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Abstract

Purpose of review—The lack of effective treatments for various neurodegenerative disorders
has placed huge burdens on society. We review the current status application of pluripotent stem
cells (iPSCs) technology for the cellular therapy, drug screening and in vitro modeling of
neurodegenerative diseases.

Recent findings—Disease specific iPSCs were derived from patients of several major
neurodegenerative diseases, including Parkison' disease, Alzheimer's disease, amyotrophic lateral
sclerosis (ALS) and spinal muscular atrophy (SMA). Differentiation of the SMA-iPSCs into
neurons showed the recapitulation of the in vivo phenotypes, allowing us the future use of drug
screening. The murine model of Parkinson's transplanted with human iPSCs showed the functional
recovery, showing the potential of iPSC as cell therapy. Direct conversion to neurons was
succeeded from skin fibroblasts of Alzheimer's patients.

Summary—We summarize the recent progress in using iPSCs for neurodegenerative diseases,
and provide a future perspective in thisfield.
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Introduction

Neurodegenerative diseases are characterized by the chronic and progressive loss of
neuronal functions, which in turn resultsin memory deficit, cognitive impairment and
impaired motor coordination. There is awide range of hereditary and sporadic neurologic
disorders such as Alzheimer’ s disease (AD), Parkinson’s disease (PD), Huntingtons's
disease (HD), amyotrophic lateral sclerosis (ALS), and spinal muscular atrophy (SMA).
Alzheimer’s disease is the most common form of dementia. It was estimated that 24.3
million people worldwide had dementiain 2005 and the number of patients who suffer from
that neurologic illness would be increased to 81.1 million by 2040 [1]. In the United States,
approximately 7 million patients are affected various neurodegenerative diseases [2]. Aslife
expectancy continues to increase, so does the prevalence of these diseases, along with the
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socio-economic burden on affected individuals and their families throughout the rest of their
lives.

To date, there is no known effective treatment for these neurodegenerative diseases. In
addition, there are few cellular models that recapitul ate disease pathogenesis and assist in
drug screening. Cell replacement therapy using stem cellsis considered as a potential
approach to treat these diseases, given that the progressive neuronal loss characterizes them.
Since Takahashi and Y amanaka reported their achievement in reprogramming mouse and
human fibrablasts into pluripotent cells, remarkable progress has been made in the field of
pluripotent stem cells [3, 4]. We refer to many recent in-depth reviews on reprogramming
and induced pluripotent stem cells (iPSCs) for the interested readers [5—7]. Currently,
patient-derived iPSCs are believed to contribute to disease-specific cellular models and drug
screening platforms[8, 9]. In addition, iPSCs can be used as autologous source for cell
therapy [10](Figure 1). Here, we review the potential of iPSCsin treating neurodegenerative
diseases and understanding disease pathogenesis. Furthermore, we will discuss some of the
main challenges in application of iPSCs.

Disease modeling

Studies aiming to elucidate the pathogenesis of various human neurological diseases have
utilized post-mortem tissues and transgenic animal models [11]. However, post-mortem
tissues are not always available and often represent the end stage of the disease. The murine
models have vastly contributed to understanding human neurodegeneration [12], but they do
not fully recapitul ate the human neural phenotype. The first and most fundamental step to
construct cellular modelsisto generate iPS cell lines from patients. In 2008, Park et a.
derived disease-specific iPSCs from patients with a variety of genetic diseases including PD
and HD [9]. iPSCs from HD showed the expanded (CAG)n polyglutamine triplet repeat
seguences, maintaining the genotype of patients with HD. Thus far, various iPS cell lines
from patients with various neurodegenerative disordersincluding AD, PD, HD, ALS, and
SMA have been generated [9, 13-15]. Some showed the in vitro phenotypes, while for
others the further validation of the phenotypes is needed.

SMA is one of the first human neurodegenerative diseases that are well characterized in
iPSC-based in vitro disease model. SMA is an autosomal recessive neurological disease
characterized by degeneration of spinal motor neurons, muscular atrophy and generalized
weakness [16]. The majority of patients with SMA have mutationsin SMNZ (survival motor
neuron 1), resulting in the selective degeneration of lower a-motor neurons. SN2, an
SVIN1 homologue, compensates for the abnormal production of SMN1, the degree of which
correlates with the disease severity. Ebert et a. generated iPSCs from fibroblasts of SMA
patient and the patient’ s unaffected mother as normal control with lentiviral transduction
systems expressing OCT4, SOX2, NANOG and L/N28[14]. To examine the effect of the
reduced SMNI expression on neuronal differentiation and survival, iPSCs from SMA
patient and control were differentiated into motor neurons. The motor neurons derived from
iPSCs were confirmed through immunostaining for the nonphosphorylated neurofilament
SMI-32 and choline acetyltransferase, the established markers for mature motor neurons.
Until four weeks of differentiation, there was no significant difference in the number and
size of the neurons between the iPSCs of patient and control. With an additional 2 weeks of
maturation, the motor neurons from SMA iPSCs showed the less number and smaller size.
There was no difference in total number of Tuj1-positive neurons between SMA and normal
iPSCs, confirming the sel ective negative impact of SMN on motor neurons. This study
showed the proof of principle of using iPSC derived motor neurons to study the
pathogenesis of SMA, which will be anovel platform for screening chemicals as discussed
below.
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Despite potential in disease modeling, there are some issuesinvolved in using iPSCs. Oneis
the clonal variation among pluripotent stem cells. The seemingly normal hESCs derived
from human blastocysts showed the marked difference in their differentiation potential [17],
and the iPSCs derived from the same donor fibroblasts showed the variable neuronal
differentiation potential [18]. However, use of the chemical inhibitors of TGF3 and BMP
signaling minimizes the neuronal differentiation variation regardless of cellular sources[19,
20]. Likewise, recent large scale characterization of six hESC lines and 16 iPSC lines from
ALS patients showed that the standard neuronal differentiation condition using retinoic acid
(RA), BDNF, GDNF, and CNTF revealed the significant quantitative difference in motor
neuron differentiation among different cell lines, while the use of TGF3 and BMP inhibitors
markedly reduced the difference [8]. Thus, it is critical to improve the in vitro differentiation
condition to recapitul ate the phenotypes of the given diseases, while minimizing the cellular
bias.

The unique features of the late onset and the polygenic traits are other important
considerations, when modeling neurodegenerative diseases in vitro. It is estimated that the
diseases with early onset and the familial cases account for the less than 10 % of each
neurodegenerative disease [21]. The late onset phenotype is difficult to recapitulate in vitro,
asreported in ALS [8]. Mimicking the physiological aging in vitro to expedite the
manifestation of the phenotypes will be needed to succeed in modeling. Alternatively, using
the iPSCs derived from patients with the well-defined familial genetic mutation and having
therelatively early onset will elucidate the common pathogenesis of the diseases shared with
the late onset ones, like the early onset presenilin 1 and presenilin 2 mutant Alzheimer's
patients [22].

Drug screening

The cost of drug development was estimated to be $900 million [23]. The vast majority of
failure occurred in later stagesin drug development during phase Ilb and 111 clinical trials.
Approximately 90% of drugs in human clinical trials are not approved for marketing. The
underlying causes of this high rate of failureinclude the lack of efficacy and clinical safety
in patients due to the current limits in disease models in recapitulating the human disease
and in testing drug safety. In this respect, disease specific iPSCs provide a unique
opportunity for drug discovery. Firstly, as amaterial of screening iPSCs are the exact human
cellsthat are affected in the diseases, but not the unrelated immortalized cell lines artificially
modified to mimic the disease. Secondly, astarget of screening, iPSCs can be differentiated
into the specific neuronal subtypes that are most relevant to disease phenotypes, such as
dopaminergic neuronsin PD, or motor neurons in ALS. Thus, the small molecules screened
as effective for the given target cells are expected to give the similar efficacy when treated
to the patients.

Toxicity of the drug can be tested directly using iPSC derivatives. During screening of the
chemicals for their efficacy, the neurotoxicity is simultaneously tested. Moreover, cell types,
such as cardiomyocytes and hepatocytes, which are critical in determining the cytotoxicity
of the chemicals are readily differentiated from iPSCs[24, 25]. The proper screening using
iPSCsfor highly efficient chemicals with low toxicity would reduce the large amount of
drug development cost that will be used in human clinical trials.

Disease treatment

Cell therapy in neurodegenerative disease involves introducing functional cellsto restore
damaged neural tissues. Thus far, the extensive efforts by researchersto develop cell
transplantation therapies have led to using neuronal stem cells (NSCs), mesenchymal stem
cells (MSCs), and hESC-derived neuronal cells [26-29]. NSCs and MSCs can be
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differentiated into neural lineages. However, both cell types show restricted potential of self-
renewal and lineage differentiation. The hESCs are a source of neura progenitor cells
(NPCs) that can be further differentiated into awide variety of functional neuron and glia
[30]. With the recent advancesin the differentiation process of neuronal development,
specific neurons have been successfully generated from hESCs[31, 32]. Human iPSCs are
close to hESCs, and the experimental approaches devel oped for use of hESCs can be applied
to iPSCs without major madification. In addition, human iPSCs do not have issuesin the
immunologic incompatibility between donors and recipients reported in hESCs [33]. Thus,
they have emerged as an autologous cell source of replacing affected neurons and gliasin
neuronal diseases.

PD is one of the diseases that iPSC-based cell therapy is most effectively applied. PD results
from selective loss of dopaminergic neurons in the substantia nigra. The replacement of the
lost dopaminergic neurons is expected to alleviate the PD symptoms. Patients experience
progressive motor dysfunction, such astremors, gait disturbance, and rigidity. Cognitive
dysfunction and dementia may arise in the advanced stages. Using the murine model of PD,
Wernig et al. showed that neurons from normal iPSCs reduced the PD symptoms,
confirming the effectiveness of iPSC-derived neurons for PD [34]. In another study, Hargus
et al. differentiated iPSCs from PD patient into neural precursor cells and transplanted into
striatum of the normal and PD rat models. The donor PD cells differentiated into
dopaminergic neurons and survived in the rodent brain over several months. In their study,
PD iPSC-derived dopaminergic or non-dopaminergic neurons did not show alpha-synuclein
positive inclusion bodies in normal mouse, but reduced the PD symptomsin PD rat model
[35]. Thisresult further showed the proof of principle of using iPSC-derived neurons for
neurodegenerative diseases.

In order to use iPSCsin treating human disease, it isimportant to first assess the safety of
the cellsfor clinical applications. In general, retro- or lentiviral transduction systems are
used to generate iPSCs. However, those viral systems can cause random chromosomal
integration, which may result in unpredictable genetic dysfunction [10]. To avoid insertional
mutagenesis by retroviral vector, several approaches have been devel oped to generate
iPSCs, such as plasmid transfection, non-integrating episomal vector transfection, and
piggybag transposon [36—38]. Despite of these efforts, there were till safety concerns
related to the use of virus and potentially harmful chemicals. Kim et a. successfully
generated hiPSCs by directly delivering defined reprogramming proteinsinto fibroblasts
[39]. The authors used cell-penetrating peptides that contain high proportion of basic amino
acidsto deliver the defined proteins into the cells through the cell membranes. The hiPSCs
were then differentiated into functional dopaminergic neurons [40]. NPCs derived from
protein-based iPSCs showed similar expandability compared to those derived from hESCs.
Dopaminergic neurons derived from these iPSCs showed gene expression and
electrophysiologic property similar to midbrain dopaminergic neurons. Furthermore, the
neuronal cells showed the rescue of motor deficit when transplanted into PD rat models,
showing the functional significance of thein vitro differentiated cells. However, this
protein-based reprogramming approach must overcome the extremely low reprogramming
efficiency of 0.001%, which is 10 — 100 times lower than that of virus based protocols[39].
Secondly, selection of desired and terminally differentiated cellsis essential for clinical
safety. Research studies reporting the tumorigenicity of mouse iPSCs have been published
[41]. The iPSCs were differentiated into secondary neurospheres to examine the propensity
to form teratoma based on the reprogramming method and differentiation potential. The
result showed that the aggressiveness of tumor formation correlated with the number of
residual iPSCsin neurospheres. In addition, in vivo study where dopaminergic neurons
derived from protein-based iPSCs were used, three out of 12 transplanted rats died of tumor
growth before 8 weeks of graft. This suggests that additional selection is needed to eliminate
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immature neuronal cells even when protein-based reprogramming approaches are used to
make iPSCs [40].

Conclusion

In recent years, direct conversion from differentiated cells into specific neurons was reported
[42, 43]. Pfisterer et al. directly reprogrammed human fibroblasts into the dopaminergic
neurons with neuronal transcription factors of Ascl1, Brm2 and Myt1l, and two additional
genes Lmxlaand FoxA2 [42]. AD patient fibroblasts were converted into functional
neurons and the authors suggested the possibility of direct reprogramming as an aternative
disease model [44]. Son et a. generated motor neurons also using the direct reprogramming
approach [45]. The authors demonstrated the functionality of induced motor neurons (iMNs)
and migration of the transplanted iMNs into the ventral horn of the spinal cord of the chick
embryo. The similar response to a degenerative stimulus resembling ALS was achieved in
iMNs like the embryo-derived motor neurons, demonstrating the significance of direct
reprogramming for in vitro modeling. Thus, the direct neurogenesis is an appealing
alternative to iPSCs.

The potential of iPSCsto treat the patients with neurodegenerative disease is enormous.
Induced stem cells can be introduced into clinical applicationsin several different ways,
such as disease modeling, drug screening, and cell replacement therapy. However,
challenges such as those ensuring clinical safety, should be overcome. The protocols of
reprogramming and differentiation into desired cells should be optimized to increase
efficiency and to eliminate tumor formation. Even though it may take along time to address
the drawbacks of this technology, iPSC-based applications may hold the key to curing
neurodegenerative disorders.
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Overview of the use of induced pluripotent stem cell (iPSC) research for neurodegenerative

diseases.

The somatic cells from patients can be reprogrammed to iPSCs (1) using retroviral vectors,
MRNA or proteins to express a set of defined factors (Oct4, Sox2, KIf4 and Myc). Co-
culture with stromal cells or treatment with growth factors direct the differentiation of iPSCs
into neuronal lineages (2). Further maturation of neurons with cytokines produces the
neurons in need, such as motor neuronsin AL S, and dopaminergic neuronsin PD (3). Thein
vitro differentiated neurons are used for in vitro disease modeling, drug screening and cell

therapy (4). Recent direct neurogenesis from fibroblasts showed the another revenue to

generate patient's specific neurons (5).
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