Decamp et al., 1999, Graham 

et al., 1990). However, these compensatory mechanisms inevitably fail because of the 

progressive neuronal death therefore clinical symptoms of the disease start to appear. 

A schematic representation of the impaired basal ganglia circuit is represented in Fig. 

1.2.  
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Figure 1.2. Schematic representation of the basal ganglia circuits in Parkinsonôs 

disease. Degeneration of dopaminergic neurons in the SNc leads to a dopamine 

depletion in the striatum causing imbalance in the basal ganglia circuits leading to a 

reduction of movement. Green neurons represent excitatory pathways, red neurons 

represent inhibitory pathways, black neurons represent modulatory pathway (can be 

both excitatory and inhibitory due to the presence of both D1 and D2 receptors) and 

transparent neurons represent interrupted pathways. D1 and D2, dopamine receptor 

subtypes; SNr and SNc, substantia nigra pars reticulata and compacta; GPi and GPe, 

globus pallidus internal and external; STN, subthalamic nucleus. Image adapted from 

Rocha et al., 2023. 

 

1.1.1.3 Alpha-synuclein and Lewy bodies 

Another neuropathological trademark of Parkinsonôs disease is the accumulation of 

intra-neural inclusions in the substantia nigra which were named ñLewy bodiesò after 

Fritz Jakob Heinrich Lewy who firstly described them in 1912 (Lees et al., 2008). 

These are primarily composed of alpha-synuclein (Spillantini et al., 1997) and other 

proteins such as ubiquitin, ubiquitinated proteins and neurofilaments (Schmidt et al., 

1991). Alpha-synuclein is an intracellular protein composed of 140 amminoacids 

which is primarily found as a monomeric unfolded form in healthy neurons (Burré et 

al., 2013, Fauvet et al., 2012, Gould et al., 2014). Because of its structural flexibility 

it is prone to misfolding and initiation of pathological forms (Lucas and Fernández, 

2020). Particularly, it is hypothesised that the process through which alpha-synuclein 

becomes pathological is a multi-step progression starting with the self-assembly and 
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nucleation of the protein to form oligomers. Although these nuclei are still soluble they 

represent a starting point for more alpha-synuclein to attach and aggregate 

(Saramowicz et al., 2024). These alpha-synuclein formations in Parkinsonôs disease 

are not only limited to Lewy bodies, indeed abnormal neurites, called Lewy neurites, 

have also been found in the striatum of patients and are made of granulated material 

and alpha-synuclein filaments and are more abundant than Lewy bodies (Duda et al., 

2002, Braak et al., 1999). The presence of Lewy bodies is not limited to a single type 

of Parkinsonôs but they have been found both in familial, sporadic cases and also in 

other diseases which are all included under the classification of alpha-

synucleinopathies such as Lewy bodies dementia, Parkinsonôs with dementia, multiple 

system atrophy and neuroaxonal dystrophy (Koga et al., 2021). The dopaminergic 

neurons in the substantia nigra seem to be very susceptible to the formation of Lewy 

bodies (Surmeier et al., 2017). Interestingly, it is hypothesised that this process starts 

outside the central nervous system (CNS), particularly in the olfactory bulb and enteric 

nervous system (Borghammer et al., 2022). Furthermore, alpha-synuclein has the 

capacity of spreading from cell to cell in a prion-like manner, therefore the 

misfolded/aggregated protein might be secreted by one cells and the incorporated by 

another one causing the propagation and formation of Lewy bodies in different areas 

of the body (Jan et al., 2021, Malek et al., 2014, Reyes et al., 2021). In support of this 

hypothesis of misfolded protein spreading from cell to cell it has been observed that 

alpha-synuclein was found in neurons derived from transplanted foetal grafts into 

patients (Li et al., 2008). This evidence suggests that the misfolding and aggregation 

of alpha-synuclein play an important role in the initiation and progression of 

Parkinsonôs disease.  

 

1.1.1.4 Neuroinflammation 

Neuroinflammation is another pathological feature characterising Parkinsonôs disease. 

In 1988, McGeer and colleagues found activated microglia in the brain of Parkinsonôs 

patients (McGeer et al., 1988) and later, astrocytes recruitment was also detected in 

the substantia nigra (Damier et al., 1993). Since then, the role of microglia and 

astrocytes in the pathology of Parkinsonôs disease has been investigated demonstrating 

the importance of neuroinflammation in the progression of the illness. Furthermore, 
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increase in the levels of pro-inflammatory factors such as tumour necrosis factor-Ŭ 

(TNF-Ŭ), interleukin-1ɓ (IL-1ɓ) and interferon-gamma (INF-ɔ) also contributes to the 

neuroinflammatory process (Gerhard et al., 2006, Saijo et al., 2009, Tansey et al., 

2007, Tansey and Goldberg, 2010).  

 

Microglia and astrocytes are part of the innate neuroimmune response. Particularly, 

microglia are considered as surveillance cells and represent a first defence against 

bacterial and viral infections. Once activated, through Toll-like receptor signalling, 

they increase in number and switch from a resting ramified morphology to an 

amoeboid active one (Lull and Block, 2010).  

 

Astrocytes activation happens through pro-inflammatory cytokines released by the 

activated microglia and their role is to intensify even further the inflammatory response 

(Pekny et al., 2014).  

 

In the context of Parkinsonôs disease, the underlying dopaminergic degeneration in the 

substantia nigra exacerbates microgliosis and astrocytosis causing additional cell 

death, triggering further neuroinflammation and creating a degenerative cycle (Gao 

and Hong, 2008) which, although it is not the main cause of dopaminergic cell death, 

it plays a key role in the progression of the illness (Wang et al., 2015). 

 

1.1.1.5 Mitochondrial dysfunction and oxidative stress 

Parkinsonôs pathogenesis is also affected by mitochondrial dysfunction and associated 

oxidative stress. Neurons, in general, are characterised by an increased quantity of 

mitochondria as they require large amounts of energy to realise their function, 

therefore they are more susceptible to mitochondria dysfunction (Villacé et al., 2017). 

Particularly, dopaminergic neurons are mainly susceptible to mitochondrial 

dysfunction because dopamine, if oxidised, generates reactive oxygen species (ROS) 

which can be neurotoxic (Hastings, 2009). Basically, if these ROS accumulate they 

cause oxidative stress because the body is unable to eliminate them if the antioxidant 

ability of the cells is exceeded, ultimately leading to cell death (Hauser and Hastings, 

2013).  
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1.1.2 Etiology  

Although the etiology of Parkinsonôs disease is still unclear, its cause is thought to be 

multifactorial including aging, genetic and environmental factors.  

 

1.1.2.1 Age 

Age is considered the biggest risk factor for Parkinsonôs disease as its incidence 

increases with age. As mentioned before, the prevalence of the disease is 1% in people 

over 65 years old, however this increases to 4% in people over 85 years of age (De 

Lau and Breteler, 2006). Furthermore, the occurrence of the disease is thought to 

inevitably increase as a consequence of an ever-growing and ageing population and 

the number of patients has been predicted to double from 2005 to 2030 (Dorsey et al., 

2007). 

 

The mechanism relating age to Parkinsonôs is not fully understood, however age is 

associated with chronic increase of neuroinflammation and mitochondrial dysfunction 

(Franceschi et al., 2018, Hou et al., 2019) which have been shown to be contributing 

factors to the progression of the disease as mentioned previously. 

 

1.1.2.2 Environment 

Numerous environmental factors are known to be linked to the onset of Parkinsonôs 

disease, some are considered risk factors which cause/increase the risk while others 

are considered protective factors which are associated to a reduced risk of developing 

the illness.  

 

A relationship between some viral infections and Parkinsonôs has been identified, 

examples of these infections are: herpes simplex virus (HSV), influenza virus A and 

mumps (Marttila et al., 1977, Marttila and Rinne, 1978, Harris et al., 2012, Vlajinac et 

al., 2013, Olsen et al., 2018). The first suggestion of a link between a viral infection 

and Parkinsonôs disease dates back to 1917 when an epidemic of encephalitis affected 

the population around the world and patients, months later after the first infection, were 
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developing Parkinsonian symptoms (Hoffman and Vilensky, 2017). It has been 

identified that 50% of Parkinsonôs cases were linked to the encephalitis (Krusz et al., 

1987). 

 

Another convincing example that the etiology of Parkinsonôs disease is influenced by 

environmental factors came in the 1980s when numerous drug users in California 

developed Parkinsonian features overnight. This happened after intravenously 

injecting themselves with heroin derived from a batch which was contaminated with 

its analogue known as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) which 

is metabolised to its toxic form called 1-methyl-4-phenylpyridinium (MPP+). 

Interestingly, all these subjects had an intense response to treatment with levodopa 

(Langston et al., 1983, Langston, 2017). Furthermore, MPTP has been widely used to 

model Parkinsonôs disease in research animals. 

 

Exposure to pesticides have been identified as another environmental factor linked to 

the onset of Parkinsonôs disease. Particularly, after screening of pesticides, two of them 

were identified to be strongly associated with the development of Parkinsonism, these 

were rotenone and paraquat (Tanner et al., 2011). These are now used to induce 

Parkinsonism in animal models for preclinical research supporting the evidence that 

pesticides are implicated in the etiology of the disease.  

 

Contrarily, various environmental factors have a protective effect against the onset of 

Parkinsonôs disease. First of all, smoking has been demonstrated to have an inverse 

relationship with Parkinsonôs which is dose and time dependent (Li et al., 2015, 

Thacker et al., 2007). Other factors that have been shown to have a potential protective 

effect against Parkinsonôs disease are the chronic use of ɓ-adrenoreceptor agonists like 

salbutamol (Hopfner et al., 2020) and the consumption of caffeine (Ross et al., 2000, 

Ascherio et al., 2001) 

 

1.1.2.3 Genetic predisposition 

As previously mentioned, the majority of Parkinsonôs cases are sporadic, however 

15% of patients have a family history (Kalinderi et al., 2016). Numerous gene 
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mutations have been identified to be linked to the disease, first of all was the alpha-

synuclein gene (Polymeropoulos et al., 1997). A gene associated with mitochondrial 

function, leucine-rich repeat kinase 2 (LRRK2) has also been associated to inheritance 

of the disease (Wallings et al., 2015). Additionally, other genes including Parkin (E3 

ubiquitine ligase), PINK1 (PTEN-induced kinase) and DJ-1 (protein deglycase) have 

been linked to the illness (Kitada et al., 1998, Bonifati et al., 2003, Bonifati, 2014, 

Valente et al., 2004). Approximatively, 23 loci and 19 genes have been identified to 

be linked to Parkinsonôs disease to date (Deng et al., 2018). 

 

To summarise, the causes of Parkinsonôs disease are multifactorial and consist of an 

interaction between age, environmental factors and genetic predisposition.  

  

1.1.3 Symptoms 

Parkinsonian symptoms include both motor and non-motor symptoms and they are 

described in the following sections. 

 

1.1.3.1 Motor symptoms 

One of the early manifestations of the disease are motor symptoms which can be 

grouped under the acronym ñTRAPò which stands for: tremor at rest, rigidity, akinesia 

and postural instability. Tremors are one of the most characteristic features of the 

illness and they appear to mostly affect the extremities (e.g. hands) unilaterally and 

tend to vanish during an action or during sleep, for this particular reason they are 

recognised as ñrestingò tremors. Rigidity is often associated with pain and consists of 

the increased stiffness and inflexibility of the trunk, neck, arms or legs (Jankovic, 

2008, Riley et al., 1989, Stamey and Jankovic, 2007). Akinesia refers to both 

bradykinesia and freezing. The first consists of slowness in initiating and performing 

of movements and it is known to be a consequence of the imbalance in the basal 

ganglia transmission (Berardelli et al., 2001). Interestingly, the severity of 

bradykinesia seems to be associated with the degree of dopamine depletion in the 

nigrostriatal pathway (Vingerhoets et al., 1997, Lozza et al., 2002). The continuous 

rigidity of the body leads to postural deformities such as flexed neck, trunk and knees 

ultimately causing postural instability and propensity to fall which generally manifest 
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in the later stages of the illness (Williams et al., 2006). Other motor abnormalities that 

patients with Parkinsonôs disease might exhibit consist of reduced degree of facial 

expression (hypomimia), difficulty speaking (dysarthria), swallowing (dysphagia), 

writing (micrographia), a particular walking pattern where the feet are dragged along 

the ground (shuffling gait) with the propensity to stride and flexing trunk and legs 

(festination). (Jankovic, 2008). 

 

The severity of the disease can be assessed using rating scales. The most widely used 

and better established scale is the Unified Parkinsonôs Disease Rating Scale (UPDRS) 

which has been shown to be reflective of changes in the progression of the disease and 

interventional studies. It is the gold-standard rating scale used in clinical settings and 

clinical trials for Parkinsonôs disease and it is composed of four aspects: mentation, 

behaviour and mood (part I), daily activities (part II), motor symptoms (part III) and 

complication of therapy (part IV) (Goetz et al., 2008, Postuma et al., 2015). 

 

1.1.3.2 Non-motor symptoms 

As well as motor symptoms, Parkinsonôs is characterised by a spectrum of psychiatric 

and cognitive manifestations known as non-motor symptoms (NMS). These includes 

depressive disorders, olfactory deficit, sleep disorders, constipation, anxiety, cognitive 

impairment, dementia and they can appear at any stage of the disease, even before 

motor symptoms starts to manifest (Kumaresan and Khan, 2021, Aarsland and Janvin, 

2008). Particularly, olfactory dysfunction is one of the early and common symptoms 

of Parkinsonôs disease. It is hypothesised that smell loss could be correlated to 

accumulation of Lewy bodies in the olfactory bulb during the early onset of the disease 

which could explain why patients often experience reduction of the sense of smell 

before the manifestation of the common motor symptoms. Moreover, Braak and 

colleagues theorised a staging system for the development of Parkinsonôs disease. 

Stage 1 consists of the migration of Lewy bodies from the periphery of the body and 

their subsequent accumulation in the olfactory system and medulla oblongata causing 

the aforementioned olfactory deficits and autonomic disturbances. In stage 2 and 3, the 

pathology progresses to the brain causing sleep and motor disturbances. When the 

pathology advances to the limbic system and neocortical regions, patients experience 
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emotional and cognitive problems (Braak et al., 2003, Braak et al., 2006, Halliday et 

al., 2011). A schematic representation of the staging of Parkinsonôs disease is shown 

in Fig. 1.3. 

 

 

 

Figure 1.3. Schematic representation of the staging of Parkinsonôs disease. Braak 

and colleagues theorised a staging system for the spread of Lewy pathology in 

Parkinsonôs disease. The initiation stage includes medulla oblongata and olfactory 

bulb and later progresses to cortical regions in the brain. Image taken from Halliday et 

al. 2011. 

 

Although non-motor symptoms are as important and debilitating in impacting on the 

quality of life of patients, motor symptoms are more relevant for the work presented 

in this thesis therefore the next sections will be mostly focused on the treatment of the 

latter.  

 

1.1.4 Current treatments 

In the next section, current available treatments for Parkinsonôs disease will be 

described. Although they are effective in controlling the symptoms in the early stages 

of the pathology, it is more challenging to treat the disease at later stages. Furthermore, 

these treatments are purely symptomatic and do not target the progression of the 

disease (Salawu et al., 2010).  
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1.1.4.1 Pharmacological treatments 

The main pharmacological approaches consist of dopamine replacement therapy, 

dopamine agonists, inhibitors of the enzymes responsible for dopamine breakdown in 

the brain and anti-cholinergic drugs (Zahoor et al., 2018). Briefly, the gold standard 

dopamine replacement is levodopa which was firstly used in 1967 (Cotzias et al., 

1969). This is a dopamine precursor that can be converted into dopamine by the 

enzyme dopa-decarboxylase in the brain (Cotzias et al., 1969). Generally, the 

therapeutic effect of levodopa is seen very quickly after administration and can last up 

to several hours in the early stages of the disease, however with disease progression, 

the therapeutic duration of the drug is gradually reduced and an increase in frequency 

of administration and dose are often necessary (Zahoor et al., 2018). Despite its 

efficacy during the early stages of the disease, the continuous neuronal loss impairs its 

capacity to control the symptoms. Particularly, at advanced stages of Parkinsonism, 

patients experience ñonò and ñoffò periods where levodopa is effective in controlling 

the motor symptoms during the ñonò period but this could wear off really quickly 

leaving patients with intense Parkinsonian motor symptoms experiencing ñoffò periods 

(Bravi et al., 1994, Mouradian et al., 1988). As the disease progresses and the 

therapeutic dose of levodopa administered increases, the main side effect experienced 

by approximatively 80% of the patients is the onset of a phenomenon called dyskinesia 

(levodopa-induced dyskinesia (LID)) which is as debilitating as the disease itself and 

truly limits the therapeutic effect of the drug (Ahlskog and Muenter, 2001). Other side 

effects include primarily off -target interaction of levodopa causing gastrointestinal 

issues (nausea and vomiting), orthostatic hypotension and neuropsychiatric 

manifestations such as anxiety and hallucinations. To reduce levodopa peripheral side 

effects, it is normally administered with carbidopa/benserazide which are inhibitors of 

peripheral dopa-decarboxylase avoiding the conversion of levodopa to dopamine 

outside the brain (Zahoor et al., 2018).  

 

Dopamine agonists act on the post-synaptic dopaminergic receptors imitating the 

effect of the neurotransmitter. Dopamine agonists are divided in two subtypes: ergoline 

and non-ergoline agonists. Some examples of ergoline agonists are bromocriptine, 

pergolide, lisuride and cabergoline while ropinirole and pramipexole are non-ergoline 
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agonists. Drugs from both subclasses target D2 dopamine receptors. (Brooks, 2000). 

An important dopamine agonist is apomorphine (non-ergoline subclass), it is the oldest 

dopaminergic drug available for Parkinsonôs and acts on both D1 and D2 receptors 

and it provides rapid relief from symptoms. However, the effect of duration is short 

and the route of administration is either subcutaneous or via continuous infusion 

(Carbone et al., 2019). Dopamine agonists can usually be prescribed to treat the early 

stages of the disease to delay the administration of levodopa with the aim of reducing 

its long-term use motor complications (Jenner, 2002). Although the use of dopamine 

agonists, compared to levodopa, does not result in severe drug-induced dyskinesia, 

they also are characterised by important side effects such as gastrointestinal 

disturbances, dry mouth, hallucinations, sleep disturbances and most importantly 

compulsive/impulsive behaviours (binge eating, gambling, hypersexuality and 

compulsive shopping) (Atmaca, 2014, Moore et al., 2014). 

 

Another approach is represented by the inhibition of two enzymes which are 

responsible for dopamine breakdown into its inactive metabolites, these enzymes are 

monoamine oxidase-B (MAO-B) and catechol-O-methyl transferase (COMT) (Müller, 

2015, Riederer and Laux, 2011). Examples of MAO-B inhibitors are rasagiline, 

selegiline and safinamide and examples of COMT inhibitors are tolcapone, entacapone 

and opicapone (Fabbri et al., 2022). Interestingly, it is thought that the inhibition of 

MAO-B might have positive effects on the progression of the disease. This is because 

the metabolism of dopamine trough MAO-B enzymes produces toxic metabolites, 

therefore its inhibition could protect neurons from this toxic process (Tan et al., 2022). 

The use of MAO-B and COMT inhibitors is also usually directed to manage the early 

stages of the disease especially in younger patients in an effort to delay levodopa 

induced motor conditions. However, although able to relieve parkinsonian motor 

symptoms at first, they might need to be co-administered with levodopa in the later 

stages to improve their effectiveness (Goldenberg, 2008). MAO-B and COMT 

inhibitors are usually well tolerated with side effects being uncommon and minor such 

as eczema, headaches and nasopharyngitis (Zahoor et al., 2018, Tan et al., 2022). 
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Non-dopaminergic treatments include the use of anti-cholinergic drugs, such as 

benztropine, diphenhydramine and trihexyphenidyl. Anti-cholinergic drugs were the 

first treatment available for the symptomatic treatment of Parkinsonism and are still 

sometimes used today as support to levodopa therapy (Katzenschlager et al., 1996, 

Rezak, 2007). Because the loss of dopaminergic neurons and therefore dopamine in 

the striatum can cause an imbalance between the two neurotransmitters in favour of 

acetylcholine, anticholinergic drugs aim at restoring this balance by antagonising 

cholinergic receptors (Goldenberg, 2008, Brocks, 1999). They are normally 

administered in younger patients to reduce tremors and then given in combination with 

the aforementioned drugs. They usually should be avoided in elderly patients as they 

are more likely to cause confusion, memory loss and hallucinations as side effects 

(Zahoor et al., 2018, Barrett et al., 2021). 

 

Amantadine is a drug which was firstly developed as an antiviral treatment for flu and 

later showed anti-parkinsonism effects by serendipity. Its mechanism of action is not 

completely clear as it is thought to have different targets. Briefly, amantadine has been 

shown to enhance dopaminergic transmission by increasing dopamine production, 

turnover, uptake and release pre-synaptically and by increasing D2 receptors activation 

post-synaptically. Furthermore, amantadine has anti-diskynetic effects thanks to its 

low-affinity antagonist capacity on N-methyl-D-aspartate (NMDA) glutamatergic 

receptors restoring a balance in the glutamatergic transmission that was altered by 

levodopa (Rascol et al., 2021). It can be used both to control tremor symptoms and to 

reduce LIDs (Crosby et al., 2003). The most important side effects that might lead to 

discontinuation of amantadine therapy are confusion/visual hallucinations and 

agitation states, these most frequently occurs in elderly and cognitively impaired 

patients (Rascol et al., 2021). 

 

1.1.4.2 Deep brain stimulation 

Although pharmacological treatments represent the approach of choice for the 

treatment of Parkinsonôs disease, deep brain stimulation (DBS) can be an option when 

the symptoms of the illness are no longer controlled by the drugs mentioned in the 

section above (Deuschl et al., 2006). Firstly introduced in the early 1990s, DBS 
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consists of high-frequency stimuli that are continuously being sent to specific brain 

regions by a surgically implanted device called neurostimulator (Limousin et al., 1998, 

Benabid et al., 2009). Specifically, by adjusting intensity of the impulses and the 

targeted regions, DBS can be more effective towards different manifestations of 

Parkinsonôs disease. For example, directly targeting the subthalamic nucleus (STN) 

and the globus pallidus internal (GPi) has been proven to be beneficial towards the 

reduction of bradykinesia, tremors and rigidity, while directing the impulses ventrally 

towards the thalamus can be more efficacious against tremors (Anderson et al., 2005, 

Ohye et al., 1977). Although DBS has many benefits in the treatment of motor 

symptoms, it is still a surgically invasive and complicated procedure and only 

minimally influences non-motor symptoms (Benabid et al., 2009).  

 

1.1.4.3 Limitations 

While treatment-specific side effects are mentioned in the sections above, the main 

common limitation hindering the therapeutic potential of current treatments is that 

even though they are able, to a certain extent, to alleviate the symptoms of Parkinsonôs 

disease, they are not directly targeting the neurodegenerative process which keeps 

progressing over the years to the point when only a small percentage of dopaminergic 

neurons are left in the nigrostriatal pathway rendering these treatments inefficacious 

as their primary target are the surviving neurons. Basically, these pharmacological 

treatments are not disease-modifying or restorative but only symptomatic. Therefore, 

advances in the treatment of Parkinsonôs disease have been focusing on developing a 

restorative approach that could target the underlying neurodegenerative process. One 

such strategy could be the replacement of the lost dopaminergic neurons with new 

viable ones that could form connections in the brain and restore the impaired 

dopaminergic transmission in the nigrostriatal pathway. This concept is known as cell 

replacement therapy or brain repair.  

 

  CELL REPLACEMENT THERAPY  

In the next section, the rationale, historical perspective, limitations and current/future 

strategies of cell replacement therapy will be described.  
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1.2.1 Rationale for cell replacement therapy 

The rationale behind the concept of cell-derived brain repair for Parkinsonôs disease 

lies in one of the primary characteristics of the condition which is the fairly selective 

loss of dopaminergic neurons in the substantia nigra and the consequently reduced 

level of dopamine being released in the striatum (Fearnley and Lees, 1991, Zhai et al., 

2019, Surmeier et al., 2014). To date, the most widely used treatments for Parkinsonôs 

disease are only symptomatic and aim at restoring the loss of dopamine from the 

nigrostriatal pathway. However, since there is an unmet clinical need for a therapy that 

is actually reparative of the brain and which targets neuronal loss, the transplantation 

of new and healthy dopaminergic neurons into Parkinsonian brains holds the potential 

to restore the impaired dopaminergic transmission in the striatum and consequently 

improve the motor symptoms experienced by patients.  

 

1.2.2 Primary neurons transplantation 

The historical source of dopaminergic neurons for transplantation in the brain for 

Parkinsonôs disease was primary neurons derived from termination of pregnancies. 

The main pre-clinical and clinical trials will be outlined in the following sections. 

 

1.2.2.1 Pre-clinical trials 

The first successful attempt at brain transplantation was reported in 1917 when Dunn 

and colleagues obtained and transplanted brain tissue derived from one albino rat to 

another and post-mortem analysis revealed the capacity of the nerve cells to survive, 

grow and integrate in the host brain (Dunn, 1917). After, some of the first pre-clinical 

studies from the early ó80s showed how tissue taken from day 13 to day 15 old rat 

foetuses can be transplanted into the brain of 6-OHDA lesioned rats as solid pieces 

(Björklund and Stenevi, 1979, Perlow et al., 1979, Björklund et al., 1980a, Dunnett et 

al., 1981a, Dunnett et al., 1981b, Freed et al., 1980). However, this approach required 

a highly vascularised cavity into the brain and it was not suitable to target deep brain 

areas. This limitation was easily addressed by dissociating the embryonic tissue into a 

cell suspension before transplantation into the host brain (Björklund et al., 1980b, 
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Björklund et al., 1983, Schmidt et al., 1981). Both approaches demonstrated that the 

implanted neurons were able to survive and integrate into the host denervated striatum 

and ameliorate the effect of amphetamine-induced rotations (Dunnett et al., 1981b, 

Dunnett et al., 1983). Although these outcomes were seen when the transplants were 

performed into the striatum, no motor recovery was observed in the rats which had 

received the dopaminergic rich transplants into the substantia nigra due to the inability 

of these neurons to grow and integrate with the host brain (Dunnett et al., 1983).  

 

After these successful first studies in rats, grafting of foetal derived dopaminergic 

neurons was also positively performed in non-human primates with Parkinsonism 

induced by treatment with MPTP which is another neurotoxin relatively specific for 

the dopaminergic pathway as mentioned in the etiology section (Bakay et al., 1985, 

Bakay et al., 1987, Redmond et al., 1986, Sladek et al., 1986, Sladek et al., 1988, Fine 

et al., 1988).  

 

Given the positive results obtained from the transplantation of tissue derived from rat 

and non-human primate foetuses, in 1985 the teams from Lund and Stockholm 

received the approval to transplant human tissue derived from elective abortions into 

the brain of Parkinsonian rats. Foetuses between 8 and 10 weeks of development were 

used as that was found to be the optimal age for cells survival after transplantation. 

The dopaminergic transplants were found able to re-innervate the striatum and to 

ameliorate the motor deficits caused by 6-OHDA injection in amphetamine-induced 

rotation test (Brundin et al., 1986, Brundin et al., 1988, Clarke et al., 1988, Strömberg 

et al., 1986, Strömberg et al., 1988).  

 

1.2.2.2 Clinical trials 

The successful outcome of the studies mentioned above opened the way for the first 

open-label clinical trials in 1988 carried out by Madrazo and colleagues in Mexico and 

Lindvall and colleagues in Sweden (Madrazo et al., 1988, Lindvall et al., 1988). Both 

studies were composed of two patients who received brain transplantation of human 

ventral mesencephalon (VM) tissue derived from embryos between 12-14 weeks old 

(Madrazo) and 8-10 weeks old (Lindvall). Although Madrazo reported great clinical 
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improvement, especially in the amelioration of rigidity and diskynesia, Lindvall and 

colleagues only noted minimal improvements and the PET data showed no significant 

uptake of [18F]-fluorodopa indicating poor survival of the graft. Lindvall and 

colleagues performed some refinements to the surgical techniques and proceeded to 

the transplantation of two more patients which, this time, showed an early 

improvement in the ñon-offò period (Lindvall et al., 1990). Furthermore, 3 years after 

transplantation, the grafts were still surviving in the brain, they had integrated into the 

host striatum and they were still able to provide motor improvement (Lindvall et al., 

1994). Additional open-label clinical trials followed reporting a significant increase in 

patientsô UPDRS scores, quality of life and responsiveness to levodopa treatment 

(Freed et al., 1990, Wenning et al., 1997, Piccini et al., 1999, Kordower et al., 1995, 

Kordower et al., 1998, Brundin et al., 2000b, Hauser et al., 1999, Peschanski et al., 

1994, Spencer et al., 1992). Moreover, follow up visits showed improvement in [18F]-

fluorodopa uptake indicating graft viability (Piccini et al., 1999). Despite the 

underlying disease progression, grafted cells survived and integrated in the hostôs 

striatum as seen from post-mortem analysis 10 and 24 years after cell transplantation 

(Mendez et al., 2008, Li et al., 2016b).  

 

These exciting results led to further investigations on the potential of foetal derived 

VM transplants in patients with Parkinsonôs disease with two double-blind sham-

surgery controlled trials (Freed et al., 2001, Olanow et al., 2003). Freed and colleagues 

recruited 40 patients between 34 and 75 years old and with a history of about 7 year 

of Parkinsonôs disease, embryos derived from elective abortions were used at 7 to 8 

weeks after conception and no immunosuppression was administered in this trial. The 

primary endpoint of this study was the observation of a significant improvement in the 

UPDRS in the treatment group compared to control. Although PET assessment of 

[18F]-fluorodopa uptake resulted significantly higher in the transplantation group 

compared to sham-surgery, the study failed to reach its primary endpoint (Freed et al., 

2001). When stratifying the results based on patientsô age, a significant improvement 

was noted in the ñonò and ñoffò period in younger subjects (below 60 years of age). 

Surprisingly, 5 out of 33 patients developed dyskinesia in the first year post-

transplantation which persisted after reduction and/or cessation of levodopa 
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medications indicating that they were side effects derived from the presence of the 

graft rather than medications-related, therefore they were referred to as graft induced 

dyskinesia or GID. The reason behind the onset of GID is thought to be the poor 

specificity in the dissected and transplanted tissue which might still have contained a 

percentage of serotoninergic neurons as well as uneven striatal reinnervation (Hagell 

et al., 2002, Carlsson et al., 2006, Carlsson et al., 2007). 

 

A second double-blind sham-surgery controlled multi-dose clinical trial was led by 

Olanow and colleagues who recruited 34 patients with advanced symptoms of 

Parkinsonôs disease of age between 30 and 75. These subjects received transplantation 

from either 1 or 4 donors and embryos from 6 to 9 weeks post-conception were used, 

immunosuppression was administered from 2 weeks before surgery and until 6 months 

post-surgery. The primary outcome of this trial was again significant improvement in 

the UPDRS in transplanted patients compared to sham-surgery within the first two 

years post-transplantation. Although an increase in the [18F]-fluorodopa uptake was 

reported in PET analysis in the group of patients who received the higher dose, the 

study failed to reach its primary endpoint which was the amelioration of the UPDRS 

scores in the engrafted groups. Stratification of the results based on disease severity 

showed an improvement in those subject with less severe Parkinsonian symptoms and 

who had received 4 embryos. However, even if some patients were showing 

improvements up to 6 to 9 months, they started deteriorating again and it has been 

speculated that it could have been due to the cessation of immunosuppression. Again, 

patients developed GIDs within the first year post-transplantation (Olanow et al., 

2003).  

 

The results from these first sham-surgery controlled clinical trials were mixed as, on 

one hand, they both failed in reaching their primary endpoint. However, on the other 

hand, amelioration of some aspects was also noted such as the increased uptake of 

[18F]-fluorodopa in the transplanted groups compared to sham-surgery and the 

improvement of the ñon-offò period in younger patients in the Freed trial and reduced 

motor symptoms in the Olanow trial in patients which had received the higher cell 

dose and at a less severe stage of Parkinsonôs. Furthermore, in both trials some patients 
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developed GIDs which is a concerning factor hampering the safety and tolerability of 

this approach. The consistency of the trials is another aspect to take into consideration: 

criteria for patient selection were different between experiments, embryos were 

transplanted at different development stages (from 6 to 14 weeks old) and might have 

been preserved for variable amount of times before grafting, cells were transplanted 

either unilaterally or bilaterally, either in the substantia nigra or in the striatum, and 

the end points were not always consistent. 

 

Due to the inconsistencies related both to methods used and results obtained from the 

aforementioned clinical trials, an European Multicentre Project was established with 

the aim of firstly analysing the data gained from previous clinical trials, identifying 

sources of variation between them and, secondly, to conduct another clinical trial of 

primary neurons transplantation with standardised procedures. This project, led by 

Prof. Roger Barker, was named TRANSEURO. The procedures that were standardised 

included: 1) cell grafting, which was optimised to achieve a minimum survival of 

100,000 cells in the brain and cells derived from 6-8 weeks old embryos were used, 2) 

immunosuppression regime was adjusted to 12 months of triple immunotherapy, 3) 

inclusion criteria for patients selection were modified, patients chosen were Ò 65 years 

old, at earlier stages of Parkinsonôs disease (between 2 and 13 years of duration) and 

with no prior history of LIDs and 4) cell preparation in terms of tissue dissection to 

avoid contamination of dopaminergic neurons with other kind of neurons (e.g. 

serotoninergic) and storage which was limited to a maximum of 4 days.  

 

In this clinical trial, 11 patients received bilateral primary neurons-derived grafts in 

either Lund or Cambridge between 2015 and 2018. However, the initial number of 

subjects originally recruited to receive a graft was 20 patients but, because of major 

issues with cell supply, this number was reduced. This has been described as the main 

issue during the TRANSEURO trial leading to fewer patients receiving transplants and 

surgery cancellations. Therefore, the use of human foetal VM cells is not a viable 

approach for future trials given the major problems regarding their supply.  
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An alternative source of cells for transplantation that could potentially overcome the 

issues experienced during the TRANSEURO trial is stem cell-derived dopaminergic 

neurons. These would address the issue of poor tissue availability as they would be 

accessible in large numbers, therefore transplantation procedures could be planned in 

advance and cancellations could be reduced/avoided. Moreover, stem cell-derived 

products would be extensively characterised before transplantation leading to a 

reduction of outcomes variability (Barker, 2019).   

 

1.2.2.3 Limitations 

Although the transplantation of primary neurons obtained from the VM of embryos 

derived from elective abortions is a promising approach in the field of brain repair for 

Parkinsonôs disease and the TRANSEURO study aimed to optimize and standardize 

procedures and end points, there are several ethical and logistical issue involved in this 

approach which need to be addressed.  

 

First of all, the tissue source for transplantation consists of elective terminations of 

pregnancies which raises ethical concerns. These are exacerbated by the high number 

of donors needed for each surgical procedure; it has been shown that the number of 

embryos to be transplanted in order to reach clinical efficacy is between 3 and 5 per 

hemisphere (6 to 10 each patient) (Hagell and Brundin, 2001). Furthermore, only a 

small portion of the transplanted cells actually survive therefore increasing the number 

of foetal donors needed per patient. The extremely poor survival of the cells (between 

1 and 20% of those transplanted (Brundin et al., 2000a)) and the limited amount of 

tissue supply represent one of the major logistical issues hindering cell-derived brain 

repair.  

 

Even though the clinical studies previously mentioned represent a proof-of-principle 

that the transplantation of dopaminergic neurons could be a valid therapeutic strategy, 

ethical and logistical concerns prevent the progression of this approach to a larger 

scale. Therefore, there is a need for different cell sources to overcome the 

aforementioned limitations. One such source is represented by human embryonic 



Chapter 1: Introduction 

25 

 

(hESCs) and human induced pluripotent stem cells (hiPSCs). Advantages, limitations 

and progress in the field of stem cell-derived brain repair are outlined in the next 

sections.  

 

1.2.3 Stem cell-derived brain repair  

The aforementioned limitations linked to the use of foetal derived grafts can be 

addressed by using stem cell-derived dopaminergic progenitors. Pluripotent stem cells 

have a great therapeutic potential in cell-derived brain repair for Parkinsonôs disease 

as they retain the capacity of self-renewal and have the ability to differentiate into 

multiple types of cells therefore they represent a theoretical endless and standardised 

source of cells for transplantation. ESCs and iPSCs have been showing great potential 

in this instance and the positive pre-clinical results have led to four clinical trials which 

are currently ongoing to test their safety, tolerability and efficacy into patients.  

 

1.2.3.1 Embryonic stem cells: ESCs 

ESCs were firstly described by Evans, Kaufman and Martin in 1981 who were able to 

isolate them from the murine blastocyst and maintain them in vitro (Evans and 

Kaufman, 1981, Martin, 1981). These ESCs maintained their capacity to expand 

indefinitely at the undifferentiated state and to generate mature differentiated cells 

when in presence of the appropriate signals. In 1998, Thomson and colleagues isolated 

the first human ESC line making a major breakthrough in the field of regenerative 

medicine (Thomson et al., 1998). Two main methods had been developed for neuronal 

differentiation of ESCs, either the formation of embryoid bodies or by co-culturing 

stem cells with a layer of feeder cells from animal or human origin with the ability to 

guide ESCs towards a dopaminergic pathway, denominated the SDIA method 

(Kawasaki et al., 2000) (Vazin and Freed, 2010). These approaches has several issues 

such as inconsistent culture condition, presence of undefined components in the media 

(foetal bovine serum, albumin products and other animal-derived components) 

delayed differentiation and low dopaminergic yield (Lin and Chen, 2017, Chambers et 

al., 2009). To overcome these issues, a new differentiation method was introduced 

which combined two inhibitors to block SMAD signalling. This way, dopaminergic 
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subtypes can be uniformly generated in standardised conditions in approximatively 19 

days (instead of 30-50 days when using SDIA method) (Chambers et al., 2009, Perrier 

et al., 2004). To date, the most widely used method of neuralisation of ESCs is called 

dual SMAD-inhibition which allows to suppress differentiation towards trophoblasts, 

mesodermal and endodermal cells subtypes while promoting neuralisation by using 

two inhibitors called Noggin and SB431542 (Chambers et al., 2009). Afterwards, 

further optimisation of the protocol allowed researchers to obtain highly-specified 

ventral midbrain dopaminergic progenitors by adding pattering factors in a timed 

manner (Nolbrant et al., 2017). 

 

The era of ESC-derived dopaminergic progenitor transplantation started only two 

years after their discovery when a human ESC line was transplanted into the brain of 

Parkinsonian rats for the first time (Ostenfeld et al., 2000). Graft proliferation was 

observed over time and no differentiation into dopaminergic neurons was reported 

after 20 weeks. Moreover, in situ proliferation of the transplanted cells was observed 

in other studies raising safety concerns regarding possible tumour formation 

(Brederlau et al., 2006a, Yang et al., 2008). This issue was addressed by improving 

pre-transplant differentiation to an optimal stage which would prevent teratoma 

formation without affecting survival post-transplantation (Ko et al., 2007, Ko et al., 

2009a, Kriks et al., 2011, Elabi et al., 2022).  

 

Collectively, numerous in vivo studies were performed in animal models of 

Parkinsonôs disease and researchers have been able to successfully transplant ESC-

derived dopaminergic progenitors, showing their ability to survive and differentiate 

into functioning dopaminergic neurons in situ which could also ameliorate the 

outcome of amphetamine and apomorphine-induced rotations. The exciting findings 

from ESC-based pre-clinical studies were fundamental for the approval of three in 

human clinical-trials for patients with Parkinsonôs disease (the BlueRock ECS Trial: 

NCT04802733; the STEM-PD ESC trial: NCT05635409; and the S.Biomedics Co. 

ESC Trial: NCT05887466) with the aim of replacing the dopaminergic neurons lost 

due to the progression of the disease with ESC-derived dopaminergic neurons. The 

primary end point of these studies is to test the safety and tolerability of the grafts in 
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terms of serious adverse events and tissue overgrowth/tumor formation at 1/2 years 

post-engraftment. The secondary outcome will assess in evidence of cell survival and 

differentiation, as well as changes in motor function in terms of UPDRS scores. 

 

1.2.3.2 Induced pluripotent stem cells: iPSCs 

Induced pluripotent stem cells (iPSCs) were firstly derived from somatic cells of mice 

and could be expanded and re-programmed into different cell lineages as discovered 

in 2006 by Takahashi and colleagues at Kyoto University in Japan (Takahashi and 

Yamanaka, 2006b). Within a year of this major scientific breakthrough, two groups 

were able to derive iPSCs from human fibroblasts (Takahashi et al., 2007, Yu et al., 

2007) generating great excitement in the scientific community because iPSCs could 

potentially overcome the ethical issues associated with ESCs such as their 

procurement.  

 

As previously mentioned for ESCs, the most widely used protocol for neutralisation 

of iPSCs is the dual-SMAD inhibition technique (Chambers et al., 2009) which has 

also been optimised over the years to obtain ventral midbrain dopaminergic 

progenitors in a highly specific manner (Nolbrant et al., 2017). 

 

Subsequently, iPSCs were shown to be able to survive, differentiate and restore 

rotational bias induced in an animal model of Parkinsonôs disease in a plethora of pre-

clinical studies (Hargus et al., 2010, Rhee et al., 2011, Doi et al., 2014). Furthermore, 

tumorigenic potential was minimised by performing fluorescence-activated cell 

sorting to eliminate any residual undifferentiated cell (Wernig et al., 2008). 

Importantly, iPSC-derived dopaminergic progenitors successfully engrafted in the 

brain of a non-human primate MPTP-treated and post-mortem analysis revealed their 

presence in the brain up to 6 months post-transplantation (Kikuchi et al., 2011b). Many 

transplantation studies followed and the positive outcomes led to the first ever clinical 

trial involving iPSC-derived brain repair for Parkinsonôs disease in 2018 in Japan, once 

again at Kyoto University (Kyoto iPSC Trial: UMIN000033564). Seven patients 

between 50 and 69 years old have been recruited to date. The aim of this single arm, 
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non-randomized and open phase I/II study is to assess the safety and efficacy of iPSC-

derived dopaminergic progenitors when transplanted into the putamen of Parkinsonôs 

disease patients by focusing on the incidence of possible adverse events and the 

eventual graft expansion in the brain within the first year. Secondary outcomes include 

safety and efficacy endpoints (Takahashi, 2020).  

 

1.2.3.3 Advantages and limitations 

Stem cell-derived brain repair intrinsically holds many advantages, especially when 

compared to primary neurons-derived brain repair, as they have the potential of 

overcoming the ethical and logistical limitations associated with foetal derived tissue. 

Firstly, although ESCs are derived from in vitro-fertilised embryos, their ability to 

indefinitely expand and differentiate into various cell lineages partially overcome 

concerns regarding the high number of donors needed for primary neurons 

transplantation (Studer, 2012a). iPSCs could totally overcome this ethical issue as they 

are not naturally occurring but they are derived from reprogrammed somatic cells 

derived from skin samples. Another advantage of stem cells over primary neurons is 

that the risk of GIDs onset is potentially minimised as contamination by serotoninergic 

neurons is reduced or completely eliminated by cells sorting before transplantation. 

However, this aspect is yet to be confirmed as the precise mechanism of GIDs is not 

fully understood. Potentially, stem cells also offer the possibility of creating cell banks 

for large scale application of cell-derived brain repair as they could theoretically be 

sourced from subjects, reprogrammed, expanded and then cryopreserved for later 

transplantation into patients (Drummond et al., 2020). iPSCs also open the possibility 

for autologous transplantation where cells are taken from a patient, reprogrammed to 

a pluripotent state, differentiated to dopaminergic progenitors and then ultimately 

transplanted back into the brain of the patient itself (self-to-patient transplantation), 

this approach would be able to completely eliminate the risk of rejection and would 

not require systemic immunosuppression (Schweitzer et al., 2020).  

 

Although stem cell derived brain repair has an enormous potential in the field of cell 

therapy for Parkinsonôs disease there are numerous limitations that are yet to be 
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overcome. As mentioned before, ESCs derives from in vitro-fertilized embryos which 

intrinsically holds major ethical issues and their use is limited by specific legislations 

in each country. Both ESCs and iPSCs hold tumorigenic potential which needs to be 

addressed in order to guarantee the safety and tolerability of transplants in clinical 

trials which can be achieved by strict and specific differentiation and sorting before 

grafting (Wernig et al., 2008).  

 

Moreover, although iPSCs and ESCs could potentially be able to overcome the 

logistical issues associated with primary neuron transplantation, they face the 

problems of poor survival and differentiation in vivo (Hills et al., 2023, Lane et al., 

2022a, Elabi et al., 2022, Kikuchi et al., 2017a, Kriks et al., 2011, Kirkeby et al., 2017, 

Kirkeby et al., 2023b, Doi et al., 2012, Doi et al., 2020b). This is due to the fact that 

they are prematurely lifted from culture and transplanted at a dopaminergic progenitor 

state. If left in culture until mature dopaminergic neurons are formed, the process of 

lifting them from culture plastic causes necrosis due to the disruption of axons and 

intricate interconnections between neurons (Nolbrant et al., 2017). Typically, during 

in vitro differentiation, cells are cultured in a neurotrophin-rich medium for 

approximatively 30 days, while when lifted at a progenitor state and subsequently 

transplanted into the brain they face a neurotrophin-impoverished environment and 

exposure to the host neuroinflammatory cells, which undermine their ability to survive 

and mature into dopaminergic neurons and this process can take up to 20 weeks to 

occur (Fig. 1.4) (Kikuchi et al., 2011b, de Luzy et al., 2021b, de Luzy et al., 2022b, 

Hiller et al., 2022b).  

 

Therefore, because the therapeutic effect of transplanted dopaminergic progenitors is 

dependent on their ability to survive and mature into neurons and integrate in the hostsô 

brain, novel approaches are required to increase their ability to survive and 

differentiate in situ to ultimately maximise their therapeutic potential for patients. 

These limitations can potentially be addressed by using biomaterials (Orive et al., 

2009, Moriarty and Dowd, 2018). The potential of biomaterials in enhancing outcomes 

of stem cell derived brain repair will be outlined in the next section.  
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Figure 1.4. Schematic overview of stages involved in dopaminergic cell 

differentiation in vitro and for transplantation. Cells can be cryopreserved at day 

11 of dopaminergic differentiation and stored. Once thawed they are cultured until day 

16 and further patterned for dopaminergic neurons by providing specific factors in a 

timed manner. On day 16, cells can either be re-plated and further cultured until 

dopaminergic maturity is reached after 30 days or they can be used for transplantation 

and mature in situ in approximatively 20 weeks with a final dopaminergic yield 

between 6 and 54% (Kikuchi et al., 2017a, Nolbrant et al., 2017). Image created with 

Biorender. 

 

 

  BIOMATERIALS  

In stem cell-derived brain repair, cell death occurs at different points in the 

transplantation procedure: pre-transplantation, immediately after transplantation and 

post-transplantation. The death of cells pre-transplantation can be caused by the 

mechanical stress to which the cells are subjected during the injection process through 

a cannula which can be traumatic for them (Steiner et al., 2008). Next, the environment 

in which the cells are being transplanted is relatively hostile compared to the 

neurotrophin-rich conditions where both VM-derived neurons and ESC/iPSC-DAPs 

derive. It is known that the adult brain is neurotrophin depleted (Ling et al., 2000) and, 

for example, the withdrawal experienced by foetal-derived cells is thought to be the 

reason why 80-90% of them do not survive beyond the first 4 days post-transplantation 

(Sortwell et al., 2001, Barker et al., 1996). This is also particularly important for stem 

cell-derived DAPs as they are taken from a neurotrophin-rich culture environment at 

a progenitor state and transplanted in the neurotrophin-impoverished adult brain, 

resulting in variable survival and poor dopaminergic differentiation which have been 
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estimated between 6% and 54% of the transplanted cell (Kikuchi et al., 2017b) but it 

can be as low as 0.01% (Kirkeby et al., 2017, Chiba et al., 2008, Ko et al., 2007). After 

this time point cell survival seems stabilised, however the hostsô innate immune system 

results activated causing a recruitment of microglia and astrocytes and release of pro-

inflammatory clues causing additional cell death (Barker et al., 1996).  

 

All these steps potentially represent points where an intervention can be made to 

reduce the degree of cell death during transplantation procedures and increase cell 

survival and dopaminergic differentiation in situ. In this context, the use of 

biomaterials could represent a valid strategy to enhance the outcomes of stem-cell 

derived brain repair (Orive et al., 2009).  

 

Particularly, biomaterials could be designed to represent a physical scaffold, to which 

cells can adhere, by mimicking the extracellular matrix which is lost after either 

dissection of foetal-derived cells and dissociation of ESC/iPSC-DAPs from coated cell 

culture plates. This could contribute to reduce the mechanical stress caused by the 

surgical procedure (Béduer et al., 2015, Newland et al., 2015b). To address the issue 

of neurotrophin-deprivation that the cells experience once transplanted, biomaterials 

could be functionalised with neurotrophic growth factors creating a favourable 

microenvironment for cell survival and differentiation (Adil et al., 2017, Hoban et al., 

2013, Cabré et al., 2021a, Meng et al., 2020). Finally, certain biomaterials can act as a 

physical barrier and protect the transplanted cells from the host neuroimmune response 

(Hoban et al., 2013, Moriarty et al., 2017). 

 

As mentioned above, biomaterials hold great potential in enhancing stem cell-derived 

brain repair. However, they require specific characteristics and need to be carefully 

tailored to be compatible for brain transplantation. 

 

1.3.1 Desirable properties 

Biomaterials are substances that have been purposely designed to interact with living 

systems for therapeutic purposes and, when the aim is improving brain repair, they 

should present some fundamental characteristics. These include: 1) biocompatibility 
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with the host brain tissue as well as cytompatiblility with the transplanted cells, this 

characteristic is not only limited to the biomaterial itself but it is also important for its 

metabolites formed after degradation, 2) relatively easy delivery to the brain and non-

invasive, 3) non-immunogenic for the host brain, 4) structurally stable and durable to 

explicate its function, 5) functionalised and carefully designed in terms of pore size 

and molecular charge, 6) suitable for delivery of therapeutic factors in a sustained and 

localized manner and 7) easily-scalable for possible clinical applications (Orive et al., 

2019, Tuladhar et al., 2018). 

 

Biomaterials can be divided in two subclasses: natural and synthetic materials. Natural 

polymers includes alginate, chitosan, collagen, methylcellulose, fibrin and 

hyaluronans which have the advantage of being minimally immunogenic, 

biodegradable and naturally represent a matrix for cell adhesion (Mano et al., 2007, 

Heino and Kapyla, 2009). Synthetic biomaterials, however, can be specifically 

designed to possess definite properties (Lutolf and Hubbell, 2005). By creating a 

hybrid biomaterial it is possible to merge favourable properties from both natural and 

synthetic materials, for example by incorporating cross-linking synthetic polymers 

into natural biomaterials to enhance their mechanical properties (Delgado et al., 2015).  

 

In this context, hydrogels are a class of hybrid biomaterials where a natural polymer 

such as collagen or hyaluronic acid is cross-linked to obtain a stable and insoluble 

highly-hydratable biomaterial (Hoffman, 2012). They possess several ideal 

characteristics such as representing a scaffold for cell adhesion by mimicking the 

extracellular matrix (Hinderer et al., 2016) which can be further enhanced by 

functionalising them with cell adhesion molecules such as laminin or fibronectin (Tam 

et al., 2014). Furthermore, they allow for easy and minimally-invasive brain delivery 

as they are thermoresponsive, meaning that they are sensible to temperature changes 

and can gelate in situ after injection (Pakulska et al., 2012). Also, their porosity, degree 

of gelation and mechanical properties can be optimised by crosslinking (Drury and 

Mooney, 2003). Moreover, they represent a physical barrier for the host neuroimmune 

cells protecting the transplants against immunoreactions (Hoban et al., 2013). They are 

also biodegradable as they can be broken down after delivery and the degree of 
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degradation can, again, be controlled by optimizing the degree of crosslinking 

(Davidenko et al., 2015). Finally, they offer the possibility of incorporating therapeutic 

factors and created a localised microenvironment favourable for cell survival and 

differentiation (Li et al., 2016a, Burdick et al., 2016).  

 

Many types of hydrogels have been investigated for medical applications. However, 

for the scope of this thesis we will be focusing on collagen hydrogels as collagen is a 

natural component of the body and it is already approved in a variety of clinical 

applications offering a significant advantage in terms of translatability (Patino et al., 

2002, Chajra et al., 2008, Chattopadhyay and Raines, 2014).  

 

1.3.2 Collagen hydrogels 

Collagen is the most abundant protein present in the extracellular matrix and overall 

accounts for 25% of the total protein amount in mammals (Khan and Khan, 2013). For 

this reason it has extensively been investigated for various clinical applications such 

as wound healing, burn treatments and cartilage and bones repair (Patino et al., 2002, 

Chajra et al., 2008, Ramshaw, 2016). It is also easily accessible as it can be obtained 

mostly from bovine skin and tendons and it is characterised by high biocompatibility 

and biodegradability (Silvipriya et al., 2015). Furthermore, collagen allows for cell 

adhesion, as it naturally contains the tripeptide Arg-Gly-Asp (RGD) cell adhesion 

motif, and it is also a thermoresponsive material, allowing its transition to a gel after 

temperature variation, for example it is able to form a gel in situ after implantation at 

body temperature (Sargeant et al., 2012). However, collagen is characterised by fast 

degradation because of its weak mechanical properties. Therefore, in an effort to make 

collagen hydrogels more structurally stable and slow down their degradation, a 

synthetic FDA-approved crosslinking compound, such as polyethylene glycol (PEG), 

can be added. PEG is biocompatible, non-toxic and allows for improved mechanical 

stability of collagen hydrogels and longer degradation times (Sargeant et al., 2012, 

Weber et al., 2009, Alconcel et al., 2011, Veronese and Pasut, 2005). 

 

The suitability of a collagen hydrogel for intra-cranial administration has already been 

demonstrated in preclinical studies in our group were it showed to be able to 
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significantly reduce the host immunoresponse to mesenchymal stem cells (MSCs) and 

VM-derived grafts in the brain of parkinsonian rats (Hoban et al., 2013, Moriarty et 

al., 2017). Moreover, not only did the collagen hydrogel show immune-shielding 

properties, but it also significantly improved survival and reinnervation of the striatum 

after VM-derived dopaminergic neurons transplantation (Moriarty et al., 2017, 

Moriarty et al., 2019). 

 

Given all the beneficial characteristics of collagen hydrogels and their applicability for 

cell-derived brain repair they hold great potential. Furthermore, another advantage is 

that they could be functionalised with neurotrophic enrichment to overcome the issue 

of growth factor deprivation after DAP transplantation in the neurotrophin-depleted 

adult brain and this aspect will be described in the next section.  

 

  NEUROTROPHIC ENRICHMENT   

As mentioned in the sections above, one of the limitations undermining the realisation 

of the full potential of stem cell-derived brain repair is in part due to neurotrophin 

deprivation that cells experience when transplanted in the Parkinsonian adult brain. 

Specifically, when iPSCs and ESCs are cultured in a dish they are bathed in a 

neurotrophin-rich medium which guides their dopaminergic differentiation for 

approximatively 30 days. However, iPSC and/or ESC-DAPs are usually lifted from 

cultures at a progenitor state and transplanted in the neurotrophin-depleted adult brain 

experiencing trophic withdrawal which leads to cell death and/or poor dopaminergic 

differentiation in situ. Because the ultimate clinical success of stem cell-derived brain 

repair is based on the ability of these cells to survive, differentiate and function in the 

brain, it is extremely important to investigate means for improving survival and 

differentiation post-transplantation. One such strategy could be the delivery of 

neurotrophins to/with the cells to minimise the detrimental effect of neurotrophic 

withdrawal. NTFs are proteins which physiological role is to support growth survival 

and differentiation of neurons (Huttunen and Saarma, 2019) and, although various 

NTFs have been identified, for the scope of this thesis we will be focusing on GDNF 

and BDNF which are the two NTFs which iPSC and ESC-DAPs require for in vitro 

dopaminergic differentiation (Nolbrant et al., 2017). 
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1.4.1 GDNF  

Schubert and colleagues firstly reported on the existence of GDNF in 1974 when they 

noticed the presence of an undefined factor in the medium of a rat glial cell culture 

which had a positive effect on dopaminergic neurons (Schubert et al., 1974). Later, 

this factor was purified and cloned in 1993 by Lin and colleagues and was named 

GDNF (Lin et al., 1993). They described GDNF as a glycosylated disulphide-bonded 

homodimer which effects are relatively selective for dopaminergic neurons in terms of 

survival and differentiation (Lin et al., 1993). The GDNF family of proteins includes 

other factors such as neurturin, artemin and persephin (Kotzbauer et al., 1996). These 

are all part of the transforming growth factor-ɓ superfamily (Airaksinen and Saarma, 

2002). These GDNF-family ligands all bind with different degree of specificity to 

different GDNF family receptors Ŭ (GFRŬ), GDNF preferably binds to GFRŬ1 

(Takahashi, 2001). The GFRŬ1 are glycosyl-phosphatidylinositol (GPI)-anchored 

receptors exposing the binding site on the extracellular surface. Once GDNF binds, the 

complex GDNF/GFRŬ1 interacts with two molecule of a transmembrane protein 

called RET which, once activated, dimerizes and auto phosphorylates. This final 

complex (GDNF/GFRŬ1/RET) activates the ras/mitogen-activated protein kinase 

(MPAK) and phosphatidyl inositol-3 kinase (PI3K)/protein kinase B (AKT) pathways 

which contributes to neuron survival (Airaksinen and Saarma, 2002, Kaplan and 

Miller, 2000, Ibáñez, 2013, Takahashi, 2001). A schematic representation of the 

GDNF signalling pathway can be found in Fig. 1.5. 
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Figure 1.5. GDNF-GFRŬ1-RET receptor signalling. GDNF binds to GFR1Ŭ 

receptor forming a GDNF/GRF1Ŭ complex which activate the transmembrane protein 

RET leading to its dimerization and auto phosphorylation. As a consequence, 

RAS/MAPK and PI3K/AKT signalling pathways are activated promoting neuronal 

proliferation, differentiation and survival. GFRŬ: GDNF Family Receptors Ŭ, GPI: 

glycosyl-phosphatidylinositol, MAPK: mitogen-activated protein kinase, AKT: 

protein kinase B, PI3K: phosphatidyl inositol-3 kinase. Image taken from Patton & 

Dowd 2022.  

 

Therefore, because both the neurodegeneration process in Parkinsonôs disease and the 

protective effect of GDNF are relatively selective for dopaminergic neurons, this 

neurotrophin has gathered a lot of interest for its therapeutic potential in the treatment 

of the disease which had been extensively investigated. However, the clinical efficacy 

outcomes of such GDNF administration strategies have been mixed and inconclusive 

(reviewed in Barker et al. 2020). 
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The focus of this thesis is to assess the effect of NTFs, such as GDNF and BDNF, on 

transplanted iPSC-DAPs rather than studying the effect of GDNF on the Parkinsonian 

brain. In this context, GDNF has been found to enhance in vitro survival of VM-

derived cells (Milbrandt et al., 1998, Clarkson et al., 1995, Hou et al., 1996, Lin et al., 

1993). Moreover, the delivery of GDNF to the brain of hemi parkinsonian rats either 

during transplantation of iPSC-DAPs or with a delayed exposure has shown improved 

plasticity and differentiation of DAPs highlighting the potential of neurotrophic 

therapy to improve stem cell-derived brain repair outcomes (Gantner et al., 2020b). 

 

1.4.2 BDNF  

Another NTF which is essential for in vitro differentiation of iPSCs and ESCs is 

BDNF. This was firstly described in 1982 after being isolated from the pig brain and 

it was termed brain derived neurotrophic factor (Barde et al., 1982). A few years after 

its discovery, BDNF was cloned by Leibrock and colleagues (Leibrock et al., 1989). 

Physiologically, BDNF is involved in the development of the nervous system by 

regulating cell differentiation, neurogenesis, synaptogenesis and synaptic plasticity 

(Palasz et al., 2020). 

 

Synthesis of BDNF starts in the endoplasmic where its precursor, pre-pro BDNF, is 

formed. This is transported to the Golgi apparatus where the pre-region is cleaved and 

pro-BDNF is formed. From pro-BDNF, mature BDNF (mBDNF) can be derived either 

by additional cleavage in the Golgi apparatus, in intracellular vesicles or 

extracellularly trough the activity of plasmin and matrix metalloproteases (Mizui et 

al., 2016, Pang et al., 2004, Hwang et al., 2005). Pro-BNDF and mBDNF often have 

different biological effects and the balance between the two varies depending on the 

stage of development of the brain. Particularly, pro-BDNF is present at higher 

concentration during early stages of development while mBDNF is more abundant in 

the adult brain realising neuroprotective effects and promoting synaptic plasticity 

(Yang et al., 2014b).  

 

Pro-BDNF binds to two receptors in order to realise its physiological activity: the 

mature domain binds to p75 neurotrophin receptor (p75NTR) while the pro-domain 
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binds to sortilin (Teng et al., 2005). This complex activates three pathways: c-Jun N-

terminal kinase (JNK) which is related to neural apoptosis, Ras homolog gene family 

member A (RhoA) associated with neuronal cone development and nuclear facor 

kappa B (NF-KB) which is involved in neuronal survival and maintenance during 

developmental stages (Teng et al., 2005, Reichardt, 2006). 

 

mBDNF binds to tyrosine kinase B (TrkB) receptor triggering its dimerization and 

auto phosphorylation causing the activation of several pathways such as Pas/MAP 

kinase, PI3K/AKT and phospholipase C-gamma (PLC-gamma)/inositol triphosphate 

(IP3)/diacylglycerol (DAG) pathways. These are involved in neuronal growth and 

branching, synaptic development and plasticity, apoptosis and survival of neurons 

(Reichardt, 2006, Orefice et al., 2013, Chen et al., 2017, Kwon et al., 2011). A 

schematic representation of the BDNF signalling pathway can be found in Fig. 1.6. 
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Figure 1.6. Signalling pathways activated by pro-BDNF and mBDNF. Pro-BDNF 

binds to p75NTR and sortilin activating NF-kB, RhoA and JNK pathways leading to 

neuronal survival, development and apoptosis respectively. mBDNF binds to TrkB 

receptor triggering the activation of MAPK, PI2K/Akt and PLC-ɔ signalling cascades 

collectively promoting neuronal development and survival. Pro-BDNF: precursor of 

BDNF, mBDNF: mature BDNF, TrkB: tropomyosin receptor kinase B, JKN: c-Jun N-

terminal kinases, RhoA: Ras homolog gene family member, NF-kB: nuclear factor 

kappa B, MAPK: mitogen-activated protein kinase, PI3K: phosphatidyl inositol-3 

kinase, PLC-ɔ: phospholipase C-ɔ, CREB: cAMP response element-binding protein. 

Image taken from Palasz et al. 2020. 

 

Therefore BDNF is involved in regulation of development and survival of neurons. 

However, in patients affected by Parkinsonôs disease, the concentration of BDNF is 

known to be lower compared to healthy subjects and its serum levels have shown to 

be correlated with the motor deficits associated to the illness (Chen and Zhang, 2023, 

Scalzo et al., 2010, Howells et al., 2000). Moreover, it has been previously shown that 

an overexpression of the protein alpha-synuclein was associated with a down 

regulation of the expression of BDNF leading to deficits in neuronal signalling (Yuan 

et al., 2010, Fang et al., 2017). 
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1.4.3 Limitations of standard NTFs delivery and alternative systems for NTFs 

administration  to the brain 

Neurotrophic factors, such GDNF and BDNF, are high molecular weight proteins 

which cannot cross the blood-brain barrier (BBB) and reach the desired areas in the 

brain (Barker et al., 2020). Also, these proteins have a short half-life in vivo requiring 

continuous/repeated administration, for example the half-life of GDNF is 3-4 days in 

the brain (Granholm et al., 2000). Therefore, they necessitate of in situ delivery with 

techniques such as intra-cranial infusion of the growth factor protein through an 

implanted cannulae (Whone et al., 2019, Gill et al., 2003, Love et al., 2005, Patel et 

al., 2013, Lang et al., 2006, Nutt et al., 2003) or injection of viral vectors directly into 

the brain which encodes for the growth factor protein desired (Marks et al., 2008, 

Marks Jr et al., 2016, Bartus et al., 2013).  

 

In an effort to address these issues related to growth factors delivery, alternative 

systems for administration of NTFs to the brain have been investigated. These include 

ex vivo gene therapy and biomaterial-aided growth factor delivery (reviewed in Jarrin 

et al., 2021b).  

 

Briefly, for ex vivo gene therapy, cells are genetically engineered to produce specific 

therapeutic factors such as NTFs. Basically, the cells becomes the mean of delivery 

for the desired factors avoiding the direct administration of viral vectors to the brain 

(unlike in vivo gene therapy) (Hitti et al., 2019). In this context, an ex vivo gene therapy 

approach for the delivery of GDNF to the striatum of hemi parkinsonian rats had been 

explored over the years. Particularly, GDNF-overexpressing mesenchymal stem cells 

(MSCs) had been transplanted in the brains of rats to study the in vivo delivery profile 

of GDNF and the immunogenicity of these cells. GDNF was detectable up to 14 days 

post-transplantation and immunoreactions were dramatically reduced by the presence 

of an in situ-gelling collagen hydrogel (Hoban et al., 2015, Hoban et al., 2013). In 

other studies, cells overexpressing GDNF have been co-transplanted with DAPs, either 

VM or ESC-derived, and have been shown to be able to enhance their survival and 

fibre outgrowth. Moreover, in some cases, the co-transplantation of DAPs and cells 
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overexpressing GDNF led to significant improvements in amphetamine/apomorphine-

induced rotational behaviour in rodents (Sautter et al., 1998, Wilby et al., 1999, Espejo 

et al., 2000, Ahn et al., 2005, Perez-Bouza et al., 2017, Lara-Rodarte et al., 2021). 

 

Another approach for growth factor delivery is, as mentioned before, the use of 

biomaterials (Newland et al., 2016, Newland et al., 2013, Newland et al., 2015a) which 

can be functionalised with particular therapeutic factors. Many research groups have 

been investigating the potential of biomaterials for brain repair using collagen, 

hyaluronic acid or xyloglucan hydrogels or by incorporating growth factors into 

microcarriers/microparticles mainly made of poly lactic-co-glycolic acid (PLGA) 

(Jarrin et al., 2021a). For example, a GDNF-enriched collagen hydrogel has been 

investigated and has been shown to be able to improve survival of dopaminergic 

neurons in the grafts, increase striatal reinnervation and to improve motor function in 

hemi parkinsonian rats (Moriarty et al., 2017, Moriarty et al., 2019). Moreover, other 

NTF-loaded biomaterials have been shown to have a favourable effect on VM/ESC-

derived grafts in terms of survival and differentiation (Adil et al., 2017, Wang et al., 

2016, Uemura et al., 2010). In parallel, other groups have been investigating the 

potential of biomaterial microcarriers loaded with GDNF for improving survival and 

reinnervation capacity of VM-derived grafts finding mixed results (Törnqvist et al., 

2000, Clavreul et al., 2006, Tatard et al., 2007). In this context, the potential of GDNF-

loaded cryogels have been recently investigated for VM-derived brain repair. These 

showed to be able to improve graft survival, fibre outgrowth and to retain the NTF 

GDNF up to 4 weeks in the brain of rats (Narasimhan et al. 2024, Hakami et al. 2024). 

 

All the aforementioned efforts to deliver NTFs to the brain have been investigated to 

improve outcomes of cell replacement therapy. Recently in our group, an in situ gelling 

collagen hydrogel dually functionalised with the NTFs GDNF and BDNF has shown 

great potential in stem cell-derived brain repair. Thus, the next section will give a brief 

description of the effect of a NTF-enriched collagen hydrogel on iPSC-DAPs 

transplants. 
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1.4.4 NTF-enriched collagen hydrogels for stem cell derived brain repair 

A biomaterial that have been previously developed by our group and proven to be 

biocompatible and suitable for encapsulation of primary neurons and GDNF delivery 

to the brain is a collagen hydrogel (Moriarty et al., 2017, Moriarty et al., 2019). This 

set of studies served as proof of concept that encapsulating foetal-derived 

dopaminergic neurons in a GDNF-enriched hydrogel before intra-striatal 

transplantation in the brain of 6-OHDA lesioned rats can enhance their survival, 

striatal reinnervation and ability to restore rotational biases induced by the lesion.  

 

Therefore, the potential of this biomaterial for iPSC-derived brain repair has 

consequently been investigated. To assess the effect of the same collagen hydrogel on 

iPSC-DAPs, this was further enriched with the neurotrophin BDNF to reflect the 

conditions in which iPSCs are patterned towards dopaminergic differentiation in vitro 

which requires the presence of both GDNF and BDNF in a 1:2 ratio (Kunath et al. 

2020). Therefore, two long term in vivo experiments were performed. Human-derived 

iPSC-DAPs were transplanted in the brains of rats either alone, with NTFs (GDNF & 

BDNF), in a collagen hydrogel or in a NTF-enriched hydrogel. One experiment was 

performed in athymic nude rats (T-cell deficient), one in cyclosporine 

immunosuppressed (T-cell suppressed) Sprague Dawley rats and post-mortem analysis 

were carried out 20 weeks post-transplantation. 

 

Interestingly, when iPSC-DAPs were encapsulated in a neurotrophin-enriched 

hydrogel prior to transplantation, it was reported an 8.2-fold increase in their survival 

and even a greater increase in the dopaminergic differentiation, 16.2-fold, compared 

to when transplanted alone (data included in Comini et al., 2024). The beneficial effect 

of the NTF-enriched collagen hydrogel was attributable to its ability to mimic the 

extracellular matrix and allowing cell adhesion, the capacity to provide the cells with 

a NTF-rich microenvironment mitigating the detrimental effect of NTF withdrawal 

and by acting as a shield against host innate neuro immune reactions against the grafts. 

A schematic representation of the therapeutic concept of a NTF-enriched hydrogel can 

be found in Fig. 1.7.  
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Figure 1.7. Schematic representation of the therapeutic concept of delivering 

iPSC-DAPs in a NTF-enriched hydrogel. The collagen hydrogel acts as a matrix for 

cell adhesion, provides cells with a NTF reservoir and shields them from the host 

innate immune cells. 

 

Surprisingly, these extremely positive results were only seen when immunodeficient 

athymic nude rats were used rather than cyclosporine immunosuppressed rats. Briefly, 

no differences were found in terms of survival and maturation of the transplanted cells 

when injected alone, with neurotrophins, in a hydrogel or in a neurotrophin-enriched 

hydrogel in the striatum of cyclosporine immunosuppressed rats indicating that the 

grafts were not rejected but the collagen hydrogel was not able to realise its beneficial 

effect (study not published). Figure 1.8 and 1.9 depict the results from the 

aforementioned studies. Particularly, in Figure 1.8 it is possible to appreciate the 

positive effect of a neurotrophin-enriched collagen hydrogel on both survival and 

differentiation of the transplanted iPSC-DAPs in athymic nude rats while Figure 1.9 

shows the presence of healthy grafts in the brain of cyclosporine immunosuppressed 

rats which survival and maturation were not affected by the presence of a 

neurotrophin-enriched hydrogel.  
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Figure 1.8. Impact of a NTF-enriched hydrogel on human iPSC-DAPs survival in 

the Parkinsonian brain of athymic nude rats. iPSC-DAPs were transplanted in the 

brain of athymic nude rats either alone, with NTFs, in a collagen hydrogel or in a NTF-

enriched collagen hydrogel by Dr. Sarah Jarrin. 20 weeks post-grafting, post-mortem 

analysis were performed by Dr. Rachel Kelly who reported A) surviving human grafts 

in all groups with much larger grafts visible when cells were transplanted in a NTF-

enriched hydrogel, Ai) mature dopaminergic neurons present in all groups with much 

larger grafts visible when cells were transplanted in a NTF-enriched hydrogel. 

Furthermore, Dr. Kelly quantified the staining by Aii) counting human 

immunopositive nuclei confirming the beneficial effect of a neurotrophin-enriched 

hydrogel with 8.2x more cells surviving in this group and Aiii) counting TH 

immunopositive cells (dopaminergic neurons) confirming the beneficial effect of the 

neurotrophin-enriched hydrogel with 16.2x more cells maturing in this group. Data are 

mean ± SEM with n=6/7 rats per group. *P<0.05, **P<0.01, ***P<0.001 by one-way 

ANOVA and post-hoc Newman Keuls (data included in Comini et al., 2024).  
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Figure 1.9. Impact of a neurotrophin-enriched hydrogel on human iPSC-DAP 

survival in the Parkinsonian brain of immunosuppressed rats. iPSC-DAPs were 

transplanted in the brain of immunosuppressed rats either alone, with NTFs, in a 

collagen hydrogel or in a NTF-enriched collagen hydrogel by Dr. Sarah Jarrin. 20 

weeks post-grafting, post-mortem analysis were performed by Dr. Rachel Kelly who 

reported A) surviving human grafts in all groups with comparable graft sizes and Ai) 

mature dopaminergic grafts in all groups with comparable sizes. Moreover, Aii) 

quantification of graft survival by counting HuNu immunopositive nuclei did not show 

any beneficial effect of the hydrogel on cell survival and Aiii) quantification of graft 

maturation by counting TH immunopositive cells did not show any beneficial effect 

of the hydrogel on cell differentiation. Data are mean ± SEM with n=6/7 rats per group 

and were analysed by one-way ANOVA P>0.05 (study not published). 
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As previously mentioned in this introduction, the survival and dopaminergic 

differentiation of transplanted stem cell-DAPs is relatively low. Specifically, it has 

been estimated that the percentage of in situ dopaminergic differentiated progenitors 

out of the total number of cell transplanted is between 6% and 54% (Kikuchi et al., 

2017b). However, in some studies this amount had been reported to be as low as 0.01% 

of the transplanted cells (Kirkeby et al., 2017, Chiba et al., 2008, Ko et al., 2007). The 

ultimate therapeutic success of the stem cell-derived brain repair approach depends on 

the ability of these transplanted progenitors to survive and differentiate to mature 

dopaminergic neurons able to restore the impaired dopaminergic transmission. 

Therefore, it is extremely important to investigate novel means for improving in situ 

survival and differentiation of the grafts. In this context, we found that a NTF-enriched 

collagen hydrogel dramatically improved survival and differentiation of iPSC-DAPs 

in vivo in the brains of T-cell deficient nude rats (data included in Comini et al., 2024). 

However, when the same experiment was performed in T-cell suppressed rats, the 

NTF-enriched hydrogel did not have any beneficial effect on survival and 

differentiation of the cells (data not published). These data suggests that encapsulating 

iPSC-DAPs in a NTF-enriched collagen hydrogel before transplantation in the brain 

could significantly improve an autologous (patient-to-self) brain repair approach. 

However, the majority of patients affected by Parkinsonôs disease undergoing a cell 

transplantation procedure will more likely receive allogenic or HLA-matched (donor-

to patient) transplants. Therefore, immunosuppression will be a key requirement to 

avoid transplants rejection (Morizane and Takahashi, 2021). Thus, extending the 

beneficial effect of a NTF-hydrogel to immunosuppressed rats would importantly 

increase the translatability of this approach to a later stages of development and 

ultimately to clinical testing. 

 

  HYPOTHESIS & AIMS  

1.5.1 Hypothesis 

Taking all of the aforementioned evidence together, the overall hypothesis of the work 

presented in this thesis is that neurotrophin-enriched biomaterials can be used to 

improve the outcome of stem cell-derived brain repair for Parkinsonôs disease.  
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1.5.2 Aim and Objectives 

Therefore, the overall aim of this project was to assess the potential of neurotrophin-

enriched biomaterials for enhancing in situ survival and maturation of human iPSC-

derived dopaminergic progenitors in Parkinsonian rats, particularly in 

immunosuppressed (rather than immunodeficient) rats.  

 

The specific objectives of the thesis were: 

 

Chapter 3: To complete a systematic review of the preclinical transplant literature to 

assess the extent of survival and differentiation of human stem cell-derived 

dopaminergic progenitors in Parkinsonian models.  

 

Chapter 4: To determine the suitability of two delivery systems ï biomaterial 

microcarriers and engineered mesenchymal stem cells -  for sustained neurotrophin 

delivery to human iPSC-derived dopaminergic progenitors.  

 

Chapter 5: To profile the immunological responses of immunodeficient and 

immunosuppressed Parkinsonian rats to human iPSC-derived dopaminergic 

progenitors transplanted with or without a neurotrophin-enriched collagen hydrogel.  

 

Chapter 6: To assess the potential of a neurotrophin-enriched collagen hydrogel for 

enhancing in situ survival and maturation of iPSC-derived dopaminergic progenitors 

in immunosuppressed Parkinsonian rats.  
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Chapter 2: Material  and Methods 

  GLOBAL  EXPERIMENTAL DESIGN  

As outlined previously, the overall aim of this project was to assess the potential of 

biomaterials for enhancing engraftment of human iPSC-derived dopaminergic 

progenitors in Parkinsonian rats. Given the pronounced beneficial effects of the 

hydrogel observed previously in immunodeficient (nude) rats (Comini et al., 2024) but 

not in immunosuppressed (cyclosporine-treated) rats, a particular focus of this thesis 

was to determine if the hydrogel could also provide benefit in immunosuppressed rats. 

A schematic representation of the global experimental design in depicted in Fig. 2.1. 

 

In line with this aim, in Chapter 3, an unbiased systematic review of the transplant 

literature was completed to determine to what extent human stem cell-derived 

dopaminergic progenitors survive and mature into dopaminergic neurons in 

Parkinsonian models. 

 

Then, in Chapter 4, two delivery systems ï namely a commercially available 

POlyhedrin Delivery System (PODS®) and virally-transduced mesenchymal cells ï 

were assessed for their suitability for sustained neurotrophin delivery to transplanted 

iPSC-derived dopaminergic progenitors.  

 

In Chapter 5, potential reasons why the neurotrophin-enriched collagen hydrogel 

provided benefit to iPSC-derived dopaminergic progenitors transplanted into nude rats 

but not cyclosporine-immunosuppressed rats were investigated by profiling the early 

immune responses to such transplants in these different hosts.  

 

Finally, in Chapter 6, having established (in Chapter 5) that the immunosuppressed 

rats were not fully immunosuppressed, an alternative immunosuppression regime was 

tested, and finally, this alternative regime was used to determine if the neurotrophin-

enriched collagen hydrogel could improve in situ survival and maturation of iPSC-

derived dopaminergic progenitors in immunosuppressed Parkinsonian rats. 
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This chapter will provide details of all the experimental methodologies used 

throughout this thesis while detailed experimental designs of individual studies will be 

provided in each results chapter. 
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Figure 2.1.  Schematic representation of the global experimental design. The overall aim of this thesis was to assess the potential of NTF-

enriched biomaterials for enhancing engraftment of human iPSC-DAPs in Parkinsonian rats. To do so, A) a systematic review of the 

preclinical literature was completed, B) the suitability of two delivery systems was assessed and C) the immunological responses and the 

potential of a NTF-enriched hydrogel in enhancing in situ survival and differentiation of iPSC-DAPs were evaluated. iPSC-DAPs = induced 

pluripotent stem cell-derived dopaminergic progenitors, MSCs = mesenchymal stem cells, NTFs = neurotrophins

A) 

B) 

C) 
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  ETHICAL STATEMENT  

All procedures involving the use of animals were 1) approved by the Animal Care and 

Research Ethics Committee (ACREC) at the University of Galway, 2) completed 

under project licences issued to Prof. Eilís Dowd (AE19125/P063 and AE19125/P120) 

and under an Individual Authorisation issued to Ms. Giulia Comini (AE19125/I284) 

by the Irish Health Products Regulatory Authority, and 3) carried out in compliance 

with the European Union Directive 2010/63/EU and Irish S.I No. 543 of 2012. 

 

  ANIMAL HUSBANDRY  

Overall, a total of 212 rats were used to complete the experiments presented in this 

thesis. Animals were sourced from either Janvier Labs, France (36 male and 28 female 

Sprague Dawley rats), Envigo, UK (36 female athymic nude rats Hsd:RH-Foxn1rnu) or 

Charles River, UK (112 female Sprague Dawley rats). Animals were housed in groups 

of two per cage in polycarbonate transparent plastic bottoms (1291H, Tecniplast, Italy) 

having dimensions 425 x 266 x 185 mm (Length x Width x Height) and floor area of 

800 cm2 with a wire grid lid (Series 116, Tecniplast, Italy). Immunosuppressed and 

nude animals were housed in groups of two per cage in individually ventilated cages 

(Green Line, Sealsafe® plus, GR900, Tecniplast, Italy) having dimensions 346 x 395 

x 213 mm (Length x Width x Height) and floor area of 904 cm2.  

 

Animals in each cage had standard bedding material as per 3Rs lab basic bedding, 

sizzle-nest and circular hollow plastic tunnels as environmental enrichment. Animals 

were kept on a 12:12 h light:dark cycle (lights on at 07:00 am), at 19-23°C, with 

relative humidity levels maintained between 40 and 70%. For the duration of the 

experiments, animals were allowed food and water ad libitum, unless specifically 

stated for behavioural testing. In these circumstances, rats were food restricted 

(maintaining free access to water) for 24h maximum, with enough food to maintain 

their weight at 90% of their free-feeding weight which was compared by scrutiny of 

animal growth chart provided by Charles River. All behavioural testing and ex vivo 

analyses were carried out blind to the treatment of the animals. 
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  PREPARATION OF BIOMATERIALS  

2.4.1 Fabrication of type I bovine collagen hydrogels 

Prior to collagen hydrogel fabrication, all required components were either autoclaved 

to sterilise them (0.1 M NaOH) or were already available in a sterile form (PBS). 

During the preparation, all components were kept on ice to prevent premature gelation. 

The collagen hydrogel was composed of 40% 5 mg/ml bovine type I atelocollagen 

(Blafar Ltd) neutralised with 1 M NaOH until pH 7 reached (checked with litmus 

paper) and 20% PBS containing 4 mg/ml of crosslinker (poly(ethylene glycol) ether 

tetrasuccinimidyl glutarate (s4s-StarPEG)). The remaining 40% incorporated different 

components based on the specific intra-striatal surgery performed and will be outlined 

in the relevant section (2.6.3). 

 

2.4.2 Preparation of GDNF PODS® 

GDNF PODS® (PPH2-1000, CellGS, UK) is a commercial product sold by Cell 

Guidance System. They are made of polyhedrin, a protein derived from the Bombix 

mori cyprovirus which has the capacity for self-assembly within insect cells following 

their infection with the virus (Mori et al., 1993). Importantly, the polyhedrin protein 

can be co-expressed with a foreign protein (called ñcargo proteinò) of which sustained 

release is aimed to be achieved (Ikeda et al., 2006), in this case GDNF.  

 

For preparation of human GDNF PODS® for in vitro experiments and in vivo 

implantation, 32.9 µl of sterile PBS were added to a vial containing 250 million of 

hGDNF PODS® and mixed thoroughly to obtain a final concentration of 15.15 million 

PODS®/µl.  

 

  CELL CULTURE AND ASSAYS  

2.5.1 Culture of human iPSC-derived dopaminergic progenitors 

Human iPSC-derived dopaminergic progenitors were produced as described 

previously (Devine et al., 2011) and provided by our collaborator Prof. Tilo Kunath, 

Centre for Regenerative Medicine, Edinburgh, Scotland as a cryopreserved product at 
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day 11 of dopaminergic differentiation (4.8 million cells/vial). For the experiments in 

this thesis, two different human iPSC lines were used: NAS2 (expressing normal 

alpha-synuclein) and AST18 (expressing alpha-synuclein triplication). The AST18 

line was derived from fibroblasts obtained from a skin biopsy of a female subject with 

Parkinsonôs disease carrying the alpha-synuclein triplication of gene (Chr4q22 

incorporating the SNCA locus) while NAS2 were derived from a healthy first-degree 

relative (Devine et al., 2011). Briefly, to generate iPSCs from fibroblasts, these were 

treated with four reprogramming factors as previously described (Takahashi and 

Yamanaka, 2006b). After, 30 AST and 10 NAS lines were identified and the triplicated 

region was found to be intact after reprogramming cells to pluripotency status in AST 

lines. However, only those showing complete reprogramming and no chromosomal 

abnormalities were chosen for further neuronal induction (line 18 for AST and line 2 

for NAS). Dual SMAD inhibition protocol was used for neuralisation (Chambers et 

al., 2009) and it included treatments with Noggin, SB431542 and Dorsomorphin from 

day 1. Addition of SHH, WNT1 and Dkk1 inhibitors was also performed until day 9. 

After day 9, differentiation was switched towards midbrain dopaminergic neurons by 

treating cells with FGF8 until day 11 as previously described (Nolbrant et al., 2017). 

At day 11, cells could be either replated or cryopreserved for later use. For a detailed 

protocol on derivation of iPSCs from donor fibroblasts, their successive differentiation 

and cryopreservation at day 11, refer to Kunath et al. 2020. For transplantation in the 

rat striatum, cells were then differentiated to dopaminergic progenitors until day 16.  

 

To do so, the day prior to cell thawing, a 24 well plate was coated with 400 µl/well 

laminin-111 solution (diluted 1:10 in DPBS without Ca++ and Mg++), sealed with 

Parafilm® and left at 4°C overnight. To further differentiate the cryopreserved day 11 

progenitors, cells were thawed in hands (use of a water bath could cause 

contamination). Once thawed, day 11 cells were added to wash media previously 

prepared (Neurobasal media, 1:50 B27 without vit.A, 1:100 L-glutamine, 1:1000 Y-

27632) followed by cell counts. For cell counting, 10 µl of suspension was added to 

an Eppendorf® and mixed with 10 µl of Trypan Blue® and cell counts were performed 

by adding 10 µl of this solution to a haemocytometer and manually counting under 

microscope. After centrifugation at 1400 rpm for 5 minutes, media was discarded and 
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cell pellet was resuspended in plating media (Neurobasal media, 1:50 B27 without 

vit.A, 1:100 L-glutamine, 1:1000 Y-27632, 1:1000 ascorbic acid, 1:1000 FGF8, 

1:1000 BDNF, 1:1000 heparin and 1:2000 GDNF) then seeded at a density of 2.4 

million cells/well on laminin-111 coated 24 well plate (Corning, Costar). The plate 

was incubated for 2 days at 37°C in 5% CO2 and on day 13 complete media change 

was performed with fresh plating media. On day 16 (transplantation day), media was 

discarded from wells and 300 µl of accutase were firstly added to each well and 

immediately removed (to eliminate any trace of media that could neutralise the 

accutase). After a second addition of 300 µl of accutase/well, this was left for 10-12 

minutes at 37°C in 5% CO2. Detached cells were collected in wash media and 

dissociated to disrupt clumps.  

 

2.5.2 Culture of GFP-MSCs and GDNF-GFP-MSCs 

GFP transgenic MSCs were extracted from the bone marrow of green transgenic rat 

SD-Tg (CAG-EGFP) CZ-004Osb as previously described (Okabe et al., 1997) and 

kindly donated by Prof. Anthony Widebank, Mayo Clinic, USA. GFP-MSCs were 

subsequently stably transduced using the Moloney leukaemia virus to overexpress 

GDNF driven by the 5ô LTR intrinsic promoter as previously described (Rooney et al., 

2009) and were kindly donated by Dr. Gemma Rooney, Regenerative Medicine 

Institute, University of Galway. Production and release of GDNF from both GFP-

MSCs and GDNF-MSCs was assessed by GDNF ELISA for in vitro experiments and 

by GDNF IHC for in vivo studies.  

 

Firstly, cryopreserved cells were thawed with the aid of a water bath and secondly, 1 

ml of media was added to the vial to dilute the freezing media (10% DMSO). The cell 

suspension was then centrifuged at 1400 rpm for 5 minutes and supernatant was 

discarded. Cell pellet was resuspended in complete rat MSC media (44.5% Alpha 

minimum essential media (MEM), 44.5% F12, 10% foetal bovine serum (FBS) and 

1% penicillin/streptomycin), transferred to a T75 flask and maintained under standard 

conditions (37°C in 5% CO2 at 90% humidity). After 3 days, any cells which were not 

attached to the tissue culture flask were washed away and the adhering cells were fed 

with fresh complete medium. Media change was performed every 3-4 days. When cells 
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began to appear confluent (mono or multi-layered growth) they were ready for either 

subculturing or passaging. Briefly, cells were enzymatically lifted from cell culture 

plastic by incubation with 0.25% Trypsin/1 mM EDTA solution (1:10 Trypsin in 

HBSS) for 5 minutes. The enzymatic process was neutralised by adding complete 

MSC media and cells were either passaged or plated at a cell density of 60,000 cells/ml 

for further experiments. For cell counting, 10 µl of suspension were added to an 

Eppendorf® and mixed with 10 µl of Trypan Blue® and cell counts were performed by 

adding 10 µl of this solution to a haemocytometer and manually counting under 

microscope. For transplantation, an appropriate dilution was applied to have the 

desired number of cells. 

 

2.5.3 Culture of HMC3  

The human microglia clone 3 cell line (HMC3) was established in 1995 by Prof. 

Tardieu by immortalization of human embryonic microglial cells (Janabi et al., 1995, 

Li et al., 2009).  

 

In this thesis, the HMC3 cell line was used to test in vitro cytocompatibility and release 

of GDNF from PODS® and was chosen for their ability to secrete proteases (Dello 

Russo et al., 2018), which play a key role in breaking down the polyhedrin structure 

of PODS® allowing for GDNF release, and for the simplicity of their maintenance and 

expansion.  

 

Firstly, cryopreserved cells were thawed with the aid of a water bath and secondly, 1 

ml of media was added to the vial to dilute the freezing media (10% DMSO). The cell 

suspension was then centrifuged at 1400 rpm for 5 minutes and supernatant was 

discarded. Cell pellet was resuspended in complete HMC3 feeding media made of 

DMEM supplemented with 10% of foetal bovine serum (FBS), 1% of 

penicllin/streptomycin and 1% of amphotericin B. They were cultured in T75 flasks 

under sterile conditions in an incubator at 37°C in 5% CO2. Cells were either passaged 

or sub-cultured when 80% of confluency was reached (mono or multi-layered growth). 

Briefly, cells were enzymatically lifted from cell culture plastic by incubation with 

0.25% Trypsin/1 mM EDTA solution (1:10 Trypsin in HBSS) for 5 minutes. The 
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enzymatic process was neutralised by adding complete HMC3 media and cells were 

either passaged or plated at a cell density of 60,000 cell/ml for further experiments. 

For cell counting, 10 µl of suspension were added to an Eppendorf® and mixed with 

10 µl of Trypan Blue® and cell counts were performed by adding 10 µl of this solution 

to a haemocytometer and manually counting under microscope. 

 

2.5.4 Cell viability assay 

AlamarBlue® cell viability assay was used to determine in vitro cytocompatibility of 

GDNF PODS® with human microglial HMC3 cultures. As an indicative measure of 

cell viability, AlamarBlue® assay was used to determine the cell metabolic activity. 

Due to AlamarBlue® reagent being light sensitive, lights in cell culture hood were kept 

switched off, and the tubes and plates containing the reagent were wrapped in tinfoil. 

Briefly, a 1:10 solution of AlamarBlue® reagent in HBSS (Hankôs Balanced Salt 

Solution) was prepared and warmed up to 37°C in a water bath before adding 310 µl 

of this solution to each well and incubating for 1 hour at 37°C in 5% CO2. After 

incubation, the solution was split into 3 wells of a 96 well plate (100 µl each well) and 

absorbance was read at 570 nm and 600 nm using a Varioskan Flash plate reader with 

Gen5® software. HMC3 viability was calculated by firstly subtracting the absorbance 

read at 600 nm from the one at 570 nm and subsequently by normalizing all the results 

to control wells (untreated cells).  

 

2.5.5 Enzyme-linked immunosorbent assay (ELISA)  

An enzyme-linked immunosorbent assay (ELISA) was performed in order to assess 

and quantitatively measure the secretion of GDNF by GFP-MSCs, GDNF-MSCs and 

GDNF PODS® in vitro and ex vivo (human GDNF DuoSet ELISA and DuoSet ELISA 

Ancillary Reagent Kit, Bio-Techne). A 96 wells clear polystyrene microplate was 

incubated at room temperature overnight with 100 µl of capture antibody in coating 

buffer. Using an automated plate washing system (ELx50, Bio-Tek), wells were 

aspirated and washed 3 times with 400 µl of wash buffer (1:25) and then blocked for 

1 hour with 300 µl of reagent diluent (1:10). Aspiration/wash was repeated as 

mentioned above before adding 100 µl of standards/samples (in reagent diluent) to the 
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wells and incubated at room temperature for 2 hours. Aspiration/wash was repeated 

again before adding 100 µl of detection antibody (in reagent diluent) to the wells. After 

2 hours of incubation at room temperature, the aspiration/wash step was repeated once 

again before adding 100 µl of streptavidin-HRP and the plate was left for 20 minutes 

at room temperature. After aspiration/wash, 100 µl of substrate solution was added to 

each well and left for 20 minutes. Once the blue colour has developed, 50 µl of stop 

solution were added to each well to stop the reaction and the plate was gently tapped 

to allow mixing. Finally, the plate was first read at 450 nm and secondly at 570 nm 

using a Varioskan Flash plate reader with Gen5® software, the second reading was 

subtracted to the first to correct for the plate optical imperfections.  

 

  SURGERY 

2.6.1 Stereotaxic surgery 

Pre-operatively, buprenorphine (an opioid analgesic) was administered 

subcutaneously at a dose of 0.03 mg/kg and every 8 hours after for 36 hours from the 

first injection (4 injections total each animal). All surgeries were performed under 

isofluorane anaesthesia (5% in O2 for induction in an isofluorane chamber and 2% in 

O2 for maintenance) in a stereotaxic frame with nose bar set at -4.5 for intra-MFB 

surgeries and -2.3 for intra-striatal surgeries. After the site of surgery was shaved, the 

animal was fixed to the stereotaxic frame using ear bars on which EMLAÊ cream 

(lidocaine 2.5% w/w and pilocaine 2.5% w/w cream) was previously applied to reduce 

the potential pain caused by securing the rats to the stereotaxic frame. Next, Visidic® 

Eye gel (carbomer 0.2% w/w) was applied to the eyes to reduce potential discomfort 

caused by dry eyes. Animals were placed on a heated mat at 37°C to keep their body 

temperature stable during the surgical procedure and temperature was monitored every 

5 minutes. Then, an incision was made through the skin on the head and the skull was 

exposed with a scalpel. An anaesthetic combination (1:1 lidocaine (0.5% w/v) and 

bupivacaine (0.25% w/v)) was applied on the area before drilling. The coordinates for 

bregma were established and used to calculate the site for injection with a cannula (26 

gauge for hydrogel surgeries and 30 gauge for surgeries not involving hydrogels) 

which was connected to a 50 µl Hamilton syringe using polyethylene tubing (0.28 mm 
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inner diameter) and filled with sterile saline. After coordinates for injection were 

determined, an electric drill was used to expose dura from which the cannula was 

lowered to the correct dorso-ventral coordinates. Either 6-OHDA solution or 

hydrogel/cells/micro carrier suspensions were loaded in the cannula and carefully 

delivered to the desired coordinates while movement of a deliberately made air bubble 

in the polyethylene tubing between saline and required suspension was monitored 

carefully. The plunger on the Hamilton syringe was depressed at a steady rate of 1 

µl/min using an automated pump (Harvard Apparatus, USA). Following injection, the 

cannula was left in place for a set diffusion time (2 min). After diffusion, the incision 

was intra-dermally sutured. Animals were monitored throughout recovery before 

being placed back in their home cage. 

 

2.6.2  Induction of the Parkinsonian model (intr a-MFB lesion surgeries) 

Infusion of 6-OHDA to the medial forebrain bundle (MFB) was performed to induce 

Parkinsonism in the animals. Briefly, 7.6 mg of toxin were weighed out and dissolved 

in 1 ml of 0.01% sterile ascorbate saline to prevent premature oxidation. For the 

duration of the surgeries, 6-OHDA solution was kept on ice and in the dark. All lesion 

surgeries were performed under isoflurane anaesthesia (5% in O2 for induction in an 

isoflurane chamber and 2% in O2 for maintenance) in a stereotaxic frame with the nose 

bar set at -4.5. A total volume of 3 µl of 6-OHDA solution (12 µg) was unilaterally 

infused in the MFB coordinates AP -4.0, ML -1.3 (from bregma) and DV -7.0 below 

dura mater at an infusion rate of 1 µl/min. After infusion, a further 2 min were allowed 

for diffusion. 

 

2.6.3  Intra -striatal implantation/transplantation  surgeries  

For the delivery of cells (MSCs and iPSCs), collagen hydrogels (with or without 

neurotrophic enrichment), trophic factors (GDNF and BDNF) and GDNF PODS® all 

surgeries were performed under isoflurane anaesthesia (5% in O2 for induction in an 

isoflurane chamber and 2% in O2 for maintenance) in a stereotaxic frame with the nose 

bar set at -2.3. The striatum was infused unilaterally (when animals were lesioned) or 

bilaterally (when animals were not lesioned) at coordinates AP 0.00, ML ±3.7 (from 
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bregma) and DV -5.0 below dura mater. A total volume of 6 µl were infused at a rate 

of 1 µl/min and the level of the cannula was raised every 2 minutes. After, the cannula 

was left in place for additional 2 minutes to allow for diffusion time.  

 

Preparations for individual intra-striatal surgeries are outlined below and a summary 

of the treatments performed in the experiments in this thesis can be found in Table 2.1. 

 

Table 2.1. Treatments performed in each chapter.  

Treatment Chapter Section 

GDNF PODS® implantation 4 4.3.1 

Co-transplantation of iPSC-

DAPs and different doses of 

GDNF/GFP-MSCs 

4 4.3.2 

Delivery of iPSC-DAPs in a 

NTF-enriched hydrogel 

5 & 6 5.3 & 

6.3 

 

2.6.3.1 PODS® implantation 

For in vivo GDNF PODS® implantation these were prepared as described in Section 

2.4.2 and injected intra-striatally either alone or encapsulated in a collagen hydrogel 

fabricated as previously described in Section 2.4.1. Each animal received a total 

volume of 6 µl per transplant which was composed of either 15.15 million GDNF 

PODS® in PBS alone or 60% collagen-crosslinker solution and 40% GDNF PODS® 

in PBS (15.15 million). The number of GDNF PODS® implanted corresponds to 1000 

ng of GDNF co-expressed in their structure and that could potentially be released.  

 

2.6.3.2 Co-transplantation of iPSC-DAPs and GDNF/GFP-MSCs 

For in vivo co-transplantation of iPSC-DAPs with different doses of either GDNF 

GFP-MSCs or GFP-MSCs, cells were cultured as described in Sections 2.5.1 (iPSCs) 

and 2.5.2 (GDNF/GFP-MPSCs). Once iPSCs had reached day 16 of dopaminergic 

differentiation and MSCs were confluent, these were enzymatically lifted from tissue 
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culture flasks/wells, centrifuged and counted as described previously. After having 

determined the number of viable cells, an appropriate dilution was applied by adding 

neural differentiation medium (NDM) (Neurobasal media, 1:100 L-glutamine, 1:50 

B27 without vit.A) to cell pellets. The final solution for intra-striatal transplantation 

was composed of 50% iPSC-DAPs suspension and 50% GDNF GFP-MSCs/GFP-

MSCs suspension. During surgeries, cell suspensions were maintained on previously 

refrigerated metal beads to prevent cell death. Each animal received a total volume of 

6 µl per transplant containing 300,000 iPSC-DAPs and different numbers of 

GDNF/GFP-MSCs (detailed cell numbers can be found in Chapter 4, Section 4.2.2, 

Table 4.2). 

 

2.6.3.3 Transplantation of iPSCs-DAPs in a NTF-enriched hydrogel 

For in vivo transplantation of iPSC-derived dopaminergic progenitors in a dual 

enriched (GDNF & BDNF) collagen hydrogel, this was composed of 60% collagen-

crosslinker solution as described previously in Section 2.4.1, 30% cell suspension 

(166,666.67 cells/µl) in neural differentiation medium (NDM) (Neurobasal media, 

1:100 L-glutamine, 1:50 B27 without vit.A) and 10% human GDNF and human BDNF 

in PBS at the concentration of 1.67 µg/ml and 3.33 µg/ml respectively (ratio 1:2 

GDNF:BDNF). For cells in hydrogel (without neurotrophins), cells and neurotrophins 

(without hydrogel) and cells transplanted alone, the volume of the missing components 

(neurotrophins/gel) was substituted with NDM. During surgeries, the collagen 

hydrogel were maintained on previously refrigerated metal beads to prevent premature 

gelation. Each animal received a transplant of 6 µl including either 300,000 iPSC-

DAPs alone, with GDNF (500 ng) and BDNF (1000 ng), in a collagen hydrogel or in 

a neurotrophin-enriched hydrogel. The doses of neurotrophins used were based on a 

previous study from our group in which a neurotrophin-enriched hydrogel was shown 

to increase survival and differentiation of iPSC-DAPs in the brain of athymic nude rats 

(Comini et al., 2024). 
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  BEHAVIOURAL TESTS OF MOTOR IMPAIRMENT  

2.7.1 Apomorphine-induced rotations 

Apomorphine is a dopamine agonist which acts post-synaptically on dopaminergic 

receptors and can be used to indirectly measure loss or recovery of striatal 

neurotransmission. The striatum of 6-OHDA lesioned rats is denervated and, as a 

consequence, develops supersensitivity. Therefore, when apomorphine is 

administered, it stimulates hypersensitive post-synaptic dopamine receptors in the 

lesioned striatum causing the rats to rotate in the contralateral direction (away from 

the lesioned side) (Ungerstedt, 1971, Björklund and Dunnett, 2019).  

 

Apomorphine-induced rotational behaviour was assessed as previously described 

(Jerussi and Glick, 1975). Briefly, rats were removed from their home cage, 

subcutaneously injected with 0.05 mg/kg of apomorphine and placed into plastic bowls 

containing standard bedding material (Fig. 2.2 A). Full body ipsilateral and 

contralateral turns were manually counted for 1 minute after 20 minutes from 

apomorphine injection. Data was expressed as net contralateral turns/min (number of 

ipsilateral turns ï number of contralateral turns).  

 

ὔὩὸ ὧέὲὸὶὥ ὸόὶὲίὔ ὭὴίὭ ὸόὶὲίὔ ὧέὲὸὶὥ ὸόὶὲί 

 

N = number 

Contra = contralateral (relative to the lesion site) 

Ipsi = ipsilateral (relative to the lesion site) 

 

2.7.2 Corridor test  

The corridor test was performed as previously described (Dowd et al., 2005, 

Fitzsimmons et al., 2006) and it is designed to assess contralateral neglect in hemi 

parkinsonian rodents. As part of the protocol, rats were food restricted (maintaining 

free access to water) for 24h maximum, with enough food to maintain their weight at 

90% of their free-feeding weight which was compared by scrutiny of animal growth 

chart provided by Charles River. The corridor apparatus consisted of two long parallel 
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chambers (length = 150 cm, height = 24.5 cm and width = 7 cm). Firstly, a habituation 

period of 5 minutes was allowed for each rat and they were free to explore the first 

corridor chamber. After, rats were transferred to the second corridor where there were 

10 adjacently placed pairs of pots, each containing 1-3 CocoPops®. The animal was 

allowed to freely explore and retrieve the CocoPops® from the pots on either side (Fig. 

2.2 B). The test was considered complete when the animal had either made a total of 

20 retrievals or after 5 minutes had passed. A óretrievalô was defined as the rat poking 

its nose into the container, whether or not it ate or retrieved any of the food in the 

container. Animals with a unilateral lesion tend to ignore food on their contralateral 

side and will retrieve the CocoPops® predominantly from their ipsilateral side. The 

time taken to complete the task and the number of retrievals made by each rat from the 

ipsilateral and contralateral sides was recorded. Data was expressed as a percentage of 

contralateral retrievals over the total number of retrievals made as shown in the 

formula below.  

 

Ϸ έὪ ὧέὲὸὶὥ ὶὩὸὶὭὩὺὥὰί 
ὔ έὪ ὧέὲὸὶὥ ὶὩὸὶὭὩὺὥὰί ὼ ρππ

ὔ έὪ ὸέὸὥὰ ὶὩὸὶὭὩὺὥὰί
 

 

N = number 

Contra = contralateral (relative to the lesion site) 

Ipsi = ipsilateral (relative to the lesion site) 

N of total retrievals = N of contralateral + N of ipsilateral retrievals 

 

2.7.3 Stepping test 

The stepping test was designed to monitor forelimb akinesia (Olsson et al., 1995). 

Firstly, the animals were habituated to the test by restraining them in a way so that 

both hindlimbs were resting in the hands of the researcher and both forelimbs were 

resting on the edge of a table. After habituation, one forelimb was restrained and the 

animal was moved horizontally through a 90 cm distance at a steady pace (approx. 5 

seconds) (Fig. 2.2 C). The task was repeated in the forehand and backhand direction 

and with the other forelimb as well. The number of steps made by the rats from the 

ipsilateral and contralateral paw in each directions were counted. The task was carried 
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out three consecutive times per rat and the number of steps are expressed as an average 

of these. Data were represented as the average number of adjusting steps made by 

either the ipsilateral or the contralateral limb. 

 

2.7.4 Whisker test 

The whisker test was designed to measure sensorimotor integration and it is also 

known as vibrissae-elicited forelimb placement test (Schallert et al., 2000). When the 

ratôs whiskers are brushed against a table, its response of placing a free moving paw 

on the table should be triggered. Briefly, the ratsô hindlimbs and one forelimb were 

restrained by the researcher allowing the rats to only move one forelimb. The whiskers 

were then brushed against the edge of a table and the innate response of placing the 

free forelimb against the table was measured by counting the ipsilateral and 

contralateral touches made after rubbing the whiskers against the surface for ten times 

(Fig. 2.2 D). The task was carried out three consecutive times per rat and the number 

of touches are expressed as an average of these. Data were represented as the average 

number of touches made by either the ipsilateral or the contralateral limb. 
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Figure 2.2. Behavioural tests of motor impairment. A) Rotational behaviour to 

ipsilateral and contralateral sides were measured for 1 minute after 20 minutes from a 

single injection of apomorphine (0.05 mg/kg s.c.). B) In the Corridor test, rats were 

free to retrieve CocoPops® from both sides of the corridor. C) In the Stepping test, the 

steps made by ipsilateral and contralateral forepaws are counted moving the animal 

across 90 cm on the table at a steady pace. D) In the Whisker test, the number of ipsi 

and contralateral forelimb placings after brushing the ratsô whiskers against the table 

were assessed. 

 

 

  FLUORESCENCE-ACTIVATED CELL SORTING (FACS)  

Fluorescence-activated cell sorting was performed on peripheral blood mononuclear 

cells (PBMCs) isolated from whole blood of immunodeficient and immunosuppressed 

rats to assess the T cell-mediated immunological responses to human iPSC-derived 

dopaminergic progenitors transplanted with or without a neurotrophin-enriched 

collagen hydrogel.  
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2.8.1 Peripheral blood mononuclear cells isolation 

PBMCs were extracted from whole blood collected during transcardial perfusion, 

before the fixation process. Whole blood was collected into BD Vacutainer® tubes 

coated with K2EDTA to prevent it from coagulating and immediately processed for 

PBMCs extraction. Briefly, 4 ml of Ficoll (Sigma) were added to a tube and the blood 

was layered on top of it. Next, the tubes were carefully placed in the centrifuge and 

spun at 2,000 rpm for 20 minutes to separate the blood into its components. After 

removing the plasma which is layered on top, the PBMCs were found in the interphase, 

otherwise known as the ñbuffy coatò, and could be extracted and moved to a tube 

containing sterile PBS. PBMCs were subsequently washed by centrifugation for 3 

times at 1,200 rpm for 5 minutes and by resuspension in fresh PBS each time. Cells 

could be counted to determine PBMCs yield. For cell counting, 10 µl of suspension 

were added to an Eppendorf® and mixed with 10 µl of Trypan Blue® and cell counts 

were performed by adding 10 µl of this solution to a haemocytometer and manually 

counting under microscope. 

 

2.8.2  Fluorescence-activated cell sorting (FACS) 

Fluorescence-activated cell sorting (FACS) was performed to assess the presence of T 

cell populations and natural killer (NK) cells in the blood. In brief, 100,000 PBMCs 

were placed in each well of a 96 well plate with V-bottom wells. After the plate was 

spun down for 5 minutes, supernatant was removed and cells remained at the bottom 

of the wells. For cell staining, appropriate antibodies (Table 2.3) were mixed with 50 

µl of FACS buffer (DPBS containing 2% FBS and 0.1% NaN3) and this solution was 

added to the wells and incubated for 15 minutes at 4°C in the dark. The plate was 

washed twice by centrifugation and addition of 100 µl of FACS buffer every time. 

Finally, cells were resuspended with 200 µl of FACS buffer in 5 ml cytometry tubes 

which were subsequently placed on ice and protected from direct light. A flow 

cytometer and FlowJo® software (Tree Star, Inc., Ashland, OR, USA) were used to 

assess the presence of T and NK cells in the cell suspensions.  
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Table 2.3. Antibodies used for fluorescence-activated cell sorting in this thesis.  

Antibody Target Clone Source REF 

FITC anti-rat 

CD335 

NK p46 WEN23 Biolegend 250806 

PE/Cyanine 7 

anti-rat CD4 

T helper cells W3/25 Biolegend 201516 

PerPC anti-rat 

CD8Ŭ 

T killer cells OX-8 Biolegend 201712 

PE anti-rat 

CD25 

Activated T 

cells 

OX-39 Biolegend 202105 

 

 

  IMMUNOHISTOCHEMISTRY  

2.9.1 Tissue processing 

Rats were euthanized by terminal anaesthesia (pentobarbital 140 mg/kg i.p.) followed 

by transcardial perfusion with heparinised saline (5000 units/litre) and fixation with 

4% paraformaldehyde (PFA) solution using an automatic pump. After decapitation 

with a guillotine, brains were rapidly removed and placed in 4% PFA for post-fixation 

for 24h and subsequently moved to a sucrose azide solution for preservation (25% 

sucrose, 0.1% sodium azide). Serial coronal sections (30 µm) were cut using a freezing 

stage sledge microtome (Bright, Cambridgeshire, UK) and collected in a series of 12. 

 

2.9.2  Immunohistochemistry  

Free floating immunohistochemical staining was performed using the streptavidin-

biotin-peroxidase method. Briefly, endogenous peroxidase activity was quenched 

using a solution of 3% hydrogen peroxide and 10% methanol in distilled water. A 

solution of 3% normal serum in tris-buffered saline (TBS) with 0.2% Triton X-100 

was used to block non-specific antibody binding and the choice of serum to use was 

based on the host in which the secondary antibody was raised. The blocking solution 

was left incubating for 1 hour at room temperature. Next, the appropriate primary 

antibody was diluted in TBS with 0.2% Triton X-100 (TXTBS) and 10% normal 

serum, added to the brain sections and left for overnight incubation at room 

temperature. Appropriate secondary antibody was diluted in TBS and 10% normal 
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serum and added to the section for a 3 hours incubation at room temperature. Complete 

list of antibodies used and their target can be found below in Table 2.2. A solution 

made of 10% streptavidin-biotin-horseradish peroxidase (Vector, UK (PK6100)) and 

10% of normal serum in TBS was then added to the sections and allowed to incubate 

for 2 hours, at room temperature and covered from direct light. A 0.5% solution of 

diaminobenzidine tetrahydrocloride (DAB) (Sigma, Ireland (D5637)) in TBS 

containing 0.3 µl/ml of hydrogen peroxide was used to develop the staining. Sections 

were mounted onto gelatin-coated slides, dehydrated in an ascending series of 

alcohols, cleared in xylene and coverslipped using DPX mountant (BDH chemicals, 

UK). Detailed protocols can be found in the appendix section.  
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Table 2.2. Antibodies used for immunohistochemistry in this thesis. I: primary, II: 

secondary. 

 

Antibody Target Source REF Host Dilutio

n 

I/II  

Human 

nuclear 

antigen 

(HuNu) 

Human nuclei Millipore MAB1281 Mouse 1:1000 I 

Tyrosine 

hydroxylase 

(TH) 

Catecholaminer

gic neurons 

Millipore MAB318 Mouse 1:1000 I 

Glial Cell line-

derived 

neurotrophic 

factor (GDNF) 

GDNF R&D 

Systems 

MAB212 Mouse 1:200 I 

OX-42/CD11b Microglia Millipore CBL1512-

25UG 

Mouse 1:400 I 

Glial fibrillary 

acidic protein 

(GFAP) 

Astrocytes DAKO Z0334 Rabbit 1:2000 I 

Collagen Collagen 

hydrogel 

Abcam AB34710 Rabbit 1:1000 I 

Brain-derived 

neurotrophic 

factor (BDNF) 

BDNF R&D 

Systems 

MAB248 Mouse 1:200 I 

Green 

fluorescent 

protein (GFP) 

GFP Invitrogen A6455 Rabbit 1:1000 I 

STEM121 Human specific 

cytoplasmic 

protein 

Takara Y40410 Mouse 1:1000 I 

CD4 T helper cells BioRad MCA55G Mouse 1:200 I 

CD8 T killer cells BioRad MCA48G Mouse 1:200 I 

Biotinylated 

horse anti-

mouse 

Mouse I IgG Invitrogen 31806 Horse 1:200 II  

Biotinylated 

goat anti-

rabbit 

Rabbit I IgG Jackson 111-065-

144 

Goat 1:200 II  

 

 



Chapter 2: Materials and methods 

69 

 

  HISTOLOGICAL QUANTIFICATION  

All histological quantitative measurements were carried out using ImageJ software 

(U.S. National Institutes of Health, Bethesda, Maryland, USA). The total number of 

human iPSC-derived dopaminergic progenitors (iPSC-DAPs) present in the striatal 

sections was quantified using ImageJ automatic counting of HuNu positively stained 

nuclei while the number of dopaminergic neurons positively stained for tyrosine-

hydroxylase (TH) were manually counted. Optical density of the staining was also 

assessed (innate immune system (OX-42 and GFAP), iPSC-DAPs (HuNu), 

dopaminergic neurons (TH), GDNF and BDNF, collagen). For all volumetric 

quantifications (innate immune system (OX-42 and GFAP), iPSC-DAPs (HuNu), 

dopaminergic neurons (TH), GDNF and BDNF, collagen), an equation was used based 

on Cavalieriôs principle (described in Section 2.10.3). The table below (Table 2.4) lists 

the staining performed throughout this thesis. 

 

Table 2.4. Staining performed throughout this thesis.  

Staining Target Measure 

Human nuclear antigen (HuNu) Human nuclei Cell survival 

STEM121 Human specific 

cytoplasmic protein 

Cell survival 

Tyrosine hydroxylase (TH) Catecholaminergic neurons Cell differentiation 

Glial cell line-derived neurotrophic 

factor (GDNF) 

GDNF GDNF retention, GDNF release 

from PODS® and GDNF-MSCs 

Brain-derived neurotrophic factor 

(BDNF) 

BDNF BDNF retention 

OX-42/CD11b Microglia Innate immune system reaction 

Glial fibrillary acidic protein (GFAP) Astrocytes Innate immune system reaction 

Collagen Collagen hydrogel Collagen hydrogel degradation 

Green fluorescence protein (GFP) GFP GFP-MSCs survival 

CD4 T helper cells Adaptive immune system reaction 

CD8 T killer cells Adaptive immune system reaction 
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2.10.1 Automated counting for quantification of human nuclear staining 

Photographs of HuNu-positive stained striatal sections were taken with a VS120 

Virtual Slide Microscope (Olympus U.K., United Kingdom). The number of HuNu-

positive nuclei in the striatal sections was counted using ImageJ automated counting 

feature. Briefly, the background of the photomicrograph was removed to reduce noise. 

Next, the image was converted to an 8-bit format followed by threshold setting to 

include all the cells and finally the image was converted again to a binary format. 

ImageJ watershed feature was then applied to separate single nuclei from one another. 

To obtain a count of all the nuclei present in the image, the option ñanalyse particlesò 

was selected (Fig. 2.3). For each animal, the number of HuNu-positive cell nuclei 

present in the striatum were counted in each section of a 1 in 6 series containing 

surviving iPSC-DAP transplants.  

 

 

Figure 2.3. Screen grab of the ImageJ software used to determine HuNu counts. 
The photomicrograph of HuNu stained nuclei (A) were converted to 8-bit images (B), 

then a threshold was set to highlight nuclei (C), once applied a binary image was 

created (D) and the software could automatically count the total number of human 

nuclei in the image using the ñanalyse particlesò feature.  
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2.10.2 Manual counting for quantification of tyrosine hydroxylase-positive cells 

Photographs of TH-positive stained striatal sections were taken with a VS120 Virtual 

Slide Microscope (Olympus U.K., United Kingdom). TH-positive cell bodies were 

easily identifiable in the unilateral 6-OHDA denervated striatum and were manually 

counted (Fig. 2.4). For each animal, the number of TH-positive cell bodies present in 

the striatum were counted in each section of a 1 in 6 series. 

 

 

Figure 2.4. Screen grab of the ImageJ software used to determine the number of 

TH+ cell body counts. Green counter dots on the image represent the location of a 

TH+ cell body. 

 

 

2.10.3 Quantification of volume 

2.10.3.1 Cavalieriôs principle 

Cavalieriôs principle states ñthe volume of an arbitrary shaped object can be estimated 

in an unbiased manner from the product of the distance between planes and the sum 

of the areas on systematic random parallel sections through the objectò (Garcia et al., 

2007).  
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The equation used is the following:  

 

ὠ Ὕὸ  ὃὭ 

Ὕὸ ὔὛ  Ὀ 

 

- V is the total volume  

- Tt is the overall distance of the object  

- Ai is the area (determined using ImageJ software as described in section 2.11.4)  

- NS is the number of sections in the series (i.e. 6 series)  

- D is the known distance between tissue sections (i.e. 30 ɛm) 

 

2.10.3.2 Quantification of area/volume 

For quantification of volume of staining, photographs of striatal sections were taken 

with a VS120 Virtual Slide Microscope (Olympus U.K., United Kingdom). Scale was 

set on ImageJ by using a known distance provided by the imaging software with the 

number of pixels for that known distance. Free hand drawing tool was selected on 

ImageJ and the area of the staining was drawn in all the striatal sections as shown in 

Fig. 2.5. Using the sum of the total measured areas and Cavalieriôs principle, area 

measurements were converted to volume.  
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Figure 2.5. Screen grab of the ImageJ software used to determine area. The 

STEM121 stained human cytoplasmic area was outlined using the freehand drawing 

tool (green outline). The scale bar on the bottom right corner was used to calibrate the 

number of pixels of the image corresponding to a known distance, the area of human 

cytoplasmic staining could be determined for each section.  

 

 

2.10.4 Quantification of density 

For optical density analysis of microgliosis and astrocytosis (OX-42 and GFAP 

staining) three representative images of the striatum were chosen per animal. For 

quantification of striatal density of staining, photographs of striatal sections were taken 

with a VS120 Virtual Slide Microscope (Olympus U.K., United Kingdom). Then a 

circular shape was drawn in the transplantation area (Fig. 2.6) and the mean grey value 

was measured and subsequently converted to optical density. This particular approach 

is a gross, semi-quantitative analysis and inclusion of a small peri-transplant region 

could affect the optical density in smaller grafts.  

 

For optical density analysis of graft survival (HuNu and STEM121 staining) and 

differentiation (TH staining) all the images of the striatum where staining was detected 

were chosen. For quantification of striatal density of staining, photographs of striatal 

sections were taken with a VS120 Virtual Slide Microscope (Olympus U.K., United 

Kingdom). Then free hand drawing tool was selected on ImageJ and the area of the 
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staining was drawn in all the striatal sections as shown in Fig. 2.5 and the mean grey 

value was measured and subsequently converted to optical density.  

 

 Mean grey value was converted to optical density using the following formula:  

 

ὕὈ ὒέὫρπ ςυυȾάὩὥὲ ὫὶὩώ ὺὥὰόὩ 

 

 

Figure 2.6. Screenshot of ImageJ software used to measure optical density in the 

striatum. The green circle around the graft site was used to analyse the density of the 

immunostaining. 

 

 

 

  PROTEIN EXTRACTION FROM STRIATAL BRAIN 

PUNCHES FOR ELISA 

Protein extraction was performed on striatal punches from brains which had received 

GDNF PODS® implantation to assess GDNF release with ELISA analysis.  
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2.11.1 Tissue processing 

Rat were euthanized via transient anaesthesia (isofluorane 5% in O2 in an induction 

chamber), until complete loss of pedal reflex, followed by quick decapitation with a 

guillotine. Brains were rapidly removed and frozen at -80°C. Serial striatal sections 

(300 µm) were cut using a cryostat (Leica CM3050 S), placed on a slide and left at -

20°C in the cryostat chamber until the process was completed. After, striatal punches 

were taken using a hypodermic tube with a sharp rim which pressed onto the frozen 

section on the glass slide (Pun0500 tissue biopsy punch). The tissue under the hole can 

then be expelled from the punch by pressing the plunger of a syringe previously loaded 

with air and connected to the punch. Tissue was collected in Eppendorf® and stored at 

-80°C until protein extraction.  

 

2.11.2 Protein extraction 

Protein extraction was performed on striatal brain punches in preparation for final 

ELISA analysis. Briefly, after RIPA lysis buffer was prepared (detailed protocol can 

be found in Appendix V), 1 µl/ml of protease inhibitor cocktail ((PI) (AEBSF, 

aprotinin, bestatin, E-64, leupeptin, pepstatin A) (Millipore, Sigma)) was added to 

prevent proteins breakdown. Striatal punches were retrieved from freezer and added 

with 75 µl of RIPA/PI solution. Next, a sonicator was used (maximum 10 

seconds/sample with power setting at 5.0) to burst cell membranes causing protein 

release from cytoplasm and nucleus of cells followed by a 45 minutes incubation at 

4°C on a samples shaker. To separate cell pellet and supernatant, samples were 

centrifuged for 20 minutes at 13,200 rpm at 4°C. Finally, supernatant was collected 

for further ELISA analysis.  

 

 

  STATISTICAL ANALYSIS  

All statistical analyses throughout this thesis were performed using GraphPad Prism 

software. All data are expressed as individual data points with mean ± standard error 

of the mean (SEM) and were analysed using Studentôs t test for comparison between 
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two groups, one-way analysis of variance (ANOVA) for comparison between more 

than two groups on one factors, two-way ANOVA to compare more than two groups 

on two factors and two-way repeated measures ANOVA to compare two within-

subject factors. These were followed by Tukey multiple comparison post-hoc where 

appropriate. Data was considered statistically significant at the level P<0.05. 

Throughout the results section, the main effects from the initial ANOVA are cited in 

the body of the results. Post-hoc analysis are also shown and explained in the 

appropriate figures and figure legends.  

 

  IMAGES SCHOWING SCHEMATIC REPRESENTATION OF 

EXPERIMENT AL DESIGN  

The images illustrating the experimental designs were created using the free online 

version of Biorender software (https://www.biorender.com/).

https://www.biorender.com/
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Chapter 3: Human stem cell transplantation for Parkinsonôs 

disease: A systematic review of in situ survival and 

maturation of progenitors derived from embryonic or 

induced stem cells in animal models. 

  INTRODUCTION  

The concept of human stem cell-derived brain repair for Parkinsonôs disease is built 

on decades of research using foetal cells as a source of healthy cells for transplantation 

(Bjorklund and Parmar, 2020). The first studies in this field date back to the 1970s 

when groups in the US (Perlow et al., 1979) and Sweden (Björklund et al., 1980b) 

pioneered this approach using rat-to-rat foetal transplants. These studies demonstrated 

that foetal dopamine neuron-rich tissue transplanted into the brain could survive and 

ameliorate motor dysfunction in dopamine-depleted rats. A decade or so of preclinical 

research followed leading to the first clinical trials of human foetal transplantation in 

patients with Parkinsonôs disease (Madrazo et al., 1988, Lindvall et al., 1989).   

 

Over the intervening decades, numerous preclinical studies and clinical trials provided 

proof-of-principle for the efficacy and safety of cellular brain repair, with foetal 

dopaminergic grafts demonstrating the ability to survive in the brain, reinnervate the 

dopamine-depleted striatum, and ameliorate dysfunction/symptoms in Parkinsonian 

models and patients (reviewed in Bjorklund and Parmar, 2020, Barker and Bjorklund, 

2023). However, it also became apparent that this approach had serious limitations 

associated with the need for human foetal donors including supply, ethical concerns 

and logistical difficulties, all of which would ultimately preclude this translating to a 

therapy for patients.  

 

In parallel with these efforts, embryonic stem cells (ECSs) were first cultured from 

mice (Martin, 1981, Evans and Kaufman, 1981) and later humans (Thomson et al., 

1998), and protocols to convert these to a dopaminergic phenotype were later 

developed and refined (reviewed in Studer, 2012b). This led to the first mouse-to-rat 
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(Kim et al., 2002) and human-to-rat (Ben-Hur et al., 2004) studies of ESC-derived 

brain repair in Parkinsonian rats. With the discovery that somatic cells could be 

reprogrammed into induced pluripotent stem cells (iPSCs); (Yu et al., 2007, Takahashi 

and Yamanaka, 2006a, Takahashi et al., 2007), the era of stem cell-derived brain repair 

for Parkinsonôs disease was truly underway (Hargus et al., 2010, Wernig et al., 2008). 

In contrast to foetal transplantation, both ESCs and iPSCs offered the possibility of a 

limitless supply of quality-controlled dopaminergic neurons for allogenic (donor-to-

patient) transplantation, with the iPSCs offering the additional potential of autologous 

(patient-to-self) transplantation.  

 

Over the last 20 years, numerous preclinical trials have been undertaken to determine 

the efficacy and safety of human stem cell-derived brain repair in Parkinsonian 

models, and the outcome of these has led to the initiation of 5 clinical trials that are 

currently underway (Kyoto Trial: UMIN000033564; BlueRock Trial: NCT04802733; 

STEM-PD: NCT05635409, S.Biomedics Co. Trial: NCT05887466, Aspen Neuro: 

ANPD001). Critically, the ultimate success of these and future clinical trials is highly 

dependent on the ability of the transplanted stem cell-derived dopaminergic 

progenitors to survive and differentiate into functional dopaminergic neurons in the 

Parkinsonian brain. Although in situ survival and differentiation of ESC and iPSC-

derived dopaminergic progenitors is well established in rodent and primate models of 

Parkinsonôs disease, this is highly variable between, and even within, studies.  

 

Therefore, because of the pivotal role that in situ survival and dopaminergic 

differentiation will play in the clinical success of stem cell-derived brain repair for 

Parkinsonôs, the aim of this review was to systematically assess these parameters in 

human stem-derived dopaminergic progenitor transplant studies in animal models.  
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   METHODS  

3.2.1 Search Strategy 

This study was completed in accordance with the PRISMA 2020 guidelines (Page et 

al., 2021) and used a search strategy in the ñPUBMEDò database to find articles related 

to human stem-derived dopaminergic progenitor transplantation in animal models of 

Parkinsonôs. The specific search string used was (stem AND (embryonic OR induced) 

AND Parkinsonôs AND dopaminergic AND (transplant or graft)). This search 

identified a total of 887 articles spanning from 1997 to March 2024. These articles 

were then screened according to the strategy outlined below and depicted in the 

PRISMA flow diagram (Fig. 3.1). This yielded 76 articles which were included in this 

systematic review. All the articles obtained were managed using Microsoft Excel and 

EndNote software.  

 

3.2.2 Screening Strategy 

The 887 articles identified were first screened by Title and Abstract and the following 

inclusion and exclusion criteria were applied. Inclusion criteria: 1) original research 

studies, 2) human ESC or iPSC-derived dopaminergic progenitors, 3) transplanted into 

the brain. Exclusion criteria: 1) review articles, 2) clinical trials, 3) not ESC or iPSC 

cells, 4) not human origin, 5) no transplantation, 6) not relevant for other miscellaneous 

reasons. This initial screen left 128 articles which were screened by full text. In this 

second screen, two additional exclusion criteria were used: 7) transplanted animals 

were not Parkinsonian, and 8) full text was not available. This left 72 articles for 

inclusion to which a further 4 were added that were identified from the cited 

publications in the selected articles.  
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Figure 3.1. PRISMA flow chart.  Flow chart based on PRISMA 2020 guidelines 

(Page et al., 2021) detailing the screening strategy employed for the study selection in 

the present study.  

 

 

 

Total records screened by Title & Abstract: 

n = 887 

Records excluded: 

n = 759 

 

Reason 1 (Review, n = 256)  

Reason 2 (Clinical trial = 6) 

Reason 3 (Not ESC/iPSC, n = 252) 

Reason 4 (Not human, n = 62) 

Reason 5 (Not transplanted, n = 77) 

Reason 6 (Not relevant, n = 106) 

 
Records after screening by Title & Abstract: 

n = 128 

Records after screening by full text: 

n = 72 

Records excluded: 

n = 56 

 

Reason 3 (Not ESC/iPSC, n = 26) 

Reason 4 (Not human, n = 15) 

Reason 5 (Not transplanted, n = 6) 

Reason 7 (Not PD model, n = 7) 

Reason 8 (Not Full text, n = 2) 

Articles included in review: n = 72 

Articles included from references: n = 4 
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n = 76 

Identification of studies via the PUBMED database 

Id
e

n
ti
fi
c
a
ti
o
n

 
S

c
re

e
n
in

g 

 
In

c
lu

d
e
d

 

Records identified from PUBMED: 

n = 887 
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3.2.3 Data Extraction 

Variables manually extracted from the selected articles (Table 3.1 and references 

therein) included stem cell type (ECSs or iPSCs), cell line, day of differentiation at 

time of transplantation (for protocols using dual SMAD inhibition only), host species, 

Parkinsonian model, immunological status of the host (i.e. immunosuppressed vs. 

immunodeficient), week of sacrifice after transplantation, number of cells 

transplanted, number of cells surviving and number of cells differentiating into 

dopaminergic neurons. For cell survival, cell counts were only extracted where the 

marker used identified all transplanted cells (almost exclusively human nuclear 

markers) and not a specific subset of lineage restricted cells. For dopaminergic 

differentiation, cell counts extracted were based on tyrosine hydroxylase 

immunostaining or, in a limited number of studies, GFP expression driven by the 

dopaminergic PITX3 promoter. In most articles, the cell numbers were provided 

directly by the authors, but in some articles, we estimated them from ranges and/or 

figures provided. Any estimated cell number is highlighted in Table 3.1 by 

underlining. Many articles employed transplant groups with various treatments, but 

for consistency and comparability between studies, only the unmanipulated/control 

cohorts are included here. 

 

Based on the numbers of cells transplanted, surviving and differentiating, three 

parameters were then calculated: 1) cell survival (as a percent of cells transplanted, 2) 

cell differentiation (as a percent of cells transplanted) and 3) cell differentiation (as a 

percent of cells surviving). The latter was not depicted in any graphical representations 

in the results section but is available in Table 3.1. In a small number of articles, these 

percentages were self-reported by the authors without any underpinning cell counts. 

These are included (in brackets) in Table 3.1 but are not included in any graphical 

depictions of the data. 
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We also determined which articles included behavioural evaluation of graft-derived 

motor recovery (Table 3.2) and, if so, which behavioural test was used and whether or 

not there was functional recovery. Screening of the records, data extraction and 

calculations were completed independently both by this author and by Prof. Eilìs 

Dowd. 

 

3.2.4 Limitations of this Review 

This systematic review is intended to give an overview of survival and differentiation 

of human stem cell-derived dopaminergic progenitor transplantation in animal models 

of Parkinsonôs. However, there are numerous factors that can affect graft survival and 

differentiation, and it is beyond the scope of the review to consider all of these. These 

factors include, but are not limited to, quality of stem cell line used, dopaminergic 

differentiation protocol used, validation of differentiation protocol, stage of 

dopaminergic differentiation at time of transplantation, verification of dopaminergic 

progenitor status at time of transplantation, use of cryopreservation for storage, 

viability of cell suspension used for transplantation, host animals used (species, strain, 

sex, age), immunological status of host animals (immunosuppressed or 

immunodeficient; immunosuppressive drug and drug regime; immunodeficient strain 

etc.), model of Parkinsonôs induced, site of implantation, cell proliferation in the brain, 

time of sacrifice after transplantation, and the experience and expertise of the 

laboratories and individual researchers performing all of these tasks. Some, but not all, 

of these factors were recorded in Table 3.1. Additionally, many studies excluded 

animals from their analyses where there were no surviving grafts or no differentiated 

dopaminergic neurons. Therefore, the survival and differentiation data shown in the 

results section here may be an overrepresentation of the true figures.  

 

3.2.5 Statistical analysis of data 

General study characteristics are shown as pie charts. All data related to cell survival 

and/or differentiation is shown as scatter plots depicting individual studies with the 

median. Any data cited in the text of the results section represents the mean ± standard 

error of the mean (SEM) unless specified otherwise. Comparisons between 2 groups 
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were completed using Studentôs t-test, comparisons between 3 or more groups on a 

single factor were completed using one-way ANOVA, and comparisons between 

groups on two factors were completed using two-way ANOVA. Where appropriate, 

post-hoc testing was applied, and the test used is specified in the corresponding figure. 

Simple linear regression was used to assess correlations in the data. Importantly, when 

considering the graphical depictions and the statistical analyses, it is important to bear 

in mind that there are many different variables (some of which are outlined above) that 

could underpin and affect the data shown.  

 

  RESULTS 

Data obtained by screening of the database and extracted from selected articles are 

presented below in Table 3.1 and analysed in this chapter.
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3.3.1 Table 3.1: studies included in this systematic review 

Table 3.1. Studies included in this review. A total of 76 articles were included in this review from which 178 separate transplant studies 

were identified. The data extracted from these studies is depicted in this table. Any underlined value was estimated from a range or figure in 

the original article. Any number in brackets (like this) was self-reported by the authors without any underpinning cell counts, and these were 

omitted from the results section. NA indicates that the data is not available for various reasons including not done, not reported, not a pan 

human cellular marker, expressed per section or per unit area/volume. *Indicates that the data was extracted from Table S1 in Kirkeby et al., 

2017 (Kirkeby et al., 2017). Abbreviations: 6OH: 6-hydroxydopamine; SYN: Synuclein; Cyclo: Cyclosporine; Tac: Tacrolimus. 
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(Ben-Hur et al., 

2004) 
2004 hESC HES-1 - Rat-6OH Cyclo 12 400,000 294,774 389 73.69 0.10 0.13 

(Park et al., 

2005) 
2005 hESC HSF-6 - Rat-6OH Cyclo 2 500,000 NA 0 NA 0.00 NA 

(Brederlau et al., 

2006b) 
2006 hESC SA002.5 - Rat-6OH Cyclo 2 100,000 100,000 30 100.00 0.03 0.03 

(Brederlau et al., 

2006b) 
2006 hESC SA002.5 - Rat-6OH Cyclo 13 100,000 500,000 30 500.00 0.03 0.01 

(Roy et al., 2006) 2006 hESC H1/H9 - Rat-6OH Cyclo 10 500,000 NA NA NA NA (22) 

(Martinat et al., 

2006) 
2006 hESC H9 - Mouse-6OH ? 6 100,000 NA NA NA NA (45) 
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(Sonntag et al., 

2007) 
2007 hESC H7 - Rat-6OH Cyclo 12 100,000 NA 160 NA 0.16 NA 

(Sonntag et al., 

2007) 
2007 hESC H9 - Rat-6OH Cyclo 12 100,000 NA 2 NA 0.00 NA 

(Iacovitti et al., 

2007) 
2007 hESC Various - Rat-6OH ? 2-3 350,000 NA NA NA NA NA 

(Ko et al., 2007) 2007 hESC HSF-6 - Rat-6OH Cyclo 8 1,500,000 301,327 201 20.09 0.01 0.07 

(Chiba et al., 

2008) 
2008 hESC BG01V - Rat-6OH Cyclo 4 1,000,000 NA 100 NA 0.01 NA 

(Yang et al., 

2008) 
2008 hESC H9 - Rat-6OH Cyclo 1 200,000 25,919 53 12.96 0.03 0.20 

(Yang et al., 

2008) 
2008 hESC H9 - Rat-6OH Cyclo 4 200,000 237,184 361 118.59 0.18 0.15 

(Yang et al., 

2008) 
2008 hESC H9 - Rat-6OH Cyclo 20 200,000 570,559 1,273 285.28 0.64 0.22 

(Geeta et al., 

2008) 
2008 hESC Relicell® - Rat-6OH Cyclo 12-48 1,200,000 NA NA NA NA NA 

(Wernig et al., 

2008) 
2008 (?)iPSC O9 - Rat-6OH ? 4 200,000 NA 15,250 NA 7.63 NA 
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(Ko et al., 2009b) 2009 hESC HSF-6 - Rat-6OH Cyclo 8 750,000 483,814 976 64.51 0.13 0.20 

(Hargus et al., 

2010) 
2010 hiPSC S1 - Rat-6OH Cyclo 16 400,000 NA 4,890 NA 1.22 NA 

(Cai et al., 2010) 2010 hiPSC IMR90 - Rat-6OH Cyclo 6 1,000,000 NA NA NA NA NA 

(Kriks et al., 

2011) 
2011 hESC H1/H9 D25 Mouse-6OH SCID 18 150,000 NA 5,000 NA 3.33 NA 

(Kriks et al., 

2011) 
2011 hESC H1/H9 D25 Rat-6OH Cyclo 20 250,000 240,000 15,000 96.00 6.00 6.25 

(Kriks et al., 

2011) 
2011 hESC H1/H9 D25 NHP-MPTP Cyclo 4 7,500,000 NA NA NA NA NA 

(Cho et al., 2011) 2011 hESC H9 - Rat-6OH Cyclo 24 550,000 NA NA NA NA (2) 

(Kikuchi et al., 

2011a) 
2011 hiPSC 253G4 - NHP-MPTP Tac 24 2,400,000 NA 30,700 NA 1.28 NA 

(Kikuchi et al., 

2011a) 
2011 hiPSC 253G4 - NHP-MPTP Tac 24 2,400,000 NA 126,000 NA 5.25 NA 

(Rhee et al., 

2011) 
2011 hiPSC Pro-1 - Rat-6OH Cyclo 8 300,000 NA 26,882 NA 8.96 NA 

(Rhee et al., 

2011) 
2011 hiPSC Pro-1 - Rat-6OH Cyclo 8 300,000 NA 0 NA 0.00 NA 
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(Rhee et al., 

2011) 
2011 hiPSC Pro-1 - Rat-6OH Cyclo 8 750,000 NA 54,418 NA 7.26 NA 

(Kirkeby et al., 

2012) 
2012 hESC H9 D16 Rat-6OH Cyclo 6 300,000 NA 25,014 NA 8.34 (54) 

(Kirkeby et al., 

2012) 
2012 hESC H9 D16 Rat-6OH Cyclo 18 300,000 NA 59,628 NA 19.88 (0.6) 

(Doi et al., 2012) 2012 hiPSC KhES-1 - NHP-MPTP Tac 36 2,400,000 NA NA NA NA NA 

(Doi et al., 2012) 2012 hiPSC KhES-1 - NHP-MPTP Tac 48 2,400,000 NA 9,950 NA NA NA 

(Daadi et al., 

2012) 
2012 hESC H7/H9 - NHP-MPTP Cyclo 8 1,000,000 NA NA NA NA (10) 

(Emborg et al., 

2013) 
2013 hESC H9 - NHP-MPTP Cyclo 12 2,750,000 NA 0 NA 0.00 NA 

(Kang et al., 

2014) 
2014 hESC  - Rat-6OH Cyclo 16 400,000 NA NA NA NA NA 

(Wakeman et al., 

2014) 
2014 hESC H1 - NHP-MPTP Cyclo 6 5,375,000 NA 0 NA 0.00 NA 

(Grealish et al., 

2014) 
2014 hESC H9 D16 Rat-6OH Cyclo 18 150,000 NA 986 NA 0.66 NA 
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(Grealish et al., 

2014) 
2014 hESC H9 D16 Rat-6OH Nude 24 150,000 NA 13,890 NA 9.26 NA 

(Grealish et al., 

2014) 
2014 hESC H9 D16 Rat-6OH Nude 24 100,000 NA 4,007 NA 4.01 NA 

(Yang et al., 

2014a) 
2014 hESC H9 - Mouse-MPTP ? 4 150,000 NA NA NA NA NA 

(Yang et al., 

2014a) 
2014 hESC H9 - Mouse-6OH ? 4 200,000 NA NA NA NA NA 

(Doi et al., 2014) 2014 hiPSC 
404C2/836

B3 
D28 Rat-6OH ? 16 400,000 NA 3,436 NA 0.86 NA 

(Doi et al., 2014) 2014 hiPSC 
404C2/836

B3 
D28 Rat-6OH ? 16 400,000 NA 6,747 NA 1.69 (0.3) 

(Doi et al., 2014) 2014 hiPSC 
404C2/836

B3 
D42 Rat-6OH ? 16 400,000 NA 1,800 NA 0.45 (18) 

(Doi et al., 2014) 2014 hiPSC 
404C2/836

B3 
D42 Rat-6OH ? 16 400,000 NA 1,900 NA 0.48 NA 

(Steinbeck et al., 

2015) 
2015 hESC H9 D25 Mouse-6OH NOD-SCID 16-24 200,000 NA NA NA NA NA 

(Grealish et al., 

2015) 
2015 hESC H9 D16 Rat-6OH Nude 24 300,000 NA 11,569 NA 3.86 NA 
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(Grealish et al., 

2015) 
2015 hESC H9 D16 Rat-6OH Cyclo 6 200,000 NA 340 NA 0.17 NA 

(Grealish et al., 

2015) 
2015 hESC H9 D16 Rat-6OH Cyclo 18 200,000 NA 11,009 NA 5.50 NA 

(Han et al., 2015) 2015 hiPSC  D14-21 Rat-6OH Cyclo 16 500,000 NA NA NA NA NA 

(Chen et al., 

2016) 
2016 hESC WA09 D32 Mouse-6OH SCID 24 200,000 NA 6,110 NA 3.06 NA 

(Nishimura et al., 

2016) 
2016 hiPSC 1039A1 D28 Rat-6OH X-SCID 12-16 400,000 NA NA NA NA NA 

(Kirkeby et al., 

2017) 
2017 hESC RC17 D16 Rat-6OH Nude 25 100,000 NA 3,716 NA 3.72 NA 

(Kirkeby et al., 

2017) 
2017 hESC H9 D16 Rat-6OH Cyclo 4 300,000 NA 925 NA 0.31 NA 

(Kirkeby et al., 

2017) 
2017 hESC H9 D16 Rat-6OH Cyclo 6 200,000 NA 388 NA 0.19 NA 

(Kirkeby et al., 

2017) 
2017 hESC H9 D16 Rat-6OH Cyclo 6 150,000 NA 910 NA 0.61 NA 

(Kirkeby et al., 

2017) 
2017 hESC H9 D16 Rat-6OH Cyclo 6 400,000 NA 36 NA 0.01 NA 
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(Kirkeby et al., 

2017) 
2017 hESC H9 D16 Rat-6OH Cyclo 16 300,000 NA 3,979 NA 1.33 NA 

(Kirkeby et al., 

2017) 
2017 hESC H9 D16 Rat-6OH Cyclo 16 200,000 NA 1,936 NA 0.97 NA 

(Kirkeby et al., 

2017) 
2017 hESC H9 D16 Rat-6OH Cyclo 18 400,000 NA 30 NA 0.01 NA 

(Kirkeby et al., 

2017) 
2017 hESC H9 D16 Rat-6OH Cyclo 18 150,000 NA 10,581 NA 7.05 NA 

(Kirkeby et al., 

2017) 
2017 hESC H9 D16 Rat-6OH Cyclo 18 75,000 NA 3,363 NA 4.48 NA 

(Kirkeby et al., 

2017) 
2017 hESC H9 D16 Rat-6OH Cyclo 20 300,000 NA 15,600 NA 5.20 NA 

(Kirkeby et al., 

2017) 
2017 hESC H9 D16 Rat-6OH Cyclo 21 300,000 NA 798 NA 0.27 NA 

(Kirkeby et al., 

2017) 
2017 hESC H9 D16 Rat-6OH Nude 24 100,000 NA 38 NA 0.04 NA 

(Niclis et al., 

2017a) 
2017 hESC H9 D25 Rat-6OH Nude 24 50,000 NA NA NA NA NA 

(Niclis et al., 

2017a) 
2017 hESC H9 D25 Mouse-6OH Nude 5 50,000 NA NA NA NA NA 
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(Niclis et al., 

2017b) 
2017 hESC H9 D19 Rat-6OH Nude 4 100,000 NA 6,081 NA 6.08 NA 

(Niclis et al., 

2017b) 
2017 hESC H9 D19 Rat-6OH Nude 28 100,000 NA 5,268 NA 5.27 NA 

(Kikuchi et al., 

2017c) 
2017 hiPSC  - Rat-6OH Cyclo 16 400,000 NA 252 NA 0.06 NA 

(Kikuchi et al., 

2017c) 
2017 hiPSC  - Rat-6OH Cyclo 16 400,000 NA 267 NA 0.07 NA 

(Kikuchi et al., 

2017c) 
2017 hiPSC  - Rat-6OH Cyclo 16 400,000 NA 227 NA 0.06 NA 

(Kikuchi et al., 

2017c) 
2017 hiPSC  - Mouse-SYN Cyclo 24 200,000 NA NA NA NA NA 

(Kikuchi et al., 

2017a) 
2017 hiPSC  - NHP-MPTP Tac 32-96 2,400,000 NA 64,000 NA 2.67 NA 

(Wakeman et al., 

2017) 
2017 hiPSC  

D33/D3

8 
Rat-6OH Cyclo 24 450,000 101,580 26,081 22.57 5.80 25.68 

(Wakeman et al., 

2017) 
2017 hiPSC  

D33/D3

8 
NHP-MPTP Tac 12 3,750,000 NA NA NA NA NA 

(Cardoso et al., 

2018) 
2018 hESC H9/RC17 D16 Rat-6OH Cyclo 6-18 75,000 NA NA NA NA NA 
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(Cardoso et al., 

2018) 
2018 hESC H9/RC17 D16 Rat-6OH Nude 24 75,000 NA NA NA NA NA 

(Wang et al., 

2018) 
2018 hESC H9 - NHP-MPTP Cyclo 36 2,000,000 NA 40,000 NA 2.00 NA 

(Adler et al., 

2019) 
2019 hESC RC17 D16 Rat-6OH Cyclo 16 112,500 NA NA NA NA NA 

(Adler et al., 

2019) 
2019 hESC RC17 D16 Rat-6OH Cyclo 7 300,000 NA NA NA NA NA 

(Adler et al., 

2019) 
2019 hESC RC17 D16 Rat-6OH Nude 24 112,500 NA NA NA NA NA 

(Yu et al., 2019) 2019 hiPSC  D15 Rat-6OH Cyclo 5 15,000,000 NA NA NA NA NA 

(Zygogianni et 

al., 2019) 
2019 hiPSC  - Mouse-6OH NOD-SCID 12 200,000 NA NA NA NA (1) 

(Gantner et al., 

2020a) 
2020 hESC H9 D20 Rat-6OH Nude 24 100,000 NA 4,092 NA 4.09 NA 

(Gantner et al., 

2020a) 
2020 hESC H9 D20 Rat-6OH Nude 26 100,000 NA 19,810 NA 19.81 (10) 

(Gantner et al., 

2020a) 
2020 hESC H9 D20 Mouse-6OH Nude 2 100,000 NA NA NA NA NA 



Chapter 3: hESC & hiPSC-derived brain repair ï A systematic review 

93 

 

R
e
fe

re
n

c
e 

Y
e
a

r 

C
e
ll
s 

L
in

e
 

D
if
fe

re
n

ti
a

ti
o

n
 

(D
a

y
) 

H
o

s
t 

Im
m

u
n

o
lo

g
ic

a
l 

s
ta

tu
s 

S
a

c
ri
fi
c
e
  

(W
e
e
k
) 

T
ra

n
s
p

la
n

te
d

  

(#
 c

e
ll
s
)  

S
u

rv
iv

e
d
  

(#
 c

e
ll
s
) 

D
if
fe

re
n

ti
a

te
d

  

(#
 c

e
ll
s
) 

S
u

rv
iv

e
d 

v
s
. 

tr
a

n
s
p

la
n

te
d

 (
%

) 

D
if
f
e
re

n
ti
a

te
d
 v

s
  

T
ra

n
s
p

la
n

te
d

 (
%

) 

D
if
f
e
re

n
ti
a

te
d
 v

s
.  

S
u

rv
iv

e
d
 (

%
) 

(Goggi et al., 

2020) 
2020 hESC HES-3 D25 Rat-6OH Nude 24 400,000 350,000 NA 87.50 NA (10) 

(Hoban et al., 

2020) 
2020 hESC RC17 D16 Rat-SYN Cyclo 6-18 300,000 NA NA NA NA NA 

(Hoban et al., 

2020) 
2020 hESC RC17 D16 Rat-6OH Cyclo 6-18 300,000 NA NA NA NA NA 

(Tiklova et al., 

2020) 
2020 hESC H9/RC17 D16 Rat-6OH Nude 24 300,000 NA NA NA NA NA 

(Tiklova et al., 

2020) 
2020 hESC H9/RC17 D16 Rat-6OH Nude 36 150,000 NA NA NA NA NA 

(Doi et al., 

2020a) 
2020 hiPSC MCB003 - Rat-6OH Nude 20 400,000 NA 2,835 NA 0.71 NA 

(Doi et al., 

2020a) 
2020 hiPSC MCB003 - NHP-MPTP Cyclo 24 1,750,000 NA NA NA NA NA 

(Song et al., 

2020) 
2020 hiPSC C4 D28 Rat-6OH Nude 16 100,000 NA 5,621 NA 5.62 NA 

(Song et al., 

2020) 
2020 hiPSC C4 D28 Rat-6OH Nude 16 300,000 NA 16,863 NA 5.62 NA 

(Song et al., 

2020) 
2020 hiPSC C4 D28 Rat-6OH Nude 26 100,000 NA 34,560 NA 34.56 NA 
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(Song et al., 

2020) 
2020 hiPSC C4 D28 Rat-6OH Nude 26 100,000 NA 46,094 NA 46.09 NA 

(Hiller et al., 

2021) 
2021 hiPSC 

iCell® 

Dopa 
D38 Rat-6OH Nude 36 450,000 60,226 19,861 13.38 4.41 32.98 

(Hiller et al., 

2021) 
2021 hiPSC 

iCell® 

Dopa 
D33 Rat-6OH Nude 36 450,000 70,511 12,612 15.67 2.80 17.89 

(Hiller et al., 

2021) 
2021 hiPSC 

iCell® 

Dopa 
D33 Rat-6OH Nude 36 450,000 30,479 7,774 6.77 1.73 25.51 

(Hiller et al., 

2021) 
2021 hiPSC 

iCell® 

Dopa 
D33 Rat-6OH Nude 36 450,000 25,605 6,356 5.69 1.41 24.82 

(Hiller et al., 

2021) 
2021 hiPSC 

iCell® 

Dopa 
D26 Rat-6OH Nude 36 450,000 210,929 17,430 46.87 3.87 8.26 

(Yoo et al., 2021) 2021 hESC H9 - Rat-6OH Cyclo 16 350,000 NA NA NA NA NA 

(Piao et al., 2021) 2021 hESC H9 D16 Rat-6OH Nude 36 400,000 495,000 45,865 123.75 11.47 9.27 

(de Luzy et al., 

2021a) 
2021 hESC H1 D19 Rat-6OH Nude 5 125,000 NA 4,752 NA 3.80 NA 

(de Luzy et al., 

2021a) 
2021 hESC H1 D19 Rat-6OH Nude 10 125,000 NA 4,635 NA 3.71 NA 
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(de Luzy et al., 

2021a) 
2021 hESC H1 D19 Rat-6OH Nude 24 125,000 NA 5,204 NA 4.16 NA 

(de Luzy et al., 

2021a) 
2021 hESC H1 D19 Rat-6OH Nude 24 125,000 577,226 6,061 461.78 4.85 1.05 

(Xiong et al., 

2021) 
2021 hESC H9 D32 Mouse-6OH SCID 24 50,000 NA NA NA NA (68) 

(Shrigley et al., 

2021a) 
2021 hESC RC17 D16 Rat-6OH Nude 7 300,000 NA 2,100 NA 0.70 NA 

(Shrigley et al., 

2021a) 
2021 hiPSC AST18 D16 Rat-6OH Nude 7 300,000 NA 2,300 NA 0.77 NA 

(Shrigley et al., 

2021a) 
2021 hESC RC17 D16 Rat-6OH Nude 24 300,000 NA 5,000 NA 1.67 NA 

(Shrigley et al., 

2021a) 
2021 hiPSC AST18 D16 Rat-6OH Nude 24 300,000 NA 4,500 NA 1.50 NA 

(Shrigley et al., 

2021a) 
2021 hESC RC17 D16 Rat-6OH Cyclo 8 300,000 NA 2,100 NA 0.70 NA 

(Shrigley et al., 

2021a) 
2021 hiPSC AST18 D16 Rat-6OH Cyclo 8 300,000 NA 2,300 NA 0.77 NA 

(Elabi et al., 

2022) 
2022 hESC RC17 D16 Rat-6OH Cyclo 16 300,000 2,000 500 0.67 0.17 25.00 
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(Elabi et al., 

2022) 
2022 hESC RC17 D16 Rat-6OH Cyclo 16 500,000 75,000 12,000 15.00 2.40 16.00 

(Lane et al., 

2022b) 
2022 hESC H9 D16 Rat-6OH Tolerised 52 240,000 4,600 2,000 1.92 0.83 43.48 

(Aldrin-Kirk et 

al., 2022) 
2022 hESC RC17 D16 Rat-6OH Nude 26 150,000 NA NA NA NA NA 

(Aldrin-Kirk et 

al., 2022) 
2022 hESC RC17 D16 Rat-6OH Nude 26 75,000 NA NA NA NA NA 

(Hiller et al., 

2022a) 
2022 hiPSC  D17 Rat-6OH Nude 24 450,000 304,303 79,061 67.62 17.57 25.98 

(Hiller et al., 

2022a) 
2022 hiPSC  D24 Rat-6OH Nude 24 450,000 266,956 67,830 59.32 15.07 25.41 

(Hiller et al., 

2022a) 
2022 hiPSC  D37 Rat-6OH Nude 24 450,000 52,623 9,318 11.69 2.07 17.71 

(Hiller et al., 

2022a) 
2022 hiPSC  D38 Rat-6OH Nude 24 450,000 108,093 20,355 24.02 4.52 18.83 

(Hiller et al., 

2022a) 
2022 hiPSC  D17 Rat-6OH Nude 24 7,500 4,604 1,087 61.39 14.49 23.61 

(Hiller et al., 

2022a) 
2022 hiPSC  D17 Rat-6OH Nude 24 30,000 36,848 6,400 122.83 21.33 17.37 
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(Hiller et al., 

2022a) 
2022 hiPSC  D17 Rat-6OH Nude 24 120,000 214,898 19,973 179.08 16.64 9.29 

(Hiller et al., 

2022a) 
2022 hiPSC  D17 Rat-6OH Nude 24 450,000 611,588 59,929 135.91 13.32 9.80 

(de Luzy et al., 

2022a) 
2022 hESC H9 D13 Mouse-6OH Nude 24 100,000 177,929 11,156 177.93 11.16 6.27 

(de Luzy et al., 

2022a) 
2022 hESC H9 D19 Mouse-6OH Nude 24 100,000 255,364 10,000 255.36 10.00 3.92 

(de Luzy et al., 

2022a) 
2022 hESC H9 D22 Mouse-6OH Nude 24 100,000 261,899 7,282 261.90 7.28 2.78 

(de Luzy et al., 

2022a) 
2022 hESC H9 D25 Mouse-6OH Nude 24 100,000 255,000 3,000 255.00 3.00 1.18 

(de Luzy et al., 

2022a) 
2022 hESC H9 D30 Mouse-6OH Nude 24 100,000 110,000 679 110.00 0.68 0.62 

(de Luzy et al., 

2022a) 
2022 hiPSC RM3.5 D13 Mouse-6OH Nude 24 100,000 29,023 11,904 29.02 11.90 41.02 

(de Luzy et al., 

2022a) 
2022 hiPSC RM3.5 D19 Mouse-6OH Nude 24 100,000 30,605 7,997 30.61 8.00 26.13 

(de Luzy et al., 

2022a) 
2022 hiPSC RM3.5 D22 Mouse-6OH Nude 24 100,000 141,525 23,050 141.53 23.05 16.29 



Chapter 3: hESC & hiPSC-derived brain repair ï A systematic review 

98 

 

R
e
fe

re
n

c
e 

Y
e
a

r 

C
e
ll
s 

L
in

e
 

D
if
fe

re
n

ti
a

ti
o

n
 

(D
a

y
) 

H
o

s
t 

Im
m

u
n

o
lo

g
ic

a
l 

s
ta

tu
s 

S
a

c
ri
fi
c
e
  

(W
e
e
k
) 

T
ra

n
s
p

la
n

te
d

  

(#
 c

e
ll
s
)  

S
u

rv
iv

e
d
  

(#
 c

e
ll
s
) 

D
if
fe

re
n

ti
a

te
d

  

(#
 c

e
ll
s
) 

S
u

rv
iv

e
d 

v
s
. 

tr
a

n
s
p

la
n

te
d

 (
%

) 

D
if
f
e
re

n
ti
a

te
d
 v

s
  

T
ra

n
s
p

la
n

te
d

 (
%

) 

D
if
f
e
re

n
ti
a

te
d
 v

s
.  

S
u

rv
iv

e
d
 (

%
) 

(de Luzy et al., 

2022a) 
2022 hiPSC RM3.5 D25 Mouse-6OH Nude 24 100,000 110,000 15,000 110.00 15.00 13.64 

(de Luzy et al., 

2022a) 
2022 hiPSC RM3.5 D30 Mouse-6OH Nude 24 100,000 29,500 3,240 29.50 3.24 10.98 

(de Luzy et al., 

2022a) 
2022 hiPSC RM3.5 D13 Mouse-6OH Nude 24 100,000 NA 9,000 NA 9.00 NA 

(de Luzy et al., 

2022a) 
2022 hiPSC RM3.5 D19 Mouse-6OH Nude 24 100,000 NA 8,000 NA 8.00 NA 

(de Luzy et al., 

2022a) 
2022 hiPSC RM3.5 D22 Mouse-6OH Nude 24 100,000 NA 15,000 NA 15.00 NA 

(de Luzy et al., 

2022a) 
2022 hiPSC RM3.5 D13 Mouse-6OH Nude 24 100,000 NA 8,000 NA 8.00 NA 

(de Luzy et al., 

2022a) 
2022 hiPSC RM3.5 D19 Mouse-6OH Nude 24 100,000 NA 6,000 NA 6.00 NA 

(de Luzy et al., 

2022a) 
2022 hiPSC RM3.5 D22 Mouse-6OH Nude 24 100,000 NA 12,000 NA 12.00 NA 

(de Luzy et al., 

2022a) 
2022 hiPSC RM3.5 D13 Rat-6OH Nude 24 100,000 NA NA NA NA NA 

(de Luzy et al., 

2022a) 
2022 hiPSC RM3.5 D19 Rat-6OH Nude 24 100,000 NA NA NA NA NA 
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(de Luzy et al., 

2022a) 
2022 hiPSC RM3.5 D22 Rat-6OH Nude 24 100,000 NA NA NA NA NA 

(Moriarty et al., 

2022) 
2022 hiPSC RM3.5 D19 Mouse-6OH Nude 24 100,000 NA 12,435 NA 12.44 NA 

(Brot et al., 2022) 2022 hiPSC  - Mouse-6OH RAG2 KO 4 100,000 28,817 1,000 28.82 1.00 3.47 

(Brot et al., 2022) 2022 hiPSC  - Mouse-6OH RAG2 KO 24 100,000 36,365 3,627 36.37 3.63 9.97 

(Brot et al., 2022) 2022 hiPSC  - Mouse-6OH RAG2 KO 32 100,000 43,994 5,079 43.99 5.08 11.54 

(Brot et al., 2022) 2022 hiPSC  - Mouse-6OH RAG2 KO 48 100,000 46,767 7,689 46.77 7.69 16.44 

(Kirkeby et al., 

2023a) 
2023 hESC RC17 D16 Rat-6OH Nude 24 30,000 NA 1,848 NA 6.16 NA 

(Kirkeby et al., 

2023a) 
2023 hESC RC17 D16 Rat-6OH Nude 24 60,000 NA 3,644 NA 6.07 NA 

(Kirkeby et al., 

2023a) 
2023 hESC RC17 D16 Rat-6OH Nude 24 120,000 NA 8,464 NA 7.05 NA 

(Kirkeby et al., 

2023a) 
2023 hESC RC17 D16 Rat-6OH Nude 24 300,000 NA 8,504 NA 2.83 NA 

(Kirkeby et al., 

2023a) 
2023 hESC RC17 D16 Rat-6OH Nude 26 300,000 NA 7,000 NA 2.33 NA 



Chapter 3: hESC & hiPSC-derived brain repair ï A systematic review 

100 

 

R
e
fe

re
n

c
e 

Y
e
a

r 

C
e
ll
s 

L
in

e
 

D
if
fe

re
n

ti
a

ti
o

n
 

(D
a

y
) 

H
o

s
t 

Im
m

u
n

o
lo

g
ic

a
l 

s
ta

tu
s 

S
a

c
ri
fi
c
e
  

(W
e
e
k
) 

T
ra

n
s
p

la
n

te
d

  

(#
 c

e
ll
s
)  

S
u

rv
iv

e
d
  

(#
 c

e
ll
s
) 

D
if
fe

re
n

ti
a

te
d

  

(#
 c

e
ll
s
) 

S
u

rv
iv

e
d 

v
s
. 

tr
a

n
s
p

la
n

te
d

 (
%

) 

D
if
f
e
re

n
ti
a

te
d
 v

s
  

T
ra

n
s
p

la
n

te
d

 (
%

) 

D
if
f
e
re

n
ti
a

te
d
 v

s
.  

S
u

rv
iv

e
d
 (

%
) 

(Kirkeby et al., 

2023a) 
2023 hESC RC17 D16 Pig-6OH Tac 44 1,250,000 NA NA NA NA NA 

(Maimaitili et al., 

2023) 
2023 hESC H9 D16 Rat-6OH Nude 27 125,000 NA 5,312 NA 4.25 (14) 

(Naderi et al., 

2023) 
2023 hESC hE7 D16 Rat-6OH Cyclo 24 450,000 NA NA NA NA (92) 

(Lopez-Ornelas 

et al., 2023) 
2023 hESC H9 D22 NHP-MPTP Cyclo 40 8,000,000 NA 225,000 NA 2.81 NA 

(Rajova et al., 

2023) 
2023 hESC RC17 D16 Rat-6OH Nude 24-60 187,500 NA NA NA NA NA 

(Nakamura et al., 

2023) 
2023 hiPSC 201B7 - Mouse-6OH SCID 16 200,000 NA NA NA NA (14) 

(Ramos-Acevedo 

et al., 2023) 
2023 hESC H9 - Rat-6OH Cyclo 1-4 60,000 NA NA NA NA NA 

(Hills et al., 

2023) 
2023 hiPSC 410 D18 Rat-6OH Cyclo 24 500,000 80,000 5,000 16.00 1.00 6.25 

(Hills et al., 

2023) 
2023 hiPSC 410 D25 Rat-6OH Cyclo 24 500,000 50,000 2,000 10.00 0.40 4.00 

(Hills et al., 

2023) 
2023 hiPSC 411 D18 Rat-6OH Cyclo 24 500,000 15,000 2,000 3.00 0.40 13.33 
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(Hills et al., 

2023) 
2023 hiPSC 411 D25 Rat-6OH Cyclo 24 500,000 15,000 1,500 3.00 0.30 10.00 

(Lyu et al., 2023) 2023 hiPSC  D14 Rat-6OH ? 16 200,000 NA NA NA NA NA 

(Daadi et al., 

2024) 
2024 hiPSC  - NHP-MPTP Tac 24 4,000,000 NA NA NA NA NA 

(Fu et al., 2024) 2024 hiPSC  - Mouse-6OH ? 16 50,000 NA NA NA NA (84) 

(Park et al., 

2024) 
2024 hESC 

SNU-

hES32 
- Rat-6OH Cyclo 24 5,000 2,718 759 54.36 15.18 27.92 

(Park et al., 

2024) 
2024 hESC 

SNU-

hES32 
- Rat-6OH Cyclo 24 10,000 7,805 1,478 78.05 14.78 18.94 

(Park et al., 

2024) 
2024 hESC 

SNU-

hES32 
- Rat-6OH Cyclo 24 25,000 8,294 2,820 33.18 11.28 34.00 

(Park et al., 

2024) 
2024 hESC 

SNU-

hES32 
- Rat-6OH Cyclo 24 100,000 126,646 17,598 126.65 17.60 13.90 

(Park et al., 

2024) 
2024 hESC 

SNU-

hES32 
- Rat-6OH Cyclo 24 350,000 NA NA NA NA NA 

(Comini et al., 

2024) 
2024 hiPSC NAS2 D16 Rat-6OH Nude 26 300,000 3,330 153 1.11 0.05 4.59 
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3.3.2 Studies characteristics 

The 76 articles selected for this review included a total of 178 different transplantation 

studies (Table 3.1) of which 75 used human iPSCs and 103 used human ESC-derived 

dopaminergic progenitors (Fig 3.2 A). In terms of host species and Parkinsonian 

models, the majority of the studies used 6-OHDA lesioned rats (128) followed by 32 

studies using 6-OHDA lesioned mice and 14 experiments conducted in MPTP-treated 

non-human primates. Other models includes one rat alpha-synuclein model, one 

mouse alpha-synuclein model, one MPTP-treated mice and one 6-OHDA lesioned 

minipig (Fig 3.2 B). Another important aspect to consider is the immunological status 

of the host used: approximately an equal number of studies used immunodeficient and 

immunosuppressed animals, 85 and 81 respectively, one study used tolerisation and 

11 studies did not specify (Fig 3.2 C).  
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Figure 3.2. Study characteristics. Within the 76 articles included, 178 separate 

transplant studies were identified. The pie charts above show the proportions of these 

studies using A) different stem cells, B) host species and Parkinsonian models, and 3) 

the immunological status of the hosts. NHP: non-human primates, MPTP: 1-methyl-

4-phenyl-1,2,3,6-tetrahydropyridine, 6-OHDA: 6-hydroxydopamine.  
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3.3.3 Studies reporting transplanted cell survival and/or differentiation 

Of the 178 transplant studies, 51 reported both survival and differentiation of the 

transplanted cells (or they were calculable from the ranges/figures provided), while the 

number of cells differentiating into dopaminergic neurons was directly reported (or 

calculable) in 129 studies (Fig. 3.3). Since the number of cells transplanted was 

reported (or calculable) in all the studies, we could calculate the percentage of cell 

survival (vs. cells transplanted) in 52 studies and the percentage of cell differentiation 

(vs. cells transplanted) in 129 studies.  
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Figure 3.3. Studies reporting transplanted cell survival and/or differentiation. 
Within the 76 articles included, 178 separate transplant studies were identified. The 

pie charts above show the proportions of these studies reporting A & B) transplanted 

cell survival and A & C) transplanted cell dopaminergic differentiation.  
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3.3.4 Overview of cell survival and differentiation 

The survival of the transplanted progenitors was reported in a total of 52 studies and 

spanned from <1% to 500% with a median of 51% (Fig. 3.4 A). Surprisingly, 16 of 

the studies reported a survival that was higher than the number of cells initially 

transplanted (>100%) indicating that cell proliferation might have been occurring in 

situ. The overall in situ differentiation of the transplanted cells varied from 0% to 46% 

with a median of 3%, indicating that 97% of the cells did not successfully maturate 

into dopaminergic neurons (Fig. 3.4 B). Given the high amount of proliferative grafts, 

we wanted to further stratify the results by dividing the differentiation rates based on 

the survival of the cells, to this aim we divided the percentages of differentiation into 

three groups: survival >100%, survival <100% and survival unknown (Fig. 3.4 C). 

Interestingly the differentiation of the cells is statistically higher in proliferative grafts 

compared to the non-proliferative ones (Survival unknown: 4.7±0.8%; Survival 

<100%: 4.8±09%; Survival >100%: 9.8 ±1.9%; Cohort, F(2,126)=3.76, *P<0.05). 
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Figure 3.4. Overview of cell survival and differentiation. Of the 178 transplant studies extracted, 52 studies reported the number of cells 

surviving and 129 studies reported the number of dopaminergic neurons in the grafts. Thus, the scatter plots represent A) cell survival (as a 

percent of cells transplanted), B) dopaminergic differentiation (as a percent of cells transplanted) and C) dopaminergic differentiation (by 

survival cohort). Each point represents a separate transplant study, and the line indicates the median. Data were analysed by one-way ANOVA 

(C) with post-hoc Tukeyôs and *P<0.05.
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3.3.5 Impact of cell type, host species and host immunological status on cell 

differentiation  

In order to gain a more in depth knowledge of which factors could have affected the 

dopaminergic differentiation of the cells, we assessed the effect of cell type, hosts used 

and immunological status of the latter. In regards to the cell type we found a small but 

significantly higher dopaminergic differentiation in grafts derived from iPSCs rather 

than those derived from ESCs (Fig. 3.5 A: ESCs: 4.1±0.6%; iPSCs: 6.9±1.1%, Cell 

type, t(127)=2.33, *P<0.05). With regard to the host species used as recipient for 

grafting, dopaminergic differentiation was higher when the cells are transplanted in 

mice rather than rats or non-human primates (Fig. 3.5 B: Rat: 5.0±0.8%; Mouse: 

8.2±1.1%; NHP: 1.4±0.4%; Species, F(2,216)=3.33, *P<0.05). However, the effect of 

the host only resulted to be statically significant between mice and non-human 

primates after post-hoc analysis (*P<0.05). We finally wanted to investigate whether 

the immunological status of the hosts could affect the in situ dopaminergic 

differentiation of the grafts. Interestingly, transplants in immunodeficient animals had 

significantly higher numbers of dopaminergic neurons compared to those in 

immunosuppressed animals (Fig. 3.5 C: Suppressed: 2.8±0.6%; Deficient: 7.8±1.0%; 

Immunological status, t(121)=4.12, ****P<0.0001). 
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Figure 3.5. Impact of cell type, host species and host immunological status on graft differentiation. Of the 178 transplant studies 

extracted, 129 studies reported the number of dopaminergic neurons in the grafts. Thus, the scatter plots represent dopaminergic 

differentiation) by A) cell type, B) host species and C) host immunological status. Each point represents a separate transplant study, and the 

line indicates the median. Data were analysed by t-test (A and C) or one-way ANOVA with post-hoc Tukeyôs (B) and *P<0.05, 

**** P<0.0001.
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3.3.6 Further stratification of differentiation by cell type, host species and 

immunological status 

Since we found that cell type, host species and their immunological status are all 

aspects that could potentially affect the dopaminergic differentiation of the grafted 

cells, we decided to further stratify and investigate these factors. Since dopaminergic 

differentiation in non-human primates was very consistent and all animals were 

immunosuppressed, these were not considered in this section of the analysis.  

 

We started by looking at the differences between ESCs and iPSCs-derived transplants 

when in immunodeficient vs. immunosuppressed rats (Fig. 3.6 A). Although the cell 

type did not seem to be affecting the in situ differentiation, there was a significant 

effect of the immunological status which showed greater differentiation in 

immunodeficient hosts rather than in immunosuppressed ones (Immunological status, 

F(1,88)=9.80, **P<0.01). Furthermore, a significant interaction between immunological 

status and cell type was also found (Cell type x Immunological status, F(1,88) 4.04, 

*P<0.5). Post-hoc analysis confirmed the significantly greater differentiation found 

for iPSCs-derived transplants in immunodeficient rats.  

 

Since all the studies in mice used immunodeficient strains, we were unable to perform 

a similar analysis. Instead, we compared the differentiation rate between ESCs and 

iPSCs-derived grafts when in immunodeficient rats vs. immunodeficient mice (Fig. 

3.6 B). When all the hosts are immunodeficient, neither the cell type nor the hostsô 

species had an impact of the differentiation of the grafts.  
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Figure 3.6. Further stratification of differentiation data in rodents. Of the 178 transplant studies extracted, 121 studies reported the 

number of dopaminergic neurons in the grafts in rats or mice. Thus, the scatter plots represent dopaminergic differentiation by A) cell type 

and immunological status in rats, and B) cell type in immunodeficient rats and mice. Each point represents a separate transplant study, and 

the line indicates the median. Data were analysed two-way ANOVA with post-hoc Newman Keuls and *P<0.05, **P<0.01. 
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3.3.7 Table 3.2: studies incorporating behavioural testing 

Table 3.2. Studies included in this review that incorporated behavioural testing. 
Of the 178 different transplant studies, 99 included at least one motor function test. 

The information extracted from these studies is depicted in this table. Any underlined 

value was estimated from a range or figure in the original article. Abbreviations: 6OH: 

6-hydroxydopamine; SYN: Synuclein. Rec: Recovery. 
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(Ben-Hur et al., 

2004) 
2004 Rat-6OH 389 Yes rec   Yes rec Yes rec Yes rec 

(Park et al., 

2005) 
2005 Rat-6OH 0 No rec     No rec  

(Brederlau et al. 

2006) 
2006 Rat-6OH 30 No rec        

(Brederlau et al. 

2006) 
2006 Rat-6OH 30 No rec        

(Roy et al. 

2006) 
2006 Rat-6OH NA   No rec Yes rec Yes rec   

(Martinat et al. 

2006) 
2006 Mouse-6OH NA     Yes rec     

(Sonntag et al. 

2007) 
2007 Rat-6OH 160 Yes rec         

(Sonntag et al. 

2007) 
2007 Rat-6OH 2 No rec         

(Ko et al. 2008) 2007 Rat-6OH 201 Yes rec         

(Chiba et al. 

2008) 
2008 Rat-6OH 100 No rec   Yes rec     

(Yang et al. 

2008) 
2008 Rat-6OH 1,273 Yes rec No rec   No rec   

(Geeta et al. 

2008) 
2008 Rat-6OH NA     Yes rec Yes rec   

(Wernig et al. 

2008) 
2008 Rat-6OH 15,250 Yes rec         

(Ko et al. 2009) 2009 Rat-6OH 976 Yes rec         

(Hargus et al. 

2010) 
2010 Rat-6OH 4,890 Yes rec No rec Yes rec No rec   
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(Cai et al. 2010) 2010 Rat-6OH NA No rec   No rec     

(Kriks et al. 

2011) 
2011 Mouse-6OH 5,000 Yes rec         

(Kriks et al. 

2011) 
2011 Rat-6OH 15,000 Yes rec  Yes rec   Yes rec   

(Cho et al. 

2011) 
2011 Rat-6OH NA   No rec Yes rec     

(Kikuchi et al. 

2011) 
2011 NHP-MPTP 30,700         Yes rec 

(Kikuchi et al. 

2011) 
2011 NHP-MPTP 126,000         Yes rec 

(Rhee et al. 

2011) 
2011 Rat-6OH 26,882 Yes rec         

(Rhee et al. 

2011) 
2011 Rat-6OH 0 No rec         

(Rhee et al. 

2011) 
2011 Rat-6OH 54,418 Yes rec         

(Kirkeby et al. 

2012) 
2012 Rat-6OH 59,628 Yes rec Yes rec       

(Doi et al. 2012) 2012 NHP-MPTP NA         No rec 

(Doi et al. 2012) 2012 NHP-MPTP 9,950         Yes rec 

(Kang et al. 

2014) 
2014 Rat-6OH NA     Yes rec     

(Grealish et al. 

2014) 
2014 Rat-6OH 986 Yes rec         

(Yang et al. 

2014) 
2014 

Mouse-

MPTP 
NA         Yes rec 

(Yang et al. 

2014) 
2014 Mouse-6OH NA     Yes rec   Yes rec 

(Doi et al. 2014) 2014 Rat-6OH 3,436 Yes rec         

(Doi et al. 2014) 2014 Rat-6OH 6,747 Yes rec         

(Doi et al. 2014) 2014 Rat-6OH 1,800 No rec         

(Doi et al. 2014) 2014 Rat-6OH 1,900 No rec         

(Steinbeck et al. 

2015) 
2015 Mouse-6OH NA Yes rec         
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(Han et al. 

2015) 
2015 Rat-6OH NA     Yes rec    Yes rec 

(Chen et al. 

2016) 
2016 Mouse-6OH 6,110 Yes rec Yes rec      No rec 

(Nishimura et 

al. 2016) 
2016 Rat-6OH NA Yes rec         

(Kirkeby et al. 

2017) 
2017 Rat-6OH 3,716 Yes rec Yes rec       

(Niclis et al. 

2017) 
2017 Rat-6OH NA Yes rec         

(Niclis et al. 

2017) 
2017 Mouse-6OH NA Yes rec         

(Niclis et al. 

2017) 
2017 Rat-6OH 5,268 Yes rec         

(Kikuchi et al. 

2017) 
2017 Rat-6OH 252 Yes rec         

(Kikuchi et al. 

2017) 
2017 Rat-6OH 267 Yes rec         

(Kikuchi et al. 

2017) 
2017 Rat-6OH 227 Yes rec         

(Kikuchi et al. 

2017) 
2017 NHP-MPTP 64,000         Yes rec 

(Wakeman et al. 

2017) 
2017 Rat-6OH 26,081 Yes rec   Yes rec     

(Cardoso et al. 

2018) 
2018 Rat-6OH NA Yes rec         

(Cardoso et al. 

2018) 
2018 Rat-6OH NA Yes rec         

(Wang et al. 

2018) 
2018 NHP-MPTP 40,000         Yes rec 

(Yu et al. 2019) 2019 Rat-6OH NA No rec         

(Zygogianni et 

al. 2019) 
2019 Mouse-6OH NA Yes rec Yes rec       

(Gantner et al. 

2020) 
2020 Rat-6OH 4,092 Yes rec No rec       
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(Gantner et al. 

2020) 
2020 Rat-6OH 19,810 Yes rec No rec       

(Tiklova et al. 

2020) 
2020 Rat-6OH NA Yes rec Yes rec       

(Tiklova et al. 

2020) 
2020 Rat-6OH NA Yes rec         

(Doi et al. 2020) 2020 Rat-6OH 2,835 Yes rec         

(Song et al. 

2020) 
2020 Rat-6OH 5,621 Yes rec         

(Song et al. 

2020) 
2020 Rat-6OH 16,863 Yes rec         

(Song et al. 

2020) 
2020 Rat-6OH 34,560 Yes rec Yes rec   Yes rec  Yes rec 

(Song et al. 

2020) 
2020 Rat-6OH 46,094 Yes rec Yes rec   Yes rec  Yes rec 

(Hiller et al. 

2021) 
2021 Rat-6OH 19,861 Yes rec         

(Hiller et al. 

2021) 
2021 Rat-6OH 12,612 Yes rec         

(Hiller et al. 

2021) 
2021 Rat-6OH 7,774 Yes rec         

(Hiller et al. 

2021) 
2021 Rat-6OH 6,356 No rec         

(Hiller et al. 

2021) 
2021 Rat-6OH 17,430 No rec         

(Yoo et al. 

2021) 
2021 Rat-6OH NA Yes rec         

(Piao et al. 

2021) 
2021 Rat-6OH 45,865 Yes rec         

(de Luzy et al. 

2021) 
2021 Rat-6OH 5,204 Yes rec         

(de Luzy et al. 

2021) 
2021 Rat-6OH 6,061 Yes rec         

(Xiong et al. 

2021) 
2021 Mouse-6OH NA Yes rec Yes rec      Yes rec 



Chapter 3: hESC & hiPSC-derived brain repair ï A systematic review 

116 

 

R
e
fe

re
n

c
e 

Y
e
a

r 

H
o

s
t 

D
if
fe

re
n

ti
a

te
d

  

(#
 c

e
ll
s
) 

A
m

p
h

e
ta

m
in

e 

C
y
li
n

d
e
r 

A
p

o
m

o
rp

h
in

e
 

S
te

p
p

in
g 

O
th

e
r 

te
s
ts

 

(Shrigley et al. 

2021) 
2021 Rat-6OH 5,000 Yes rec         

(Shrigley et al. 

2021) 
2021 Rat-6OH 4,500 Yes rec         

(Elabi et al. 

2022) 
2022 Rat-6OH 500 Yes rec   No rec     

(Elabi et al. 

2022) 
2022 Rat-6OH 12,000 Yes rec   No rec     

(Lane et al. 

2022) 
2022 Rat-6OH 2,000 Yes rec         

(Hiller et al. 

2022) 
2022 Rat-6OH 79,061 Yes rec         

(Hiller et al. 

2022) 
2022 Rat-6OH 67,830 Yes rec         

(Hiller et al. 

2022) 
2022 Rat-6OH 9,318 No rec         

(Hiller et al. 

2022) 
2022 Rat-6OH 20,355 Yes rec         

(Hiller et al. 

2022) 
2022 Rat-6OH 1,087 No rec         

(Hiller et al. 

2022) 
2022 Rat-6OH 6,400 Yes rec         

(Hiller et al. 

2022) 
2022 Rat-6OH 19,973 Yes rec         

(Hiller et al. 

2022) 
2022 Rat-6OH 59,929 Yes rec         

(de Luzy et al. 

2022) 
2022 Mouse-6OH 9,000 Yes rec Yes rec       

(de Luzy et al. 

2022) 
2022 Mouse-6OH 8,000 Yes rec Yes rec       

(de Luzy et al. 

2022) 
2022 Mouse-6OH 15,000 Yes rec No rec       

(de Luzy et al. 

2022) 
2022 Mouse-6OH 8,000 Yes rec Yes rec       

(de Luzy et al. 

2022) 
2022 Mouse-6OH 6,000 Yes rec Yes rec       
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(de Luzy et al. 

2022) 
2022 Mouse-6OH 12,000 Yes rec No rec       

(Brot et al. 

2022) 
2022 Mouse-6OH 3,627 No rec         

(Brot et al. 

2022) 
2022 Mouse-6OH 5,079 Yes rec         

(Brot et al. 

2022) 
2022 Mouse-6OH 7,689 Yes rec         

(Kirkeby et al. 

2023) 
2023 Rat-6OH 1,848 Yes rec         

(Kirkeby et al. 

2023) 
2023 Rat-6OH 3,644 Yes rec         

(Kirkeby et al. 

2023) 
2023 Rat-6OH 8,464 Yes rec         

(Kirkeby et al. 

2023) 
2023 Rat-6OH 8,504 Yes rec         

(Kirkeby et al. 

2023) 
2023 Rat-6OH 7,000 Yes rec         

(Maimaitili et 

al. 2023) 
2023 Rat-6OH 5,312 Yes rec No rec       

(Naderi et al. 

2023) 
2023 Rat-6OH NA Yes rec         

(López-Ornelas 

et al. 2023) 
2023 NHP-MPTP 225,000         Yes rec 

(Nakamura et 

al. 2023) 
2023 Mouse-6OH NA     Yes rec     

(Hills et al. 

2023) 
2023 Rat-6OH 5,000 Yes rec         

(Hills et al. 

2023) 
2023 Rat-6OH 2,000 No rec         

(Hills et al. 

2023) 
2023 Rat-6OH 2,000 Yes rec         

(Hills et al. 

2023) 
2023 Rat-6OH 1,500 No rec         

(Lyu et al. 

2023) 
2023 Rat-6OH NA     Yes rec     
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(Daadi et al. 

2024) 
2024 NHP-MPTP NA         Yes rec 

(Fu et al. 2024) 2024 Mouse-6OH NA     Yes rec   Yes rec  

(Park et al. 

2024) 
2024 Rat-6OH 759 No rec         

(Park et al. 

2024) 
2024 Rat-6OH 1,478 Yes rec         

(Park et al. 

2024) 
2024 Rat-6OH 2,820 Yes rec         

(Park et al. 

2024) 
2024 Rat-6OH 17,598 Yes rec         

         

3.3.8 Assessment of graft functionality  

To assess whether or not the newly in situ differentiated dopaminergic neurons were 

functional, most studies carried out behavioural testing to evaluate the effect of the 

transplants on the motor deficit induced in the Parkinsonian models. Out of 178 

different studies included in this systematic review, 114 included at least one motor 

function test, while the remaining 68 did not assess the amelioration of the motor 

deficits (Fig. 3.7 A). The most widely used behavioural test to assess motor recovery 

is amphetamine-induced rotations which was carried out in 95 studies, followed by 22 

studies using the cylinder test, 17 experiments performed apomorphine-induced 

rotations, 9 completed the stepping test and the remaining 17 studies carried out 

different behavioural assessments (Fig. 3.7 A). Amelioration of the motor deficits was 

achieved in 81% of the studies using amphetamine-induced rotations, in 59% of those 

using the cylinder test, 82% of the experiments which performed apomorphine-

induced rotations and 67% and 88% in those using stepping test or other behavioural 

tests respectively as shown in Fig. 3.7 B. Amphetamine-induced rotations is the most 

commonly used behavioural test in rodents and, not surprisingly, the studies which 

reported motor recovery also reported a significantly greater number of cells 
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differentiating in the grafts compared to those which did not show amelioration of the 

motor deficits (Fig. 3.7 C) (Recovery, t(79) = 2.35, *P<0.05).  
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Figure 3.7. Assessment of graft functionality through behavioural testing. Of the 178 transplant studies extracted, 114 studies included 

behavioural testing (A). The most widely-used test was amphetamine-induced rotation with recovery in 81% of studies (B). The scatter plot 

represents dopaminergic differentiation in studies where amelioration of rotational asymmetry did, or did not, occur. Each point represents a 

separate transplant study, and the line indicates the median. Data were analysed by t-test (C) and *P<0.05.
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3.3.9 Impact of other factors on graft survival and/or differentiation 

This systematic review includes two decades of transplantation studies spanning from 

2004 to March 2024, therefore we wanted to investigate if in situ proliferation of the 

cells was corresponding to the first studies conducted in the early 2000s. However by 

plotting the percentage of cell survival vs. the year of publication, it is clear that the 

proliferation of the grafts is still an ongoing problem (Fig. 3.8 A). We also wanted to 

assess whether the dopaminergic differentiation post-grafting has been improving over 

the years. Fig. 3.8 B depicts the percentage of differentiated cells (vs. the total number 

of cells transplanted) sorted by year of publication of the manuscript showing that there 

has been an improvement over the years as indicated by the positive correlation 

between the two parameters (Regression, F(1,127) = 14.50, R=0.32, ***P<0.001). 

However, in depth scrutiny of Table 2.1 indicated that this correlation is driven by the 

high differentiation rate reported by only two articles (Hiller et al., 2022b, de Luzy et 

al., 2022b), in fact when these were excluded from the analysis there was no 

correlation between the differentiation and year of publication.  
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Figure 3.8. Effect of year of publication. A) Graft survival and B) graft differentiation plotted as a function of year of publication. The 

increased differentiation in 2022 is driven by a high differentiation rate in just two articles (each with several individual studies). 
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Additionally, we checked if the week of sacrifice or the day of differentiation (of dual 

SMAD inhibition protocol) at which the cells were transplanted could have influenced 

survival and/or dopaminergic maturation in situ. Fig. 3.9 shows that most studies 

transplanted cells between day 16-19 of dopaminergic differentiation (Fig. 3.9 A&B) 

and sacrificed the animals around 6 months after transplantation (Fig. 3.9 C&D). 

 



Chapter 3: hESC & hiPSC-derived brain repair ï A systematic review 

124 

 

10 15 20 25 30 35 40 45

0

100

200

300

400

500

S
u

rv
iv

a
l 
(%

)
(v

s
. 

tr
a

n
s
p

la
n

te
d

)

Day of Differentation

10 15 20 25 30 35 40 45

0

10

20

30

40

50

D
if

fe
re

n
ta

ti
o

n
 (

%
)

(v
s
. 

tr
a

n
s
p

la
n

te
d

)

Day of Differentation

A) B)

0 4 8 12 16 20 24 28 32 36 40 44 48 52

0

100

200

300

400

500

S
u

rv
iv

a
l 
(%

)
(v

s
. 

tr
a

n
s
p

la
n

te
d

)

Week of sacrifice

0 4 8 12 16 20 24 28 32 36 40 44 48 52

0

10

20

30

40

50

D
if

fe
re

n
ta

ti
o

n
 (

%
)

(v
s
. 

tr
a

n
s
p

la
n

te
d

)

Week of sacrifice

C) D)

 

Figure 3.9. Effect of day of differentiation and week of sacrifice. A) Graft survival and B) graft differentiation plotted as a function of day 

of dopaminergic differentiation at the time of transplantation (for protocols using dual SMAD inhibition only). This suggests that most studies 

transplanted cells between day 16-19 of dopaminergic differentiation. C) Graft survival and D) graft differentiation plotted as a function of 

week of sacrifice after transplantation. This suggests that most studies sacrificed the host animals 6 months after transplantation. 
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In order to investigate whether the number of cells transplanted had a positive or 

negative impact on the number of cells surviving and differentiating we plotted the 

relevant data from rodent studies only as a function of the number of cells transplanted. 

Interestingly, we found that there is a negative correlation between the number of cells 

transplanted and the final percentage of cells surviving (Fig. 3.10 Ai & Aii: 

Regression, F(1,49)=8.38, R=0.38, **P<0.01) and also differentiating (Fig. 3.10 Bi & 

Bii: Regression, F(1,117)=15.39, R=0.34, **P<0.01). This suggests that higher numbers 

of cells transplanted has a negative impact on survival and differentiation outcomes.  
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Figure 3.10. Effect of number of cells transplanted. A) Graft survival and B) graft differentiation plotted as a function of cells transplanted. 

Note this data represents rodent grafts only and studies with >1M cells transplanted (n=2) are not shown because of x-axis scaling. Larger 

grafts have a poorer overall outcome.  
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Finally we also wanted to determine the correlation between cells survived and cells 

differentiated finding a significant positive correlation between the two (Fig. 3.11: 

Regression, F(1,49)=7.65, R=0.37, **P<0.01). This indicates that higher numbers of 

cells survived usually lead to higher numbers of cells differentiated.  
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Figure 3.11. Effect of number of cells surviving. Graft differentiation was plotted as 

a function of graft survival. This suggests that if grafts survived well, they also tended 

to differentiate well. 
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  DISCUSSION 

Stem cell-derived brain repair for Parkinsonôs offers the possibility of life-long 

reconstruction of the degenerated dopaminergic input to the striatum after a single 

surgical transplant (Barker and Bjorklund, 2023). Relative to foetal tissue transplants, 

stem cells can provide unlimited numbers of the required phenotype of dopaminergic 

neurons for allogenic transplantation, with the iPSCs offering the additional potential 

of autologous transplantation. The clinical success of ESC and/or iPSC-derived brain 

repair will ultimately depend on both the safety and efficacy of the approach, and the 

field is awaiting the outcome of the two iPSC trials (Kyoto Trial: UMIN000033564, 

Aspen Neuro: ANPD001) and the three ESC trials (BlueRock Trial: NCT04802733; 

STEM-PD: NCT05635409, S.Biomedics Co. Trial: NCT05887466) in this regard. 

However, even though stem cell-derived brain repair has already entered clinical trial, 

we observed that the in situ survival and dopaminergic differentiation reported in 

preclinical studies was highly variable. Given the importance of these parameters in 

determining the efficacy of brain repair, we sought to complete this systematic review 

to shed light on the current status of these in human ESC or iPSC studies in 

Parkinsonian models. 

 

With regard to survival of the stem cell-derived progenitors in the brain after 

transplantation, we were able to determine this in about a third of studies. In these 

studies, it was highly variable (ranging from <1% to 500% of cells transplanted) but 

relatively high overall (median of 51%). Several studies reported a greater number of 

cells surviving than were transplanted (reflective of in situ proliferation), and this was 

not confined to historical studies or to transplants of early-stage progenitors. Given the 

tumorigenicity risks posed by proliferative cells in grafts, it will be important to 

continue refining pre-transplant screening to reduce the number of such cells 

transplanted into the brain, but also to consider post-transplant failsafes such as the use 

of stem cell lines expressing suicide genes (de Luzy et al., 2021a, Liang et al., 2018).  

 

The ability of transplanted dopaminergic progenitors to differentiate and mature into 

dopaminergic neurons after transplantation into the Parkinsonian brain underpins any 

functional recovery that will be afforded by brain repair. This was reported by a large 
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proportion of the studies identified and was also found to be highly variable (ranging 

from 0% to 46% of cells transplanted), but unlike the high survival rate, differentiation 

was low overall (median of 3%). Interestingly, dopaminergic differentiation was 

higher in studies with proliferative grafts (survival >100%) which contrasts with 

suggestions that the dopaminergic yield may be lower in proliferative grafts due to an 

overabundance of unspecified cells (de Luzy et al., 2021a). Numerous factors can 

affect the post-transplant differentiation of dopaminergic progenitors (as outlined in 

the Methods, Section 3.2.4) and it was not possible to consider all of these parameters 

here. Nevertheless, we did stratify the differentiation data on some of these factors and 

found some interesting trends. 

 

The initial stratification suggested that cell line, host species and host immunological 

status were all factors that affected dopaminergic transplantation, and subsequent 

analysis (in rodents only) suggested that transplanting progenitors into 

immunosuppressed animals negatively impaired their ability to differentiate into 

mature neurons compared with transplanting them into immunodeficient animals. If 

this were to translate to human studies, it might suggest that differentiation, and 

therefore clinical efficacy, may be impaired in donor-to-patient allogenic 

transplantation which requires the use of long-term immunosupression. Conversely, 

the higher differentiation rate in immunodeficient animals ï the vast majority of which 

were athymic T-cell deficient nude rats or mice ï might suggest that autologous 

transplantation, which will not initiate any T-cell response, may have a better clinical 

outcome. 

 

Another interesting, and somewhat surprising, aspect of the data was the trend for both 

survival and dopaminergic differentiation to be negatively correlated with the number 

of cells transplanted. Overall, transplanting high numbers of cells led to a lesser 

proportion surviving and differentiating in the brain. This could reflect cellular 

competition for trophic support, micronutrients, oxygen and synaptic connections with 

consequent cell death leading to activation of the innate immune system which is 

known to impair graft differentiation (Wenker et al., 2016). In addition to all 

transplants being into immunosuppressed animals, this could also partly explain the 
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relatively low differentiation in non-human primates all of whom had the largest 

numbers of cells transplanted (~3.5M of which only 1.4% differentiated). Again, if 

one were to speculate on the translational relevance of this, it might suggest that micro-

transplantation ï with multiple deposits of smaller numbers of cells ï might have a 

better outcome than large deposits.  

 

Although five clinical trials are ongoing to test the safety, tolerability and efficacy of 

both ESC and iPSC-derived transplants (Kyoto Trial: UMIN000033564; BlueRock 

Trial: NCT04802733; STEM-PD: NCT05635409; S.Biomedics Co. Trial: 

NCT05887466, Aspen Neuro: ANPD001), this systematic review highlights the 

variability in survival and differentiation in the published pre-clinical literature. It also 

suggests that inclusion of proliferative cells within the transplant is still an ongoing 

issue that could undermine graft safety, while the relatively low differentiation (and 

negative correlation between differentiation and cells transplanted) could undermine 

the efficacy of this approach. Overall, this systematic review indicates that there 

remains scope for improvement in the differentiation of stem cell-derived 

dopaminergic progenitors in order to maximize the therapeutic potential of this 

approach for patients.  

 

Successful and consistent in situ dopaminergic differentiation of the transplanted 

progenitors is a key requirement for subsequent restoration of dopamine transmission 

in the diseased nigrostriatal pathway. In this systematic review we found extremely 

variable and poor cell maturation following transplantation in the brain and we 

hypothesised that one of the factors undermining this approach could be the lack of 

neurotrophic support in the adult striatum compared to in vitro culturing conditions 

which include addition of neurotrophins to the cells. This drives their differentiation 

until complete maturation has occurred in approximatively 30 days. Therefore, in the 

next chapter we sought to investigate the suitability of two alternative delivery systems 

(biomaterial microcarriers and engineered mesenchymal stem cells) for sustained 

delivery of neurotrophin to the brain in order to improve dopaminergic maturation of 

iPSC-DAPs in situ.



Chapter 4: Alternative systems for sustained GDNF delivery 

131 

 

Chapter 4: Alternative systems for sustained GDNF delivery 

to the brain: assessment of in vitro and in vivo release and 

cytocompatibility  

  INTRODUCTION  

The systematic review presented in the previous chapter of this thesis highlighted the 

extreme variability in the differentiation of stem cell-derived DAPs after 

transplantation in the brain of Parkinsonian models. The differentiation rate spans from 

0 to 46% with an overall median of 3% of the total number of progenitors transplanted, 

suggesting that 97% of them do not successfully maturate into dopaminergic neurons. 

Although four clinical trials are already underway to test the safety, tolerability and 

efficacy of stem cell-derived progenitors in patients, these findings strongly suggest 

that it is imperative to continue working on the pre-clinical side with the aim to 

improve in situ differentiation of the progenitors and to reduce variability of the 

outcomes, with the purpose of maximising the therapeutic potential of this approach. 

 

We hypothesised that one of the reasons behind the poor in situ differentiation of the 

cells could be attributed to the lack of neurotrophic support after transplantation in the 

parkinsonian adult brain. The main reason for this hypothesis lies in the difference 

between the conditions in which the cells are maturating when cultured in vitro 

compared to when transplanted in vivo. Specifically, when dopaminergic 

differentiation occurs in vitro, the cells are provided with neurotrophic factors, such as 

GDNF (and others), and the process lasts approximatively 30 days (Nolbrant et al., 

2017). However, for transplantation purposes, cells need to be prematurely lifted from 

cultures while they are still in a progenitor state. This is because if they reach an 

advanced maturation state, the lifting process would disrupt their interconnections and 

cellular extensions leading to cell death. When dopaminergic progenitors are 

subsequently transplanted into the adult trophic factor depleted brain, they generate 

poor and variable outcomes in terms of dopaminergic differentiation in vivo (Comini 

and Dowd, 2024). Amongst multiple differentiation factors driving dopaminergic 
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maturation of iPSCs in vitro, GDNF is known to play a key role in neuronal growth, 

plasticity and repair, and for these reasons it has been considered and investigated as 

a possible therapeutic approach in Parkinsonôs disease (Peterson and Nutt, 2008, Allen 

et al., 2013). Additionally, its delivery into the brain along with cell-transplantation 

therapies could potentially improve the survival and maturation of both foetal and stem 

cell-derived grafts. Specifically, GDNF has been shown in previously published 

studies in our group to have a positive impact on the survival of VM-derived grafts in 

the brain of hemi parkinsonian rats (Moriarty et al., 2017, Moriarty et al., 2019). 

Moreover, other research groups have been investigating the potential of GDNF in 

enhancing the outcomes after transplantation of iPSC-derived dopaminergic 

progenitors. It has been shown how human iPSC-derived grafts benefit from GDNF in 

terms of survival, plasticity and motor recovery of the parkinsonian rats either if 

injected together or with a delayed exposure (Gantner et al., 2020b).  

 

However, GDNF is a high molecular weight protein which cannot cross the blood brain 

barrier therefore requires in situ delivery, moreover it is characterized by a short half-

life which would necessitate repeated administration (Luz et al., 2016). For these 

reasons, alternative delivery systems have been investigated to achieve in situ growth 

factor release in a sustained manner, these include biomaterial-aided neurotrophins 

delivery and ex vivo gene therapy (reviewed in Jarrin et al., 2021b). Particularly, 

hydrogel biomaterials such as an injectable collagen hydrogel has been extensively 

investigated in our group for GDNF delivery demonstrating that the encapsulation of 

VM-derived cells in a GDNF-enriched collagen hydrogel before transplantation in the 

striatum of hemi parkinsonian rats increased the survival of the grafted cells, the 

striatal reinnervation and rescued rotational bias in 6-OHDA lesioned rats (Moriarty 

et al., 2017, Moriarty et al., 2019). However, it has also been shown that the collagen 

hydrogel could only retain the neurotrophin GDNF up to 4 days at the implantation 

site (Moriarty et al., 2019).  

 

In light of these considerations, there is a need for designing and testing new delivery 

systems that could guarantee a local growth factor release into the brain in a sustained 

manner. To this aim, in this chapter we tested two different delivery systems which 
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could potentially provide the grafts with a sustained release of GDNF in situ after intra-

striatal transplantation. These were: PODS® (POlyhedrin Delivery System) and 

GDNF-overexpressing GFP rat MSCs (GDNF GFP-rMSCs).  

 

PODS® (POlyhedrin Delivery System) is a commercial product sold by Cell Guidance 

System which should be able to release a ñcargo proteinò in a sustained manner. They 

are characterized by a specific cubic shape which is formed during their intracellular 

self-assembly of a polyhedrin protein derived from the Bombix mori cyprovirus (Mori 

et al., 1993). Their assembly happens within insect cells and the polyhedrin protein 

can be co-expressed with a foreign protein (called ñcargo proteinò) of which sustained 

release is aimed to be achieved (Ikeda et al., 2006). PODS® dimensions range from 

200 nm to 5 µm and they are able to release the cargo protein in the presence of 

proteases over a period of one or two months (Wendler et al., 2021, Nishishita et al., 

2011). The characteristics outlined above and the extensive research that had been 

performed on their in vitro delivery profile (Nella et al., 2022, Whitty et al., 2022, 

Wendler et al., 2021, Matsuzaki et al., 2019) were the main reasons behind their 

involvement in the first experiments presented in this chapter. Moreover, PODS® 

carrying the growth factor human GDNF as the cargo protein are commercially 

available.  

 

GDNF-overexpressing GFP-MSCs are mesenchymal stem cells extracted from the 

bone marrow of a GFP transgenic Sprague Dawley rat (green transgenic rat SD-Tg 

(CAG-EGFP) CZ-004Osb) that have been stably transduced in vitro to be able to 

produce a protein of interest (in this case GDNF) with the Moloney leukaemia 

retrovirus (Ito et al., 2001, Okabe et al., 1997, Rooney et al., 2008, Rooney et al., 

2009). It has previously been shown by researchers in our group that GDNF-

overexpressing MSCs were able to release the growth factor both in vitro and in vivo, 

with or without being encapsulated in a collagen hydrogel. Particularly, GDNF GFP-

MSCs showed to be able to produce and release GDNF in the rat striatum up to 14 

days post-transplantation, moreover their immunogenicity can be reduced by 

encapsulation in an in situ gelling collagen hydrogel (Hoban et al., 2013, Hoban et al., 

2015, Moloney et al., 2010b). Additionally, MSCs hold great therapeutic potential 
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thanks to their factor-rich secretome which contains a multitude of neurotrophic 

factors, anti-apoptotic factors, growth factors and anti-inflammatory cytokines 

(Friļov§ et al., 2020). 

 

Therefore, the aim of this chapter was to test the safety and the ability of PODS® and 

MSCs to achieve sustained NTF release. To do so, we firstly assessed in vitro 

cytocompatibility of GDNF PODS®, and GDNF release profile both from PODS® and 

GDNF GFP-MSCs; secondly we assessed the biocompatibility of PODS® once 

implanted in the rat brain, and the suitability of MSCs for co-transplantation with 

iPSC-derived dopaminergic progenitors.  

 

  METHODS 

All t he methods used in this chapter have been described in detail in Chapter 2 and any 

specific experimental design is provided here.  

 

4.2.1 Experimental design: PODS® 

We firstly aimed at testing the GDNF release and cytocompatibility of PODS® in vitro. 

Because proteases are required in order to break down the polyhedrin structure and 

therefore release the cargo protein, we seeded 30,000 cells per well from the microglia 

cell line HMC3 on a 24 well plate which had previously been coated with 9.2 million 

PODS® per well which corresponds to 0.5 µg of GDNF. To coat the wells, PODS® 

were simply added and plates were subsequently centrifuged at 3,000 g for 20 minutes 

and left to dry for 1 hour under cell culture hood before seeding HMC3. Cell media 

was collected after 1, 2, 4 and 7 days post-plating and subsequently analysed by 

specific human GDNF ELISA. Complete media change was performed every 3 days 

and, to reduce the loss of PODS®, the retrieved media was centrifuged and the PODS® 

pellet was re-suspended in fresh media and equally divided into the remaining wells. 

Control wells consisted of cells seeded without PODS® and the experiment was 

conducted with six biological replicates consisting of three technical replicates each. 
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To assess the cytocompatibility of PODS® in vitro we also performed AlamarBlue® 

assay on the HMC3 cells which were previously incubated with the carriers. Briefly, 

30,000 cells per well from the microglia HMC3 line were seeded on a 24 well plate 

which was previously coated with 9.2 million PODS® per well as described above. 

Cell viability was assessed at days 1, 2, 4 and 7 post cell-plating. Control wells 

consisted of cells seeded without PODS® and the experiment was conducted with three 

biological replicates, each consisting of three technical replicates.  

 

We then proceeded to test PODS® in vivo with the aim of assessing their 

biocompatibility and GDNF release. To do so, 36 Sprague Dawley male rats received 

bilateral intra-striatal implantation of PODS® either alone or encapsulated in a collagen 

hydrogel. Each implantation contained 15.15 million carriers which correspond to 1 

µg of GDNF. The rats were then euthanized at different time points: Day 1, Day 4, 

Day 7 post-implantation by terminal anaesthesia followed by transcardial perfusion 

fixation for post-mortem IHC analysis (n=18, n=6 per group per time point) or at Day 

4, Day 7 and Day 14 by transient isofluorane anaesthesia followed by decapitation for 

post-mortem protein extraction and ELISA analysis (n=18, n=6 per group per time 

point). For post-mortem assessment, brains were either sectioned with a microtome at 

30 µm thickness for IHC analysis or with a cryostat at 300 µm thickness for collection 

of striatal punches which were subsequently snap-frozen for protein extraction 

followed by human GDNF-specific ELISA analysis. A schematic representation of the 

experimental design is shown in Fig. 4.1. A summary of staining performed for this 

experiment can be found in Table 4.1. 
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Figure 4.1. Implantation of PODS® in the brain of Sprague Dawley rats: 

Experimental Design. 15.15 million PODS® were implanted bilaterally, with or 

without a hydrogel in the striatum of 36 Sprague Dawley male rats. 18 rats were 

euthanized at 1, 4 and 7 days post-implantation by terminal anaesthesia followed by 

transcardial perfusion-fixation for IHC analysis and 18 rats were euthanized at 4, 7 and 

14 days post-implantation by transient anaesthesia followed by decapitation for ELISA 

analysis.  
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Table 4.1 Summary of immunostaining performed for this experiment.  

 

Staining Target Measure Qualitative/ 

Quantitative 

GDNF GDNF GDNF release 

from PODS® 

Qualitative 

OX-42/CD11b Microglia Innate immune 

system reaction 

Semi-

quantitative  

Glial fibrillary 

acidic protein 

(GFAP) 

Astrocytes Innate immune 

system reaction 

Semi-

quantitative  

 

 

4.2.2 Experimental design: GDNF-overexpressing rGFP-MSCs 

We firstly aimed at verifying that the cryopreserved GDNF-overexpressing GFP-

MSCs maintained the capacity to release GDNF. To do so, cells were plated at a 

density of 30,000 cells per well (60,000 cells/ml) on a 24-well plate and media was 

retrieved from wells after 24, 48 and 72 hours after plating and analysed with GDNF 

ELISA assay. As negative control we used GFP-MSCs (not transduced to overexpress 

GDNF) and followed the same procedure outlined above for GDNF-MSCs. The 

experiment was conducted with three biological replicates, each consisting of three 

technical replicates. 

 

We then proceeded to test their co-transplantation with iPSC-DAPs in a pilot study 

with the aim to assess the survival of iPSC-DAPs when injected with different 

GDNF/GFP-MSCs doses. To address this objective, 28 Sprague Dawley female rats 

received bilateral intra-striatal transplantation of 250,000 iPSC-DAPs (day 16 of 

dopaminergic differentiation) either alone or with different cell doses of either GDNF-

overexpressing GFP-MSCs or GFP-MSCs (n=4 per group) (Fig. 4.2). Daily 

cyclosporine injections (10 mg/kg) were given subcutaneously in order to avoid 

transplant rejection. The rats were then sacrificed after 4 weeks by terminal anaesthesia 

followed by transcardial perfusion-fixation and decapitation. For post-mortem 

analysis, brains were sectioned at 30 µm thickness and immunostaining was 
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performed. The doses of MSCs used for this experiment are summarised in Table 4.2 

and the immunostaining performed for this experiment are listed in Table 4.3. 
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Figure 4.2. Co-transplantation of iPSC-DAPs and GDNF-overexpressing GFP-

MSCs/GFP-MSCs: Experimental Design. iPSC-DAPs were transplanted bilaterally 

in the striatum of Sprague Dawley rats either alone, with different amounts of GDNF-

overexpressing GFP-MSCs or with different amounts of GFP-MSCs. Rats were then 

sacrificed by terminal anaesthesia followed by transcardial perfusion-fixation for post-

mortem immunohistochemical analysis.  
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Table 4.2. Cell dosage experiment of co-transplantation of iPSC-DAPs and 

GDNF-overexpressing GFP-MSCs/GFP-MSCs. iPSC-DAPs were transplanted 

bilaterally in the striatum of Sprague Dawley rats either alone, with different amounts 

of GDNF-overexpressing GFP-MSCs or with different amounts of GFP-MSCs. The 

table summarises the experimental groups used for this study.  

 

Type of cells Cell numbers 

iPSC-DAPs 250,000 

iPSC-DAPs + GDNF-GFP-MSCs (1) 250,000 + 6,250 

iPSC-DAPs + GDNF-GFP-MSCs (2) 250,000 + 12,500 

iPSC-DAPs + GDNF-GFP-MSCs (3) 250,000 + 25,000 

iPSC-DAPs + GDNF-GFP-MSCs (4) 250,000 + 50,000 

iPSC-DAPs + GDNF-GFP-MSCs (5) 250,000 + 100,000 

iPSC-DAPs + GDNF-GFP-MSCs (6) 250,000 + 200,000 

iPSC-DAPs + GFP-MSCs (1) 250,000 + 6,250 

iPSC-DAPs + GFP-MSCs (2) 250,000 + 12,500 

iPSC-DAPs + GFP-MSCs (3) 250,000 + 25,000 

iPSC-DAPs + GFP-MSCs (4) 250,000 + 50,000 

iPSC-DAPs + GFP-MSCs (5) 250,000 + 100,000 

iPSC-DAPs + GFP-MSCs (6) 250,000 + 200,000 

 

Table 4.3 Summary of immunostaining performed for this experiment. 

 

Staining Target Measure Qualitative/ 

Quantitative 

HuNu Human 

nuclei 

iPSC survival Qualitative 

GDNF GDNF GDNF release 

from GDNF-

MSCs 

Qualitative 

Green 

fluorescent 

protein (GFP) 

GFP GDNF/GFP-

MSCs survival 

Qualitative 
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  RESULTS 

4.3.1 Assessment of GDNF release and cytocompatibility of PODS® in vitro and 

in vivo 

To assess the ability of PODS® to release GDNF when co-plated with the HMC3 

microglia cell line, these were incubated in 24 well plates and NTF concentration in 

the medium was assessed. Wells containing cells without PODS® were also present as 

controls for any cell-derived GDNF. The graph in Fig. 4.3A shows the cumulative 

release which, after 7 days, is approximatively around 500 pg/ml (Groups, F(4, 25)= 

5.71, **P<0.01). The amount of GDNF co-expressed within the number of PODS® 

plated (9.2 million) corresponded to 0.5 µg. Therefore, we were able to calculate the 

percentage of GDNF released in the medium which, after 7 days, only reached 0.05 ± 

0.02% of the total amount of GDNF carried in the PODS® structure.  

 

Using AlamarBlue® cytocompatibility assay, we also tested the cell metabolic activity 

(as indication of cell viability) and we showed that PODS® did not affect the viability 

of the cells which can be seen from Figure 4.3B where there are no differences between 

the control group and the treated groups (Groups, F(4, 10)= 0.08, P>0.05).  
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Figure 4.3. Assessment of GDNF release and cytocompatibility of PODS® in vitro. 

PODS® releases the cargo protein in the presence of proteases. A) Cumulative release 

of human GDNF in HMC3 cell media from PODS® analysed by ELISA and B) 

assessment of HMC3 cells viability when treated with PODS® by AlamarBlue® assay. 

Each point represents a separate biological replicate. Data are mean ± SEM and were 

analysed by one-way ANOVA and Tukeyôs post-hoc (**P<0.01, *P<0.05).  

 

 

After having established that GDNF PODS® were able to release at least some GDNF 

in cell culture medium and did not show any cytotoxicity towards the seeded cells, we 

proceeded to test their GDNF delivery profile and biocompatibility in vivo, either alone 

or encapsulated in a collagen hydrogel, after implantation in the striatum of rats. 

GDNF delivery was assessed both by GDNF immunohistochemical staining of the 

striatal brain sections and by GDNF ELISA of proteins extracted from striatal brain 

punches.  

 

When checking for GDNF release by immunostaining of the striatal sections in which 

PODS® were implanted either alone or in a hydrogel, we did not find any staining for 

the neurotrophin in any of the groups at any of the time points possibly indicating that 

perhaps the amount released in the brain was under the detection capacity of the 

immunohistochemical technique (Fig. 4.4). However, ELISA analysis of GDNF 

concentration in striatal brain punches showed a small quantity of GDNF being 

released by the PODS® (Group, F(2, 45)= 3.6, *P<0.05), while no effect of time was 
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observed in the growth factor release (Time, F(2, 45)= 1.01, P>0.05) as depicted in Fig. 

4.5.  

 

 

 

Figure 4.4. Immunohistochemical assessment of GDNF release from PODS® 

when implanted either alone or in a hydrogel. PODS® were implanted bilaterally in 

the striatum of Sprague Dawley rats either alone or in a hydrogel and GDNF release 

was assessed via immunostaining after 1, 4 and 7 days post-implantation. No obvious 

GDNF staining was found in any of the groups at any of the time points. Scale bars 

represent 2 mm and 0.2 mm. 
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Figure 4.5. ELISA assessment of GDNF release from PODS® when implanted 

either alone or in a hydrogel. PODS® were implanted bilaterally in the striatum of 

Sprague Dawley rats either alone or in a hydrogel and GDNF release was assessed 

after 4, 7 and 14 days post-implantation via ELISA on protein extracted from striatal 

brain punches. A small quantity of GDNF released by PODS® was detected with no 

difference between time points. Data represent individual data points, are expressed as 

mean ± SEM and were analysed by two-way ANOVA and Tukeyôs post-hoc (P>0.05).  

 

We next wanted to assess the biocompatibility of the PODS®. To this aim we stained 

the striatal brain sections for microglia (OX-42; Fig. 4.6) and astrocytes (GFAP; Fig. 

4.7) and both staining were firstly qualitatively assessed.  

 

Immunohistochemical staining for microglia showed a mild response at Day 1 post-

implantation in both groups. However, microgliotic reaction to the implants increased 

after 4 and 7 days post-surgery showing a greater microglia recruitment in the striatum 

(Fig. 4.6).  

 

Immunohistochemical staining for astrocytes showed a mild response which did not 

seem to be increasing over time and was not affected by the presence or absence of the 

collagen hydrogel as depicted in Fig. 4.7. 

 

In both cases, all the brain sections, regardless of experimental group and time point, 

presented holes at the site of PODS® implantation as shown in Figure 4.6 and 4.7 

suggesting that GDNF PODS® induced structural damage to the ratsô striatum. 
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Figure 4.6. Assessment of the host immune microgliotic response to GDNF PODS® implants in the rats striatum. PODS® were 

implanted bilaterally in the striatum of Sprague Dawley rats either alone or in a hydrogel and their biocompatibility was assessed via microglia 

immunostaining after 1, 4 and 7 days post-implantation. Mild microgliotic reaction was present after 1 day post-implantation which increased 

over time regardless the presence or absence of the collagen hydrogel. Furthermore, structural damage to the striatum was observed (e.g. 

presence of holes at the site of implantation). Scale bars represent 2 mm and 0.2 mm. 
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Figure 4.7. Assessment of the host immune astrocytic response to GDNF PODS® implants in the rats striatum. PODS® were implanted 

bilaterally in the striatum of Sprague Dawley rats either alone or in a hydrogel and their biocompatibility was assessed via astrocytes 

immunostaining after 1, 4 and 7 days post-implantation. Mild astrocytic reaction was present, did not seem to increase over time and was not 

affected by the presence or absence of the collagen hydrogel. Furthermore, structural damage to the striatum was observed (e.g. presence of 

holes at the site of implantation). Scale bars represent 2 mm and 0.2 mm. 
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After qualitative assessment of microgliosis and astrocytosis, the innate immune 

system response was assessed by analysis of the optical density of the immunostaining. 

Microgliosis increased over time and was not influenced by the presence of the 

hydrogel (Time, F(2, 30)= 23.86, ****P<0.0001, Group, F(2, 30)= 0.20, P>0.05; Fig. 

4.8A), while no difference were found in the astrocytosis between groups or time 

points (Time, F(2, 30)= 1.15, P>0.05, Group, F(2, 30)= 0.02, P>0.05; Fig. 4.8B). 
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Figure 4.8. Assessment of the in vivo biocompatibility of PODS®. PODS® were 

bilaterally implanted into the striatum of Sprague Dawley rats either alone or in a 

hydrogel and assessment of the optical density was performed on brain sections 

obtained 1, 4 and 7 days post-surgery to study A) microgliosis and B) astrocytosis at 

the site of implantation. Data represent individual data points, are expressed as mean 

± SEM and were analysed by two-way ANOVA and Tukeyôs post-hoc (P>0.05). 

 

Although GDNF-embedded PODS® showed release of GDNF and were 

cytocompatible in vitro, once implanted in vivo they were not biocompatible as 

structural damage to the rat striatum was reported. Therefore, we abandoned the use 

of PODS® and we investigated the potential of an ex vivo gene therapy approach by 

using GDNF-overexpressing MSCs for delivery of GDNF to the brain and co-

transplantation with iPSC-DAPs as described in the next section.  

 

4.3.2 Assessment of GDNF release in vitro and co-transplantation of iPSC-DAPs 

and GDNF GFP-MSCs 

We firstly wanted to check if the cryopreserved GDNF-GFP-MSCs were still able to 

produce and release GDNF in cell culture media by ELISA analysis. We found that 
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30,000 GDNF-GFP-MSCs released GDNF over a 72 hours period, with 2.8 ng/ml of 

GDNF detected after 24 hours, 6.5 ng/ml after 48 hours and 9.4 ng/ml after 72 hours 

as shown in Fig. 4.9. We used GFP-MSCs as negative control finding a significantly 

smaller amount of GDNF detected by ELISA released from the latter (Group; F(1, 

12)=29.33, ***P<0.001). 
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Figure 4.9. In vitro  GDNF release from GDNF-overexpressing GFP-MSCs. 30,000 

GDNF-MSCs and 30,000 GFP-MSCs were seeded on a 24 well plate and GDNF 

release in cell culture media was analysed by ELISA 24, 48 and 72 hours post-plating. 

Graph shows cumulative release and each point represents a separate biological 

replicate. Data are mean ± SEM and were analysed by two-way ANOVA and Tukeyôs 

post-hoc, **P<0.01. 

 

Having confirmed that the GDNF-MSCs were releasing GDNF in cell culture media, 

we proceeded to co-transplant them with iPSC-DAPs in order to test their 

compatibility when injected together into the striatum of Sprague Dawley rats. After 

qualitative observation of the striatal brain sections in which iPSC-DAPs were 

transplanted either alone or with GDNF/GFP-MSCs we only found surviving iPSC-

derived grafts when these were transplanted alone, or in isolated individual rats when 

co-transplanted as planned suggesting that the two cell types are not suitable for co-

transplantation (Fig. 4.10). We also checked for GDNF release after four weeks post-

transplantation and, as expected, we did not detect any positive GDNF 
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immunostaining (Fig. 4.11). Additionally, we assessed the GDNF/GFP-MSCs survival 

four weeks post-transplantation and we found GFP positive immunostaining in all the 

groups with exception to when 50,000 GDNF-MSCs were transplanted (Fig. 4.12).  

 

Although GDNF-MSCs were able to release GDNF in cell culture media and had 

previously been shown to be biocompatible with the rat brain (Hoban et al., 2015, 

Hoban et al., 2013), they were found not to be suitable for co-transplantation with 

iPSC-DAPs as these progenitors were only surviving when transplanted alone and or 

in isolated individual rats when co-transplanted with MSCs. 
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Figure 4.10. Qualitativ e assessment of iPSC-DAPs survival at four weeks post co-transplantation with either GDNF or GFP-MSCs. 
iPSC-DAPs were transplanted bilaterally in the striatum of Sprague Dawley intact rats either alone or co-transplanted with different doses of 

GDNF-MSCs or GFP-MSCs. Survival of iPSC-DAPs was assessed 4 weeks post-surgery via human nuclei (HuNu) immunostaining. 

Surviving iPSC-DAPs derived grafts were only observed when iPSC-DAPs were transplanted alone or in isolated individual rats when co-

transplanted with MSCs. Scale bar represents 0.2 mm. 
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Figure 4.11. Qualitative assessment of GDNF release at four weeks post-transplantation of GDNF-MSCs. GDNF-MSCs were 

bilaterally co-transplanted with iPSC-DAPs in the striatum of intact Sprague Dawley rats. GDNF release from GDNF-MSCs was assessed 

via immunohistochemical staining of the striatal sections 4 weeks post-surgery. No GDNF positive staining was detected in any of the 

sections in which GDNF-MSCs had been transplanted. Scale bars represent 0.2 mm. 
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Figure 4.12. Qualitative assessment of MSCs survival at four weeks post transplantation. GDNF GFP-MSCs and GFP-MSCs were 

bilaterally co-transplanted with iPSC-DAPs in the striatum of intact Sprague Dawley rats. Survival of MSCs was assessed 4 weeks post-

surgery via GFP immunostaining. Surviving MSCs-derived grafts were observed in every group which included MSCs transplants except 

for when 50,000 GDNF-MSCs were grafted. Scale bar represents 0.2 mm. 
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  DISCUSSION 

The preclinical literature on human stem cell transplantation for brain repair in 

Parkinsonôs disease suggests high variability in the dopaminergic maturation of 

transplanted cells in situ with the lowest percentage of differentiation being 0% and 

the highest being 46%. Not only are the outcomes variable, the overall median 

percentage of differentiation is 3% of the transplanted cells suggesting that the 

remaining 97% of them do not reach dopaminergic maturation in the brain of 

parkinsonian models (Comini and Dowd, 2024). These findings highlight the 

importance of continuing to investigate alternative methods to improve the maturation 

of transplanted progenitors in situ. Neurotrophic growth factors, such as GDNF, are 

known to be involved in modulating neuronal growth in the brain (Luz et al., 2016). 

Moreover, they cover a key role in the dopaminergic differentiation of iPSCs and ESCs 

in vitro (Nolbrant et al., 2017, Kirkeby et al., 2012). Therefore their co-administration 

with dopaminergic progenitors could potentially improve the maturation of the grafted 

cells. However, GDNF is characterized by a short half-life in vivo which, compared to 

in vitro differentiation protocols, would not be long enough to guarantee its retention 

in the brain until dopaminergic maturation of the cells is reached. To address this issue, 

different approaches for neurotrophic factors delivery have been assessed and some of 

them include ex vivo gene therapy, biomaterials-supported delivery and cryogels-aided 

administration (Jarrin et al., 2021b, Hoban et al., 2013, Hakami et al., 2024, Comini et 

al., 2024, Moriarty et al., 2017). 

 

In this chapter we tested two different delivery systems with the aim of achieving a 

sustained delivery of GDNF over time. We firstly studied the suitability of GDNF 

PODS® a polyhedrin-based system where GDNF is co-expressed and included in its 

structure. Although PODS® have been shown to have the ability of releasing different 

proteins of interest co-expressed within their structure (Nella et al., 2022, Whitty et al., 

2022, Wendler et al., 2021, Matsuzaki et al., 2019), we firstly wanted to confirm the 

capacity of GDNF PODS® to achieve GDNF release in vitro. We found that 

approximatively 20 pg of GDNF were released from PODS® after one day of 

incubation with a microglia cell line followed by a steady increase in the amount of 

GDNF being detected. After 7 days, about 250 pg of GDNF had been released in cell 
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culture medium corresponding to 0.05% of the total amount of NTF carried by  ╔ 10 

million PODS®. The ability of GDNF PODS® to release the NTF in the presence of 

cells in a sustained manner highlights their potential for long term in vivo delivery of 

GDNF. Since a crucial requirement for utilizing biomaterials for in vivo applications 

is biocompatibility, we next proceeded to test their in vitro cytocompatibility by co-

plating with a microglia cell line. Not surprisingly, PODS® showed no detrimental 

effect on the metabolic activity of the microglia line coherent with what previously 

reported with different kinds of cells such as murine bone marrow-derived monocytes, 

macrophages and hESC-derived neuronal progenitors in culture (Chang et al., 2020, 

Wendler et al., 2021).  

 

Having established 1) the ability of GDNF PODS® to release the NTF and 2) their non-

toxic effect on cells in vitro we then decided to study their GDNF delivery profile and 

biocompatibility after implantation in the brain of rats. We decided to implant PODS® 

either alone or encapsulated in a collagen hydrogel. Although GDNF was not seen by 

immunohistochemical analysis, we were able to detect its presence in the striatum of 

rats up to 14 days post-implantation by protein extraction and ELISA analysis with no 

influence of the collagen hydrogel on the amount detected. Secondly, we checked the 

innate immune system reaction to the implants. The rationale for including collagen 

hydrogels in this experiment derived from evidence of reduced host neuro immune 

reaction to cell transplants into the ratsô brain (Hoban et al., 2013, Moriarty et al., 2017, 

Moriarty et al., 2019, Cabré et al., 2021a). Therefore, we wanted to assess if the 

injection of PODS® would cause host innate immune system cells recruitment at the 

site of implantation and whether or not this phenomenon could be reduced by the 

presence of the hydrogel creating a physical barrier around the PODS®. Even though 

no harmful effect was observed on cells in culture, when assessing neuro immune cell 

recruitment to the striatum, we found mild microgliosis after one day which 

dramatically increased over the following 7 days post-implantation. Furthermore, the 

structure of the striatum was physically damaged by the presence of PODS® presenting 

holes at the injection site. Both microglia recruitment and structural damage were not 

reduced by the presence of the collagen hydrogel. We hypothesised that the extensive 

structural damage to the striatum could be attributable to the PODS® rigid structure 
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which might not be adapting to the pre-existing framework of the brain. On the 

contrary, when porous or sponge-like biomaterials are used, no structural damage had 

been reported (Hakami et al., 2024, Moriarty et al., 2017, Cabré et al., 2021b). 

Moreover, it is known that various stimuli, including damage to brain structure, could 

result in an activated immune response and increased neuro inflammation (Galluzzi et 

al., 2018). These results suggested that although PODS® might be suitable for protein 

delivery in various applications (Whitty et al., 2022, Chang et al., 2020, Matsumoto et 

al., 2015) they were not compatible for NTF delivery to the brain because of their 

immunogenic characteristics and structural damage found in the striatum.  

 

Next, we investigated a different method for GDNF delivery to the brain such as ex 

vivo gene therapy. This approach involves genetically engineered cells which are able 

to produce therapeutic factors, such as neurotrophic factors (Gowing et al., 2017, Jarrin 

et al., 2021b). A major advantage is that the genetic engineering via viral transduction 

of the cells occurs ex vivo permitting vigorous pre-clinical testing before 

administration to patients opposed to in vivo gene therapy where the vectors are 

directly injected into the brain (Hitti et al., 2019). Particularly, GDNF-overexpressing 

MSCs are a promising approach for in situ sustained GDNF delivery. As previously 

mentioned, MSCs were extracted from bone marrow of a GFP transgenic Sprague 

Dawley rat (green transgenic rat SD-Tg (CAG-EGFP) CZ-004Osb) and subsequently 

virally transduced with a Moloney leukaemia retrovirus rendering these cells able to 

stably overexpress and release GDNF (Moloney et al., 2010b). Furthermore, they have 

been previously shown by other researchers in our group to 1) release GDNF up to 14 

days post-transplantation, 2) be biocompatible with the host brain and 3) progressively 

die post-transplantation eliminating the risk of proliferation therefore increasing the 

safety of the approach (Hoban et al., 2015). Moreover, MSCs alone (not transduced to 

overexpress GDNF) have been shown to have considerable therapeutic potential for 

various reasons. Primarily, their secretome is rich of a plethora of neurotrophic factors, 

anti-apoptotic factors, growth factors and anti-inflammatory cytokines (Friļov§ et al., 

2020).  
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For the aforementioned reasons, we proceeded to test the suitability of GDNF MSCs 

and GFP MSCs for co-transplantation with iPSC-DAPs in the brain of rats to provide 

the latter with sustained delivery of GDNF/expose them to MSCs secretome. We 

firstly tested GDNF delivery in cell culture medium and found approximatively 3,000 

pg/ml of NTF being released by 30,000 cells in 24 hours. Having established that the 

cryopreserved MSCs were still able to produce and release GDNF we proceeded to 

test their suitability for in vivo co-transplantation with iPSC-DAPs. Despite this 

approach seeming promising we found MSCs to be unsuitable for co-transplantation 

with iPSC-DAPs as we did not find surviving iPSC-derived grafts after four weeks 

post-transplantation (with the exception of 4/28 rats). We speculated that this could be 

due to MSCs and iPSC-DAPs competing for their survival in the hostsô brain. 

Particularly, when iPSCs are cultured and differentiated in vitro they are bathed in a 

factor-rich medium which provides them with nutrients and an optimal environment 

for survival. Moreover, iPSCs need specific conditions to thrive and retain their 

characteristics. For example, variations in temperature, pH and oxygen levels, or even 

slight changes in the composition of the culture medium can affect their growth and 

differentiation (Rivera et al., 2020). Overall, iPSCs require more meticulous care when 

cultured compared to other cell types. MSCs are a more resilient cell type and they do 

not require as much carefulness when cultured compared to iPSCs, therefore they 

might be more likely to survive after co-transplantation. A slightly different surgical 

approach could be applied in future studies: instead of co-transplanting the cells at the 

same site these could be injected in two deposits in the striatum at a calculated distance 

which would allow iPSC-DAPs to benefit from GDNF and factors present in MSCs 

secretome without competing for survival in the brain.  

 

Although the two delivery systems described in this chapter were not found to be 

suitable for implantation in the striatum (PODS®) or for co-transplantation with iPSC-

DAPs (GDNF/GFP-MSCs), different ways to provide sustained NTFs delivery to the 

brain are being investigated and seem promising and appropriate for intra-striatal 

transplantation. One such example is represented by cryogel microcarriers made by 

SPA (3-sulfopropyl acrylate) and PEGDA (poly (ethylene glycol) diacrylate). These 

are biomaterials characterised by a macroporous structure rendering them soft and 
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adaptable but also with a stable structure that prevent them from losing their structural 

integrity (Bencherif et al., 2012, Koshy et al., 2018). Moreover, these can be loaded 

with neurotrophic factors such as GDNF and BDNF thanks to their heparin binding 

properties permitting ionic interactions between positively charged proteins and 

negatively charged cryogel carriers. Importantly, these interactions are reversible 

therefore allowing for GDNF and BDNF release in a controlled manner over time 

(Alfano et al., 2007, Sandoval Castellanos et al., 2020, Hakami et al., 2024). These 

have recently been shown to be suitable for implantation in the striatum without 

causing any major damage to its structure and with only transient innate immune 

system activation (Hakami et al., 2024). Moreover, they showed to be able to release 

GDNF and BDNF up to 4 weeks post-implantation and to improve survival and 

reinnervation capacity of primary dopaminergic neurons when transplanted into the 

brain of 6-OHDA lesioned rats (Narasimhan et al. 2024, under review).  

 

These findings suggest that further research is needed and encouraged to develop and 

test alternative delivery systems with the ability to release neurotrophic factors in a 

sustained manner, that are biocompatible with the hostsô brain and suitable for co-

administration with iPSC-DAPs with the final aim of improving in vivo dopaminergic 

differentiation of the latter. 

 

One biomaterial that has been shown to be biocompatible and capable of GDNF 

delivery is a collagen hydrogel previously developed by our group (Moriarty et al., 

2017, Moriarty et al., 2019). However, as mentioned previously, this improved in situ 

survival and maturation of iPSC-DAPs in immunodeficient rats (Comini et al., 2024) 

but not in immunosuppressed rats. Therefore, the remainder of the studies in this thesis 

refocused on the hydrogel. Firstly, in Chapter 5, potential reasons why the 

neurotrophin-enriched collagen hydrogel provided benefit to iPSC-derived 

dopaminergic progenitors transplanted into nude rats but not cyclosporine-

immunosuppressed rats were investigated and secondly, in Chapter 6, the potential of 

a neurotrophin-enriched collagen hydrogel for enhancing in situ survival and 

maturation of iPSC-derived dopaminergic progenitors in immunosuppressed 

Parkinsonian rats was assessed.
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Chapter 5: Immunological responses to iPSC-DAPs derived 

grafts in immunodeficient and immunosuppressed rats 

 

  INTRODUCTION  

In the previous chapter of this thesis we investigated the suitability of two alternative 

systems for delivery of GDNF to the brain in a sustained manner with the overall 

objective of improving in situ maturation of iPSC-DAPs once transplanted into the 

brain of parkinsonian models. However, both systems failed in terms of 

biocompatibility with the host brain and/or suitability for co-transplantation with 

iPSC-DAPs.  

 

As previously mentioned in the main introduction of this thesis, a post-doctoral 

researcher in our group investigated the potential of a biomaterial for iPSC-derived 

brain repair in parkinsonian rodents. A GDNF and BDNF-enriched in situ gelling 

collagen hydrogel in which iPSC-DAPs were encapsulated before transplantation was 

used. Since cells for transplantation were of human origin, two different approaches 

were adopted to avoid graft rejection. One approach was the use of T-cell deficient 

nude rats and the other was the use of cyclosporine suppressed rats (T-cell suppressed). 

The two approaches generated two different outcomes: while a NTF-enriched 

hydrogel was greatly beneficial to survival and differentiation of iPSC-DAPs in the 

brains of athymic nude rats, the same positive effect was not observed in the brains of 

pharmacologically-suppressed rats.  

 

We hypothesised that, because the two models (deficient and suppressed) presented 

fundamental immunological differences, this might have been the reason why a 

neurotrophin-enriched hydrogel was beneficial to human iPSC-DAPs survival and 

maturation in nude rats but not in cyclosporine suppressed rats.  

 

Particularly, cyclosporine is a cyclic peptide derived from a fungus which has been 

widely used for its immunosuppressive properties (Murthy et al., 1999) and the first 

pharmaceutical formulation was released in 1983 (Singh and Narsipur, 2011). The 
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mechanism of action of cyclosporine consists of inhibiting the transcription of 

interleukins, IL-2 in particular, which are involved in T-cell activation (Matsuda and 

Koyasu, 2000) through two main pathways: the calcineurin/NFAT pathway and the 

JKN/p38 pathway (Lee et al., 2023). Briefly, for the calcineurin/NFAT pathway, 

cyclosporine enters a T-cell and binds to cyclophilin forming a cyclophilin-

cylosporine complex. After T-cell activation, the levels of a protein called calmodulin 

increase and this interacts with calcineurin, another protein which functions as 

phosphatase and dephosphorylates the nuclear factor of activated T-cells (NFAT) 

which is involved in activation of transcription of cytokines (including IL-2). The 

complex cyclophilin-cyclosporine binds to calcineurin preventing its 

dephosphorylation activity therefore blocking NFAT translocation and expression of 

genes in activating T cells (Matsuda and Koyasu, 2000). The JNK/p38 pathway 

involves inhibition of mitogen-activated protein kinase (MAPK) cascade activated 

through phosphorylation. Specifically JKN/p38 is activated when T cell response is 

initiated by T-cell receptor (TCR) and CD28 receptor leading to activation of 

transcription factor AP-1 (activator protein 1) which is involved in subsequent 

transcription of IL-2. Cyclosporine blocks this pathway by inhibiting the MAPK 

signalling cascade upstream (Liu et al., 2007, Barbarino et al., 2013, Atsaves et al., 

2019). Therefore, cyclosporine functions as T-cell inhibitor through the 

aforementioned mechanisms and it is commonly used to avoid graft rejection after 

xenotransplantation (e.g. human-to-rat) or allogenic cell transplantation (donor-to-

patient) (Duan et al., 1995, Duan et al., 2001). 

 

Alternatively, nude rats can also be used to avoid graft rejection in pre-clinical studies. 

They were first observed in Aberdeen, Scotland in 1953 in an outbred colony of 

hooded rats. The same phenotype appeared again 20 years later both in Aberdeen and 

in albino rats in New Zealand (Festing et al., 1978, Festing et al., 1979, Schuurman, 

1995). Nude rats carry an autosomal recessive mutation in the gene FOXN1 on 

chromosome 10 called rnu allele (Schüddekopf et al., 1996, Hirasawa et al., 1998). 

This mutation results in a phenotype where the thymus is absent therefore this strain 

is characterised by depletion of thymus-dependent T-lymphocytes (Xia et al., 1999). 

Although flow-cytometric studies analysing lymph nodes and spleen detected the 
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presence of T-like cells these showed a phenotype of immature cells (Hanes, 2006). 

Basically, it is thought that the lack of thymus makes these cells immature, poorly 

differentiated and ñuneducatedò therefore functionally defective (Yang and Bell, 

1994). Interestingly, as a compensatory response athymic nude rats present an 

increased non-thymus-dependent cytotoxicity by increased natural killer (NK) cells 

activity (Hanes, 2006). 

 

In light of these considerations, the primary aim of the experiment presented in this 

chapter was to study the immunological profiles of athymic nude rats and cyclosporine 

suppressed rats after transplantation of iPSC-DAPs either alone, with NTFs, in a 

hydrogel or in a NTF-enriched hydrogel in order to elucidate why the encapsulation of 

human iPSC-DAPs in a NTF-enriched hydrogel led to an improved in situ survival 

and maturation of the progenitors in T-cell deficient nude rats but not in T-cell 

suppressed Sprague Dawley rats. Additionally, we also assessed cell survival and 

differentiation, GDNF and BDNF staining, and collagen hydrogel staining in the 

striatum of both strains of rats.  

 

  METHODS  

5.2.1 Experimental design 

To address the aforementioned aim, 36 adult female Sprague Dawley rats and 36 adult 

female athymic nude rats (Hsd:RH-Foxn1rnu) received unilateral intra-nigral 6-

OHDA infusion (12 µg in 3 µl) followed two weeks after by unilateral intra-striatal 

transplantations of iPSCs either alone (300,000 cells in 6 µl), with the neurotrophins 

BDNF (1000 ng) and GDNF (500 ng), encapsulated in a collagen hydrogel (cross-

linked with 4 mg/mL 4s-StarPEG) or in a neurotrophin-enriched collagen hydrogel. 

The 36 Sprague Dawley rats received daily subcutaneous injections of cyclosporine A 

at the dose of 10 mg/kg from 24 hours before receiving the cell transplant and 

continued until the end of the study. Rats were then sacrificed via terminal anaesthesia 

followed by transcardial perfusion-fixation after 1, 4 or 7 days post transplantation 

(n=3 per group, per time point). Brains were collected for post-mortem 

immunohistochemical analysis and whole blood was collected for further PBMCs 
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isolation followed by FACS analysis. A summary of immunostaining performed in 

this chapter can be found in Table 5.1. 

 

The iPSC line used in this experiment was the NAS2 line at day 16 of dopaminergic 

differentiation produced by our collaborator Prof. Tilo Kunath from the Centre for 

Regenerative Medicine at the University of Edinburgh, Scotland. 
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Figure 5.1. Schematic representation of the Experimental Design. iPSC-DAPs were transplanted either alone (300,000 cells/6 µl), with 

NTFs (GDNF 500 ng and BDNF 1000 ng), encapsulated in a collagen hydrogel or in a NTF-enriched collagen hydrogel in the brain of either 

6-OHDA-lesioned female athymic nude rats or 6-OHDA-lesioned female Sprague Dawley rats immunosuppressed with daily cyclosporine 

injections from 24 hours previous to transplantation. Post-mortem assessments were carried out at 1, 4 and 7 days post-grafting and consisted 

of immunohistochemical analysis along with FACS evaluation of the T-cell populations.   
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Table 5.1 Summary of immunostaining performed in this chapter. 

 

Staining Target Measure 

CD4+ T-helper cells Adaptive immune 

system reaction 

CD8+ T-killer cells Adaptive immune 

system reaction 

OX42/CD11b Microglia Innate immune 

system reaction 

GFAP Astrocytes Innate immune 

system reaction 

HuNu Human nuclei iPSC survival 

STEM121 Human specific 

cytoplasmic 

protein 

iPSC survival  

TH Catecholaminergic 

neurons 

Cell differentiation 

Collagen Collagen hydrogel Collagen hydrogel  

GDNF GDNF GDNF  

BDNF BDNF BDNF  

   

  RESULTS 

In this section, all the analyses performed include results from athymic nude rats and 

cyclosporine suppressed Sprague Dawley rats. For consistency, these will always be 

presented as nude rats first and cyclosporine suppressed rats second. Quantitative 

results will be shown as time points collapsed together. Finally, a summary of all the 

outcomes measured and results can be found at the end of this chapter in Table 5.2. 

 

5.3.1 Adaptive immune system response to the transplant 

5.3.1.1 Immunohistochemical analysis of T-cell-mediated immune response  

The adaptive immune system activation after transplantation of iPSC-DAPs with or 

without neurotrophins, and with or without the collagen hydrogel, was assessed in 

terms of T-helper cells (CD4+) and T-killer cells (CD8+) in the striatal sections at the 

site of transplantation by immunostaining. 
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Firstly, we assessed the presence of CD4+ cells by immunostaining of the striatal 

sections in which iPSC-DAPs were transplanted. As expected, no positive staining was 

found in the brains of athymic nude rats (Fig. 5.2A) while, surprisingly, CD4+ 

immunostaining was present in the brains of immunosuppressed rats at all the time 

points and in all the experimental groups (Fig. 5.2B). Higher magnification 

photographs of CD4+ immunostaining in the brains of cyclosporine suppressed rats are 

provided in Fig. 5.3A. The number of brains showing obvious CD4+ staining in the 

striatum were counted as shown in Fig. 5.3B. CD4+ staining was present in 3/9 rats 

when cells were transplanted alone, 4/9 when given with NTFs, 2/9 when encapsulated 

in a plain collagen hydrogel and 1/9 when encapsulated in a NTF-enriched collagen 

hydrogel.  
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Figure 5.2. Study of the adaptive immune system response to the transplant: CD4+ immunostaining. Immunostaining for CD4+ T helper 

cells was performed on the striatal sections of A) athymic nude rats and B) cyclosporine immunosuppressed rats in which iPSC-DAPs were 

transplanted either alone, with NTFs, in a hydrogel or in a NTF-enriched hydrogel. Scale bars are 5 mm and 0.5 mm. 
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Figure 5.3. Study of the adaptive immune system response to the transplant: CD4+ immunostaining in cyclosporine suppressed rats. 

Immunostaining for CD4 T-helper cells was performed on striatal sections of cyclosporine immunosuppressed Sprague Dawley rats. A) High 

magnification photomicrographs showing CD4 positive immunostaining at the site of transplantation. Scale bar represents 0.05 mm. B) The 

number of brains presenting obvious CD4 positive staining were counted. 
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Next, we wanted to assess the presence of CD8+ cells at the site of transplantation: as 

expected no positive staining was found in the brain of athymic nude rats (Fig. 5.4A) 

while CD8+ immunostaining was present in the brains of individual 

immunosuppressed rats at all the time points and in all the experimental groups (Fig. 

5.4B) in line with what observed for CD4+ immunostaining.  

 

Higher magnification photographs of CD8+ immunostaining in the brains of 

cyclosporine suppressed rats are provided in Fig. 5.5A. The number of brains showing 

obvious CD8+ staining in the striatum were counted as shown in Fig. 5.5B. CD8+ 

staining was present in 4/9 rats when cells were transplanted alone, 3/9 when given 

with NTFs, 2/9 when encapsulated in a plain collagen hydrogel and 2/9 when 

encapsulated in a NTF-enriched collagen hydrogel.  

 

Taken together, immunohistochemical staining for CD4+ and CD8+ at the 

transplantation site indicated that cyclosporine suppressed rats were not fully 

immunosuppressed and a T-cell mediated response was occurring in the peri-

transplant area.
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Figure 5.4. Study of the adaptive immune system response to the transplant: CD8+ immunostaining. Immunostaining for CD8+ T killer 

cells was performed on the striatal sections of A) athymic nude rats and B) cyclosporine immunosuppressed rats in which iPSC-DAPs were 

transplanted either alone, with NTFs, in a hydrogel or in a NTF-enriched hydrogel. Scale bars are 5 mm and 0.5 mm. 
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Figure 5.5. Study of the adaptive immune system response to the transplant: CD8+ immunostaining in cyclosporine suppressed rats. 

Immunostaining for CD8 T-killer cells was performed on striatal sections of cyclosporine immunosuppressed Sprague Dawley rats. A) High 

magnification photomicrographs showing CD8 positive immunostaining at the site of transplantation. Scale bar represents 0.05 mm. B) The 

number of brains presenting obvious CD8 positive staining were counted. 
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5.3.1.2 FACS analysis of circulating T-cells 

FACS analysis were conducted to assess whether or not T-cell populations were 

present in the bloodstream of athymic nude rats and cyclosporine immunosuppressed 

rats after iPSC-DAPs transplantation. For each T-cell population, two parameters were 

assessed: the frequency of circulating cells and the frequency of activated (CD25+) 

circulating cells.  

 

Firstly, we stained PBMCs isolated from whole blood retrieved from both strains of 

rats for T-helper CD4-positive cells. Although we registered the presence of 

circulating CD4+ cells in the bloodstream of athymic nude rats, these showed not to be 

activated (CD25-) as depicted in Fig. 5.6A&Ai . Furthermore, no significant difference 

was observed between the experimental groups after statistical analysis (CD4+: Groups 

F(3, 32)= 0.21, P>0.05; CD4+CD25+: Groups F(3, 31)= 0.99, P>0.05). In contrast with that 

seen for athymic nude rats, we detected the presence of both circulating (CD4+) and 

activated (CD4+CD25+) T-helper cells in the blood of cyclosporine immunosuppressed 

rats (Fig. 5.6B&Bi ). However, no significant difference was observed between the 

experimental groups after statistical analysis (CD4+: Groups F(3, 27)= 1.29, P>0.05; 

CD4+CD25+: Groups F(3, 27)= 0.75, P>0.05).  

 

The presence of activated CD4+ T-helper cells in the blood of cyclosporine suppressed 

rats confirmed that cyclosporine-treated Sprague Dawley rats were not fully 

immunosuppressed at the time of transplantation. 
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Figure 5.6. Study of the adaptive immune system response to the transplant: 

circulatin g and activated T-helper cells by FACS analysis. FACS analysis for 

circulating (CD4+) and activated (CD4+CD25+) T-helper cells was performed on the 

PBMCs isolated from the blood of A) athymic nude rats and B) cyclosporine 

immunosuppressed rats in which iPSC-DAPs were transplanted either alone, with 

NTFs, in a hydrogel or in a NTF-enriched hydrogel. Data represent individual data 

points, are expressed as mean ± SEM and were analysed by one-way ANOVA. 

 

 

PBMCs isolated from rat blood were also stained for CD8-positive T-killer cells. We 

found low levels of both circulating (CD8+) and activated (CD8+CD25+) cells in the 

blood of athymic nude rats as shown in Figure 5.7A&Ai . After statistical analysis, no 
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differences were found between the groups (CD8+: Groups F(3, 32)= 0.10, P>0.05; 

CD8+CD25+: Groups F(3, 32)= 0.25, P>0.05). In parallel, we also analysed PBMCs from 

the blood of cyclosporine immunosuppressed rats, detecting circulating (CD8+) and 

low levels of activated (CD8+CD25+) T killer cells as shown in Fig. 5.7B&Bi . 

Interestingly, the frequency of circulating (CD8+) T killer cells was reduced when 

iPSC-DAPs were encapsulated in a NTF-enriched hydrogel compared to when iPSC-

DAPs were transplanted alone (CD8+: Groups F(3, 27)= 4.37, **P<0.01). No differences 

were found in the frequency of activated (CD8+CD25+) T-killer cells between the 

groups (CD8+CD25+: Groups F(3, 27)= 2.04, P>0.05).  

 

In this case, T-killer cells showed low levels of activation in both athymic nude rats 

and cyclosporine suppressed rats. However, cyclosporine suppressed rats showed 

higher level of circulating CD8-positive cells overall while athymic nude rats had 

lower levels of circulating T-killer cells.  

 

Taken together, results from FACS analyses for CD4+ and CD8+ suggested that 

Sprague Dawley rats were not fully immunosuppressed at the time of iPSC-DAPs 

transplantation in the brains. 
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Figure 5.7. Study of the adaptive immune system response to the transplant: 

circulating and activated T-killer  cells by FACS analysis. FACS analysis for 

circulating (CD8+) and activated (CD8+CD25+) T-killer cells was performed on the 

PBMCs isolated from the blood of A) athymic nude rats and B) cyclosporine 

immunosuppressed rats in which iPSC-DAPs were transplanted either alone, with 

NTFs, in a hydrogel or in a NTF-enriched hydrogel. Data represent individual data 

points, are expressed as mean ± SEM and were analysed by one-way ANOVA and 

Tukeyôs post-hoc. 
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5.3.2 Innate immune system response to the transplant 

The innate immune system reaction after transplantation of iPSC-DAPs with or 

without neurotrophins, and with or without the collagen hydrogel, was assessed in 

terms of microgliosis (OX-42 marker) and astrocytosis (GFAP marker) in the striatal 

sections at the site of transplantation by immunostaining. Additionally, FACS analysis 

were conducted to assess whether or not NK cell populations were present in the 

bloodstream of athymic nude rats and cyclosporine immunosuppressed rats after iPSC-

DAPs transplantation.  

 

5.3.2.1 Microgliosis 

Firstly, the microgliotic response via OX-42 staining was studied and we found 

positive immunostaining at all the time points post-transplantation in the brains of 

athymic nude rats (Fig. 5.8A). Similarly, microgliosis was also present in all 

transplanted groups at the early time points in the brains of cyclosporine suppressed 

rats (Fig. 5.8B). 
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Figure 5.8. Study of the microgliotic response at Day 1, Day 4 and Day 7 post iPSC-DAPs transplantation: qualitative assessment. 

Immunostaining for microglia (OX-42 staining) was performed on the striatal sections of A) athymic nude rats and B) cyclosporine 

immunosuppressed rats in which iPSC-DAPs were transplanted either alone, with NTFs, in a hydrogel or in a NTF-enriched hydrogel. Scale 

bars are 2 mm, 0.5 mm and 0.2 mm. 


































































































































































































































































