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Neurons derived from human pluripotent stem cells (hPSCs) provide a valuable tool for studying human neural development and neurodegenerative diseases. The investigation of hPSC-based cell therapy, involving the differentiation of hPSCs into target cells and their transplantation into affected regions, is of particular interest. One neurodegenerative disease that is being extensively studied for hPSC-based cell therapy is Parkinson’s disease (PD), the second most common among humans. Various research groups are focused on differentiating hPSCs into ventral midbrain dopaminergic (vmDA) progenitors, which have the potential to further differentiate into neurons closely resembling DA neurons found in the substantia nigra pars compacta (SNpc) after transplantation, providing a promising treatment option for PD. In vivo experiments, where hPSC-derived vmDA progenitor cells were transplanted into the striatum or SNpc of animal PD models, the transplanted cells demonstrated stable engraftment and resulted in behavioral recovery in the transplanted animals. Several differentiation protocols have been developed for this specific cell therapy. However, the lack of a reliable live-cell lineage identification method presents a significant obstacle in confirming the precise lineage of the differentiated cells intended for transplantation, as well as identifying potential contamination by non-vmDA progenitors. This deficiency increases the risk of adverse effects such as dyskinesias and tumorigenicity, highlighting the importance of addressing this issue before proceeding with transplantation. Ensuring the differentiation of hPSCs into the target cell lineage is a crucial step to guarantee precise therapeutic effects in cell therapy. To underscore the significance of lineage identification, this review focuses on the differentiation protocols of hPSC-derived vmDA progenitors developed by various research groups for PD treatment. Moreover, in vivo experimental results following transplantation were carefully analyzed. The encouraging outcomes from these experiments demonstrate the potential efficacy and safety of hPSC-derived vmDA progenitors for PD cell therapy. Additionally, the results of clinical trials involving the use of hPSC-derived vmDA progenitors for PD treatment were briefly reviewed, shedding light on the progress and challenges faced in translating this promising therapy into clinical practice.
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1 INTRODUCTION
Parkinson’s disease (PD) is the second most common neurodegenerative disease in humans. It is caused by the specific loss of dopaminergic (DA) neurons in the substantia nigra pars compacta (SNpc) of the midbrain. PD is characterized by motor symptoms, such as tremor, muscular stiffness, and bradykinesia, but it is also associated with cognitive impairment, sleep disturbances, depression, and a weakened sense of smell (Poewe et al., 2017). Various methods have been used to treat PD. Drug therapy, deep brain stimulation (DBS), gene therapy, and cell therapy are currently available treatments. Levodopa, dopamine agonists, and monoamine oxidase-B (MAO-B) inhibitors are representative drugs used in an attempt to increase low dopamine levels in PD patients (Connolly and Lang, 2014). These drug therapies are known to improve the motor symptoms of patients, but long-term treatment with levodopa or dopamine agonists can worsen the patient’s symptoms due to drug tolerance and neurotoxicity. Additionally, nausea, daytime somnolence, and edema are possible adverse effects of these treatments (Connolly and Lang, 2014). DBS is a surgical therapy that alleviates symptoms by inserting electrodes into movement-controlling regions of the brain, such as the subthalamic nucleus (STN) or globus pallidus internus (GPi), for electrical stimulation (Bronstein et al., 2011). Patients who have acquired medication resistance due to long-term pharmacological therapy may benefit from DBS. The advantage of DBS is that the patient may reduce their medicine dosage and switch the electrodes on and off as required. As the DBS-implanted brain areas are also involved with emotions, adverse effects, such as emotional disorders and manic responses, may result in psychiatric issues.
Currently, the above-mentioned therapies may improve PD symptoms, but a fundamental cure is not yet available. Consequently, diverse treatment methods are being researched. One of these, gene therapy, aims to fix genetic mutations in familial PD, and numerous therapeutic techniques have been proposed, including introducing a target gene vector into an adeno-associated virus or lentivirus and delivering this to the patient (Axelsen and Woldbye, 2018). To actually apply this in humans, however, raises safety concerns, since it employs a virus. Cell therapy has emerged to compensate for the limitations of other treatments. In 1989, Olson’s group performed the first cell transplantation for PD patients (Lindvall et al., 1989). Ventral mesencephalic tissues derived from aborted human fetuses were transplanted into the striata of two patients, leading to improvement of certain motor symptoms. However, ethical problems may arise regarding the acquisition of fetal tissue, and even if ventral mesencephalic tissue is acquired, problems regarding purity control remain (Spenger et al., 1996).
Since then, a method for differentiating and transplanting cells derived from human embryonic stem cells (hESC) has been developed, and attempts have been made to overcome the limits of previous therapeutic agents. Particularly, after the discovery of dual-SMAD inhibition method in 2009 (Chambers et al., 2009), diverse and efficient differentiation protocols for DA neurons have been established. Once the techniques for generating human induced pluripotent stem cells (hiPSCs), another subset of hPSCs, from somatic cells were established (Takahashi et al., 2007), these hPSCs were subsequently directed towards differentiation into specific target cells, serving their purpose in cell therapy. Using the patient’s own cells (patient-derived hiPSCs) do not face ethical issues and do not result in immune reactions, as compared to those using embryonic-derived hESCs. Several groups have attempted using hPSC-based cell therapy for the fundamental treatment of PD. Various groups are attempting to generate ventral midbrain DA (vmDA) neurons derived from hPSCs, and confirming whether these neurons are indeed the intended vmDA neurons is crucial. Transplanting hPSC-derived vmDA progenitor cells without sufficient cell lineage quality control (QC) may result in the development of neoplastic tumor masses (Roy et al., 2006), as these cells could be contaminated with undifferentiated hPSCs and neural progenitor cells (NPCs) that have proliferative and differentiation capabilities. Therefore, precise QC is essential before transplantation. Ensuring a thorough QC process is crucial to minimize potential side effects that may occur after transplantation and to achieve appropriate clinical outcomes through cell therapy in PD. It is important to note that the current cell lineage QC methods fall short compared to the vmDA neuron differentiation protocol currently available. In this review, we intend to encompass the various types of PD therapy developed to date and analyze PD cell therapy research, along with an overview of vmDA neuron differentiation protocols and transplantation methods. Additionally, we assess the outcomes of in vivo experiments where differentiated cells are transplanted into a PD animal model, and we evaluate the resultant behavioral effects.
2 CONVENTIONAL APPROACHES TO PD TREATMENT
2.1 Medication
In the early 1960s, Birkmayer and Hornykiewicz were the first to report that levodopa, the precursor to dopamine, was an effective drug for treating PD (Birkmayer and Hornykiewicz, 1962, Birkmayer and Hornykiewicz, 1964). Since then, several medications have been developed through research aimed at understanding and addressing the neurodegenerative processes and symptoms of PD (Cheong et al., 2019). Levodopa, MAO-B inhibitors, etc., are used to treat motor symptoms, which are the most apparent PD symptoms. Levodopa is a DA medication that helps to increase dopamine levels. When levodopa was administered to PD patients with low dopamine levels, their impaired motor function improved (Steiger et al., 1996). MAO-B inhibitors are non-DA drugs that may be substituted for powerful treatments, such as levodopa, in the early stages of PD (Ives et al., 2004). Psychosis, one of the non-motor symptoms of PD, is treated with pimavanserin, clozapine, and quetiapine (Seppi et al., 2019). Among the disadvantages of these various drug treatments are the decrease of drug effects over time, the possibility of drug-induced complications, and the occurrence of severe side effects, including motor fluctuations and dyskinesia, impulse-control disorder, sleepiness or sudden-onset sleep, and dopamine-dysregulation syndrome (Moore et al., 2014; Bastide et al., 2015). These medications can improve the symptoms of PD, but they cannot provide a fundamental cure.
2.2 Deep brain stimulation
In 1870, Fritsch and Hitzig demonstrated that they could generate movement by electrically stimulating the cerebral cortex in dogs (Fritsch and Hitzig, 2009). Afterwards, attempts were made to verify the function of the cerebral cortex and its inner structures via electrical stimulation. In 1960, it was reported for the first time that tremor could be reduced by stimulating the ventrolateral thalamus with a high frequency (Hassler et al., 1960). In 1987, stimulation of the ventral intermedius nucleus (VIM) improved tremor in drug-resistant PD patients (Benabid et al., 1987). DBS was approved by the U.S. Food and Drug Administration in 2002 and continues to be used to treat PD patients. Initially, many attempts were made to improve PD symptoms by stimulating the VIM of the thalamus. This method was able to reduce PD tremor but had no effect on other motor symptoms. Many PD patients are currently treated with electrodes implanted in the STN or the GPi. Both regions can reduce Parkinsonian tremor, but depending on the severity of non-motor symptoms, one region may be preferable over the other (Miocinovic et al., 2013). DBS may effectively improve symptoms in drug-resistant patients (Herrington et al., 2016), but surgical complications, such as hemorrhage or infection, and cost issues, such as expensive surgery costs and battery maintenance costs, may hamper its use (Bronstein et al., 2011).
2.3 Cell therapy using human fetal midbrain tissues
Transplantation of rodent ventral mesencephalic tissue into the 6-OHDA PD model marked the beginning of cell therapy for PD, as it was confirmed that this treatment improved symptoms in the apomorphine-induced rotation test (Bjorklund and Stenevi, 1979; Perlow et al., 1979). In the 1980s, clinical trials were initiated to transplant human fetal ventral mesencephalic tissue following the discovery of therapeutic effects in animal studies (Lindvall et al., 1988; Madrazo et al., 1988; Lindvall et al., 1989). Open-label trials demonstrated therapeutic effects in PD patients after fetal ventral mesencephalic tissue transplantation (Widner et al., 1992; Piccini et al., 1999). In the double-blind test, however, no significant impact was observed in the older patient group (Freed et al., 2001). Moreover, during the transplantation of fetal ventral mesencephalon that contained undifferentiated cells, the formation of neural rosettes was observed (Spenger et al., 1996). Additionally, the procedure of obtaining fetal ventral mesencephalon may raise ethical concerns. To overcome the limitations associated with fetal ventral mesencephalon transplantation for PD treatment, cell therapy has emerged by transplanting differentiated hPSCs into patients as DA progenitor cells (Table 1).
TABLE 1 | Validation summary of dopaminergic neuronal differentiation from human pluripotent stem cells for transplantation.
[image: Table 1]3 ADVANCES IN HPSC-DERIVED DA PROGENITOR TRANSPLANTATION RESEARCH FOR PD CELL THERAPY: A COMPREHENSIVE REVIEW OF PRECLINICAL STUDIES
3.1 Literature search strategy
A comprehensive literature search was conducted using PubMed to identify relevant papers published until 31 October 2021. The search terms used were as follows: (Parkinson) AND (hiPSC OR hESC) AND (transplantation). In total, 329 articles were retrieved from the search. To assess the relevance of each publication, the titles, keywords, and abstracts were evaluated. From the initial pool, 2 duplicate articles, 2 non-English articles, 170 articles categorized as reviews, correspondences, or editorials, and 91 articles that did not involve the actual use of hESC or hiPSC in transplantation were excluded, leaving 55 articles eligible for analysis. These 55 papers were selected and reviewed, focusing on their reports regarding the outcomes of cell transplantation using hPSC-derived neuronal cells.
3.2 Evolution and specialization of hPSC-derived DA progenitors for PD cell therapy
DA neurons derived from hESCs are believed to have the potential to replace the degenerated DA neurons in the PD brain (Ben-Hur et al., 2004). These neurons utilize dopamine as a neurotransmitter and express tyrosine hydroxylase (TH), the rate-limiting enzyme in dopamine synthesis (Kosaka et al., 1987). While TH-expressing DA neurons are found in multiple brain regions, those primarily associated with PD are located in the ventral midbrain. Specifically, vmDA neurons are distributed across three regions: the SNpc (A9), the ventral tegmental area (VTA, A10), and the retrorubral field (RrF, A8) (Hokfelt et al., 1974). vmDA neurons originating from each of these regions project to distinct locations (Lammel et al., 2008). Age-related loss of vmDA neurons in the SNpc, affecting the nigrostriatal pathway from A9 to the dorsal striatum, is the underlying cause of PD (Kish et al., 1988; Fearnley and Lees, 1991). To address this vmDA neuronal loss in the SNpc, several research groups have developed hESC-based differentiation protocols for generating DA neurons, aiming to utilize them in cell therapy approaches (Table 1). Initially, experiments using mouse ESCs were conducted (Kawasaki et al., 2000), followed by hESC experiments focusing on the differentiation of vmDA neurons (Perrier et al., 2004). More recently, with the advancement of iPSCs (Takahashi and Yamanaka, 2006; Takahashi et al., 2007), differentiation experiments using patient-derived iPSCs to generate vmDA neurons have been gradually progressing. The vmDA neurons differentiated from hPSCs originate from the ventral midbrain floor plate (vmFP), which is the most ventral region of the neural tube. Co-expression of the floor plate marker Forkhead box protein A2 (FOXA2) and the roof plate marker LIM homeobox transcription factor 1 alpha (LMX1A) generally identifies the progenitor cells in this region, known as vmDA progenitors (Andersson et al., 2006; Bonilla et al., 2008).
3.3 Advances and strategies in direct differentiation of PSCs into DA neurons
When differentiating hPSCs into vmDA neurons, one of the first considerations is choosing between adherent culture or suspension culture methods. Historically, vmDA progenitors were primarily differentiated either by co-culturing with feeder cells such as MS5, S2, and PA6 stromal cell lines in adherent culture (Ben-Hur et al., 2004; Perrier et al., 2004; Brederlau et al., 2006; Sonntag et al., 2007), or through the formation of embryoid bodies (EBs) in suspension culture (Cho et al., 2008; Geeta et al., 2008; Cai et al., 2010). Adherent culture involves co-culturing hPSCs with feeder cells or using a specially-coated dish to support the adhesion and subsequent differentiation of hPSCs into vmDA neurons in a two-dimensional (2D) cell culture format (Figure 1A). In contrast, the suspension culture method employs the culturing of hPSCs in a suspended state, leading to the differentiation into vmDA neurons via the formation of EBs (Figure 1B). Recently, a three-dimensional (3D) method involving the formation of neurospheres for vmDA neuron differentiation has also been introduced (Figure 1C). For ease of description, these culture methods can conveniently be categorized as 2D-based, EB-based, or neurosphere-based differentiation protocols (Figure 1). Currently, the aforementioned methods are extensively employed in various protocols for differentiating vmDA neurons (Table 1). Numerous protocols have been continuously developed over the years to differentiate cells into vmDA neurons by manipulating specific signaling pathways. These protocols use various cell culture techniques and adjust the duration and concentration of a range of small molecules (Figure 2). One notable protocol is the dual-SMAD inhibition developed by the Studer group, which uses Noggin and SB431542 to inhibit BMP and TGF-beta signaling, respectively (Chambers et al., 2009). Additionally, protocols employing small molecules that modulate cell signaling pathways, such as WNT, SHH, and FGF, are also being developed (Castelo-Branco et al., 2004; Joksimovic et al., 2009; Xi et al., 2012). A method combining dual-SMAD inhibition with other small molecules aims to activate these major signaling pathways at varying concentrations and durations. CHIR99021 (CHIR) is used to activate canonical WNT signaling (Lyashenko et al., 2011), while recombinant SHH protein and SHH agonists like purmorphamine are used for SHH signaling. FGF signaling is triggered using the recombinant protein FGF8b (Figure 2). This combination results in a high yield of vmDA progenitor cells capable of differentiating into vmDA neurons (Cai et al., 2010; Kriks et al., 2011; Doi et al., 2012; Sanchez-Danes et al., 2012; Doi et al., 2014; Grealish et al., 2014; Grealish et al., 2015; Samata et al., 2015; Steinbeck et al., 2015; Samata et al., 2016; Adil et al., 2017; Niclis et al., 2017; Nolbrant et al., 2017; Wakeman et al., 2017; Xia et al., 2017; Fathi et al., 2018; Adler et al., 2019; Chang et al., 2019; Zygogianni et al., 2019; Mousavinejad et al., 2020; Schweitzer et al., 2020; Song et al., 2020; Kim T. W. et al., 2021; Xiong et al., 2021). Researchers like Perrier and his colleagues have focused on differentiation using SHH and FGF8 and found that approximately 60%–80% of beta tubulin III (TUJ1)-positive neurons express TH (Perrier et al., 2004). The Studer and Parmar teams have also successfully differentiated vmDA progenitors by modulating similar signaling pathways (Kriks et al., 2011; Kirkeby et al., 2012). More recently, advanced protocols have been introduced to enhance differentiation efficacy through specific 'boosting methods'. The first method involves using 0.7 μM CHIR from day 0, elevating it to 7.5 μM from day 4, and then reducing it to 3 μM from day 7 (Kim T. W. et al., 2021). The second method administers 0.8 μM CHIR from day 2 and doubles the concentration to 1.6 μM from day 11 (Kim S. W. et al., 2021). Due to variations in cell culture methods, small molecule combinations, and timing, different groups have reported varying rates of vmDA neuronal differentiation (Table 1).
[image: Figure 1]FIGURE 1 | Diagram summarizing differentiation of human ventral midbrain dopaminergic neurons from human pluripotent stem cells. Human pluripotent stem cells (hPSCs) have been used for the differentiation of ventral midbrain dopaminergic (vmDA) progenitors and neurons. (A) Schematic diagram of monolayer (2D)-based differentiation protocols (Brederlau et al., 2006; Sonntag et al., 2007; Hargus et al., 2010; Kriks et al., 2011; Rhee et al., 2011; Gonzalez et al., 2015; Han et al., 2015; Steinbeck et al., 2015; Gonzalez et al., 2016; Niclis et al., 2017; Wakeman et al., 2017; Adler et al., 2019; Chang et al., 2019; Leitner et al., 2019; Zygogianni et al., 2019; Gantner et al., 2020; Hoban et al., 2020; Mousavinejad et al., 2020; Schweitzer et al., 2020; Song et al., 2020; Kim et al., 2021b; de Luzy et al., 2021; Piao et al., 2021). (B) Schematic diagram of embryonic body (EB)-based differentiation protocols (Schulz et al., 2004; Cho et al., 2008; Geeta et al., 2008; Cai et al., 2010; Swistowski et al., 2010; Sanchez-Danes et al., 2012; Grealish et al., 2014; Wakeman et al., 2014; Effenberg et al., 2015; Grealish et al., 2015; Samata et al., 2015; Adil et al., 2017; Xia et al., 2017; Fathi et al., 2018; Tiklova et al., 2020). (C) Schematic diagram of neurosphere-based differentiation protocols (Ben-Hur et al., 2004; Cho et al., 2011; Kikuchi et al., 2011; Doi et al., 2012; Ogura et al., 2013; Doi et al., 2014; Komatsu et al., 2015; Katsukawa et al., 2016; Nishimura et al., 2016; Samata et al., 2016; Kikuchi et al., 2017a; Kikuchi et al., 2017b; Francis et al., 2020; Goggi et al., 2020; Miyawaki et al., 2020; Xiong et al., 2021).
[image: Figure 2]FIGURE 2 | Key small molecules and markers in ventral midbrain dopaminergic neuron differentiation. Human pluripotent stem cells (hPSCs) are differentiated into ventral midbrain lineage cells using specific small molecules. The diagram indicates the small molecules and key molecular markers involved at each developmental stage. AA, ascorbic acid. CHIR, CHIR99021. dbcAMP, dibutyryl-cyclic AMP. LDN, LDN193189. PMP, purmorphamine. SAG, smoothened agonist. SB, SB431542. vmDA, ventral midbrain dopaminergic.
3.4 Quality over quantity: Why lineage and quality checks are crucial in vmDA cell transplantation
Transplanting vmDA progenitors without prior lineage confirmation can lead to complications, reminiscent of early challenges in transplanting fetal ventral mesencephalon cells without proper verification. Thus, it's crucial to validate the lineage of hPSC-derived vmDA progenitors before their transplantation. Numerous markers, such as FOXA2, LMX1A, OTX2, CORIN, EN1, NURR1, PITX3, TH, VMAT2 as well as GIRK2 and DAT—which are co-expressed in DA neurons in the A9 region—are employed for lineage confirmation (Figure 2). A number of research groups employ the co-expression of FOXA2 and LMX1A as indicators of vmDA progenitors (Table 1). Alongside these two established vmDA progenitor markers, numerous others are in use, including OTX2, CORIN, a precursor marker for vmFP, and EN1 (Kriks et al., 2011; Xi et al., 2012) (Table 1). To confirm that vmDA progenitor cells have differentiated into functional vmDA neurons of the SNpc suitable for cell therapy, a neuron maturation process was carried out for validation. As part of this validation, the following markers were employed: NURR1, which is essential for the generation and maintenance of vmDA neurons; PITX3, which plays a pivotal role in the survival of vmDA neurons; the vmDA neuron-specific marker TH; and the pan-neuronal marker TUJ1 (Table 1). Additionally, several markers, such as GIRK2 and DAT, which are co-expressed in DA neurons within the A9 region, were utilized to confirm the vmDA neuronal lineage in this area (Table 1). The identified neurons were further confirmed to possess the same electrophysiological properties as the vmDA neurons in the A9 region (Schulz et al., 2004; Brederlau et al., 2006; Cho et al., 2008; Cho et al., 2011; Kriks et al., 2011; Rhee et al., 2011; Sanchez-Danes et al., 2012; Doi et al., 2014; Steinbeck et al., 2015; Samata et al., 2016; Kikuchi et al., 2017a; Kikuchi et al., 2017b; Niclis et al., 2017; Wakeman et al., 2017; Leitner et al., 2019; Zygogianni et al., 2019; Song et al., 2020). This collective evidence establishes that the progenitor cells have been successfully directed to differentiate into cells exhibiting characteristics consistent with the vmDA neuronal lineage.
However, when generating mature vmDA progenitor cells through various differentiation protocols, a small fraction may diverge into other neuronal types such as noradrenergic, adrenergic, GABAergic, glutamatergic, and serotonergic neurons, or even into glial cells (Ben-Hur et al., 2004; Cho et al., 2008; Geeta et al., 2008; Cai et al., 2010; Sanchez-Danes et al., 2012; Samata et al., 2016; Adil et al., 2017; Wakeman et al., 2017; Fathi et al., 2018; Chang et al., 2019; Zygogianni et al., 2019). Contaminants like undifferentiated stem cells and proliferating NPCs can also be present, posing a risk of neoplastic mass formation upon transplantation (Roy et al., 2006). Most research groups adopt their own QC measures, often focusing on confirming successful differentiation and functional potential post-transplantation. Animal-based transplantation experiments also serve as a form of QC prior to human clinical trials (Table 2, Table 3). Currently, there is a gap in the availability of standardized or rapid methods for 'pass/fail' assessments to eliminate inappropriate cells immediately prior to transplantation. This 'Last-Mile QC' represents a crucial safety step that would significantly improve the reliability of cell transplantation procedures. While methods like CORIN-positive cell sorting have shown promise—indeed, a study has demonstrated that CORIN-positive cells, once purified, were successfully transplanted, engrafted without tumor formation, and led to behavioral recovery in PD animal models (Doi et al., 2014)—they fall short of meeting the full requirements of 'Last-Mile QC.' One significant limitation is that CORIN-based sorting generally necessitates an additional 16 days of in vitro culture post-sorting, leaving an unresolved issue in the existing QC process (Doi et al., 2014; Katsukawa et al., 2016; Nishimura et al., 2016; Samata et al., 2016; Kikuchi et al., 2017a; Kikuchi et al., 2017b). Therefore, rigorous QC measures should be in place at the vmDA progenitor cell stage. To ensure more predictable and effective PD cell therapy outcomes, it is imperative to either develop a new protocol for lineage verification using specific markers or invent new technologies capable of real-time tracking of cell differentiation. By implementing such stringent QC, we can effectively isolate the correct vmDA progenitor cells for transplantation, thereby mitigating risks associated with cell therapy.
TABLE 2 | Summary of graft verification following human pluripotent stem cell-derived dopaminergic neuronal transplantation.
[image: Table 2]TABLE 3 | Summary of behavioral recovery after human pluripotent stem cell-derived dopaminergic neuronal transplantation.
[image: Table 3]3.5 Transplantation protocols and immune considerations in animal models of PD
In the realm of PD cell therapy, transplantation of vmDA progenitor cells is carried out using a variety of protocols and in different animal models (Table 2). A study has shown that transplanting immature vmDA progenitors results in a higher percentage of TH-positive cells compared to transplanting more mature vmDA progenitors (de Luzy et al., 2021). Various animal models, including rodents and primates, are used for these transplantation experiments. To prepare a rodent model for PD transplantation, 6-OHDA is administered into specific brain regions such as the medial forebrain bundle (MFB), striatum, or substantia nigra (SN). In primate models, MPTP is used for induction. Among rodents, rats are used more frequently than mice, while monkeys are the common choice for primate models. The most common rat model involves transplanting donor cells into the striatum or SN, whereas in the primate model, cells are usually injected into the putamen, a component of the striatum. The number of transplanted cells varies with the size of the animal’s brain; for example, 0.012–0.2 million (M) cells are transplanted into mouse models, 0.001–1.2 M into rat models, and 3.75–20 M into monkey models (Table 2). In rodent models, cells are typically aliquoted and injected either once or twice into the target region (Ben-Hur et al., 2004; Schulz et al., 2004; Brederlau et al., 2006; Sonntag et al., 2007; Cho et al., 2008; Cai et al., 2010; Hargus et al., 2010; Cho et al., 2011; Kriks et al., 2011; Rhee et al., 2011; Ogura et al., 2013; Doi et al., 2014; Grealish et al., 2014; Effenberg et al., 2015; Gonzalez et al., 2015; Grealish et al., 2015; Han et al., 2015; Komatsu et al., 2015; Samata et al., 2015; Steinbeck et al., 2015; Katsukawa et al., 2016; Nishimura et al., 2016; Samata et al., 2016; Adil et al., 2017; Kikuchi et al., 2017b; Wakeman et al., 2017; Xia et al., 2017; Cardoso et al., 2018; Fathi et al., 2018; Adler et al., 2019; Chang et al., 2019; Leitner et al., 2019; Zygogianni et al., 2019; Francis et al., 2020; Gantner et al., 2020; Goggi et al., 2020; Hoban et al., 2020; Miyawaki et al., 2020; Mousavinejad et al., 2020; Schweitzer et al., 2020; Song et al., 2020; Tiklova et al., 2020; Kim et al., 2021b; de Luzy et al., 2021; Piao et al., 2021; Xiong et al., 2021). Conversely, in primate models, all cells may be injected at once into the target region, or they may be aliquoted and administered into various regions of the putamen (Kikuchi et al., 2011; Doi et al., 2012; Wakeman et al., 2014; Gonzalez et al., 2016; Kikuchi et al., 2017a).
Post-transplantation cell loss can occur due to immune responses (Tabar et al., 2008; Morizane et al., 2017). To mitigate this, immunosuppressive drugs like cyclosporin A and FK506 are often administered pre- and post-transplantation (Ben-Hur et al., 2004; Schulz et al., 2004; Brederlau et al., 2006; Sonntag et al., 2007; Geeta et al., 2008; Cai et al., 2010; Hargus et al., 2010; Cho et al., 2011; Kikuchi et al., 2011; Kriks et al., 2011; Rhee et al., 2011; Doi et al., 2012; Grealish et al., 2014; Wakeman et al., 2014; Effenberg et al., 2015; Gonzalez et al., 2015; Han et al., 2015; Komatsu et al., 2015; Samata et al., 2015; Gonzalez et al., 2016; Samata et al., 2016; Adil et al., 2017; Kikuchi et al., 2017a; Kikuchi et al., 2017b; Wakeman et al., 2017; Cardoso et al., 2018; Fathi et al., 2018; Adler et al., 2019; Chang et al., 2019; Hoban et al., 2020). Alternatively, immunodeficient animal models can be used to reduce cell loss due to immune responses (Ogura et al., 2013; Grealish et al., 2015; Steinbeck et al., 2015; Katsukawa et al., 2016; Nishimura et al., 2016; Niclis et al., 2017; Leitner et al., 2019; Zygogianni et al., 2019; Francis et al., 2020; Gantner et al., 2020; Goggi et al., 2020; Miyawaki et al., 2020; Mousavinejad et al., 2020; Schweitzer et al., 2020; Song et al., 2020; Tiklova et al., 2020; Kim et al., 2021b; de Luzy et al., 2021; Piao et al., 2021; Xiong et al., 2021). Regardless of the method used, both approaches have been shown to decrease the number of cells lost to immune reactions post-transplantation. Ultimately, the transplanted donor cells integrate, differentiate, and function as mature vmDA neurons, leading to an improvement in motor symptoms in animal models of PD (Table 3).
3.6 Impact of cell sorting on the efficacy and safety of vmDA progenitor cell transplantation
Before transplanting vmDA progenitor cells into animal models of PD, research practices have varied. Some groups sort the vmDA progenitor cells using specific markers, while others do not. Importantly, both groups of researchers used the same markers for in vitro identification to confirm the differentiation of the transplanted cells into vmDA neurons in vivo (Chang et al., 2019; Gantner et al., 2020; Goggi et al., 2020; Song et al., 2020; Xiong et al., 2021). When vmDA progenitor cells are not sorted prior to transplantation, undesirable lineage differentiation may occur post-transplantation (Cai et al., 2010; Rhee et al., 2011; Wakeman et al., 2017; Kim T. W. et al., 2021). Additionally, unsorted donor cell populations may contain proliferating neural stem cells (NSCs) and hPSCs, raising the risk of teratoma formation (Brederlau et al., 2006; Cai et al., 2010). To minimize these risks, some research groups have used cell sorting with specific markers such as CORIN+, LRTM1+, CNTN2+, LMX1A+, and PSA-NCAM+ (Table 2). Among these, CORIN, LRTM1, and CNTN2 are specifically used as vmDA progenitor markers, with CORIN being most frequently employed (Doi et al., 2014; Samata et al., 2015; Nishimura et al., 2016; Kikuchi et al., 2017a; Kikuchi et al., 2017b; Miyawaki et al., 2020). Experiments involving CORIN+-sorted cells have shown significant improvements in outcomes. Jun Takahashi’s group demonstrated a 96% increase in the number of TH+ cells per graft when using CORIN+-sorted cells compared to unsorted cells. In addition, CORIN+-sorted cells also showed an 18% increase in the proportion of TH+ cells among NEUN+ cells and led to a smaller average graft size (unsorted, 35.0 ± 37.5 mm3; sorted, 3.4 ± 2.9 mm3), thereby indicating improved precision and efficacy of the transplantation procedure. Moreover, the number of proliferating cells and the number of serotonin+ cells were decreased in CORIN+-sorted donor cells (Doi et al., 2014). Post-transplantation functionality of the engrafted cells was assessed using [18F]DOPA-PET imaging. Results indicate a substantial increase in dopamine synthesis in the putamen of the striatum over time, affirming the functionality of transplanted cells (Kikuchi et al., 2017a).
When cells were sorted using LRTM1, a distinct vmDA surface marker, there was an increase of 50 ± 3% in FOXA2+ cells, 31 ± 0.8% in NURR1+ cells, and 289% in TH + cells after transplantation. Importantly, the graft size was also reduced in these cases (Samata et al., 2016). When the sorting process was conducted using CNTN2 as the marker, the proportions of both TH+ and DAT + cells saw a rise of approximately 4% following transplantation (Fathi et al., 2018). The maturation of the engrafted cells into vmDA neurons was further confirmed through the observation of mature neuron morphology, including attributes such as neurite extension, arborization, and branching (Nishimura et al., 2016; Kikuchi et al., 2017a; Kikuchi et al., 2017b; Adler et al., 2019; Gantner et al., 2020; Xiong et al., 2021).
3.7 Evaluation methods for assessing cell transplantation efficacy in animal models of PD
In evaluating the efficacy of cell transplantation therapies for PD in animal models, a diverse range of behavioral tests have been employed to assess motor function (Table 3). Among the most widely used in rat PD models are the amphetamine/methamphetamine-induced rotation test (Ben-Hur et al., 2004; Brederlau et al., 2006; Sonntag et al., 2007; Cho et al., 2008; Cai et al., 2010; Hargus et al., 2010; Swistowski et al., 2010; Kriks et al., 2011; Rhee et al., 2011; Doi et al., 2014; Grealish et al., 2014; Grealish et al., 2015; Samata et al., 2015; Nishimura et al., 2016; Samata et al., 2016; Kikuchi et al., 2017b; Niclis et al., 2017; Wakeman et al., 2017; Cardoso et al., 2018; Chang et al., 2019; Gantner et al., 2020; Goggi et al., 2020; Song et al., 2020; Tiklova et al., 2020; Kim et al., 2021b; de Luzy et al., 2021; Piao et al., 2021) and the apomorphine-induced rotation test (Ben-Hur et al., 2004; Cho et al., 2008; Geeta et al., 2008; Hargus et al., 2010; Cho et al., 2011; Han et al., 2015; Samata et al., 2016; Wakeman et al., 2017; Fathi et al., 2018), cited extensively across numerous studies. In addition, the cylinder test (Hargus et al., 2010; Cho et al., 2011; Kriks et al., 2011; Samata et al., 2015; Fathi et al., 2018; Gantner et al., 2020; Song et al., 2020; Tiklova et al., 2020; Xiong et al., 2021) and the stepping test (Ben-Hur et al., 2004; Cho et al., 2008; Hargus et al., 2010; Kriks et al., 2011; Song et al., 2020) have served as supplementary methods for understanding the behavioral ramifications of the treatment. Beyond these common approaches, alternative methods have also been explored, including but not limited to forelimb placing (Ben-Hur et al., 2004; Geeta et al., 2008), the corridor test (Song et al., 2020), and the rotarod test (Han et al., 2015; Francis et al., 2020; Xiong et al., 2021). Astonishingly, the majority of these studies (Ben-Hur et al., 2004; Sonntag et al., 2007; Cho et al., 2008; Geeta et al., 2008; Hargus et al., 2010; Swistowski et al., 2010; Cho et al., 2011; Kriks et al., 2011; Rhee et al., 2011; Doi et al., 2014; Grealish et al., 2014; Grealish et al., 2015; Han et al., 2015; Samata et al., 2015; Nishimura et al., 2016; Samata et al., 2016; Kikuchi et al., 2017b; Niclis et al., 2017; Wakeman et al., 2017; Fathi et al., 2018; Chang et al., 2019; Gantner et al., 2020; Song et al., 2020; Tiklova et al., 2020; Kim et al., 2021b; de Luzy et al., 2021; Piao et al., 2021), with the singular exception of one paper (Brederlau et al., 2006), reported significant improvements in motor symptoms following cell transplantation (Table 3). The mouse PD models have similarly been the subject of various testing paradigms, such as the amphetamine/methamphetamine-induced rotation test (Kriks et al., 2011; Steinbeck et al., 2015; Leitner et al., 2019; Xiong et al., 2021), apomorphine-induced rotation test (Francis et al., 2020), corridor test, (Steinbeck et al., 2015), cylinder test (Francis et al., 2020; Xiong et al., 2021), and rotarod test (Francis et al., 2020; Xiong et al., 2021). In these cases, the results also overwhelmingly favored an improvement in motor symptoms post-transplantation (Table 3). Moving to more complex animal models, nine studies have been conducted utilizing monkey models (Tables 2, 3). A subset of four out of these nine studies specifically evaluated the behavior of the Monkey PD model, and they are summarized in Table 3. Notably, in studies led by Jun Takahashi’s group, a comprehensive neurologic rating scale along with video-based analysis of spontaneous movements were the primary evaluation tools. In every case within this framework, symptoms showed improvement post-cell transplantation (Kikuchi et al., 2011; Doi et al., 2012; Kikuchi et al., 2017a). Another research group has used alternative evaluation metrics such as the Parkscore and Healthy Behavior Score, and this study has likewise confirmed symptom improvement (Gonzalez et al., 2016). Significantly, upon a thorough review of existing research, a discernible trend begins to emerge: there appears to be a plausible correlation between cell sorting prior to transplantation and enhanced behavioral outcomes compared to unsorted cells. This pattern has been observed across a range of animal models, adding credence to the idea that quality control measures like cell sorting may hold potential value in augmenting the efficacy of cell transplantation techniques for PD.
4 PROGRESS AND CHALLENGES IN THE CLINICAL APPLICATION OF STEM CELL THERAPIES FOR PD
Advancements in the field of stem cell therapy for PD have come a long way, from initial in vitro generation of vmDA progenitor cells to successful transplantation in animal models, and finally to clinical trials in human patients. A 2019 case-series study spearheaded by Madrazo et al. demonstrated the potential for using human fetal NPCs as a treatment for PD (Madrazo et al., 2019). The study involved injecting NPCs into the dorsal putamina of patients while administering cyclosporine A to mitigate the risk of immune rejection. Longitudinal evaluations over a 4-year period, encompassing neurological, neuropsychological, and brain imaging analyses, revealed motor improvements in all but one of the seven patients followed, with PET scans indicating a trend of increased dopamine activity in the midbrain.
Another milestone was achieved by Jun Takahashi’s research group, pioneers in hiPSC-based therapy for PD (Takahashi, 2020). Beginning their clinical trials in August 2018, they have effectively differentiated DA neurons from hiPSCs. To improve transplantation success rates, they developed a method for selecting DA progenitor cells using the specific vmDA floor plate marker, CORIN (Table 1, Table 2). Confirmations were secured that these CORIN+-sorted cells not only survived both in vitro and in vivo conditions but also functionally differentiated into vmDA neurons, as evidenced in various animal models of PD (Doi et al., 2014; Kikuchi et al., 2017a; Doi et al., 2020). The team also validated the safety and effectiveness of their specialized hiPSC line, QHJI-01, focusing on FOXA2+TUJ1+ cells as the final product (Doi et al., 2020). The threshold for the final cell population designated for transplantation was established at 80%, with the remainder of the population comprised of midbrain glial cells, which play a supportive role for DA neurons. To minimize potential adverse effects, rigorous QC ensured the absence of hiPSCs expressing OCT3/4 and TRA-2-49/6E markers, as well as NPCs expressing SOX1 and PAX6. The study, designed as a single-arm, non-randomized, open-label Phase I/II trial, initiated patient recruitment in August 2018. The first patient intake session took place at Kyoto University Hospital in October of the same year. To mitigate the risk of immune rejection post-transplantation, patients were administered tacrolimus for a period of 1 year.
When utilizing cells obtained from a different individual for transplantation, there arises the issue of immunocompatibility (Kordower et al., 2008). Immunocompatibility issues stemming from HLA mismatches can lead to the transplanted cells being targeted by the recipient’s immune system (Kordower et al., 1997). Consequently, transplant recipients must employ immunosuppressive agents to suppress immune responses (Morizane and Takahashi, 2021). Prolonged use of immunosuppressive agents can give rise to infections and other immunological complications (Lopez et al., 2006).
Another notable contribution came from a study by Schweitzer et al., in which autologous transplantation of hiPSC-derived DA neurons was performed without immunosuppression (Schweitzer et al., 2020). These cells survived for up to 2 years post-transplantation, and clinical measures showed that PD symptoms had either stabilized or improved during an 18–24-month follow-up period. Internationally, both China and Australia are also conducting PD cell transplantation trials using hESCs, as ClinicalTrials.gov numbers NCT03119636 and NCT02452723 indicate. In addition to the aforementioned studies, various clinical trials utilizing hPSC-derived dopaminergic cells are currently underway (Barker et al., 2017).
Despite these advances, challenges still loom large, such as safety concerns associated with viral vectors used in reprogramming hiPSCs (Ma et al., 2014; Kang et al., 2016). However, recent developments like the protocol by Guan et al., which replaces viruses with chemicals for generating clinical-grade hiPSCs, mark a promising step towards overcoming these obstacles (Guan et al., 2022). In summary, although hPSC-based cell therapies are advancing toward clinical applications, several challenges persist, such as safety concerns and potential complications arising from the use of adult or embryonic cells, as well as immunocompatibility issues. Nevertheless, the momentum gained from these groundbreaking endeavors holds promise for a more effective and hopeful future in the treatment of PD.
5 DISCUSSION
The potential of human pluripotent stem cells (hPSCs) to differentiate into ventral midbrain dopaminergic (vmDA) progenitors presents an exciting avenue for the treatment of Parkinson’s Disease (PD). Various protocols have been developed to guide this differentiation, often achieving high yields of vmDA progenitors and neurons. However, the challenge lies in the concomitant generation of cells from other lineages (Table 1), which risks the introduction of undesired cell types during transplantation. Current QC methods for ensuring the lineage-specificity of the generated cells are not yet fully reliable. Jun Takahashi’s group sought to overcome this hurdle by using the surface marker CORIN to sort vmDA progenitors (Table 2, Table 3). Yet, subsequent research indicated that CORIN expression is not confined to the caudal vmDA progenitor region, raising concerns about the specificity of this sorting mechanism (Kirkeby et al., 2017). The clinical implications of these challenges are significant. Transplanting cells with unconfirmed lineage can lead to complications such as tumorigenicity and dyskinesias, emphasizing the need for rigorous QC procedures. While current differentiation protocols show promise, the lack of precise lineage-verification methods raises questions about their readiness for clinical applications. Emerging technologies like nanoprobe-based lineage verification may offer a solution to these challenges. The development of more specific surface markers or advanced detection techniques could enable the selective harvesting of vmDA progenitors, reducing the risk of adverse effects and potentially enhancing therapeutic efficacy.
In conclusion, while hPSC-derived vmDA progenitors present an encouraging path for PD treatment, a robust framework for lineage verification is imperative for ensuring the safety and effectiveness of this promising therapeutic approach. Bridging the gap between preclinical research and clinical practice remains a crucial task for the field, demanding continued interdisciplinary efforts to overcome these limitations.
AUTHOR CONTRIBUTIONS
HM: Data curation, Investigation, Validation, Visualization, Writing–original draft. BK: Data curation, Investigation, Validation, Writing–original draft. IK: Conceptualization, Data curation, Investigation, Writing–original draft. YO: Writing–original draft, Writing–review and editing, Conceptualization, Data curation, Funding acquisition, Investigation, Project administration, Resources, Supervision, Validation, Visualization.
FUNDING
The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by the research fund of Hanyang University (HY-201800000000616). This work was also supported by Korea Drug Development Fund funded by Ministry of Science and ICT (MSIT), Ministry of Trade, Industry, and Energy, and Ministry of Health and Welfare (MOHW) (HN21C1258), by the National Research Foundation (NRF) of Korea grants funded by MSIT (NRF-2019M3A9H1103783, NRF-2020R1A2C1009172), by the K-Brain Project of the NRF funded by MSIT (RS-2023-00266171), and by Korean Fund for Regenerative Medicine funded by MSIT and MOHW (2021M3E5E5096744).
ACKNOWLEDGMENTS
We express our sincere gratitude to the esteemed members of the Stem Cell Engineering laboratory at Hanyang University in Korea for their invaluable contributions and insightful discussions throughout the course of this research. Their expertise and guidance have greatly enhanced the quality of our work. IK was a trainee of the Medical Scientist Training Program at Hanyang University, College of Medicine. Schematics were created with BioRender.com.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Adil, M. M., Vazin, T., Ananthanarayanan, B., Rodrigues, G. M. C., Rao, A. T., Kulkarni, R. U., et al. (2017). Engineered hydrogels increase the post-transplantation survival of encapsulated hESC-derived midbrain dopaminergic neurons. Biomaterials 136, 1–11. doi:10.1016/j.biomaterials.2017.05.008
 Adler, A. F., Cardoso, T., Nolbrant, S., Mattsson, B., Hoban, D. B., Jarl, U., et al. (2019). hESC-derived dopaminergic transplants integrate into basal ganglia circuitry in a preclinical model of Parkinson's disease. Cell Rep. 28 (13), 3462–3473.e3465. doi:10.1016/j.celrep.2019.08.058
 Amit, M., Margulets, V., Segev, H., Shariki, K., Laevsky, I., Coleman, R., et al. (2003). Human feeder layers for human embryonic stem cells. Biol. Reprod. 68 (6), 2150–2156. doi:10.1095/biolreprod.102.012583
 Andersson, E., Tryggvason, U., Deng, Q., Friling, S., Alekseenko, Z., Robert, B., et al. (2006). Identification of intrinsic determinants of midbrain dopamine neurons. Cell 124 (2), 393–405. doi:10.1016/j.cell.2005.10.037
 Axelsen, T. M., and Woldbye, D. P. D. (2018). Gene therapy for Parkinson's disease, an update. J. Park. Dis. 8 (2), 195–215. doi:10.3233/JPD-181331
 Barker, R. A., Parmar, M., Studer, L., and Takahashi, J. (2017). Human trials of stem cell-derived dopamine neurons for Parkinson's disease: dawn of a new era. Cell Stem Cell 21 (5), 569–573. doi:10.1016/j.stem.2017.09.014
 Bastide, M. F., Meissner, W. G., Picconi, B., Fasano, S., Fernagut, P. O., Feyder, M., et al. (2015). Pathophysiology of L-dopa-induced motor and non-motor complications in Parkinson's disease. Prog. Neurobiol. 132, 96–168. doi:10.1016/j.pneurobio.2015.07.002
 Ben-Hur, T., Idelson, M., Khaner, H., Pera, M., Reinhartz, E., Itzik, A., et al. (2004). Transplantation of human embryonic stem cell-derived neural progenitors improves behavioral deficit in Parkinsonian rats. Stem Cells 22 (7), 1246–1255. doi:10.1634/stemcells.2004-0094
 Benabid, A. L., Pollak, P., Louveau, A., Henry, S., and de Rougemont, J. (1987). Combined (thalamotomy and stimulation) stereotactic surgery of the VIM thalamic nucleus for bilateral Parkinson disease. Appl. Neurophysiol. 50 (1-6), 344–346. doi:10.1159/000100803
 Birkmayer, W., and Hornykiewicz, O. (1964). Additional experimental studies on L-DOPA in Parkinson's syndrome and reserpine Parkinsonism. Arch. Psychiatr. Nervenkr. 206, 367–381. doi:10.1007/BF00341704
 Birkmayer, W., and Hornykiewicz, O. (1962). The L-dihydroxyphenylalanine (L-DOPA) effect in Parkinson's syndrome in man: on the pathogenesis and treatment of Parkinson akinesis. Arch. Psychiatr. Nervenkr. Z. Gesamte Neurol. Psychiatr. 203, 560–574. doi:10.1007/BF00343235
 Bjorklund, A., and Stenevi, U. (1979). Reconstruction of the nigrostriatal dopamine pathway by intracerebral nigral transplants. Brain Res. 177 (3), 555–560. doi:10.1016/0006-8993(79)90472-4
 Bonilla, S., Hall, A. C., Pinto, L., Attardo, A., Gotz, M., Huttner, W. B., et al. (2008). Identification of midbrain floor plate radial glia-like cells as dopaminergic progenitors. Glia 56 (8), 809–820. doi:10.1002/glia.20654
 Brederlau, A., Correia, A. S., Anisimov, S. V., Elmi, M., Paul, G., Roybon, L., et al. (2006). Transplantation of human embryonic stem cell-derived cells to a rat model of Parkinson's disease: effect of in vitro differentiation on graft survival and teratoma formation. Stem Cells 24 (6), 1433–1440. doi:10.1634/stemcells.2005-0393
 Bronstein, J. M., Tagliati, M., Alterman, R. L., Lozano, A. M., Volkmann, J., Stefani, A., et al. (2011). Deep brain stimulation for Parkinson disease: an expert consensus and review of key issues. Arch. Neurol. 68 (2), 165. doi:10.1001/archneurol.2010.260
 Cai, J., Yang, M., Poremsky, E., Kidd, S., Schneider, J. S., and Iacovitti, L. (2010). Dopaminergic neurons derived from human induced pluripotent stem cells survive and integrate into 6-OHDA-lesioned rats. Stem Cells Dev. 19 (7), 1017–1023. doi:10.1089/scd.2009.0319
 Cardoso, T., Adler, A. F., Mattsson, B., Hoban, D. B., Nolbrant, S., Wahlestedt, J. N., et al. (2018). Target-specific forebrain projections and appropriate synaptic inputs of hESC-derived dopamine neurons grafted to the midbrain of parkinsonian rats. J. Comp. Neurol. 526 (13), 2133–2146. doi:10.1002/cne.24500
 Castelo-Branco, G., Rawal, N., and Arenas, E. (2004). GSK-3beta inhibition/beta-catenin stabilization in ventral midbrain precursors increases differentiation into dopamine neurons. J. Cell Sci. 117 (24), 5731–5737. doi:10.1242/jcs.01505
 Chambers, S. M., Fasano, C. A., Papapetrou, E. P., Tomishima, M., Sadelain, M., and Studer, L. (2009). Highly efficient neural conversion of human ES and iPS cells by dual inhibition of SMAD signaling. Nat. Biotechnol. 27 (3), 275–280. doi:10.1038/nbt.1529
 Chang, M. Y., Oh, B., Choi, J. E., Sulistio, Y. A., Woo, H. J., Jo, A., et al. (2019). LIN28A loss of function is associated with Parkinson's disease pathogenesis. EMBO J. 38 (24), e101196. doi:10.15252/embj.2018101196
 Cheong, S. L., Federico, S., Spalluto, G., Klotz, K. N., and Pastorin, G. (2019). The current status of pharmacotherapy for the treatment of Parkinson's disease: transition from single-target to multitarget therapy. Drug Discov. Today 24 (9), 1769–1783. doi:10.1016/j.drudis.2019.05.003
 Cho, E. G., Zaremba, J. D., McKercher, S. R., Talantova, M., Tu, S., Masliah, E., et al. (2011). MEF2C enhances dopaminergic neuron differentiation of human embryonic stem cells in a parkinsonian rat model. PLoS One 6 (8), e24027. doi:10.1371/journal.pone.0024027
 Cho, M. S., Lee, Y. E., Kim, J. Y., Chung, S., Cho, Y. H., Kim, D. S., et al. (2008). Highly efficient and large-scale generation of functional dopamine neurons from human embryonic stem cells. Proc. Natl. Acad. Sci. U. S. A. 105 (9), 3392–3397. doi:10.1073/pnas.0712359105
 Connolly, B. S., and Lang, A. E. (2014). Pharmacological treatment of Parkinson disease: a review. JAMA 311 (16), 1670–1683. doi:10.1001/jama.2014.3654
 de Luzy, I. R., Law, K. C. L., Moriarty, N., Hunt, C. P. J., Durnall, J. C., Thompson, L. H., et al. (2021). Human stem cells harboring a suicide gene improve the safety and standardisation of neural transplants in Parkinsonian rats. Nat. Commun. 12 (1), 3275. doi:10.1038/s41467-021-23125-9
 Doi, D., Magotani, H., Kikuchi, T., Ikeda, M., Hiramatsu, S., Yoshida, K., et al. (2020). Pre-clinical study of induced pluripotent stem cell-derived dopaminergic progenitor cells for Parkinson's disease. Nat. Commun. 11 (1), 3369. doi:10.1038/s41467-020-17165-w
 Doi, D., Morizane, A., Kikuchi, T., Onoe, H., Hayashi, T., Kawasaki, T., et al. (2012). Prolonged maturation culture favors a reduction in the tumorigenicity and the dopaminergic function of human ESC-derived neural cells in a primate model of Parkinson's disease. Stem Cells 30 (5), 935–945. doi:10.1002/stem.1060
 Doi, D., Samata, B., Katsukawa, M., Kikuchi, T., Morizane, A., Ono, Y., et al. (2014). Isolation of human induced pluripotent stem cell-derived dopaminergic progenitors by cell sorting for successful transplantation. Stem Cell Rep. 2 (3), 337–350. doi:10.1016/j.stemcr.2014.01.013
 Effenberg, A., Stanslowsky, N., Klein, A., Wesemann, M., Haase, A., Martin, U., et al. (2015). Striatal transplantation of human dopaminergic neurons differentiated from induced pluripotent stem cells derived from umbilical cord blood using lentiviral reprogramming. Cell Transpl. 24 (10), 2099–2112. doi:10.3727/096368914X685591
 Eiraku, M., Watanabe, K., Matsuo-Takasaki, M., Kawada, M., Yonemura, S., Matsumura, M., et al. (2008). Self-organized formation of polarized cortical tissues from ESCs and its active manipulation by extrinsic signals. Cell Stem Cell 3 (5), 519–532. doi:10.1016/j.stem.2008.09.002
 Fasano, C. A., Chambers, S. M., Lee, G., Tomishima, M. J., and Studer, L. (2010). Efficient derivation of functional floor plate tissue from human embryonic stem cells. Cell Stem Cell 6 (4), 336–347. doi:10.1016/j.stem.2010.03.001
 Fathi, A., Mirzaei, M., Dolatyar, B., Sharifitabar, M., Bayat, M., Shahbazi, E., et al. (2018). Discovery of novel cell surface markers for purification of embryonic dopamine progenitors for transplantation in Parkinson's disease animal models. Mol. Cell. Proteomics 17 (9), 1670–1684. doi:10.1074/mcp.RA118.000809
 Fearnley, J. M., and Lees, A. J. (1991). Ageing and Parkinson's disease: substantia nigra regional selectivity. Brain 114 (5), 2283–2301. doi:10.1093/brain/114.5.2283
 Francis, N. L., Zhao, N., Calvelli, H. R., Saini, A., Gifford, J. J., Wagner, G. C., et al. (2020). Peptide-based scaffolds for the culture and transplantation of human dopaminergic neurons. Tissue Eng. Part A 26 (3-4), 193–205. doi:10.1089/ten.TEA.2019.0094
 Freed, C. R., Greene, P. E., Breeze, R. E., Tsai, W. Y., DuMouchel, W., Kao, R., et al. (2001). Transplantation of embryonic dopamine neurons for severe Parkinson's disease. N. Engl. J. Med. 344 (10), 710–719. doi:10.1056/NEJM200103083441002
 Fritsch, G., and Hitzig, E. (2009). Electric excitability of the cerebrum (Uber die elektrische Erregbarkeit des Grosshirns). Epilepsy Behav. 15 (2), 123–130. doi:10.1016/j.yebeh.2009.03.001
 Gantner, C. W., de Luzy, I. R., Kauhausen, J. A., Moriarty, N., Niclis, J. C., Bye, C. R., et al. (2020). Viral delivery of GDNF promotes functional integration of human stem cell grafts in Parkinson's disease. Cell Stem Cell 26 (4), 511–526 e515. doi:10.1016/j.stem.2020.01.010
 Geeta, R., Ramnath, R. L., Rao, H. S., and Chandra, V. (2008). One year survival and significant reversal of motor deficits in parkinsonian rats transplanted with hESC derived dopaminergic neurons. Biochem. Biophys. Res. Commun. 373 (2), 258–264. doi:10.1016/j.bbrc.2008.06.022
 Goggi, J. L., Qiu, L., Liao, M. C., Khanapur, S., Jiang, L., Boominathan, R., et al. (2020). Dopamine transporter neuroimaging accurately assesses the maturation of dopamine neurons in a preclinical model of Parkinson's disease. Stem Cell Res. Ther. 11 (1), 347. doi:10.1186/s13287-020-01868-4
 Gonzalez, R., Garitaonandia, I., Abramihina, T., Wambua, G. K., Ostrowska, A., Brock, M., et al. (2013). Deriving dopaminergic neurons for clinical use. A practical approach. Sci. Rep. 3, 1463. doi:10.1038/srep01463
 Gonzalez, R., Garitaonandia, I., Crain, A., Poustovoitov, M., Abramihina, T., Noskov, A., et al. (2015). Proof of concept studies exploring the safety and functional activity of human parthenogenetic-derived neural stem cells for the treatment of Parkinson's disease. Cell Transpl. 24 (4), 681–690. doi:10.3727/096368915X687769
 Gonzalez, R., Garitaonandia, I., Poustovoitov, M., Abramihina, T., McEntire, C., Culp, B., et al. (2016). Neural stem cells derived from human parthenogenetic stem cells engraft and promote recovery in a nonhuman primate model of Parkinson's disease. Cell Transpl. 25 (11), 1945–1966. doi:10.3727/096368916X691682
 Grealish, S., Diguet, E., Kirkeby, A., Mattsson, B., Heuer, A., Bramoulle, Y., et al. (2014). Human ESC-derived dopamine neurons show similar preclinical efficacy and potency to fetal neurons when grafted in a rat model of Parkinson's disease. Cell Stem Cell 15 (5), 653–665. doi:10.1016/j.stem.2014.09.017
 Grealish, S., Heuer, A., Cardoso, T., Kirkeby, A., Jonsson, M., Johansson, J., et al. (2015). Monosynaptic tracing using modified rabies virus reveals early and extensive circuit integration of human embryonic stem cell-derived neurons. Stem Cell Rep. 4 (6), 975–983. doi:10.1016/j.stemcr.2015.04.011
 Guan, J., Wang, G., Wang, J., Zhang, Z., Fu, Y., Cheng, L., et al. (2022). Chemical reprogramming of human somatic cells to pluripotent stem cells. Nature 605 (7909), 325–331. doi:10.1038/s41586-022-04593-5
 Han, F., Wang, W., Chen, B., Chen, C., Li, S., Lu, X., et al. (2015). Human induced pluripotent stem cell-derived neurons improve motor asymmetry in a 6-hydroxydopamine-induced rat model of Parkinson's disease. Cytotherapy 17 (5), 665–679. doi:10.1016/j.jcyt.2015.02.001
 Hargus, G., Cooper, O., Deleidi, M., Levy, A., Lee, K., Marlow, E., et al. (2010). Differentiated Parkinson patient-derived induced pluripotent stem cells grow in the adult rodent brain and reduce motor asymmetry in Parkinsonian rats. Proc. Natl. Acad. Sci. U. S. A. 107 (36), 15921–15926. doi:10.1073/pnas.1010209107
 Hassler, R., Riechert, T., Mundinger, F., Umbach, W., and Ganglberger, J. A. (1960). Physiological observations in stereotaxic operations in extrapyramidal motor disturbances. Brain 83, 337–350. doi:10.1093/brain/83.2.337
 Herrington, T. M., Cheng, J. J., and Eskandar, E. N. (2016). Mechanisms of deep brain stimulation. J. Neurophysiol. 115 (1), 19–38. doi:10.1152/jn.00281.2015
 Hoban, D. B., Shrigley, S., Mattsson, B., Breger, L. S., Jarl, U., Cardoso, T., et al. (2020). Impact of alpha-synuclein pathology on transplanted hESC-derived dopaminergic neurons in a humanized alpha-synuclein rat model of PD. Proc. Natl. Acad. Sci. U. S. A. 117 (26), 15209–15220. doi:10.1073/pnas.2001305117
 Hokfelt, T., Fuxe, K., Johansson, O., and Ljungdahl, A. (1974). Pharmaco-histochemical evidence of the existence of dopamine nerve terminals in the limbic cortex. Eur. J. Pharmacol. 25 (1), 108–112. doi:10.1016/0014-2999(74)90101-0
 Iacovitti, L., Donaldson, A. E., Marshall, C. E., Suon, S., and Yang, M. (2007). A protocol for the differentiation of human embryonic stem cells into dopaminergic neurons using only chemically defined human additives: studies in vitro and in vivo. Brain Res. 1127 (1), 19–25. doi:10.1016/j.brainres.2006.10.022
 Ives, N. J., Stowe, R. L., Marro, J., Counsell, C., Macleod, A., Clarke, C. E., et al. (2004). Monoamine oxidase type B inhibitors in early Parkinson's disease: meta-analysis of 17 randomised trials involving 3525 patients. BMJ 329 (7466), 593. doi:10.1136/bmj.38184.606169.AE
 Joksimovic, M., Yun, B. A., Kittappa, R., Anderegg, A. M., Chang, W. W., Taketo, M. M., et al. (2009). Wnt antagonism of Shh facilitates midbrain floor plate neurogenesis. Nat. Neurosci. 12 (2), 125–131. doi:10.1038/nn.2243
 Kang, E., Wang, X., Tippner-Hedges, R., Ma, H., Folmes, C. D., Gutierrez, N. M., et al. (2016). Age-related accumulation of somatic mitochondrial DNA mutations in adult-derived human iPSCs. Cell Stem Cell 18 (5), 625–636. doi:10.1016/j.stem.2016.02.005
 Katsukawa, M., Nakajima, Y., Fukumoto, A., Doi, D., and Takahashi, J. (2016). Fail-safe therapy by gamma-ray irradiation against tumor formation by human-induced pluripotent stem cell-derived neural progenitors. Stem Cells Dev. 25 (11), 815–825. doi:10.1089/scd.2015.0394
 Kawasaki, H., Mizuseki, K., Nishikawa, S., Kaneko, S., Kuwana, Y., Nakanishi, S., et al. (2000). Induction of midbrain dopaminergic neurons from ES cells by stromal cell-derived inducing activity. Neuron 28 (1), 31–40. doi:10.1016/s0896-6273(00)00083-0
 Kawasaki, H., Suemori, H., Mizuseki, K., Watanabe, K., Urano, F., Ichinose, H., et al. (2002). Generation of dopaminergic neurons and pigmented epithelia from primate ES cells by stromal cell-derived inducing activity. Proc. Natl. Acad. Sci. U. S. A. 99 (3), 1580–1585. doi:10.1073/pnas.032662199
 Kikuchi, T., Morizane, A., Doi, D., Magotani, H., Onoe, H., Hayashi, T., et al. (2017a). Human iPS cell-derived dopaminergic neurons function in a primate Parkinson's disease model. Nature 548 (7669), 592–596. doi:10.1038/nature23664
 Kikuchi, T., Morizane, A., Doi, D., Okita, K., Nakagawa, M., Yamakado, H., et al. (2017b). Idiopathic Parkinson's disease patient-derived induced pluripotent stem cells function as midbrain dopaminergic neurons in rodent brains. J. Neurosci. Res. 95 (9), 1829–1837. doi:10.1002/jnr.24014
 Kikuchi, T., Morizane, A., Doi, D., Onoe, H., Hayashi, T., Kawasaki, T., et al. (2011). Survival of human induced pluripotent stem cell-derived midbrain dopaminergic neurons in the brain of a primate model of Parkinson's disease. J. Park. Dis. 1 (4), 395–412. doi:10.3233/JPD-2011-11070
 Kim, S. W., Woo, H. J., Kim, E. H., Kim, H. S., Suh, H. N., Kim, S. H., et al. (2021a). Neural stem cells derived from human midbrain organoids as a stable source for treating Parkinson's disease: midbrain organoid-NSCs (Og-NSC) as a stable source for PD treatment. Prog. Neurobiol. 204, 102086. doi:10.1016/j.pneurobio.2021.102086
 Kim, T. W., Piao, J., Koo, S. Y., Kriks, S., Chung, S. Y., Betel, D., et al. (2021b). Biphasic activation of WNT signaling facilitates the derivation of midbrain dopamine neurons from hESCs for translational use. Cell Stem Cell 28 (2), 343–355 e345. doi:10.1016/j.stem.2021.01.005
 Kirkeby, A., Grealish, S., Wolf, D. A., Nelander, J., Wood, J., Lundblad, M., et al. (2012). Generation of regionally specified neural progenitors and functional neurons from human embryonic stem cells under defined conditions. Cell Rep. 1 (6), 703–714. doi:10.1016/j.celrep.2012.04.009
 Kirkeby, A., Nolbrant, S., Tiklova, K., Heuer, A., Kee, N., Cardoso, T., et al. (2017). Predictive markers guide differentiation to improve graft outcome in clinical translation of hESC-based therapy for Parkinson's disease. Cell Stem Cell 20 (1), 135–148. doi:10.1016/j.stem.2016.09.004
 Kish, S. J., Shannak, K., and Hornykiewicz, O. (1988). Uneven pattern of dopamine loss in the striatum of patients with idiopathic Parkinson's disease. Pathophysiologic and clinical implications. N. Engl. J. Med. 318 (14), 876–880. doi:10.1056/NEJM198804073181402
 Komatsu, M., Konagaya, S., Egawa, E. Y., and Iwata, H. (2015). Maturation of human iPS cell-derived dopamine neuron precursors in alginate-Ca(2+) hydrogel. Biochim. Biophys. Acta 1850 (9), 1669–1675. doi:10.1016/j.bbagen.2015.04.011
 Kordower, J. H., Chu, Y., Hauser, R. A., Freeman, T. B., and Olanow, C. W. (2008). Lewy body-like pathology in long-term embryonic nigral transplants in Parkinson's disease. Nat. Med. 14 (5), 504–506. doi:10.1038/nm1747
 Kordower, J. H., Styren, S., Clarke, M., DeKosky, S. T., Olanow, C. W., and Freeman, T. B. (1997). Fetal grafting for Parkinson's disease: expression of immune markers in two patients with functional fetal nigral implants. Cell Transpl. 6 (3), 213–219. doi:10.1177/096368979700600304
 Kosaka, T., Hama, K., and Nagatsu, I. (1987). Tyrosine hydroxylase-immunoreactive intrinsic neurons in the rat cerebral cortex. Exp. Brain Res. 68 (2), 393–405. doi:10.1007/BF00248804
 Kriks, S., Shim, J. W., Piao, J., Ganat, Y. M., Wakeman, D. R., Xie, Z., et al. (2011). Dopamine neurons derived from human ES cells efficiently engraft in animal models of Parkinson's disease. Nature 480 (7378), 547–551. doi:10.1038/nature10648
 Lammel, S., Hetzel, A., Hackel, O., Jones, I., Liss, B., and Roeper, J. (2008). Unique properties of mesoprefrontal neurons within a dual mesocorticolimbic dopamine system. Neuron 57 (5), 760–773. doi:10.1016/j.neuron.2008.01.022
 Lee, S. H., Lumelsky, N., Studer, L., Auerbach, J. M., and McKay, R. D. (2000). Efficient generation of midbrain and hindbrain neurons from mouse embryonic stem cells. Nat. Biotechnol. 18 (6), 675–679. doi:10.1038/76536
 Leitner, D., Ramamoorthy, M., Dejosez, M., and Zwaka, T. P. (2019). Immature mDA neurons ameliorate motor deficits in a 6-OHDA Parkinson's disease mouse model and are functional after cryopreservation. Stem Cell Res. 41, 101617. doi:10.1016/j.scr.2019.101617
 Lindvall, O., Rehncrona, S., Brundin, P., Gustavii, B., Astedt, B., Widner, H., et al. (1989). Human fetal dopamine neurons grafted into the striatum in two patients with severe Parkinson's disease. A detailed account of methodology and a 6-month follow-up. Arch. Neurol. 46 (6), 615–631. doi:10.1001/archneur.1989.00520420033021
 Lindvall, O., Rehncrona, S., Gustavii, B., Brundin, P., Astedt, B., Widner, H., et al. (1988). Fetal dopamine-rich mesencephalic grafts in Parkinson's disease. Lancet 2 (8626-8627), 1483–1484. doi:10.1016/s0140-6736(88)90950-6
 Lopez, M. M., Valenzuela, J. E., Alvarez, F. C., Lopez-Alvarez, M. R., Cecilia, G. S., and Paricio, P. P. (2006). Long-term problems related to immunosuppression. Transpl. Immunol. 17 (1), 31–35. doi:10.1016/j.trim.2006.09.018
 Lyashenko, N., Winter, M., Migliorini, D., Biechele, T., Moon, R. T., and Hartmann, C. (2011). Differential requirement for the dual functions of beta-catenin in embryonic stem cell self-renewal and germ layer formation. Nat. Cell Biol. 13 (7), 753–761. doi:10.1038/ncb2260
 Ma, H., Morey, R., O'Neil, R. C., He, Y., Daughtry, B., Schultz, M. D., et al. (2014). Abnormalities in human pluripotent cells due to reprogramming mechanisms. Nature 511 (7508), 177–183. doi:10.1038/nature13551
 Madrazo, I., Kopyov, O., Avila-Rodriguez, M. A., Ostrosky, F., Carrasco, H., Kopyov, A., et al. (2019). Transplantation of human neural progenitor cells (NPC) into putamina of parkinsonian patients: A case series study, safety and efficacy four years after surgery. Cell Transpl. 28 (3), 269–285. doi:10.1177/0963689718820271
 Madrazo, I., Leon, V., Torres, C., Aguilera, M. C., Varela, G., Alvarez, F., et al. (1988). Transplantation of fetal substantia nigra and adrenal medulla to the caudate nucleus in two patients with Parkinson's disease. N. Engl. J. Med. 318 (1), 51. doi:10.1056/NEJM198801073180115
 Miocinovic, S., Somayajula, S., Chitnis, S., and Vitek, J. L. (2013). History, applications, and mechanisms of deep brain stimulation. JAMA Neurol. 70 (2), 163–171. doi:10.1001/2013.jamaneurol.45
 Miyawaki, Y., Samata, B., Kikuchi, T., Nishimura, K., and Takahashi, J. (2020). Zonisamide promotes survival of human-induced pluripotent stem cell-derived dopaminergic neurons in the striatum of female rats. J. Neurosci. Res. 98 (8), 1575–1587. doi:10.1002/jnr.24668
 Moore, T. J., Glenmullen, J., and Mattison, D. R. (2014). Reports of pathological gambling, hypersexuality, and compulsive shopping associated with dopamine receptor agonist drugs. JAMA Intern. Med. 174 (12), 1930–1933. doi:10.1001/jamainternmed.2014.5262
 Morizane, A., Kikuchi, T., Hayashi, T., Mizuma, H., Takara, S., Doi, H., et al. (2017). MHC matching improves engraftment of iPSC-derived neurons in non-human primates. Nat. Commun. 8 (1), 385. doi:10.1038/s41467-017-00926-5
 Morizane, A., and Takahashi, J. (2021). Evading the immune system: immune modulation and immune matching in cell replacement therapies for Parkinson's disease. J. Park. Dis. 11 (2), S167–S172. doi:10.3233/JPD-212608
 Mousavinejad, M., Skidmore, S., Barone, F. G., Tyers, P., Pisupati, V., Poptani, H., et al. (2020). Assessing human embryonic stem cell-derived dopaminergic neuron progenitor transplants using non-invasive imaging techniques. Mol. Imaging Biol. 22 (5), 1244–1254. doi:10.1007/s11307-020-01499-4
 Niclis, J. C., Gantner, C. W., Alsanie, W. F., McDougall, S. J., Bye, C. R., Elefanty, A. G., et al. (2017). Efficiently specified ventral midbrain dopamine neurons from human pluripotent stem cells under xeno-free conditions restore motor deficits in Parkinsonian rodents. Stem Cells Transl. Med. 6 (3), 937–948. doi:10.5966/sctm.2016-0073
 Nishimura, K., Doi, D., Samata, B., Murayama, S., Tahara, T., Onoe, H., et al. (2016). Estradiol facilitates functional integration of iPSC-derived dopaminergic neurons into striatal neuronal circuits via activation of integrin alpha5beta1. Stem Cell Rep. 6 (4), 511–524. doi:10.1016/j.stemcr.2016.02.008
 Nolbrant, S., Heuer, A., Parmar, M., and Kirkeby, A. (2017). Generation of high-purity human ventral midbrain dopaminergic progenitors for in vitro maturation and intracerebral transplantation. Nat. Protoc. 12 (9), 1962–1979. doi:10.1038/nprot.2017.078
 Ogura, A., Morizane, A., Nakajima, Y., Miyamoto, S., and Takahashi, J. (2013). gamma-secretase inhibitors prevent overgrowth of transplanted neural progenitors derived from human-induced pluripotent stem cells. Stem Cells Dev. 22 (3), 374–382. doi:10.1089/scd.2012.0198
 Okabe, S., Forsberg-Nilsson, K., Spiro, A. C., Segal, M., and McKay, R. D. (1996). Development of neuronal precursor cells and functional postmitotic neurons from embryonic stem cells in vitro. Mech. Dev. 59 (1), 89–102. doi:10.1016/0925-4773(96)00572-2
 Perlow, M. J., Freed, W. J., Hoffer, B. J., Seiger, A., Olson, L., and Wyatt, R. J. (1979). Brain grafts reduce motor abnormalities produced by destruction of nigrostriatal dopamine system. Science 204 (4393), 643–647. doi:10.1126/science.571147
 Perrier, A. L., Tabar, V., Barberi, T., Rubio, M. E., Bruses, J., Topf, N., et al. (2004). Derivation of midbrain dopamine neurons from human embryonic stem cells. Proc. Natl. Acad. Sci. U. S. A. 101 (34), 12543–12548. doi:10.1073/pnas.0404700101
 Piao, J., Zabierowski, S., Dubose, B. N., Hill, E. J., Navare, M., Claros, N., et al. (2021). Preclinical efficacy and safety of a human embryonic stem cell-derived midbrain dopamine progenitor product, MSK-DA01. Cell Stem Cell 28 (2), 217–229 e217. doi:10.1016/j.stem.2021.01.004
 Piccini, P., Brooks, D. J., Bjorklund, A., Gunn, R. N., Grasby, P. M., Rimoldi, O., et al. (1999). Dopamine release from nigral transplants visualized in vivo in a Parkinson's patient. Nat. Neurosci. 2 (12), 1137–1140. doi:10.1038/16060
 Poewe, W., Seppi, K., Tanner, C. M., Halliday, G. M., Brundin, P., Volkmann, J., et al. (2017). Parkinson disease. Nat. Rev. Dis. Prim. 3, 17013. doi:10.1038/nrdp.2017.13
 Reynolds, B. A., and Weiss, S. (1992). Generation of neurons and astrocytes from isolated cells of the adult mammalian central nervous system. Science 255 (5052), 1707–1710. doi:10.1126/science.1553558
 Rhee, Y. H., Ko, J. Y., Chang, M. Y., Yi, S. H., Kim, D., Kim, C. H., et al. (2011). Protein-based human iPS cells efficiently generate functional dopamine neurons and can treat a rat model of Parkinson disease. J. Clin. Invest. 121 (6), 2326–2335. doi:10.1172/JCI45794
 Roy, N. S., Cleren, C., Singh, S. K., Yang, L., Beal, M. F., and Goldman, S. A. (2006). Functional engraftment of human ES cell-derived dopaminergic neurons enriched by coculture with telomerase-immortalized midbrain astrocytes. Nat. Med. 12 (11), 1259–1268. doi:10.1038/nm1495
 Samata, B., Doi, D., Nishimura, K., Kikuchi, T., Watanabe, A., Sakamoto, Y., et al. (2016). Purification of functional human ES and iPSC-derived midbrain dopaminergic progenitors using LRTM1. Nat. Commun. 7, 13097. doi:10.1038/ncomms13097
 Samata, B., Kikuchi, T., Miyawaki, Y., Morizane, A., Mashimo, T., Nakagawa, M., et al. (2015). X-linked severe combined immunodeficiency (X-SCID) rats for xeno-transplantation and behavioral evaluation. J. Neurosci. Methods 243, 68–77. doi:10.1016/j.jneumeth.2015.01.027
 Sanchez-Danes, A., Consiglio, A., Richaud, Y., Rodriguez-Piza, I., Dehay, B., Edel, M., et al. (2012). Efficient generation of A9 midbrain dopaminergic neurons by lentiviral delivery of LMX1A in human embryonic stem cells and induced pluripotent stem cells. Hum. Gene Ther. 23 (1), 56–69. doi:10.1089/hum.2011.054
 Schulz, T. C., Noggle, S. A., Palmarini, G. M., Weiler, D. A., Lyons, I. G., Pensa, K. A., et al. (2004). Differentiation of human embryonic stem cells to dopaminergic neurons in serum-free suspension culture. Stem Cells 22 (7), 1218–1238. doi:10.1634/stemcells.2004-0114
 Schulz, T. C., Palmarini, G. M., Noggle, S. A., Weiler, D. A., Mitalipova, M. M., and Condie, B. G. (2003). Directed neuronal differentiation of human embryonic stem cells. BMC Neurosci. 4, 27. doi:10.1186/1471-2202-4-27
 Schwartz, C. M., Tavakoli, T., Jamias, C., Park, S. S., Maudsley, S., Martin, B., et al. (2012). Stromal factors SDF1alpha, sFRP1, and VEGFD induce dopaminergic neuron differentiation of human pluripotent stem cells. J. Neurosci. Res. 90 (7), 1367–1381. doi:10.1002/jnr.23064
 Schweitzer, J. S., Song, B., Herrington, T. M., Park, T. Y., Lee, N., Ko, S., et al. (2020). Personalized iPSC-derived dopamine progenitor cells for Parkinson's disease. N. Engl. J. Med. 382 (20), 1926–1932. doi:10.1056/NEJMoa1915872
 Seppi, K., Ray Chaudhuri, K., Coelho, M., Fox, S. H., Katzenschlager, R., Perez Lloret, S., et al. (2019). Update on treatments for nonmotor symptoms of Parkinson's disease-an evidence-based medicine review. Mov. Disord. 34 (2), 180–198. doi:10.1002/mds.27602
 Song, B., Cha, Y., Ko, S., Jeon, J., Lee, N., Seo, H., et al. (2020). Human autologous iPSC-derived dopaminergic progenitors restore motor function in Parkinson's disease models. J. Clin. Invest. 130 (2), 904–920. doi:10.1172/JCI130767
 Sonntag, K. C., Pruszak, J., Yoshizaki, T., van Arensbergen, J., Sanchez-Pernaute, R., and Isacson, O. (2007). Enhanced yield of neuroepithelial precursors and midbrain-like dopaminergic neurons from human embryonic stem cells using the bone morphogenic protein antagonist noggin. Stem Cells 25 (2), 411–418. doi:10.1634/stemcells.2006-0380
 Spenger, C., Haque, N. S., Studer, L., Evtouchenko, L., Wagner, B., Buhler, B., et al. (1996). Fetal ventral mesencephalon of human and rat origin maintained in vitro and transplanted to 6-hydroxydopamine-lesioned rats gives rise to grafts rich in dopaminergic neurons. Exp. Brain Res. 112 (1), 47–57. doi:10.1007/BF00227177
 Steiger, M. J., Thompson, P. D., and Marsden, C. D. (1996). Disordered axial movement in Parkinson's disease. J. Neurol. Neurosurg. Psychiatry 61 (6), 645–648. doi:10.1136/jnnp.61.6.645
 Steinbeck, J. A., Choi, S. J., Mrejeru, A., Ganat, Y., Deisseroth, K., Sulzer, D., et al. (2015). Optogenetics enables functional analysis of human embryonic stem cell-derived grafts in a Parkinson's disease model. Nat. Biotechnol. 33 (2), 204–209. doi:10.1038/nbt.3124
 Swistowski, A., Peng, J., Han, Y., Swistowska, A. M., Rao, M. S., and Zeng, X. (2009). Xeno-free defined conditions for culture of human embryonic stem cells, neural stem cells and dopaminergic neurons derived from them. PLoS One 4 (7), e6233. doi:10.1371/journal.pone.0006233
 Swistowski, A., Peng, J., Liu, Q., Mali, P., Rao, M. S., Cheng, L., et al. (2010). Efficient generation of functional dopaminergic neurons from human induced pluripotent stem cells under defined conditions. Stem Cells 28 (10), 1893–1904. doi:10.1002/stem.499
 Tabar, V., Tomishima, M., Panagiotakos, G., Wakayama, S., Menon, J., Chan, B., et al. (2008). Therapeutic cloning in individual parkinsonian mice. Nat. Med. 14 (4), 379–381. doi:10.1038/nm1732
 Takahashi, J. (2020). iPS cell-based therapy for Parkinson's disease: A Kyoto trial. Regen. Ther. 13, 18–22. doi:10.1016/j.reth.2020.06.002
 Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., Tomoda, K., et al. (2007). Induction of pluripotent stem cells from adult human fibroblasts by defined factors. Cell 131 (5), 861–872. doi:10.1016/j.cell.2007.11.019
 Takahashi, K., and Yamanaka, S. (2006). Induction of pluripotent stem cells from mouse embryonic and adult fibroblast cultures by defined factors. Cell 126 (4), 663–676. doi:10.1016/j.cell.2006.07.024
 Tiklova, K., Nolbrant, S., Fiorenzano, A., Bjorklund, A. K., Sharma, Y., Heuer, A., et al. (2020). Single cell transcriptomics identifies stem cell-derived graft composition in a model of Parkinson's disease. Nat. Commun. 11 (1), 2434. doi:10.1038/s41467-020-16225-5
 Vazin, T., Becker, K. G., Chen, J., Spivak, C. E., Lupica, C. R., Zhang, Y., et al. (2009). A novel combination of factors, termed SPIE, which promotes dopaminergic neuron differentiation from human embryonic stem cells. PLoS One 4 (8), e6606. doi:10.1371/journal.pone.0006606
 Wakeman, D. R., Hiller, B. M., Marmion, D. J., McMahon, C. W., Corbett, G. T., Mangan, K. P., et al. (2017). Cryopreservation maintains functionality of human iPSC dopamine neurons and rescues Parkinsonian phenotypes in vivo. Stem Cell Rep. 9 (1), 149–161. doi:10.1016/j.stemcr.2017.04.033
 Wakeman, D. R., Weiss, S., Sladek, J. R., Elsworth, J. D., Bauereis, B., Leranth, C., et al. (2014). Survival and integration of neurons derived from human embryonic stem cells in MPTP-lesioned primates. Cell Transpl. 23 (8), 981–994. doi:10.3727/096368913X664865
 Watanabe, K., Kamiya, D., Nishiyama, A., Katayama, T., Nozaki, S., Kawasaki, H., et al. (2005). Directed differentiation of telencephalic precursors from embryonic stem cells. Nat. Neurosci. 8 (3), 288–296. doi:10.1038/nn1402
 Widner, H., Tetrud, J., Rehncrona, S., Snow, B., Brundin, P., Gustavii, B., et al. (1992). Bilateral fetal mesencephalic grafting in two patients with parkinsonism induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). N. Engl. J. Med. 327 (22), 1556–1563. doi:10.1056/NEJM199211263272203
 Xi, J., Liu, Y., Liu, H., Chen, H., Emborg, M. E., and Zhang, S. C. (2012). Specification of midbrain dopamine neurons from primate pluripotent stem cells. Stem Cells 30 (8), 1655–1663. doi:10.1002/stem.1152
 Xia, N., Fang, F., Zhang, P., Cui, J., Tep-Cullison, C., Hamerley, T., et al. (2017). A knockin reporter allows purification and characterization of mDA neurons from heterogeneous populations. Cell Rep. 18 (10), 2533–2546. doi:10.1016/j.celrep.2017.02.023
 Xiong, M., Tao, Y., Gao, Q., Feng, B., Yan, W., Zhou, Y., et al. (2021). Human stem cell-derived neurons repair circuits and restore neural function. Cell Stem Cell 28 (1), 112–126. doi:10.1016/j.stem.2020.08.014
 Yan, Y., Yang, D., Zarnowska, E. D., Du, Z., Werbel, B., Valliere, C., et al. (2005). Directed differentiation of dopaminergic neuronal subtypes from human embryonic stem cells. Stem Cells 23 (6), 781–790. doi:10.1634/stemcells.2004-0365
 Ying, Q. L., Stavridis, M., Griffiths, D., Li, M., and Smith, A. (2003). Conversion of embryonic stem cells into neuroectodermal precursors in adherent monoculture. Nat. Biotechnol. 21 (2), 183–186. doi:10.1038/nbt780
 Zhang, S. C., Wernig, M., Duncan, I. D., Brustle, O., and Thomson, J. A. (2001). In vitro differentiation of transplantable neural precursors from human embryonic stem cells. Nat. Biotechnol. 19 (12), 1129–1133. doi:10.1038/nbt1201-1129
 Zygogianni, O., Antoniou, N., Kalomoiri, M., Kouroupi, G., Taoufik, E., and Matsas, R. (2019). In vivo phenotyping of familial Parkinson's disease with human induced pluripotent stem cells: A proof-of-concept study. Neurochem. Res. 44 (6), 1475–1493. doi:10.1007/s11064-019-02781-w
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Moon, Kim, Kwon and Oh. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-11-1288168-t003.jpg
PD model

Injected cell type_site

Behavioral test
method

Mouse (6-
OHDA)

Mouse (6-
OHDA)

Mouse (6-
OHDA)

Mouse (6-
OHDA)

Mouse (6-
OHDA)

Rat (6-
OHDA)

Rat (6-
OHDA)

Rat (6-
OHDA)

Rat (6-
OHDA)

Rat (6-
OHDA)

Rat (6-
OHDA)

Rat (6-
OHDA)

Rat (6-
OHDA)

Rat (6-
OHDA)

Rat (6-
OHDA)

Rat (6-
OHDA)

Rat (6-
OHDA)

Rat (6~
OHDA)

Rat (6-
OHDA)

Rat (6~
OHDA)

Rat (6-
OHDA)

Rat (6-
OHDA)

Rat (6-
OHDA)

Rat (6-
OHDA)

Rat (6-
OHDA)

Rat (6-
OHDA)

Rat (6-
OHDA)

Rat (6-
OHDA)

Rat (6-
OHDA)

Rat (6-
OHDA)

Rat (6-
OHDA)

Rat (6~
OHDA)

Rat (6-
OHDA)

Rat (6-
OHDA)

Rat (6-
OHDA)

Rat (6-
OHDA)

Monkey
(MPTP)

Monkey
(MPTP)

Monkey
(MPTP)

Monkey
(MPTP)

DA neuron_Str

vmDA neuron_Str

vmDA neuron_Str

vmDA progenitor_SN or Str

vmDA progenitor_Str

NSC_Str

NSC_Str

NSC_Str

DA neuron_Str

DA neuron (PD-hiPSC-derived,
unsorted)_Str

DA neuron (PD-hiPSC-derived,
NCAM" sorted)_Str

DA progenitor_SN

DA progenitor_Str

DA progenitor_Str

DA progenitor_Str

vmDA neuron_Str

vmDA progenitor_Midbrain

vmDA progenitor_Str

vmDA progenitor_Str

vmDA progenitor_Str

vmDA progenitor_Str

vmDA progenitor_Str

vmDA progenitor_Str

vmDA progenitor_Str

vmDA progenitor_Str

vmDA progenitor_Str

vmDA progenitor_Str

vmDA progenitor_Str (PD-hiPSC-
derived)

vmDA progenitor_Str or SN

vmDA progenitor_Str

vmDA progenitor (GEP [ =
PITX3]" sorted)_Str

vmDA progenitor (GFP [ =
LMXIAJ" sorted)_Str

vmDA progenitor (unsorted)_Str

vmDA progenitor (NCAM"
sorted)_Str

vmDA progenitor (CNTN2*
sorted)_Str

vmDA progenitor (unsorted)_Str
vmDA progenitor (LRTM1*
sorted)_Str

vmDA progenitor (unsorted)_Str
vmDA progenitor (CORIN*
sorted)_Str

vmDA progenitor (CORIN"
sorted)_Str

vmDA progenitor (CORIN"
sorted)_Str

vmDA progenitor (PD-hiPSC-
derived, CORIN" sorted)_Str

vmDA progenitor (CORIN"
sorted)_Str

NSC_SN & Str

DA progenitor_Str

vmDA progenitor_Str

vmDA progenitor (CORIN*
sorted)_Str

ApIR, cylinder, rotarod

AmIR

AmlR, corridor

AmIR, cylinder, rotarod

AmIR

AmIR

ApIR, cylinder

ApIR, rotarod

AmIR, ApIR, stepping

AmIR, ApIR, cylinder,
stepping

AmIR, ApIR

ApIR, forelimb placing

AmIR

AmIR

AmIR, ApIR, forelimb placing,
stepping

AmIR, ApIR

AmIR

AmIR

AmIR

AmIR

AmIR

AmIR

AmIR

AmIR

AmIR

AmIR

AmIR

AmIR, corridor, cylinder,
stepping

AmIR, cylinder

AmIR, cylinder, stepping

AmIR, cylinder

AmIR, cylinder

ApIR, cylinder

ApIR, cylinder

ApIR, cylinder

AmIR, ApIR

AmIR, ApIR

AmIR

AmIR

AmIR

AmIR

AmIR

AmIR

Healthy behavior score

(similar to UPDRS), Parkscore

NRS, SM, raisin pick-up

NRS, SM

NRS, SM

Afier 12 weeks, the SAPNS-encapsulated cell-transplanted
group exhibited significant reductions in rotations during
the ApIR test (p < 0.05), prolonged stay time in the rotarod
test (p < 0.001), and an increased contralateral forelimb use
in the cylinder test (n.s.)

Decreased rotations in the AmIR test after 8 weeks (no
statistical analysis data available)

After 16 weeks, decreased rotations in the AmIR test (no
statistical analysis data available), accompanied by a
significant improvement in the corridor test (vs. pre-
transplantation, p < 0.01)

After 6 months of either nigral or striatal grafting,
significant reductions in rotations during the AmIR test (p <
0.001), accompanied by noteworthy enhancements in both
the cylinder and rotarod tests (p < 0.001, each)

After 16 wecks, significant reductions in rotations during
the AmlR test (vs. rosette-derived grafts, p < 0.01)

After 12 weeks, significant reductions in rotations during
the AmIR test (p < 0.05)

Transplanting lenti-MEF2CA-infected NSCs led to
significant reductions in rotations during the AmIR test
after 8 weeks (vs. transplanting control-infected NSCs, p <
0.035), along with a noteworthy improvement in the

cylinder test after 9 weeks (vs. transplanting control-
infected NSCs, p < 0.03)

After 16 weeks, significant reductions in rotations during
the ApIR test (p < 0.05) and a notable improvement in the
rotarod test (p < 0.01)

After 12 weeks, significant reductions in rotations during
both the AmIR (58.37 + 5.9%, p < 0.001) and the ApIR
(4943 £ 1.74%, p < 0.001) tests, accompanied by a
noteworthy enhancement in the stepping adjustments (p <
0.001)

After 16 weeks, significant reductions in rotations during
both the AmIR and the ApIR tests (p < 0.05, each), with no
significant changes observed in the cylinder test and the
stepping adjustments

After 16 weeks, significant reductions in rotations during
the AmiR test (p < 0.01), with no significant changes in the
ApIR test

After 48 weeks, significant reductions in rotations during
the ApIR test (p < 0.05), along with a significant
improvement in the forelimb placing (p < 0.05)

After 12 weeks, notable recovery in one rat (WA07-derived
cell-transplanted, n = 1) with no marked change in others
(WAO7-derived cell-transplanted, n = 8 WA09-derived
cell-transplanted, n = 5)

No significant changes in rotation scores after 2,4,8, and 13
weeks

After 12 weeks, a 31% reduction (ApIR, p = 0.0015), and a
45% reduction (AmIR, p = 0.001) in rotations, and a
significant improvement in both the stepping (p = 0.0012)
and the forelimb placement (p = 0.003) tests

After 6 months, significant reductions in rotations during
both the AmIR (p < 0.0001) and the ApIR (p =0.0191) tests

After 24 weeks, two out of three rats showed a reduction in
rotations during the AmIR test (vs. pre-
transplantation, n.s.)

After 16 weeks, significant reductions in rotations during
the AmIR test (p < 0.01)

After 6 weeks, reductions in rotations during the AmIR test
(vs. pre-transplantation, data not shown, n.s)

[0.75 M cells injected] After 8 weeks, the AmIR decreased to
2357 + 5.48% of pre-transplantation scores (p < 0.01)

[0.3 M cells injected] After 8 weeks, the AmIR decreased to
52.46 + 6.28% of pre-transplantation scores (p < 0.01)

[03 M cells (5 days more matured) injected] After § weeks,
no significant AmIR reduction observed

After 6 months, significant reductions in rotations during
the AmIR test (vs. pre-transplantation, p < 0.01)

After 6 months, significant reductions in rotations during
the AmIR test (p < 0.001)

Significant decrease in the AmIR observed in
LIN28A®"*" PD hiPSC-derived cell-grafted group
compared to LIN28A"*'**%* PD hiPSC-derived cell-grafted
group after 8 weeks (p < 0.001)

Complete behavioral recovery observed in both low-TH
and high-TH grafted animals at 6 months post-
transplantation, with -142 + 21.2% and -23.9 + 7.5%
reductions in the AmIR relative to pre-transplant levels,
respectively (no statistical analysis data available)

After 5 months, significant reductions in rotations during
the AmIR test (p < 0.01)

After 8 months, significant reductions in rotations during
the AmlIR test (p < 0.0001)

After 24 weeks, significant reductions in rotations during
the AmIR test (vs. pre-transplantation, p < 0.05)

[Fresh cell transplanted] After 24 weeks, completely
decreased rotations in the AmIR test (p < 0.001) and
significant improvements in the corridor (p < 0.01),
cylinder (p < 0.001), and stepping (p < 0.001) tests

[Cryopreserved cell transplanted] After 24 weeks,
completely decreased rotations in the AmiR test (p < 0.001)
and significant improvements in the corridor (p < 0.05),
cylinder (p < 0.001), and stepping (p < 0.001) tests

[Intrastriatal graft] After 24 weeks, significant reductions in
rotations during the AmIR test (vs. pre-transplantation, p <
0.001) and significant improvements in the cylinder test (vs.
pre-transplantation, p < 0.01)

[Intranigral graft] After 24 wecks, significant reductions in
rotations during the AmlIR test (vs. pre-transplantation, p
<0.01)

Significant decreases in AmIR test rotations and
improvements in stepping adjustments after 18 weeks (p <
0.01, each), along with significant cylinder test
improvement after 20 weeks (p < 0.01)

Significant reductions in AmIR test rotations observed in
both uninfected and AAV-GDNF infected (3 weeks before
transplantation) rats after 24-week cell transplantation (p <
0.001 and p < 0.01, respectively), with only the AAV-GDNF
infected group showing significant improvement in
contralateral paw touches in the cylinder test (p < 0.05)

Significant reductions in AmlR test rotations observed in
both uninfected and AAV-GDNF infected (3 weeks after
transplantation) rats after 26-week cell transplantation (p <
0.0001 and p < 0.001, respectively), with only the AAV-

GDNF infected group showing significant improvement in
contralateral paw touches in the cylinder test (p < 0.0001)

After 10 weeks, significant reductions in rotations during
the ApIR test (unsorted and CNTN2" sorted cells vs. lesion
control, p < 0.01), while there were no improvements in
cylinder test (n.s.)

Significant reductions in rotations during the ApIR test
after 6-12 weeks (p < 0.01), along with significant
improvements in cylinder test after 8-12 weeks (p < 0.01)

After 10 weeks, significant reductions in rotations during
the ApIR test (vs. unsorted cells, p < 0.01; vs. unsorted cells
and lesion control, p < 0.001), coupled with a substantial
improvement in the cylinder test (vs. unsorted cells and
lesion control, p < 0.0001)

After 16 weeks, significant reductions in rotations during
both the AmIR and the ApIR (p < 0.05, each) tests

After 16 weeks, significant reductions in rotations during
both the AmlR (p < 0.001) and the ApIR (p < 0.05) tests

After 16 weeks, significant reductions in rotations during
the AmIR test (p = 0.0017)

After 16 weeks, significant reductions in rotations during
the AmIR test (p = 0.0003)

After 16 weeks, significant reductions in rotations during
the AmIR test (vs. pre-transplantation, p < 0.001)

After 4 months, significant reductions in rotations during
the AmIR test (p < 0.001)

After 4 months, significant reductions in rotations during
the AmIR test (p < 0.01)

After 16 wecks, significantly decreased rotations in the
AmIR test (p < 0.001)

After 12 months, a significant decrease in the Parkscore was
observed in the low-dose (10 M cells injected) group (vs.
pre-transplantation, p < 0.0143; vs. control, n.s.), whereas
there was no significant difference between the healthy
behavior scores of the low-dose and control groups

After 6 months, a slight improvement in the NRS,
accompanied by a 25.0% increase in the large-sized
movements, a 25.4% increase in the medium-sized
movements, and a 10.8% increase in the total amount of
‘movement, compared to pre-transplantation (no statistical
analysis data available); quicker grasping of the raisin with
the right arm and quicker retraction of the right arm during
the raisin pick-up test (vs. pre-transplantation, n.s.)

After 3 months, significant NRS improvement (p < 0.001)
and increased SM levels (n.s.) were observed exclusively in
monkeys with DIV42-cell-transplants

After 12 months, transplanted monkeys showed
significantly higher NRS recovery (536 £ 8.5%
improvement in healthy-cell-transplanted group, p <
0.0001; 41.7 + 14.4% improvement in PD-cell-transplanted
group, p < 0.01) and increased SM (p = 0.0016 [threshold:
5,000 px per 0.033 5] or p = 0.0007 [threshold: 10,000 px per
0,033 ] in linear regression analysis of moving time)
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Francis et al.
(2020

Leitner et al.
(2019)

Steinbeck et al.
(2015)

Xiong et al.
(2021)

Kriks et al.
(2011)

Swistowski et
al. (2010)

Cho et al.
(2011)

Han et al.
(2015)

Cho et al
(2008)

Hargus et al.
(2010)

Geeta et al.
(2008)

Sonntag et al.
(2007)

Brederlau et al.
(2006)

Ben-Hur et al.
(2004)

Wakeman et al.
(2017)

Cardoso et al.
(2018)

Grealish et al.
(2014)

Cai et al. (2010)

Rhee et al.
(2011)

Grealish et al.
(2015)

Niclis et al.
(2017)

Chang et al.
(2019)

Goggi et al.
(2020)

Kim et al.
(2021b)

Piao et al.
(2021)

de Luzy et al.
(2021)

Song et al.
(2020)

Tiklova et al.
(2020)

Kriks et al.
(2011)

Gantner et al
(2020)

Fathi et al.
(2018)

Samata et al.
(2016)

Doietal. (2014)

Nishimuraet al.
(2016)

Kikuchi et al.
(2017b)

Samata et al.
(2015)

Gonzalez et al.
(2016)

Kikuchi et al.
(011)

Doietal. (2012)

Kikuchi et al.
(2017a)

AmIR, Amphetamine/methamphetamine-induced rotation. ApIR, Apomorphine-induced rotation; DA, dopamine; DIV, days i vitro. n. ., not significant. NRS, neurological rating scale; NSC,

neural stem cell. Parkscore, Parkinsonian summary score. SM, spontaneous movement; SN, substantia nigra. Str, st

tum.
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hPSC line

Differentiation

protocol (ref.)

Differentiation marker

hpSC line LLC2P (hESC)

hpSC line LLC2P (hESC)

RC-17 (hESC)

RC-17, WA09 (hESC)

RC-17 (hESC)

RC-17 (hESC)

SA002.5 (hESC)

WAOI (hESC)

WAO1, WA09 (hESC);
2C6, SeV6 (hiPSC)

WAO7, WA09 (hESC)

'WA07, WA09 (hESC); C4
(hiPSC)

WA09 (hESC)

WA09 (hESC)

WAO9 (hESC)

WA09 (hESC); A6, PDAY-
1, PDC**-1, PDB*-
17Puro-5, PDB*-21Puro-
26 (hiPSC)

'WA09 (hESC); C4 (hiPSC)

WAO9 (hESC); Epi-iPS, pt-
hiPSC (hiPSC)

WAO09, HES-3 (hESC);
RM3.5, 409B-2 (hiPSC)

WA09, MEL-1 (hESC);
MRC-5 (hiPSC)

WA09, UC-06 (hESC);
IMR90-1, IMR90-4,
Foreskin-1, SESS, Rv-
hiPSO1-1, Ry-hiPS02-3,
PIPSC-#1, piPSC-#2
(hiPSC)

DF6-9, DF19-9 (hiPSC)

healthy hiPSC, PD hiPSC
(hiPSC)

PD-1, PD-2, NCF-1, NCF-
2, NCE-3 (hiPSC)

TZ16 (hiPSC)

BGO1, BGO3 (hESC)

ES [2], ES [4] (hESC);
KIPS-4F, FIPS-FA (hiPSC)

hESI (hESC)

KhES-1 (hESC)

SNURES1, SNUAES3,
SNUhES16 (hESC)

unclear (hESC)

WAO! (hESC)

WAOL, WA09 (hESC);
1,588, 27,760, HUF1,
HUF6 (hiPSC)

WA09 (hESC)

WA09 (hESC)

WA09, RC-17, HS980a
(hESC); Miltenyi iPSCs
(hiPSC)

WA09, RoyanH6 (hESC)

IMR90 (hiPSC)

K2 (hiPSC)

MR31, MMW?2 (hiPSC)

ES01 (hESC)

HES-3 (hESC)

KhES-1 (hESC); 1039A-1
(hiPSC)

KhES-1, KhES-2 (hESC)

WA09 (hESC)

WA09 (hESC)

201B-7, 1147F-1 (hiPSC)

201B-7, 253G-1 (hiPSC)

253G-4 (hiPSC)

253G-4, 404C-2 (hiPSC)

404C-2, 836B-3 (hiPSC)

783E-2, 836B-3, 1147F-1,
1231A-3, 1263A-18,
1274A-8, 1274A-15,
1275A-2, 1275A-3, N112-
4, N117-8, PD-17-7
(hiPSC)

783E-2, 836B-3, 1147F-1,
123143, 1263A-18,
1275A-3, N117-11, PD12-
1 (hiPSC)

1039A-1 (hiPSC)

1039A-1 (hiPSC)

HEF-1 (hiPSC)

2D-based Gonzalez et al. (2013)

2D-based Gonzalez et al. (2013)

2D-based Nolbrant et al. (2017)

2D-based Nolbrant et al. (2017)

2D-based Chambers et al. (2009)

2D-based Eiraku et al. (2008);
Chambers etal. (2009); Fasano etal.
(2010)

2D-based Kawasaki et al. (2000);
Kawasaki et al. (2002)

2D-based Chambers et al. (2009);
Fasano et al. (2010)

2D-based Chambers et al. (2009);
Fasano et al. (2010)

2D-based Perrier et al. (2004)

2D-based Chambers et al. (2009);
Fasano et al. (2010)

2D-based Chambers et al. (2009);
Fasano et al. (2010)

2D-based Chambers et al. (2009);
Fasano et al. (2010)

2D-based Eiraku et al. (2008);
Chambers etal. (2009); Fasano et al.
(2010)

2D-based Okabe et al. (1996); Lee et
al. (2000)

2D-based Chambers et al. (2009);
Fasano et al. (2010)

2D-based Chambers et al. (2009);
Fasano et al. (2010)

2D-based Chambers et al. (2009);
Fasano et al. (2010)

2D-based Eiraku et al. (2008);
Chambers etal. (2009); Fasano etal.
(2010)

2D-based Okabe et al. (1996);
Kawasaki et al. (2000); Lee et al.
(2000); Perrier et al. (2004)

2D-based Chambers et al. (2009);
Fasano et al. (2010)

2D-based Chambers et al. (2009);
Fasano et al. (2010)

2D-based Zhang et al. (2001);
Perrier et al. (2004); Yan et al.
(2005)

2D-based Chambers et al. (2009);
Fasano et al. (2010)

EB-based Schulz et al. (2003)

EB-based Kawasaki et al. (2000)

EB-based Lee et al. (2000)

EB-based Eiraku et al. (2008);
Chambers etal. (2009); Fasano etal.
(2010)

EB-based (n/a)

EB-based Zhang et al. (2001); Yan
etal. (2005); Chambers et al. (2009);
Fasano et al. (2010)

EB-based Reynolds and Weiss
(1992); Lee et al. (2000)

EB-based Chambers et al. (2009);
Fasano et al. (2010)

EB-based Ying et al. (2003);
‘Watanabe et al. (2005); Chambers
et al. (2009)

EB-based Perrier et al. (2004);
Chambers etal. (2009); Fasano etal.
(2010)

EB-based Perrier et al. (2004);
Fasano et al. (2010)

EB-based Chambers et al. (2009)

EB-based Tacovitt et al. (2007)

EB-based Eiraku et al. (2008)

EB-based Swistowski et al. (2009)

neurosphere-based Ben-Hur et al.
(2004)

neurosphere-based Eiraku et al.
(2008); Chambers et al. (2009);
Fasano et al. (2010)

neurosphere-based Eiraku et al.
(2008)

neurosphere-based Kawasaki et al.
(2000); Kawasaki et al. (2002)

neurosphere-based Amit et al.
(2003)

neurosphere-based Chambers et al.
(2009)

neurosphere-based Eiraku ct al.
(2008); Chambers et al. (2009);
Fasano et al. (2010)

neurosphere-based Chambers et al.
(2009); Fasano et al. (2010)

neurosphere-based Eiraku et al.
(2008)

neurosphere-based Eiraku et al.
(2008)

neurosphere-based Eiraku et al.
(2008); Chambers et al. (2009);
Fasano et al. (2010)

neurosphere-based Eiraku et al.
(2008); Chambers et al. (2009);
Fasano et al. (2010)

neurosphere-based Eiraku et al.
(2008)

neurosphere-based Eiraku et al.
(2008); Chambers et al. (2009);
Fasano et al. (2010)

neurosphere-based Eiraku et al.
(2008); Chambers et al. (2009);
Fasano et al. (2010)

neurosphere-based Kawasaki et al.
(2000); Kawasaki et al. (2002);
Perrier et al. (2004); Vazin et al.
(2009); Schwartz et al. (2012)

NESTIN, MUSASHI-1,
SOX2 (ICC)

NESTIN, MUSASHI-1,
SOX2 (ICC)

nfa

nfa

FOXA2, LMXIA, LMXIB, OTX2
(ICC); CORIN, ENI, FOXA2,
LMXIA, LMXIB (qRT-PCR)

FOXA2, LMXIA, OTX2, TH
(ICC); FOXA2, LMXIA, OTX2
(qRT-PCR)

A (HPLC); TH, TUJ1 (ICC)

FOXA2, OTX2, TH (ICC)

DA (HPLC); DAT, FOXA2,
GIRK2, LMXIA, NURRI, OTX2,
TH, TUJ1 (ICC); ASCLI, FOXA2,
LMXIA, NURRI, PITX3
(qRT-PCR)

OTX2,PAX2, TH, TUJ1 (ICC); TH,
TUJ1 (qRT-PCR); EN1, LMX14,
MSX1, NURRI, PAX2, PITX3, TH
(RT-PCR)

FOXA2, LMX1A, NURR1, TH
(ICC); FOXA2, LMXIA, TH
(qRT-PCR)

FOXA2, GFP [ = PITX3 or
LMXIA], NURRIL, OTX2, TH
(ICC); LMX1A, TH (qRT-PCR)

FOXA2, LMX1A, MAP2, NURRI,
TH, TUJ1 (ICC)

FOXA2 (FACS); FOXA2, TH
(ICC); ASCLI, CORIN, DDC, ENI,
FOXA2, LMXIA/B, NURRI, OTX2,
PITX3, TH (qRT-PCR)

TH, TUJ1(ICC)

DA (HPLC); ALDHIAL, DAT,
GIRK2, FOXA2, LMX1A, NURRI,
MAP2, PITX3, TH, VMAT2 (ICC);
CORIN, DAT, ENI, FOXA2,
GIRK2, LMXIA, NURRI, OTX2,
PITX3, TH (qQRT-PCR)

DA (ELISA); EN1, FOXA2,
LMXIA, MAP2, NURRI, OTX2,
TH, TUJ1, VMAT2 (ICC); FOXA2,
LMXIA, MASH1, NURRI, OTX2
(qRT-PCR)

DA (HPLC); FOXA2, GFP [ =
LMXIA or PITX3], NURRI,
OTX2, TH (ICC); FOXA2, LMX1A,
NURRI, PITX3, TH (qRT-PCR)

DA (HPLC); EN1, FOXA2,
LMXIA, MAP2, NURRI, OTX2,
TH (ICC); ADCYAPL, CHIRNA4,
ENI, FOXA2, GIRK2, LMXIA,
NURRI, OTX2, PITX3, SNCA
(qRT-PCR)

DA (HPLC); DAT, GIRK2,
NURRI, TH, TUJI (ICC); AADG,
DAT, ENI, GIRK2, LMXIA,
LMX1B, NURRI, VMAT2
(RT-PCR)

DA (ELISA); FOXA2, MAP2, TH
(FACS); FOXA2, LMXI1A, MAP2,
TH (ICC); AADG, DRD2, ENI1,
FOXA2, GIRK2, LMX1A, NURRI,
OTX2, PITX3, TH, VMAT2 (qRT-
PCR); EN1, FOXA2, GIRK2,
MAP2, PITX3, TH, VMAT2 (WB)

FOXA2, LMXIA, TH, TUJ1 (ICC);
FOXA2, MAP2, NURRI, TH
(qRT-PCR)

TH, TUJ1 (ICC)

DA (ELISA); FOXA2, TH, TUJ1
(ICC); AADC, DRD2, ENI, FOXA2,
GIRK2, LMXIA, NURRI, OTX2,
PTX3, TH, VMAT2 (RNA-seq)

DA (HPLC); AADC, DAT, MAP2,
TH, TUJ1, VMAT2 (ICC); AADC,
DAT, ENI, GIRK2, LMX1B, MAP2,
NURRI, PITX3, TH, VMAT2
(RT-PCR)

DA (ELISA); DAT, FOXA2,
GIRK2, LMXIA, TH, TUJ1 (ICC);
ALDHIAL EN1, LMXIA, NURRI,
TH (qRT-PCR)

MAP2, TH, TUJ1, (ICC); DA (RP-
HPLC); AADG, DAT, ENI, LMX1b,
NURRI, TH (RT-PCR)

FOXA2, LMXIA, NURRI, TH,
TUJ1 (ICC); CORIN, FOXA2,
MAP2ab, NURRI, TH (qRT-PCR)

TH, TUJ1 (FACS); DA (HPLC);
AADC, EN1, TH, TUJ1 (ICC);
ENI, NURRI, PITX3 (RT-PCR)

FOXA2, LMXIA, MSX1, TH, TUJ1
(ICC); DAT, EN1, FOXA2, GIRK2,
LMXIA, NURRIL, OTX2, PITX3,
TH, TUJI (gRT-PCR)

DA (ELISA); NURRL, TH, TUJ1
(ICC); DAT, NURRI, TH, TUJ1
(qQRT-PCR)

RFP [ = TH] (FACS); DA (HPLC);
AADC, FOXA2, GIRK2, LMXIA,
NURRI, OTX2, TH, TUJ1 (ICC);
ENI1, FOXA2, LMXIA, NURRI, TH
(qRT-PCR)

FOXA2, LMX1A, OTX2 (ICC)

FOXA2, LMXIA, MAP2, NURRI,
OTX2, TH (ICO)

DDC, DLKI, EN1, FOXA2,
LMX14, NURRI, OTX2, PBX1,
PITX3, TH (scRNA-seq)

GEP [ = LMXIA%""] (FACS);
CORIN, FOXA2, GIRK2, LMXIA,
MAP2, OTX2, PITX3, TH (ICC);
EN1, FOXA2, LMXIA, LMXIB,
MSX1, PITX3 (QRT-PCR)

DA (HPLC); ALDHIAL, LMXIA,
TH, TRKB (ICC); ALDHIAL,
FOXA2, LMXIA, MSXI, NURRI,
PITX3, TH (RT-PCR)

TUJ1, TH (ICC)

GIRK2, TH, TUJ1 (ICC); AADC,
DAT, EN1, GIRK2, LMX1B, MSX1,
NURRI, OTX2, TH, VMAT
(qRT-PCR)

TH, TUJ1 (ICC); AADC, EN1, EN2,
LMXIB, NURRI, OTX2, PAX2,
PAXS, PTX3, TH (RT-PCR)

DA (HPLC); TH, TUJ1 (ICC);
DAT, TH (WB)

DA (HPLC); DAT, FOXA2,
LMXI1A, NURRI, PITX3, TH,
TUJ1 (ICC)

DA (HPLC); AADC, FOXA2,
GIRK2,NURRI, OTX2, PITX3, TH
(ICC); CORIN, EN1, FOXA2,

LMXIA, NURRI, TH (qRT-PCR)

DAT, EN1, GIRK2, MAP2, TH,
VMAT2 (ICC); ENI, GIRK2,
MAP2, NURRI, TH (qRT-PCR)

EN1, FOXA2, GIRK2, LMX1A,
NURRI, OTX2, TH, TUJ1 (ICC)

FOXA2, NURRI, TH (ICC);
CORIN (qRT-PCR)

DA (HPLC); TH, TUJI (ICC)

DA (HPLC); TH, TUJ1 (ICC); TH
(qRT-PCR)

MAP2, TH, TUJ1 (ICC); MAP2ab,
TH (qRT-PCR)

DA (HPLC); AADC, CORIN,
FOXA2, GIRK2, NURRI, PITX3,
TH (ICC); CORIN, EN1, FOXA2,
LMX1A, NURRI, OTX2, PITX3,
TH (qQRT-PCR)

DA (HPLC); NURRI, FOXA2,
NURRI (ICC)

CORIN (FACS); DA (HPLC);
FOXA2, NURRI, TUJ1 (ICC)

FOXA2, NURRI, TH (ICC)

FOXA2, NURRI, TH (ICC)

EN1, FOXA2, MAP2, PITX3, TH,
TUJ1 (ICC); DDC, ENI, FOXA2,
LMXIB, MAP2, NURRI, OTX2, TH
(qRT-PCR)

97.3% NESTIN" a36
95.3% NESTIN', 96.7% SOX2° b45
No in vitro data b52
No in vitro data al6

Exhibited higher expression of FOXA2 | b4l
and LMXIA compared to the forebrain
patterned protocol

Used bimodal imaging to investigate the | b53
fate of vmDA progenitors

38 + 229% TH', 42 + 20% TUJ1* al3

[DIV11] ~83% FOXA2', 815 + 50% 26
FOXA2'0TX2", ~91% OTX2

[DIV19] 5.6 + 4.3% TH",
FOXA2*

9% TH*/

[DIV25] ~77% FOXA2", ~87% OTX2",
30.1 + 3.6% TH, ~33% TH*/FOXA2*

[DIV11] ~94% FOXA2", ~83% a5
LMXIA®, ~76% LMXIA + FOXA2",
~90% OTX2*, ~80% OTX2'FOXA2"

[DIV25] ~92% LMX1A"FOXA2", ~40%
NURRI'FOXA?", ~18% TH'FOXA2"

[DIV50] ~85% FOXA2", ~76%
LMXIA®, ~58% NURRI", ~80% TH*

[DIV37) 10.8% TH (1-week Noggin); | al2
23.6% TH" (3-week Noggin)

[DIV49] 8.6% TH+ (1-week Noggin);
22.3% TH" (3-week Noggin)

[DIV26, clinical run 1] ~100% FOXA2", = b43
~97% LMXIA®, ~97% FOXA2'/
LMXIA", ~37% NURRI", ~24% TH*

[DIV26, clinical run 2] ~96% FOXA2",
~70% LMXIA®, ~68% FOXA2"/
LMXIA®, ~10% NURRI", ~15% TH"

[DIV15] Checked FOXA2'OTX2 or | 29
GEP [ = LMXIA]'FOXA2'OTX2"
vmDA progenitors

[DIV21] Checked GFP [ =
LMXIA]"NURRI"TH" vmDA neurons

[DIV25] Checked GFP [ =
PITX3]"TH'FOXA2 vmDA neurons

[DIV20] ~92% LMX1A FOXA2* a3
[DIV30] ~53% NURR1*

Tested with large-scale manufactured 225
eryopreserved clinical-grade vmDA
progenitor stocks (MSK-DAO1)

[DIV42, WA09] ~5% TH", ~20% TUJ1", | al0
~34% TH*/TUJ1"

[DIV42, A6] ~6% TH, ~20% TUJ1",
~44% TH*/TUJ1*

[DIV42, PDA¥-1] ~ 3% TH", ~22%
TUJI®, ~19% TH'/TUJ1*

[DIV42, PDC*-1] ~10% TH,
TUJIY, ~39% TH'/TUJL*

~30%

[DIV42, PDB*-17Puro-5] ~6% TH",
~20% TUJI*,~ 29% TH'/TUJ1*

[DIV42, PDB*-21Puro-26] ~6% TH',
~20% TUJ1*, ~41% TH'/TUJ1*

[DIV28] >80% FOXA2'LMX1A", ~40% | a27
MAP2*, ~38% NURRI", ~ 15% TH";
majority of TH" cells co-expressed

FOXA2, LMXI1A, and NURR1

[LIN28AP™*26 PD hiPSC] ~28% TH' = 22

[LIN28A=™< PD hiPSC] ~48% TH"

[Xenogeneic condition] 72.2% FOXA2", = a21
87.8% OTX2, 70.0% OTX2"FOXA2*
(WA09); 76.5% FOXA2", 77.9% OTX2",
69.6% OTX2°FOXA2" (RM3.5)

[Xenogeneic-free condition] 89.0%
FOXA2", 48.6% FOXA2°TH", 96.8%
OTX2', 88.9% OTX2'FOXA2", 50.1%
TH', (WA09); 52.9% FOXA2'TH',
91.3% OTX2'FOXA2", 55.7% TH*
(HES-3); 85.6% FOXA2", 67.9%
FOXA2'TH, 889% OTX2", 829%
OTX2°FOXAZ", 76.2% TH® (RM3.5);
90.3% OTX2°FOXA2" (409B-2)

(0.7 uM CHIR99021] ~0% EN1*, ~95% = a24
FOXA2"

[07#7.5 uM CHIR99021] ~90% EN1",
~99% FOXA2"

38.38 + 2.54% TH'/TUJ1" (passage 2); | al9
~43% TH'/TUJ1" (passage 4); ~48%
TH'TUJ1" (passage 6); 43.37 + 3.52%
THTUJI" (passage 8)

7 days after thawing cryopreserved  al5
vmDA neuron stocks] 91%
FOXA2'LMXIA"

(14 days after thawing cryopreserved
vmDA neuron stocks] 72.3%
FOXA2'TH", 97.0% MAP2"

[DIV11, healthy hiPSC] 44.01 + 567% = bd4
FOXA2'LMXIA"

[DIV11, SNCAP*T"* PD hiPSC] 48.63
+7.32% FOXA2'LMXIA*

[DIV30, healthy hiPSC] 10.85 + 0.97%
TH, 67.35 £ 9.41% TUJ1*

[DIV30, SNCAP<*""* PD hiPSC] 9.86 +
2.84% TH, 6329 £ 14.19% TUJ1*

[DIV35] 76% NESTIN', 33% TH', 71% = a8
TUJ1"

Checked FOXA2'TH" and TH'TUJ1* | a2
cells at DIV23 or DIV50

63.8 + 4.6% TH'/MAP2", 73.9 + 10.5% | b48
TH'/TUJ1", 94.9 % 2.9% VMAT2"/
MAP2*

~50% TUJI", ~53% TH'/TUJ1" ba2
40% TH'/TUJL all
[DIV24] ~50% FOXA2'LMXIA® a35

[DIV35] ~100% TUJ1*, some were TH'/
TUJ1", most TH" cells were also
FOXA2* and NURRI"

[SNURES1] 91.61 +0.64% EN1'/TH", = a9
86+ 1.4% TH'/TUJ1, 77% TUJ1", most
TH" cells expressed AADC

[SNUES3] 77.18 + 1.36% TH'/TUJ1*
[SNURESI6] 8174 + 1.52% TH*/TUJ1*

[DIV25] Checked FOXA2'LMX1A* b50
cells

[DIV40] ~70-90% FOXA2'LMXIA"

17.13 + 1.59% TH, 95.68 + 0.92% b55
TUN*
[DIV25] ~14% TH* bs1

[DIV35] ~24% TH*

[DIVS0] ~35% TH*

Checked FOXA2'LMXI1A* and 20
OTX2'LMXIA" cells

[DIV16] Checked FOXA2'LXMIA*and = al7
OTX2" cells

Analyzed cells via SCRNA-seq pre- 28
grafting and 6 months post-

transplantation

[DIV12] ~53% CORIN', ~68% 30

FOXA2', ~46% LMXIA", ~58% OTX2"
(unsorted); 63 + 6.7% CORIN', 91 =
3.9% FOXA2", 84 +4.7% LMXIA', 93 +
5.3% OTX2" (GFP [ = LMXIA®™"]"
sorted)

[DIV30] 82 + 8.7% TH/GIRK2", 89 +
54% TH'/MAP2', 82 + 10% TH'/
PITX3* (GFP [ = LMXIAS"]* sorted)

65 % 1.4% TH" al8

[DIV46, protocol 1] 3.5 + 0.8% TH', 42 = bd6
+3.8% TUJI*

[DIV46, protocol 2] 7.4 + 1.2% TH",
493 % 3% TUJL

~100% GIRK2"/TH", 30 + 5% TH" a6
29 £ 0.6% TUJI", 056 + 0.05% al4
TH'TUJ1*

Evaluated DAT and TH expression a23

levels via WB, observing DAT
expression starting at DIVI2 and TH
expression starting at DIV24

[DIV14, hESC] 75.9 + 4.5% a3l
FOXA2'LMXIA" (unsorted); 89.5 +

1.5% FOXA2'LMXIA" (LRTM1*

sorted)

[DIV14, hiPSC] 720 + 1.3%
FOXA2'LMXIA" (unsorted); 86.7 +
2.6% FOXA2'LMXIA® (LRTMI1*
sorted)

[DIV28, hESC] ~7% TH'FOXA2",
~11% TH'NURRI", ~82% TUJ1*
(unsorted); ~39% TH'FOXA2", ~38%
TH'NURRI', ~94% TUJ1*(LRTM1*
sorted)

[DIV28, hiPSC] ~7% TH*FOXA2", ~6%
TH'NURRI", ~77% TUJ1" (unsorted);
~37% TH'FOXA2", ~34%
TH'NURRI®, ~91% TUJ1* (LRTM1"
sorted)

[DIV28] 117 +2.2% TH*/TUJ1* 38
[DIV35) 25.1 + 6.6% TH'/TUJ1*

[DIV42] 347 +7.3% TH*/TUJ1®

[DIVS6] 447 + 6.6% NURRI/TH"

[Neural stage 1] Lenti-MEF2CA- a7
infected cells showed a 2.4-fold increase

in TH' neurons compared to control-
infected cells

[Neural stage 2] Lenti-MEF2CA-
infected cells exhibited ~4-fold more

EN" cells compared to control-infected
cells

[Neural stage 3] 54.6 + 3.0% TH'/
MAP2*

[DIV32] ~88% CORIN', ~99% EN1', a4
~98% ENI*/TH", ~98% FOXA2", ~98%
FOXA2*/TH", ~88% GIRK2"/TH",
~98% LMXIA", ~97% LMX1A*/TH",
~98% NURRI*/TH?, ~70% TH", ~86%
THY/TUJL®

[DIV19] ~82% FOXA2'/KI67* b47

[DIV48] 63 * 13% TH", >50% TH'/  bd9
TUJ1*

[DIV28] 3.14 £ 1.38% TH/TUJI", most | a37
cells were TUJ1*

[DIV42] 85.46 + 3.13% TH'/TUJ1"

[DIV22] 3.3 £ 1.9% MAP2ab", 9.0 £ b40
3.3% THY/TUJI", ~54% TUJI®

(control); 57.7 + 8.3% MAP2ab’, 12.8 +

4.0% TH'/TUJ1", ~77% TUJ1* (DAPT-
treated condition); 72.7 + 5.6%

MAP2ab", 13.1 + 2.8% TH'/TUJ1",

~85% TUJI* (compound E-treated

condition)

[DIV25] 2032 % 24.2 pm (control),
3844 £ 37.2 pm (DAPT-treated
condition), or 496.2 + 48.5 pm
(compound E-treated condition) of TH*
neurites length

[DIV12] 189 + 154% CORIN", 47.3 + | a32
6.6% LMXIA"FOXA2" (unsorted); 75.5
+82% LMXIA"FOXA2" (CORIN*

sorted); ~36% LMX1A"FOXA2"

(CORIN" sorted)

[DIV21] 454 + 14.6% CORIN"

[DIV28] ~63% FOXA2', ~20%
NURRI*, ~10% TH* (unsorted); ~75%
FOXA2', 27.3 + 5.5% NURRI", 2.1 +
1.2% TH* (CORIN" sorted)

[DIV42] ~35% FOXA2", ~32%
NURRI', ~20% TH" (unsorted); ~70%
FOXA2', 199 + 69% NURRI", 42 %
4.4% TH" (CORIN" sorted)

[DIV26, CORIN sorted] 953 + 16%  a34
FOXA2', 17.8 + 24% NURRI" (healthy
hiPSC); 97.2 + 2.2% FOXA2", 15 + 0.8%
NURRI" (PD hiPSC)

[DIV12] 125% CORIN® (N117-11); | a39
15.5% CORIN® (1147F1); 25.5%

CORIN" (836B3); 25.9% CORIN*

(1231A3); 26.9% CORIN® (PD12-1);

21.6% CORIN" (783E2); 15.6% CORIN*
(1275A3); 15.4% CORIN® (1263A18)

[DIV26, CORIN" sorted] 94.2%
FOXA2", 87% FOXA2'TUJI", 15%
NURRI (N117-11); 91.5% FOXA2",
90.6% FOXA2'TUJ1", 12.6% NURR1*
(1147F1); 98.9% FOXA2", 88.9%
FOXA2'TUJ1", 22.8% NURRI®
(836B3); 96.9% FOXA2", 90.6%
FOXA2'TUJ1", 20.9% NURRI®
(1231A3); 99% FOXA2', 88%
FOXA2'TUJ1, 17.3% NURRI" (PD12-
1); 88.3% FOXA2", 83.1%
FOXA2'TUJ1, 12.1% NURRI*
(783E2); 99.6% FOXA2', 85.2%
FOXA2'TUJ1", 14.4% NURRI®
(1275A3); 99.7% FOXA2", 86.9%
FOXA2'TUJ1, 16% NURRI®
(1263A18)

[DIV28] Checked NURRI*FOXA2* 33
cells

[DIV56] Checked FOXA2"TH" cells

[DIV28] 92.3 + 2.1% FOXA2", 483 +  b54
4.0% NURRI", 6.0 + 1.6% TH'/
NURRI"

[DIV22] 94.1 +0.76% MAP2', 925 + | al
173% TH" (2D-based); 93.6 + 1.53%
MAP2", 92.3 + 1.52% TH*
(neurosphere-based)

Gonzalez et al.
(2016)

Gonzalez et al.
(2015)

Hoban et al.
(2020)

Cardoso et al.
(2018)

Adler et al.
(2019)

Mousavinejad
etal. (2020)

Brederlau et al.
(2006)

de Luzy etal.
(2021)

Kriks et al.
(2011)

Sonntag et al.
(2007)

Schweitzer et al.
(2020

Gantner et al
(2020)

Steinbeck et al.
(2015)

Piao et al.
(2021)

Hargus et al.
(2010)

Song et al.
(2020

Chang et al.
(2019)

Niclis et al.
(2017)

Kim et al.
(2021b)

Rhee et al.
(o11)

Wakeman et al.
(2017)

Zygogianni et
al. (2019)

Han et al.
(2015)

Leitner et al.
(2019)

Schulz et al.
(2004)

Sanchez-Danes
etal. (2012)

Geeta et al.
(2008)

Samata et al.

(2015)

Cho et al.
(2008)

Adil et al.
(2017)

Wakeman et al.
(2014)

Xia et al. (2017)

Grealish et al.
(2015)

Grealish et al.
(2014)

Tiklova et al.
(2020)

Fathi et al.
(2018)

Cai et al. (2010)

Effenberg et al.
(2015)

Swistowski etal.
(2010)

Ben-Hur et al.
(2004)

Goggi et al.
(2020)

Samata et al.
(2016)

Do et al. (2012)

Cho et al.
(2011)

Xiong et al.
(2021)

Katsukawa et al.
(2016)

Komatsu et al.
(2015)

Kikuchi et al.
(2011)

Ogura et al.
(2013)

Doi et al. (2014)

Kikuchi et al.
(2017b)

Kikuchi et al.
(2017a)

Nishimura et al.
(2016)

Miyawaki et al.
(2020)

Francis et al.
(2020)

* Papers with IDsal to a39 assessed the impact of cel transplantation on motor function recovery, while papers with IDs b40 to b55 did not assess the effects of motor function recovery after cell

transplantation.

** 2D, monolayer differentiation. DA, dopamine; DIV, days in vitro; ELISA, confirmed by enzyme-linked immunosorbent assay; EB, embryonic body differentiation; hESC, human embryonic
stem cell; hiPSC, human induced pluripotent stem cell; HPLC, confirmed by high performance liquid chromatography; hpSC, human parthenogenetic stem cell; ICC, confirmed by
immunocytochemistry. n/a, notavailable. neurosphere, neurosphere differentiation. PD, Parkinson’s disease. qRT-PCR, confirmed by quantitative real-time PCR. RNA-seq, confirmed by RNA,

sequencing;

P-HPLC, confirmed by reverse-phase high performance liquid chromatography;

sequencing; vmDA, ventral midbrain dopaminergic; WB, confirmed by western blotting,

(T-PCR, confirmed by reverse transcription PCR, scRNA-seq, confirmed by single cell RNA,
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vmDA neuron (25)

vmDA neuron (25)

vmDA progenitor (16)

vmDA progenitor (32)

vmDA progenitor (25)

vmDA progenitor (25)

vmDA progenitor (16)

vmDA progenitor (21-GEP [ =

LMXIAJ" sorted at DIV21)

vmDA progenitor (28)

vmDA progenitor (35-
LMXIA OE)

vmDA progenitor (30-NCAM"
sorted at DIV28)

vmDA progenitor (28-CORIN®

sorted at DIV12)

NSC (32-34)

NSC (19)

NSC (14-18)

NSC (46)

DA neuron (33)

DA neuron (33)

DA neuron (42-NCAM" sorted at
DIV42 or unsorted)

DA progenitor (40-45)

DA progenitor (42)

DA progenitor (16, 20, 23)

DA progenitor (56)

DA progenitor (19)

DA progenitor (30)

DA progenitor (41)

vmDA neuron (33, 38)

vmDA neuron (25)

vmDA progenitor (16)

vmDA progenitor (16)

vmDA progenitor (22-36)

vmDA progenitor (35-63, 40-68)

vmDA progenitor (16)

vmDA progenitor (25)

vmDA progenitor (24)

vmDA progenitor (25)

vmDA progenitor (16)

vmDA progenitor (16)

vmDA progenitor (19, 25)

vmDA progenitor (28)

vmDA progenitor (16)

vmDA progenitor (25)

vmDA progenitor (25)

vmDA progenitor (16)

vmDA progenitor (16)

vmDA progenitor (21-GFP [ =
LMXIA]" sorted at DIV21)

vmDA progenitor (21-GEP [ =
PITX3]" sorted at DIV21)

vmDA progenitor (12-CNTN2*
sorted at 12 DIV)

vmDA progenitor (28-LRTMI"
sorted at DIV14)

vmDA progenitor (28-CORIN"
sorted at DIV12)

vmDA progenitor (28-CORIN"
sorted at DIV12)

vmDA progenitor (28-CORIN
sorted at DIV12)

vmDA progenitor (28-CORIN®

sorted at DIV12)

vmDA progenitor (28-CORIN"
sorted at DIV12)

NSC (46)

NSC (46)

DA neuron (57)

DA progenitor (28 [R}/42 [L])

vmDA neuron (33, 38)

vmDA progenitor (25)

vmDA progenitor (42)

vmDA progenitor (15 [R]/21 [L] or
28 [R]/35 [L]-LRTM1" sorted at
DIV14)

vmDA progenitor (28-CORIN"
sorted at DIV12)

Mouse_Str (0.012 M)

Mouse_Str (0.2 M)

Mouse_Str (0.2 M)

Mouse_Str (0.2 M)

Mouse_SN (0.075 M)
or Str (0.15 M)

Mouse_SN or Str
(0.05 M)

Mouse_Str (0.15 M)

Mouse_Str (0.05 M)

Mouse_Str (0.2 M)

Mouse_Str (0.1 M)

Mouse_Str (0.1 M)

Mouse_Str (0.2 M)

Mouse_Str (0.2 M)

Mouse_Str (0.2 M)

Rat_Str (n/a)

Rat_Str (0.5-0.6 M)

Rat_Str (0.5 M)

Rat_Str (0.5 M)

Rat_Str (04 M)

Rat_Str (0.1 M)

Rat_Str (0.2-0.4 M)

Rat_SN (1.2 M)

Rat_Str (0.1 M)

Rat_Str (0.1 M)

Rat_Str (0.4 M)

Rat_Str (044 M)

Rat_Str (0.001-
0.02 M)

Rat_Str (0.1 M)

Rat_Str (045 M)

Rat_Str (0.1 M)

Rat - Midbrain
(0.075 M)

Rat_SN or Str (0.1 M)

Rat_Str (1 M)

Rat_Str (0.3-0.75 M)

Rat_Str (0.3 M)

Rat_Str (0.05 M)

Rat_Str (0.45 M)

Rat_Str (0.4 M)

Rat_Str (0.45 M)

Rat_Str (0.4 M)

Rat_Str (0.125 M)

Rat_str (0.1M)

Rat_Str (0.3 M) or SN
(0.15 M)

Rat_Str (0.25 M)

Rat_Str (0.3 M)

Rat_Str (0.3 M)

Rat_Str (0.15 M)

Rat_Str (0.1 M)

Rat_Str (0.1 M)

Rat_Str (0.14-0.16 M)

Rat_Str (013 M)

Rat_Str (04 M)

Rat_str (0.4 M)

Rat_Str (0.4 M)

Rat_Str (0.4 M)

Rat_Str (0.5 M)

Monkey_SN & Str (10
or 20 M)

Monkey_SN &
Str (8 M)

Monkey_SN &Str (4.5

or 6.25 M)

Monkey_Str (4.8 M)

Monkey_Str (3.75 M)

Monkey_Str (7.5 M)

Monkey_Str (4.8 M)

Monkey_Str (4 M)

Monkey_Str (4.8 M)

TH (IHC)

TH, TUJ1 (IHC)

TH (IHC)

FOXA2, TH (IHC); Pacemaking
activity (WCPC)

FOXA2, TH (IHC)

FOXA2, GIRK2, LMXIA, TH
(IHC); Action potentials (WCPC)

FOXA2, TH (IHC)

FOXA2, GFP [ = LMXIA],
OTX2 (IHC)

ALDHIAL GIRK2, TH (IHC)

DA (HPLC); CCK, GFP [ =
LMXIA], TH (IHC); AADC,
ALDHIA2, CCK, DLKI, TH,
VMAT2 (qRT-PCR); ADCYAPI,
ALDHIA2, CALBI, CCK, DDG,
DLKI, OSBP2, RET, TH, VMAT2
(RNA-seq)

TH (IHC)

DAT, GIRK2, TH, TUJ1 (IHC)

TH, TUJ1 (IHC)

n/a

TH (IHC)

TH (IHC)

TH, TUJ1 (IHC)

DA (ELISA); GIRK2, TH,
VMAT?2 (IHC)

DAT, TH, TUJ1 (IHC)

TH (IHC)

TH, GIRK2 (IHC)

GIRK2, MAP2, TH, TUJ1 (IHC)

GIRK2, TH (IHC)

TH (IHC)

DAT, TH (IHC); ENI, TH, AADC
(RT-PCR)

FOXA2, TH (IHC)

MAP2, TH (IHC)

TH, TUJ1 (IHC)

FOXA2, GIRK2, TH (IHC)

FOXA2, TH, TUJ1 (IHC)

TH (IHC)

DAT, GIRK2, NCAM, TH (IHC);
[**Flfallypride, ["*FILBT999 (PET)

ALDHIAL LMXIA, TH (IHC)

EN1, NURRL, TH, TUJ1,
VMAT?2 (IHC)

TH (IHC)

FOXA2, GFP [ = PITX3],
TH (IHC)

DAT, FOXA2, LMXIA, NURRI,
TH (IHC)

EN1, FOXA2, GIRK2, LMXIA, TH
(IHC); ["*FIFBCTT, [*F]
fallypride (PET)

TH (IHC)

FOXA2, TH (IHC)

GIRK2, TH (IHC)

ALDHIAL, CALB, DAT, FOXA2,
GIRK2, LMXIA, NCAM, NURRI,
TH (IHC)

TH (IHC); DDG, DLKI, FOXA2,
LMXIA, GFRAL NURRI, OTX2,
PBX1, PITX3, RET, TH, VMAT2
(scRNA-seq)

DAT, FOXA2, GIRK2, NURRI,
PITX3, TH (IHC)

NURRI, TH (IHC)

GIRK2, PITX3, TH (IHC)

TH (IHC)

CALB, FOXA2, GFP [ = LMXI1A],

GIRK2, TH (IHC)

CALB, GIRK2, GFP [ = PITX3],

TH (IHC)

DAT, TH, TUJ1 (IHC)

FOXA2, GIRK2, NURRI,
TH (IHC)

FOXA2, GIRK2, NURRI, PITX3,
TH (IHC)

FOXA2, TH (IHC)

FOXA2, TH (IHC)

NURRI, TH (IHC)

FOXA2, NURRI, TH (IHC)

DA (HPLO); TH (IHC)

DA (ELISA); GIRK2, TH,
VMAT?2 (IHC)

TH, TUJ1 (IHC)

DAT, GIRK2, NURRI, PITX3, TH,
VMAT2 (IHC); [*FIDOPA, ["'C]
DTBZ, ["'CIPE2I (PET)

FOXA2, GIRK2, TH (IHC)

TH, FOXA2 (IHC)

AADG, PITX3, TH, TUJ1, VMAT2
(IHC); [**F]DOPA (PET)

DAT, FOXA2, GIRK2, NURRI,

PITX3, TH (IHC)

DAT, FOXA2, GIRK2, TH (IHC);
[*FIDOPA, [""CJPE2I (PET)

After 13 weeks, the SAPNS-encapsulated- | al
cell-transplanted group demonstrated a

329% increase in TH" cells compared to the
untreated-cell-transplanted group

After 8 weeks, the DAPT- or compound | b40
E-treated-cell-transplanted group

exhibited an increase of 0.9 % 0.5% or 1.6

+ 0.8% THY/HNA® cells, respectively,
compared to the untreated-cell-

transplanted group
TH? cells detected after 4 months a2

TH" cells detected after 4-6 months a3

FOXA2'TH" cells detected after 6 months  b41

GIRK2'TH", FOXA2", LMX1A" cells ad
identified, along with grafted cell fibers
extending to the caudate putamen,

amygdala, substantia innominata, and

cortex detected, after 4 months

After 4.5 months, detected TH'FOXA2' a5
cells and less than 1% of Ki67* cells

High OTX2 and FOXA2 expression b21
detected at 1-month post-implantation in

both xenogeneic and xeno-free grafts, with

a non-significant trend favoring xeno-free
composition; significant phenotypic

differences only revealed via LMXIA-

€GEP reporter, showing 2.5-fold more

GEP [LMXIA]* cells in xeno-free than in
xenogeneic grafts

GIRK2'TH* and ALDHIAI"TH*GIRK2"
cells detected, along with ALDHIAI® cell
fibers extending to the Str, after 6 months

b24

GEP [ = LMXIA]'TH" and CCK'TH* | b29

cells detected after 6 months

TH" cells detected after 2 weeks b43

TH'TUJI*, TH'DAT*, and TH'GIRK2® | b42
cells detected, with an absence of
GABAergic or serotonergic neurons

observed, after 5 months

After 12 wecks of transplantation with | bd4
cither healthy or SNCAP**""* PD hiPSC-

derived cells, TH" cells detected

After 6 months, no pathological alpha- | b34
synuclein accumulation observed in cither
healthy or PD hiPSC-derived vmDA

progenitor-transplanted group

After 12 weeks, TH" cells were detected = a6
with no evidence of teratoma formation

After 12 weeks, the group transplanted | a7
with lenti-MEF2CA-infected NSCs

showed a higher proportion of TH" cells

in the Str compared to the control-

infected NSC group (15.1 £ 1.7% vs. 19
+0.9%)

TH'TUJ1" cells detected after 16 weeks a8

TH'VMAT2® and GIRK2'TH" cells
detected after 28 weeks

bd5

After 12 weeks, detected TH* and DAT* a9
cells with no evidence of teratoma
formation

After 3 weeks, detected TH" cells in both = bd6

protocol 1 and protocol 2 conditions

After 16 weeks of transplantation with PD | al0
hiPSC-derived cells, detected TH'GIRK2"
cells with no tumors observed

TH'MAP2* and TH'GIRK2" cells all
detected after 48 weeks

GIRK2'TH" (data not shown) and TH®  al2
cells detected after 3 months

At 2 weeks, DIV23-cell-transplants al3
showed lower survival rates than DIV16-
cell-transplants (p < 0.05), TH" cells

detected, and no NG2*, GAD", or CHAT*

cells found; teratoma formation occurred

with DIV16 and DIV20 cells but not with
DIV23 cells

DAT* and TH" cells detected after 12 al4
weeks

After 14 weeks of transplantation, b7
detected TH* cells and observed a
significant reduction in Ki67 /HNA" cells

due to gamma-ray irradiation (p < 0.01)

MAP2* (data not shown) and TH* cells = b48

detected after 8 weeks

After 1 week of transplantation, detected | b49
TH* and TUJ1° cells with neurites
extending from the graft into the host

brain

After 6 months, TH'FOXA2* and als
GIRK2'TH cells detected, transplanted
cell fibers extending to the parenchyma,
and a few CHAT* and 5-HT* cells
identified

After 4.5 months of transplantation, b50
detected TH'FOXA2" cells with higher
percentages of TH" cells in the 3D HA-
hep-RGD hydrogel-encapsulated group
compared to the 2D cell suspension group

(~7% vs. 1.3% of total transplanted cells;

~85% vs. ~80% of surviving cells)

After 24 weeks, TH" cells and transplanted | al6
cell fibers were detected extending to

various brain regions, including A9 target

(Str) and A10 targets (prefrontal cortex,
nucleus accumbens, septum, ventral Str),

as well as the thalamus and hypothalamus

[hESC-derived cell transplanted to Str] 17
After 6 months, DAT" and TH'GIRK2"

cells detected with transplanted cell fibers
extending into the Str

[hESC-derived cell transplanted to SN]
After 6 months, TH'GIRK2* cells detected
with transplanted cell fibers extending
into multiple regions including the
amygdala, dorsolateral striatum, piriform
cortex, ventral striatum, olfactory
tubercle, lateral septum, and frontal lobe

[OTX2 OE hESC-derived cell
transplanted to SN] After 6 months,
OTX2 OF hESC-derived NCAM" cells
showed less innervation in the A9 target
structure compared to both parental
hESC-derived and fetal-derived cells

After 6 weeks, detected ALDHIAL'TH',  al8
LMXIA'ALDHIAL" cells, Ki67" cells, and
a teratoma-like structure

[0.75 M cells injected] After 8 weeks, TH* | a19
and Ki67" cells as well as rosette structures

detected; tumors observed in grafted
animals within the same timeframe

[0.3 M cells injected] After 8 weeks of
transplantation, TH', TH'VMAT2",
TH'NURRI", and TH'EN1" cells
detected without rosette formation

[03 M cells (5 days more matured)
injected] No detected TH" cells

After 24 weeks, detected TH' cells with | a20
transplanted cells exhibiting synaptic
connections with neighboring neurons

After 1 month of transplantation, a21
FOXA2'TH'GFP [ = PITX3]" cells

detected; after 6 months, TH'GFP [ =

PITX3]" cells detected

After 8 weeks of transplantation with | a22
LIN28A® ¥+ PD) hiPSC-derived cells,
TH'LMXIA", TH'FOXA2", TH'DAT",

and TH*NURRI" cells were detected

After 6 months of transplantation, 23
ENI“TH, TH'LMXIA", TH'FOXAZ",

and GIRK2“TH" cells were detected, and

DA release from transplanted cells was
confirmed

TH cell fibers extending to the Str a2
observed after 5.5 months of
transplantation

TH" and FOXA2" cells detected after 8 25
months

After 26 weeks, detected GIRK2*TH" cells = 226
in DIV19 transplants, but DIV25 donor

cells showed significantly fewer TH" cells

and reduced capacity to innervate the host

Str (p < 0.001)

After 26 weeks post-transplantation of PD | a27
hiPSC-derived cells, observed were 70%-
80% FOXA2'LMXIA*/TH, >90%
NURRI'/TH', and DAT*TH" and
GIRK2'TH" cells; no rosettes or
teratomas; TH" neurons predominantly
co-expressed GIRK2 over CALB, with
additional A9 markers like ALDHIAIL,
often alongside SOX6 and GIRK2 for A9-
type vmDA neurons, while some co-
expressed CALB for A10-type vmDA
neurons

[Transplanted to Str] Afier 6 months, 228
detected TH* cells with engrafted cells
extending to the dorsolateral Str and

prefrontal cortex

[Transplanted to SN] After 9 months,
detected TH® cells

After 5 months, detected TH'FOXA2", a5
TH'PITX3", TH'NURRI", DAT'TH",

and GIRK2'TH" cells, with transplanted

cell fibers extending to the Str

NURRI" and TH* cells detected after 3 b51
‘months

After 12-18 weeks, detected GIRK2", b52
PITX3", TH* cells, with engrafted cells
extending to various brain regions

After 91 or 127 days of transplantation, | b53

TH" cells detected

TH'FOXA2', TH'CALB'GIRK2", and a29
TH'GEP [ = LMXIAJ" cells detected,

along with TH" cell fibers extending to the

Str, affer 26 weeks

CALB'GIRK2GFP [ = PITX3]",
TH'GEP [ = PITX3]" cells detected after 6
months

After 12 weeks, detected TH'TUJ1* and | a30
DAT*TH cells, observed no tumor

formation, and noted a significant

increase in %TH" and %DAT" in

CNTN2' sorted cell transplants compared

to unsorted cell transplants (p < 0.01)

After 12 weeks of transplantation, a3l
detected GIRK2*TH", FOXA2*TH", and
NURRITH" cells; TH cells were four
times more abundant in LRTM1" sorted
cells compared to unsorted cells, with
significantly higher percentages of
TH'HNA', FOXA2'HNA', and
NURRI"HNA" cells in the LRTM1*
sorted group (p < 0.001, p < 0.001, p <
0,01, respectively); transplanted cell fibers
extended into the host brain

After 16 weeks of transplantation, a32
detected FOXA2'TH’, PITX3'TH’,
NURRITH?, and GRIK2'TH" cells; TH*

cells were about twice as abundant in

CORIN' sorted cells compared to

unsorted cells, with a significantly higher
percentage of TH'/HNA" cells in the

CORIN' sorted group (p < 0.001)

After 16 weeks of transplantation, 33
TH'FOXA2" cells were detected and TH"
neuronal fibers extended to DARPP32*

striatal neurons

After 4 months of transplantation, a34
FOXA2°TH" cells and cell fibers

extending to the Str detected in both

healthy and PD hiPSCs-derived groups

After 16 weeks, NURRI*TH" cells 35
detected and TH" cell fibers extended to
the Str

After 1 month, NURR1*TH" and FOXA2* = b54
cells were detected, with a higher
percentage of NURR1"TH'/HNA" cells in
the 60 mg/kg Zonisamide-treated group
compared to the vehicle group (p < 0.01);
after 4 months, NURRI"'TH" and
FOXA2" cells were detected, with no
significant difference in the percentage of
TH*NURRI*/HNA® cells between the

60 mg/kg Zonisamide-treated and vehicle
groups

After 12 months, the low-dose group had | a36
the highest combined DA concentrations
across all brain regions (n.s.) and superior
DA neuron innervation in the Str, while

both low-dose and high-dose groups
exhibited more TH cells in the SN than

the control (47,507 # 5,555 and 49,028 +
4,039 vs 20,549 + 1,252 cells)

After 14 weeks, TH', GIRK2", and b45
VMAT?2" cells detected, no tumor

formation observed, and higher DA levels

in NSC transplantation condition

compared to vehicle control

After 6 weeks, no TH" cells detected, but
transplanted cell fibers innervated the

corpus callosum, putamen, griseum pontis
caudato lenticulares, and lateral ventricle

b55

After 6 months, NURRI*TH", 37
VMAT2TH, DAT*TH", GIRK2'TH",

and PTIX3*TH" cells detected, with TH*

cells predominantly distributed at graft
periphery; more total TH* cells in left Str
compared to right (right 30.7 K vs. left

126 K)

TH'FOXA2" and TH'GIRK2" cells
detected after 3 months

b15

FOXA2'TH" cells detected after 1 month a5

After 12 months, grafted cells innervated = a38
the host putamen and exhibited

TH'VMAT2", TH'AADC", and

TH'PITX3" cells

After 12 weeks, grafts derived from DIV28 | b31
cells showed the largest number of TH"

cells, which extended TH" neuronal fibers

into the host brain, predominantly co-
expressed FOXA2, NURRI, and PITX3,

and some were large in size and expressed

DAT and GIRK2

After 8-24 months, surviving grafted a39
dopaminergic neurons exhibited neurite
extension throughout the putamen and
partially into the caudate head, with
morphology and size resembling host
substantia nigra neurons; most cells
expressed FOXA2, 33.3 £ 24.4% co-
expressed TH, and the average number of
TH* neurons was 64 + 49 K per
hemisphere, with no difference between
healthy and PD-derived grafts; these TH"
cells also expressed DAT and GIRK2, and
no 5-HT* cells were observed due to
CORIN-based cell sorting
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* Papers with IDs al to 239 assessed the impact of cel transplantation on motor function recovery, while papers with IDs b40 to b55 did not assess the effects of motor function recovery after cell
transplantation. Please note that papers b5, b21, b24, b29, b31, and b34 correspond, respectively, to papers al5, a21, a24, a29, a31, and a34,
“* DA, dopamine; DIV, days in vitro; ELISA, confirmed by enzyme-linked immunosorbent assay; HPLC, confirmed by high performance liquid chromatography; THC, confirmed by

immunohistochemistry. L, left. n/a, not available. n. s, not significant. NSC, neural stem cell; OE, overexpression; PD, Parkinson’s disease. PET, confirmed by positron emission tomography
scan. R, right. RNA-seq, confirmed by RNA, sequencing; RT-PCR, confirmed by reverse transcription PCR. C62:H685cRNA-seq, confirmed by single cell RNA-seq. SN, substantia nigra. Str,

striatum. vmDA, ventral

rain dopaminergic; WCPC, confirmed by whole-cell patch-clamp recording,
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