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Abstract: This review explores the transformative role of induced pluripotent stem cells (iPSCs) and 
organoids in advancing neuropathology research. Focused on Alzheimer's disease, epilepsy, 
Parkinson's disease, and spinal cord injury, iPSCs offer patient-specific disease modeling with 
regenerative therapy potential. The versatility of iPSCs, their ability to differentiate into the main 
neuronal cell types, and their integration into three-dimensional organoid models enable the 
recreation of complex tissues in vitro. Improvement of organoid and iPSCs generation protocols and 
the selection of appropriate donor cell types are highlighted as crucial steps toward the application 
of these new technologies to overcome tumorigenic potential and other challenges. iPSCs 
demonstrate promise in regenerative therapies, as evidenced by successful applications in animal 
models. 
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1. Introduction 

The study of neuropathologies often presents difficulties in determining proper study models. 
Neurodegenerative diseases such as Alzheimer's disease (AD) and Parkinson's disease (PD) present 
large extracellular and intracellular factors difficulting precise study models [1]. In 
neurodevelopmental diseases, it becomes especially complex to investigate the initial stages of the 
disease while replicating it in cellular and animal models, as is the case for temporal lobe epilepsies 
[2,3]. For tissue injuries, such as spinal cord injury (SCI) and strokes, animal models are most study 
models, and treatment becomes the main challenge [4,5]. For all these cases there is a common interest 
in the potential development of disease-specific models or therapeutic alternatives. 

Induced pluripotent stem cells (iPSCs) were first generated from mouse fibroblasts [6]. 
Subsequent studies confirmed the ability to differentiate these cells into the main neuronal cell types, 
including neurons, astrocytes, and oligodendrocytes [7]. The interest in the use of iPSCs in the field 
of neuropathology is due to the modeling and treatment of rare and genetically altered diseases. So 
iPSCs have presented the possibility for a cell patient-derived disease modeling, therefore presenting 
somatic mutations of interest and mimeting disease phenotype, such as for AD [8]. In addition, iPSCs 
also present therapeutic potential in the field of regenerative therapy [9]. In this brief review, it is 
focused on the experimental models for neuropathologies using iPSCs, focusing on organoid models 
and the potential use of these cells as a therapy and in drug screening pipelines. 
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2. Generation and Characterization of iPSCs 

Self-renewal and pluripotency stand as key characteristics of embryonic stem cells (ESCs). Self-
renewal denotes the remarkable capability to continuously multiply without specifying a particular 
cell fate when cultured in vitro. Pluripotency, on the other hand, signifies the remarkable potential to 
transform into various cell types originating from the three fundamental embryonic germ layers 
[10,11]. The generation of iPSCs represents a remarkable feat in cellular reprogramming, offering a 
distinctive pathway to harness the regenerative potential of pluripotent cells. 

iPSC formation was first demonstrated in the pioneering work of Shinya Yamanaka and his 
colleagues, who identified a set of transcription factors capable of reprogramming adult somatic cells 
into a pluripotent state. These factors, including Oct4, Sox2, Klf4, and c-Myc (abbreviated as OSKM), 
have become the hallmark of iPSC reprogramming [6,12]. In recent years, iPSCs have been used in a 
range of applications, including autologous cell therapy [13], experimental modeling of multiple 
diseases [14,15], and as platforms for drug discovery and therapeutic screening [16]. In recent years, 
a wide array of protocols for iPSC generation has emerged to attend to these diverse purposes. In the 
sections below we summarize the key differences in reprogramming techniques used to generate 
iPSCs. 

2.1. Who Can Be Reprogrammed? 

Somatic cells, which make up the vast majority of cells in the body, are specialized cells with 
specific functions, such as skin cells, blood cells, or nerve cells. In theory, the concept of 
reprogramming suggests that nearly every somatic cell in the human body has the potential to be 
transformed into an iPSC (Figure 1). Despite that, the efficiency and kinetics of reprogramming can 
vary based on the donor cell type. Fibroblasts from both mice and humans remain the most common 
cell types used for experimental reprogramming [17]. However, in the last years, there has been an 
increased interest in other cell types regarding their availability, therapeutic relevance, and ease of 
reprogramming. One example is CD133+ cord blood cells, which require only OCT4 and SOX2 to 
generate iPSCs [18]. Human primary keratinocytes can be reprogrammed two times faster and 100 
times more efficiently than fibroblasts [19]. These cells also have the advantage of being obtained by 
culturing plucked hair from patients [20]. 

 

Figure 1. Primary cultures can be obtained from different tissues such as skin, blood, neurons and 
urine. Cellular reprogramming to generate iPSC can be carried out using different combinations of 
transcription factors, with Yamanaka factors (OSKM) still being the most used. Likewise, there are 
different tools to promote the transfection of cells to be reprogrammed, such as MMLV, SENDAI, 
Liposome and Transposons. 
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Urine samples can also be an easily available resource of cells that can be reprogrammed into 
iPSCs. Renal tubular cells and exfoliated renal epithelial cells found in urine have been successfully 
reprogrammed into human iPSCs (hiPSCs) [21,22]. Functional cardiomyocytes derived from urine 
cells in the cardiovascular system exhibited the capability to generate action potentials. This 
phenomenon was observed both in vitro and in vivo after reprogrammed induced pluripotent stem 
cells (iPSCs) underwent differentiation through lentiviral-vector gene transduction [23,24]. 

Another relevant source of cells for reprogramming is the blood. Peripheral Blood Mononuclear 
Cells (PBMCs) can be isolated from blood samples with ease and serve as one of the most popular 
somatic cell sources for iPSC generation [25]. Both terminally differentiated mature B and T 
lymphocytes gave rise to iPSCs [26–28], although reprogrammed T cells have been shown to induce 
spontaneous T cell lymphomas in mice, limiting the therapeutic applications of these cells [29]. Thus, 
depending on the goal it is recommended to use protocols that eliminate lymphocytes from the 
PBMCs [30]. One advantage of choosing PBMCs as the donor cell for reprogramming is that these 
cells can be cryopreserved and reprogrammed in the future without any compromise in the 
reprogramming kinetics and efficiency [31], allowing the use of frozen samples stored in blood banks 
worldwide [32]. 

Despite cell type, the level of differentiation and maturation also influences iPSCs generation 
efficiency. In mice, it has been reported that immature cells are more readily reprogrammed than 
terminally differentiated cells [33]. Another study demonstrated that hematopoietic stem and 
progenitor cells can generate up to 300 times more iPSCs colonies compared to terminally 
differentiated lymphocytes [34]. Therefore, selecting the appropriate cell type is a crucial factor to 
contemplate prior to initiating any experiment. The decision typically relies on cell accessibility and 
influences the necessity for external factors as well as the efficiency and kinetics of reprogramming. 

2.2. The Reprogramming Recipe 

The reprogramming factors OSKM are still the most used method for generating iPSCs. Still, 
over the recent years, multiple alternatives have been described to fine-tune the reprogramming 
protocols, selecting other transcription factor combinations and introducing new molecules to 
increase the efficiency of iPSCs generation. 

Since the molecules Klf4 and c-Myc are considered proto-oncogenes, researchers searched for 
substitute candidates to decrease potential tumorigenic risks associated with these molecules. One of 
the first alternative reprogramming methods was described by Yu and colleagues, where Oct4 and 
Sox2 were used in combination with Nanog and Lin28 leading to a reprogramming efficiency similar 
to that obtained by Yamanaka’s OSKM combination [35]. An approach to differentiate mouse 
embryonic fibroblasts (MEFs) into iPSCs using three factors was also developed [36]. This technique 
included Oct4, Sox2, and the orphan nuclear receptor Esrrb, and obtained similar efficiency compared 
to the OSKM protocol. Subsequent studies further developed strategies to reprogram cells using only 
two transcription factors, including multiple combinations of Oct3/4, Sox2, Klf4, and c-Myc [37–41]. 
(Figure 1). 

Other molecules known to modulate cellular processes that are relevant for iPSCs generation 
and maintenance have also been used to increase reprogramming efficiency. Proteins that induce 
proliferation, such as telomerase reverse transcriptase (TERT) and the SV40 large T antigen (SV40LT) 
increase the appearance of colonies when combined with OSKM [42]. Chemical compounds that also 
positively regulate cell cycle progression, such as mitogen-activated protein kinase kinase (MAPKK) 
inhibitors, increased the number of iPSCs colonies obtained from reprogrammed neural precursor 
cells [43]. MicroRNAs (miRNAs) are also known to influence pluripotency and reprogramming [44], 
and several miRNAs have been tested for their capacity to increase iPSCs generation. Among these, 
a number of miRNAs from the miR-290 cluster were able to increase the number of colonies following 
reprogramming compared to cells using the OSKM factors alone [45]. These miRNAs are believed to 
be downstream effectors of c-Myc signaling but induce a population of iPSCs more homogeneous 
compared to c-Myc [46]. Numerous cell signaling pathways are regulated by miRNAs and their 
potential effects on iPSCs production have been extensively reviewed elsewhere [47,48]. 
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Epigenetic modifications, which include DNA methylation and histone modifications, regulate 
gene expression without changing the underlying DNA sequence. During iPSC reprogramming, 
these epigenetic marks are erased to resemble those of embryonic stem cells (ESCs) [49,50]. This 
resetting of the epigenetic landscape is essential for the successful conversion of differentiated cells 
into pluripotent stem cells [51]. Therefore, applying chemical molecules that regulate DNA 
methylation or chromatin modifications can improve reprogramming in many cell types [51–53]. 
Treatment with histone deacetylase (HDACs) inhibitors, including hydroxamic acid (SAHA), 
trichostatin A (TSA), valproic acid (VPA), and butyrate improves reprogramming in MEFs [51,54,55]. 
VPA also induced pluripotency in dermal fibroblasts and neonatal human foreskin fibroblasts (HFFs) 
in combination with Oct4 and Sox2 [56]. 

In summary, identifying molecules that enhance pluripotency and maintain stem cell states is 
crucial due to the low success rates in current iPSC generation protocols. Considering the cell's 
transcriptome and epigenetic profile is essential for selecting appropriate molecules, ensuring the 
reprogramming process yields an adequate number of pluripotent cell colonies. 

2.3. Reprogramming Factors Delivery Systems 

Originally, the OSKM transcription factors have been delivered into a mouse and human 
fibroblasts using Moloney murine leukemia virus (MMLV)-derived retroviruses [57,58]. 
Subsequently, reprogramming was also reported using Lentivirus-based vectors [58]. They are 
generally derived from HIV, present a higher cloning capacity, and allow for the infection of both 
dividing and non-dividing cells, usually having higher infection efficiency rates compared to MMLV-
based models [59]. Furthermore, Tet-inducible lentiviruses for reprogramming enable the controlled 
expression of reprogramming factors [60]. Despite achieving an accepted efficiency, their integration 
into the host genome raised safety concerns.   

Since then, an array of new delivery systems has emerged, using viral vectors that are non-
integrative, including Sendai virus and adenovirus, as well as non-viral methods, including 
liposomes and vectors based on piggyBac transposon [61]. (Figure 1). 

General delivery systems employed in iPSCs reprogramming have been extensively reviewed 
elsewhere [59–61]. Each delivery method presents both advantages and limitations, making the 
selection of an appropriate delivery system an important issue to resolve before proceeding to 
reprogram somatic cells into iPSCs. 

3. Organoid Models: 

3.1. What They Are, How They Work, and Applications 

Organoid models are three-dimensional (3D) in vitro structures of cells under specific conditions. 
Such structures shape and behave in such a way that they end up expressing characteristics similar 
to tissues and organs such as kidneys, lungs, intestines, brain and retina, as already obtained in 
different studies [62,63]. (Figure 2).  3D organoids are formed from human pluripotent stem cells 
(hPSCs), such as iPSCs, but can be formed from ESCs [64]. In the case of organoids made from iPSCs, 
there is a possibility of combining the potential for self-organization and the capacity for 
differentiation through genetic tools, to direct these cells and structures to any specific organ, which 
could be fundamental in the treatment of diseases [65]. More practically, organoids can be applied in 
advanced therapies such as organ repair, through transplantable structures, and drug studies, as well 
as being used to understand pathological mechanisms of certain diseases. [66]. 

Regarding the use of iPSC organoids for transplantation therapies, different protocols have been 
developed, working with neural differentiation to treat neurological disorders such as Alzheimer's 
disease, Parkinson's disease, and epilepsies (Figure 2). In this case, the addition of genome editing 
techniques through the CRISPR/Cas9 system can help modulate gene expression, making it a 
promising therapeutic approach for these diseases [67]. 

In the field of neurosciences, neural organoid models have become important for studying 
aspects of the brain such as neurodegenerative diseases. This importance is because they present 
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characteristics of human brain development that cannot be well analyzed in animal models [64, 65]. 
The application of organoids enabled the formation of “mini-brains” with very specialized zones and 
structures such as radial glial cells and cerebral cortex to model human microcephaly [68,70].  

 

Figure 2. Organoids can be generated from iPSC cultures using three-dimensional cultivation tools. 
Organoids can serve as models for studies of various diseases, including neurological diseases such 
as Alzheimer Disease, Epilepsy, Huntington Disease and Parkinson Disease. 

This methodology has advanced in such a way that it is possible to generate highly specialized 
cells such as oligodendrocytes and astrocytes and that it is subsequently possible to develop even 
more specialized structures in the advanced stages of neural development [71,72]. In addition to 3D 
organoid models, 2D models are used to study brain structures, since these models form neural 
networks [69]. However, 3D models represent better candidates for studying and treating 
neurological diseases [Table 1] [67]. 

Table 1. Organoid models generated for studying several neuropathological diseases. 

Organoid 

Type 
Disease 

Cell 

Type 
Result Reference 

Cerebral 

Organoid 
AD iPSC 

Modeling Sporadic Alzheimer’s Disease in 

Human Brain Organoids under Serum 

Exposure 

[116] 

Cerebral 
Organoid 

AD hiPSC 

Mechanisms of hyperexcitability in 

Alzheimer’s disease hiPSC-derived neurons 

and cerebral organoids vs isogenic controls 

[117] 

Cerebral 
Organoid 

AD iPSC 
Modeling amyloid beta and tau pathology in 

human cerebral organoids 
[118] 

Disease Stem 
Cell 

AD iPSC 

Familial Alzheimer’s Disease Mutations in 

PSEN1 Lead to Premature Human Stem Cell 

Neurogenesis 

[119] 

Disease Stem 
Cell 

AD 
iPSC and 

hiPSC 
iPSC-derived human microglia-like cells to 

study neurological diseases 
[120] 

Cerebral 
Organoid 

AD iPSC 

APOE4 exacerbates synapse loss and 

neurodegeneration in Alzheimer’s disease 

patient iPSC-derived cerebral organoids 

[121] 

Cerebral 
Organoid 

AD iPSC 
A logical network-based drug-screening 

platform for Alzheimer’s disease representing 
[122] 
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pathological features of human brain 

organoids 

Cerebral 
Organoid 

AD iPSC 

Loss of function of the mitochondrial 

peptidase PITRM1 induces proteotoxic stress 

and Alzheimer’s disease-like pathology in 

human cerebral organoids 

[123] 

Cerebral 
Organoid 

AD iPSC 
Tau pathology epigenetically remodels the 

neuron-glial cross-talk in Alzheimer’s disease 
[124] 

Disease Stem 
Cell 

AD iPSC 

APOE4 causes widespread molecular and 

cellular alterations associated with 

Alzheimer’s disease phenotypes in human 

iPSC-derived brain cell types 

[125] 

Disease Stem 
Cell 

AD iPSC 

Type I Interferon Signaling Drives Microglial 

Dysfunction and Senescence in Human iPSC 

Models of Down Syndrome and Alzheimer’s 

Disease 

[126] 

Cerebral 
Organoid 

AD iPSC 

Acetylation changes tau interactome to 

degrade tau in Alzheimer’s disease animal and 

organoid models 

[127] 

Cerebral 
Organoid 

PD hiPSC 

Modeling G2019S-LRRK2 Sporadic 

Parkinson’s Disease in 3D Midbrain 

Organoids 

[128] 

Cerebral 
Organoid 

PD hiPSC 

Lewy Body-like Pathology and Loss of 

Dopaminergic Neurons in Midbrain 

Organoids Derived from Familial Parkinson’s 

Disease Patient 

[129] 

Midbrain 
Organoid 

PD hiPSC 

Human iPSC-derived midbrain organoids 

functionally integrate into striatum circuits 

and restore motor function in a mouse model 

of Parkinson’s disease 

[130] 

Neurosphere
s 

PD 
hiPSC 

and iPSC 
Patient-derived three-dimensional cortical 

neurospheres to model Parkinson’s disease 
[131] 

Midbrain 
Organoid 

PD 
hiPSC 

and iPSC 

Neurodevelopmental defects and 

neurodegenerative phenotypes in human 

brain organoids carrying Parkinson’s disease 

linked DNAJC6 mutations 

[132] 

Midbrain 
Organoid 

PD iPSC 

Microglia integration into human midbrain 

organoids leads to increased neuronal 

maturation and functionality 

[133] 

Cerebral 
Organoid 

PD iPSC 
Use of 3D Organoids as a Model to Study 

Idiopathic Form of Parkinson’s Disease 
[134] 
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Cerebral 
Organoid 

PD iPSC 

The Parkinson’s-disease-associated mutation 

LRRK2-G2019S alters dopaminergic 

differentiation dynamics via NR2F1 

[135] 

Cerebral 

Organoid 

Rett 

syndrome 
hiPSC 

Identification of neural oscillations and 

epileptiform changes in human brain 

organoids 

[136] 

Cerebral 

Organoid 
TLE iPSC 

Modeling genetic epileptic encephalopathies 

using brain organoids 
[137] 

Cerebral 

Organoid 
TSC hiPSC 

Amplification of human interneuron 

progenitors promotes brain tumors and 

neurological defects 

[138] 

Legend: AD - Alzheimer's Disease; PD - Parkinson's Disease; TLE - Temporal Lobe Epilepsy; TSC – Tuberous 
Sclerosis Complex. 

3.2. Applications of Organoid Models in Neurological Diseases 

3.2.1. Alzheimer's Disease 

Alzheimer's disease (AD) is a neurodegenerative disease characterized by progressive memory 
loss, problems in cognitive functions, and loss of independence in carrying out daily activities, being 
the main cause of dementia [73]. AD arises due to the accumulation of Tau protein and the formation 
of amyloid beta plaques, which are responsible for changes in the brain that result in the destruction 
of neurons and impairment of synapses. Because of this, the diagnosis of AD is defined by the 
presence of amyloid β and phosphorylated tau protein. 

Another aspect of AD is its multifactorial nature, with a substantial genetic component, where 
the apolipoprotein E (APOE) gene and its alleles (APOE2, APOE3, and APOE4) are risk factors for 
Alzheimer's [74]. The APOE4 allele was particularly related to AD presence and its heritability and 
progression [75]. Different experimental approaches, including in vivo, in silico, and in vitro have been 
used to understand and possibly treat AD. However, none have managed to fully mimic the 
pathological features observed in the human AD brain, although much progress and positive results 
have been achieved [76]. Currently, there are three commonly used methods to model AD in cerebral 
organoids: 

Aftin-5 (Aβ42 agonist): In this model, there is an induction of APP amyloid precursor protein 
(Aβ) using Aftin-5 (an Aβ42 inducer that increases the production and secretion of soluble 
extracellular amyloid peptides). Aftin-5 treatment leads to a reproducible disruption of the 
physiological balance between Aβ42 and Aβ40, generating an AD-like condition in human cerebral 
organoids [77]. 

Organoids derived from Familial AD (FAD): This model is achieved through the formation of 
iPSC-derived brain organoids from patients with FAD who carry APP duplications or have 
mutations in the presenilin1 (PSEN1) gene. This model can demonstrate key aspects of the pathology 
such as the presence of beta-amyloid plaques and tau protein, in addition to showing a timeline 
relating to the increase in P-tau levels [78,79]. Another variation of this same model is the use of stem 
cells from patients carrying a missense mutation in the PSEN1 gene linked to early-onset AD. In this 
case, the cerebral organoids exhibit the same Aβ and P-tau protein aggregates as the previous model 
[80,81].  

Model with APOE3 allele: Due to the strong relationship between the apoE gene and its effects 
on AD, organoid models with induced mutations in this gene have been developed. This model 
consists of using gene editing (CRISPR/Cas9) to convert APOE3 to APOE4 in iPSCs derived from 
patients with sporadic (or idiopathic) Alzheimer's disease since the APOE4 variant has a greater 
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genetic influence on AD compared to other variants. In this study, it was observed that APOE4 
neurons had a greater number of synapses and Aβ42 secretion compared to APOE3 cells [82]. 

3.2.2. Epilepsy 

Epilepsy is a diverse set of central nervous system disorders that have in common an increased 
tendency for seizures [83]. Seizures occur when neural networks are formed irregularly or are 
disturbed by abnormal structural, infectious, or metabolic problems, which end up generating 
abnormal firing patterns in one point of the brain (focal epilepsy), or throughout the brain 
(generalized epilepsy) [84]. Around 50 million people of all ages worldwide have their lives 
negatively affected by epilepsy [85]. 

The use of iPSCs-derived neurons from epileptic individuals can help better understand the 
molecular and pathological mechanisms in some epilepsy phenotypes [70]. Hence, it is possible to 
study neuronal behavior without the need for resected brain tissue. The use of editing techniques can 
further intensify findings in studies of iPSCs for epilepsy models [67] 

For studies of diseases related to known mutations, cellular models of iPSCs become especially 
attractive. While for epileptogenic cortical malformations or developmental epileptic 
encephalopathies experimental models using organoids become attractive to generate a natural 
environment-like culture. 

3.2.3. Huntington’s Disease 

Huntington's Disease (HD) is a neurodegenerative disease caused by a CAG trinucleotide repeat 
increase in the huntingtin gene (HTT) [86] The HTT mutation can lead to protein aggregation, 
disrupting cellular processes particularly the basal ganglia and cortical regions of the brain [87,88]. 
The neuronal dysfunction ultimately leads to choreiform movements, psychiatric symptoms, 
dystonia, bradykinesia, and dementia [88,89]. 

Since HD is caused by a genetic mutation, current treatments primarily focus on managing 
symptoms through pharmacological interventions targeting mainly dopamine modulation [90,91]. 
Still, a better understanding of the pathophysiology and progression of the disease is needed to 
develop better treatment options. Multiple in vitro and in vivo models have been used to study the 
mechanisms of disease, including introducing the HTT mutation or inserting CAG repeats in the cells 
of both invertebrate and vertebrate animal models [92,93]. These models have been important in 
understanding the basic mechanisms of neuronal dysfunction and dysregulation of 
neurotransmitters but fail to recapitulate more complex and clinical manifestations of the disease. 

 One promising alternative has been studying the disease using cells from patients that carry 
the mutated gene. The lack of biological material can be overcome by introducing iPSC technology 
into these models. In 2008, the Daley laboratory pioneered the creation of human iPSC-based models 
for Huntington's disease (HD). Notably, they successfully developed the initial iPSC line from an HD 
patient with 72 CAG repeats. The cells were then transformed into GABAergic, DARPP32-positive 
neurons, highlighting the potential of iPSCs to be directed into striatal neurons, a crucial cell type 
susceptible to degeneration in HD [94–96]. Subsequently, other groups developed additional iPSCs 
cell lines from different patients [97–99]. 

Using iPSCs from patients to model HD has revealed many cellular alterations caused by the 
mutation. Genes related to DNA damage control pathways were downregulated in neurons derived 
from iPSCs (iNeurons) from patients with high CAG repeat mutations [100]. The malfunction of DNA 
damage repair systems can be connected to the somatic instability and mosaicism observed in HD 
[101]. HD-derived iNeurons showed multiple abnormalities in neuronal patterning [102,103] and an 
observed persistent mitotic population [104]. These changes in neuronal differentiation patterns can 
be linked to alterations in neurodevelopmental gene expression profiles linked to HD. 

Changes in gene expression are believed to be one of the mechanisms that cause 
neurodegeneration in HD. Comparisons in gene expression from iNeurons derived from HD iPSCs 
and gene-corrected control lines demonstrated that transforming growth factor beta (TGF-b) 
pathway were upregulated in HD [105]. Studies in iNeurons form other HD patients further support 
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this finding [106–108]. Recently, the National Institute of Health (NIH) formed a consortium called 
“HD iPSC Consortium”, to investigate gene expression and functional changes associated with HD. 
RNA sequencing (RNA-seq) analysis from this group reported transcriptomic alterations in 
numerous pathways involving development and master regulators of neurogenesis [108]. 

Overall, the use of iPSCs to understand the pathophysiology of HD unfolded many pathways 
that can be therapeutically targeted to try to control the disease. Since iPSCs can be divided into other 
cell subtypes from brain tissue, including microglia and astrocytes, it will be interesting to examine 
if the alterations observed in iNeurons are preserved in cell-cell interaction models. 

3.2.4. Parkinson's Disease 

Parkinson's disease (PD) is a devastating neurodegenerative disease, preferentially involving 
progressive loss of dopaminergic neurons in the substantia nigra, resulting in loss of dopamine and 
dysregulation of fine motor coordination. Ultimately, the death of dopaminergic neurons manifests 
clinically in parkinsonian symptoms, including bradykinesia, muscle rigidity, and resting tremors, 
and pathologically involves the presence of Lewy body aggregates composed of α-synuclein. 
Furthermore, PD is influenced by genetic aspects, where several genes have been linked to dominant 
or recessive familial forms of PD including SCNA, LRRK2, PINK1, PARK2 (parkin), and GBA1, as 
well as additional genes such as DJ-1, PARK9 (ATP13A2 ), SJ-1 and VPS35. Taking these points into 
account, there has been much debate about possible in vitro techniques to seek therapeutic measures 
and/or manipulate and understand the different aspects of PD [109]. 

Although there are still no therapeutic measures to modify the course of the disease, recent work 
using iPSC and 3D brain organoid models has provided more information about pathogenesis and 
potential therapeutic targets for several diseases and may be the case for PD. Among the uses, 
neurons from patients with PD can be used to form organoids to analyze pathogenic mechanisms in 
detail and test drugs against PD. Thus, several iPSC-derived neuron organoid models from PD 
patients carrying mutations in the genes mentioned above have been proposed to seek to understand 
the pathology of PD and possible therapeutic interventions [110]. Some organoid models will be 
presented below: 

α-synuclein (SNCA) model: α-synuclein is a protein that assumes different conformations 
dictated by cellular stress and is involved in neurodegenerative diseases such as PD [111]. Mutations 
of A53T mutant α-synuclein or α-synuclein in neurons lead to increased nitrosative stress, 
mitochondrial dysfunction, disrupted synaptic connectivity, transcriptional changes in synaptic 
signaling genes, and reduced ratio of α-synuclein tetramer to monomer], important factors in the 
pathogenesis of PD [112]. The iPSC-derived neuron model has triplicated levels of α-synuclein and 
could be a good model to understand the morphophysiological divergences between healthy neurons 
and mutant neurons from PD patients. 

LRRK2 model: Leucine-rich repeat kinase 2 (LRRK2) is a multikinase involved in roles in neurite 
outgrowth, phosphorylation of multiple proteins, and endocytic sorting via interactions with Rab-
GTPases. Mutations in the gene encoding LRRK2 imply a significant risk for PD as well as other 
factors [113]. LRRK2 organoid models showed increased levels of oxidized dopamine and lysosomal 
receptor for chaperone-mediated autophagy. Also, neurons in this model have greater apoptotic 
activity, reducing neurite growth. Interestingly, LRRK2 also demonstrated irregularities in synaptic 
vesicle recycling, leading to disrupted synaptic vesicle endocytosis and decreased vesicle density in 
neurons. 

PINK1 model: PINK1 (PTEN-induced kinase 1) is a phosphatase and tensin (PTEN) homologous 
protein/kinase. PINK1 localizes to the mitochondrial membrane after its depolarization, where it 
phosphorylates Parkin. Together, PINK1 and Parkin regulate mitochondrial health, and mutations in 
either related gene are associated with autosomal recessive diseases and early-onset forms of PD. A 
model with iPSC-derived neurons from patients expressing nonsense (Q456X) or missense (V170G) 
PINK1 exhibit mitochondrial defects, including impaired recruitment of Parkin to mitochondria 
[114]. 
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GBA model: The GBA1 gene is responsible for encoding glucocerebrosidase (GCase or β-
glucosidase, a lysosomal enzyme that catalyzes the hydrolysis of glucosylceramide (GlcCer) into 
glucose and ceramide, but also the hydrolysis of D-glucosyl-N-acylsphingosine into D-glucose and 
N-acylsphingosine. Studies have confirmed that there is a relationship between PD and GBA 
mutations including insertion, deletion, frameshift, and point mutations in GBA. Approximately 5–
10% of PD patients carry GBA1 mutations. The result of the GBA mutation is the accumulation of 
lipids in neurons. In this PD model, alterations of GBA and GCase substrates, glycolipids 
glucosylceramide (GlcCer), and glucosylsphingosine (GlcSph) are found at increased levels, resulting 
in defective action of cellular organelles of neurons, making neurons more vulnerable to apoptosis 
[110]. 

Idiopathic Parkinson's: The neuron-based organoid model of idiopathic Parkinson's seeks to 
understand aspects of the disease that do not necessarily involve genetic aspects while also seeking 
to understand PD. Interestingly, it has been shown that neurons derived from patients with 
idiopathic PD have decreased mitochondrial respiration, increased levels of oxidized dopamine and 
oxidized DJ-1, and decreased GCase enzyme activity [115]. 

3.3. Limitations in the Use of Organoid Models 

Even though they have numerous important uses, it is important to highlight that the use of 
organoid models presents certain limitations in treatment approaches for diseases. An important 
point to take into account is their effectiveness since they are not found in typical environments that 
are generally found in tissues and organs and this can be a limiting factor in treatments [66]. 

In addition, iPSC-derived organoids still exhibit other general deficiencies. These include lack of 
reproducibility, lack of specificity regarding cell type composition of a certain tissue/organ; 
uncontrolled size, and shape heterogeneity, absence of vascular, immunological, and innervation 
components and specific morphological characteristics, and lack of functionality. Based on these 
points, it has become a current objective to improve organoid protocols to both reduce these in vitro 
and organ effects and to promote better adaptation and expression of organ characteristics [65]. 

4. iPSCs-Based Therapies for Neurological Diseases 

It is likely possible to model iPSCs into all somatic cell types [139]. Studies based on this 
possibility turned to modeling specific diseases at the cellular level, particularly those dependent on 
mutations. Patient-derived iPSCs have become of interest for high-throughput developmental-level 
screening of several pathologies [140]. Therefore, iPSCs have been widely used in research strategies 
for pharmacological screening and regenerative therapy [141].  

The use of stem cell treatment strategies for regenerative therapy is objective remission of the 
changes present in pathogenic tissue, in addition to the possibility of recovering the function lost due 
to local damage [142]. The proliferation and differentiation capacity of this cell type provides tissue 
regeneration for diseases treated by surgical resection or loss of tissue, such as spinal cord injury (SCI) 
[143]. iPSCs in the context of regenerative therapy become valuable due to the patient-derived cells, 
which prevent tissue rejection, in addition to promoting recovery of function [144].  

There are currently several studies investigating the regenerative strategies of iPSCs for 
neuropathologies. In animal models, studies for SCI present high success rates with recovery of motor 
function [145–147]. There have been groups that have attempted to prevent loss of function in animal 
models of stroke and ischemia [148,149]. In temporal lobe epilepsy, it was carried out to graft 
modified iPSCs to non-epileptogenic GABAergic neurons [150–152]. Even the use of iPSCs has 
become the target of study as a potential treatment of diseases by replacing tissue in which surgical 
intervention would not occur, such as the case of PD, metachromatic leukodystrophy (MLD), and 
HD [153–155]. Within all these pathologies, iPSCs have great regenerative and replacement potential 
for damaged tissue due to the possibility of editing cells to overcome the alterations resulting from 
the pathology [142].  

Pharmacological tests carried out in in vitro assays based on different human cells present 
difficulties in mimicking the pathology. iPSCs provide the opportunity to generate patient-specific 
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cellular models to investigate the cellular mechanisms of disease [156]. Despite being less used in 
terms of drug screening, iPSCs have properties of great value in research due to the patient-derived 
cells being extremely specific and the less invasive acquisition of in vitro study models [157].  

The modeling of specific diseases by iPSCs has been increasing intensely given the interest in 
more precise investigations of pathologies. For better-understood pathologies such as AD, tests of 
well-established drugs have already been applied to investigate the efficiency of these models [158]. 
Currently, the attempt to use new drugs directly in this model is unusual, but the strategies of using 
iPSCs as proof of drug efficiency and the same for cellular models are growing in use [Table 2] [159]. 

Table 2. iPSCs usage in cell therapy and drug screening for several neuropathologies. 

Trial 

Type 
Disease Target Result Reference 

Cell 
Therapy 

AD Rat The transplanted rats rescued Alzheimer's cognition. [163] 

Cell 
Therapy 

AD Mouse 
Grafted mice showed improved memory, synaptic 

plasticity, and reduced AD brain pathology, including a 
reduction of amyloid and tangles deposits. 

[164] 

Drug 
Screenin

g 
AD hiPSC 

β-secretase inhibitor IV (BSI) and γ-secretase inhibitor 
XXI/Compound E (GSI) showed similar effects as 

screening in other models. 
[165] 

Drug 
Screenin

g 
AD hiPSC 

Docosahexaenoic acid (DHA) treatment alleviated the 
stress responses in the AD neural cells. 

[158] 

Drug 
Screenin

g 
AD hiPSC 

The anthelminthic avermectins increases the relative 
production of short forms of Aβ and reduces the 

relative production of longer Aβ fragments in human 
cortical neurons. 

[166] 

Cell 
Therapy 

HD Mice 
iPSCs survived and differentiated into region-specific 

neurons in both mice groups without tumor formation. 
[167] 

Cell 
Therapy 

HD Mice 
Grafted mice showed a significant increase in lifespan. 

In iPSCs groups, animals showed significant 
improvement in motor functions and grip strength. 

[168] 

Cell 
Therapy 

HD Rat 

Grafted rats showed significant behavioral 
improvements for up to 12 weeks. iPSCs enhanced 

endogenous neurogenesis and reconstituted the 
damaged neuronal connections. 

[155] 

Cell 
Therapy 

HD Mice 
Improved neuronal dysfunction by SUPT4H1-edited 

iPSCs grafts. 
[169] 

Cell 
Therapy 

MLD Mice 
Transplantation of ARSA-overexpressing precursors 

into ARSA-deficient mice significantly reduced 
sulfatide storage up to 300 µm from grafted cells. 

[170] 

Cell 
Therapy 

MLD Mice 

Grafts of iPSCs into neonatal and adult 
immunodeficient MLD mice stably restored 

arylsulfatase A (ARSA) activity in the whole central 
nervous system and a significant decrease of sulfatide 
storage when ARSA-overexpressing cells were used. 

[154] 

Cell 
Therapy 

PD Rat 
iPSC graft differentiated into mature mDA neurons that 

survive over long term and restored motor function. 
[171] 

Cell 
Therapy 

PD Mice 

hiPSCs differentiated into mDA neurons and there was 

long-term motor functional recovery after 

transplantation. 

[172] 
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Cell 
Therapy 

PD Rat 
Grafted iPSCs could survive in Parkinsonian rat brain 
for at least 150 days, and many of them differentiated 

into tyrosine hydroxylase (TH)-positive cells. 
[173] 

Cell 
Therapy 

PD Rat 

Intranigral engraftment to the ventral midbrain 
demonstrated that mDA progenitors cryopreserved on 

day 17, cells had a greater capacity than immature mDA 
neuron cells to innervate over long distances to 

forebrain structures. 

[174] 

Cell 
Therapy 

PD Rat 
hiPSCs-derived dopaminergic progenitor cells integrate 

better into the striatum of neonates than older rats. 
[175] 

Cell 
Therapy 

PD Mice 

More than 90% of the engrafted cells differentiated into 
the lineage of mDA neurons, and approximately 15% 
developed into mature mDA neurons without tumor 

formation. 

[176] 

Cell 
Therapy 

PD Rat 
There was a neural remodel of basal ganglia circuitry 

and no tumorigenicity. 
[177] 

Cell 
Therapy 

PD Mice 

iPSCs matured into mDA neurons and reverse motor 
function and establishment of bidirectional connections 

with natural brain target regions, without tumor 
formation. 

[178] 

Cell 
Therapy 

SCI Rat 

Transplanted cells displayed robust integration 

properties including synapse formation and 

myelination by host. 

[179] 

Cell 
Therapy 

SCI Mice 

Due to DREADD expression, it was shown a significant 

decrease in locomotor dysfunction in SCI-grafted mice, 

which was exclusively observed following the neurons 

maturation. 

[180] 

Cell 
Therapy 

SCI Mice 

The combination of iPSCs graft and rehabilitative 

training therapy significantly improved motor 

functions. 

[181] 

Cell 
Therapy 

SCI Rat 

Neuro pluripotent cells derived from iPSC were able to 

survive and differentiate into both neurons and 

astrocytes and, improved forelimb locomotor function. 

[182] 

Cell 
Therapy 

Stroke Mice 

Combination of electroacupuncture and iPSC-derived 

extracellular vesicles treatment ameliorated 

neurological impairments and reduced the infarct 

volume and neuronal apoptosis in MCAO mice. 

[183] 

Cell 
Therapy 

Stroke Pig 

Tanshinone IIA nanoparticles increased iPSCs 

engraftment, enhanced cellular and tissue recovery, and 

improved neurological function in a translational pig 

stroke model. 

 

[184] 

Cell 
Therapy 

Stroke Rat 
Increased glucose metabolism and neurofunctional in 

iPSCs-transplanted rats. 
[185] 

Cell 
Therapy 

Stroke Rat 
Graft of iPSCs inhibited microglial activation and 

expression of proinflammatory cytokines and 
[186] 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 January 2024                   doi:10.20944/preprints202401.0702.v1

https://doi.org/10.20944/preprints202401.0702.v1


 13 

 

suppressed oxidative stress and neuronal death in the 

cerebral cortex at the ischemic border zone. 

 

Cell 
Therapy 

Stroke Mice 

Graft survived well and primarily differentiated into 

GABAergic interneurons and significantly restored the 

sensorimotor deficits of stroke mice for a long time. 

[187] 

Cell 
Therapy 

Stroke Rat 

Generated oligodendrocytes survived and formed 

myelin-ensheathing human axons in the host tissue 

after grafting onto adult human cortical organotypic 

cultures. 

[188] 

Cell 
Therapy 

TLE Mice 
A much-reduced frequency of spontaneous recurrent 

seizures in grafted animals. 
[150] 

Legend: AD - Alzheimer's Disease; HD - Huntington's disease; MLD - Metachromatic leukodystrophy; PD - 
Parkinson's Disease; SCI - Spinal Cord Injury; TLE - Temporal Lobe Epilepsy; mDA – Midbrain dopaminergic; 
SCI and PD papers presented are only from 2023 and 2022 due to the large number of publications. 

iPSCs are still being studied to overcome their biggest difficulties. Their pluripotent capacity 
promotes the ability to form teratomas, which is even used to prove their nature in early stages of 
studies. However, its tumorigenic capacity is extremely undesirable for cell therapy. In graft therapy 
studies, the formation of gliomas in the brain has already been reported [159]. Since the beginning of 
research with iPSCs, large groups have elucidated points of great danger for these cells related to the 
tumorigenic capacity of transgenic C-MYC and viral integration. Therefore, current studies in the 
interest of applying iPSCs for grafting tend to deeply investigate changes in the generated cellular 
model to avoid any unwanted modification [160,161]. Despite problems identified in the application 
of the technique, well-established groups indicate interest in the application of hPSCs for treatment 
in humans [162]. 

5. Conclusion and Future Perspectives 

The use of iPSCs in the study of neuropathologies presents a favourable approach for 
understanding complex diseases and exploring potential therapeutic interventions. The introduction 
of iPSCs marked a significant breakthrough in cellular reprogramming, allowing for the generation 
of patient-specific models that recapitulate the characteristics of various neurological disorders [189]. 

The versatility of iPSCs in differentiating into key neuronal cell types, neurons, astrocytes, and 
oligodendrocytes, has facilitated the development of disease models patient-derived for the 
highlighted conditions (AD, PD, epilepsy, and SCI). The ability to manipulate iPSCs through gene 
editing techniques has further expanded their utility, enabling researchers to study specific disease-
related mutations [109,190]. 

It emphasizes the importance of selecting appropriate donor cell types and optimizing 
reprogramming protocols. It is fundamental to maintain continuous efforts to enhance efficiency and 
safety in iPSC generation. There are several concerns about its applicability. The use of iPSCs as 
therapy is controversial mainly due to their tumorigenesis ability. However, several studies using 
animal models report positive results, without tumor formation [Table 2]. 

The integration of iPSCs into organoid models represents a significant advancement, allowing 
for a 3D tissue recreation in vitro. Organoids derived from iPSCs offer a unique platform for studying 
complex structures, such as the brain, and have provided insights into the pathogenesis of 
neurodegenerative diseases like AD and PD. The detailed exploration of organoid models for each 
neurological condition, including specific genetic mutations and treatment approaches, demonstrates 
the potential of this technology in disease modeling and drug screening. 

While iPSCs hold great promise for regenerative therapies, there are challenges and limitations 
to be addressed. Improvements in organoid protocols to enhance reproducibility, specificity, and 
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functional characteristics. Additionally, considerations about the tumorigenic potential of iPSCs 
emphasize the importance of thorough investigations and safety measures in their application for cell 
therapy [191,192]. 

In summary, the comprehensive exploration of iPSCs and their applications in neurological 
disease modeling, organoid development, and potential therapeutic interventions provides a 
valuable overview of the current state of research in the field. The ongoing efforts to refine techniques 
and address limitations underscore the commitment to advancing iPSC-based approaches for a 
deeper understanding of neuropathologies and the development of innovative treatments. 
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