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Neurodegenerative diseases are the hereditary and sporadic conditions which are charac-
terized by progressive neuronal degeneration. Neurodegenerative diseases are emerging
as the leading cause of death, disabilities, and a socioeconomic burden due to an increase
in life expectancy. There are many neurodegenerative diseases including Alzheimer’s dis-
ease, Parkinson’s disease, amyotrophic lateral sclerosis, Huntington's disease, and multiple
sclerosis, but we have no effective treatments or cures to halt the progression of any of
these diseases. Stem cell-based therapy has become the alternative option to treat neuro-
degenerative diseases. There are several types of stem cells utilized; embryonic stem cells,
induced pluripotent stem cells, and adult stem cell (mesenchymal stem cells and neural
progenitor cells). In this review, we summarize recent advances in the treatments and the
limitations of various stem cell technologies. Especially, we focus on clinical trials of stem
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cell therapies for major neurodegenerative diseases.
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INTRODUCTION

Neurodegenerative diseases, amyotrophic lateral sclerosis (ALS),
Alzheimer’s disease (AD), Parkinson’s disease (PD), frontotempo-
ral lobar degeneration (FTLD), Huntington’s disease (HD), and
multiple sclerosis (MS), are characterized by progressive degenera-
tion of particular neuronal cells. Neurodegenerative disorders are
believed to share a common pathophysiologic mechanism that al-
lows the deposition of abnormal proteins in selectively vulnerable
neuron populations. However, the exact mechanisms of neurode-
generation are too complicated to cure or treat these disorders [1].
Failures in clinical trials of single pathogenic targets lead us to a
new field to explore investigational treatments for neurodegenera-
tive diseases. The prevalence and social burden of these disorders
are increasing with an aging population. Regarding the lack of ef-
fective treatment, stem cell-based therapy is emerging as an alter-
native treatment strategy. Stem cell-based therapy takes advantage
of multiple types of stem cells to modify disease pathophysiology,

support neurons, and non-neuronal cells, or directly replace cells.
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In this review, we introduce various stem cell therapies for neuro-
degenerative diseases and focus on clinical trials in the main neu-

rodegenerative diseases, including ALS, AD, and PD.

STEM CELLTHERAPY STRATEGIES AND
APPLICATIONS

Stem cells have unique properties; self-renewal and differentia-
tion capacity. There are several types of stem cell, including em-
bryonic stem cells (ESC), induced pluripotent stem cells (iPSC),
and adult stem cells (mesenchymal stem cells [MSCs] and neural
progenitor cells [NPCs]) (Table 1). MSCs, a type of adult stem cells,
are multipotent cells of mesenchymal origin and have been isolat-
ed from bone marrow, placenta, adipose tissue, cord blood, amni-
otic fluid, synovial fluid, dermal tissues, and deciduous teeth [2,3].
MSCs can be differentiated not only into mesodermal cell lineages
but also endodermal and ectodermal cell lineages via stimulation.
MSCs have been vastly explored, considering their ability to se-

crete many cytokines and neurotrophic factors to control immune
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Table 1. Stem cell types and sources
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Embryonic stem cell Adult stem cell Induced pluripotent
(ESC) Mesenchymal stem cell (MSC) Neural progenitor cell (NPC) stem cell (iPSC)
Cell sources Inner cell mass of blastocyst Mesodermal origin tissue (bone marrow, Neural tissue Skin fibroblast
adipose tissue, umbilical cord blood, etc.)
Differentiation potency  Pluripotent Multipotent Unipotent Pluripotent

Ethical concerns Destruction of human embryo

No major ethical concerns

responses and enhance neuronal protection [4,5]. Adult stem cells
such as MSCs are widely used in clinical trials because MSCs avoid
the ethical concerns of ESC and provide the possibility of autolo-
gous transplantation. iPSC- based cell therapy for human clinical
applications remains controversial, given very limited preclinical
data.

There are two stem cell therapy strategies: cellular replacement
and neuroprotection. Replacement of cells is grafting into a par-
ticular damaged neuronal subtype. Transplanted cells may be in-
tegrated into host tissue, making synapses reconstitute neural net-
works like the original structure. Neuroprotection is to support
residual neurons. Several mechanisms have been suggested to ex-
plain the neuroprotective mechanism of stem cells, including their
potent anti-inflammatory capacity, direct release of antiapoptotic
and neurotrophic factors, and the ability to induce the prolifera-
tion of local neural progenitor cells [6-9].

Previous cell-based therapy has focused mostly on cellular re-
placement; however, because of problems associated with differen-
tiation, the establishment of an appropriate neural network, and
subsequent formation of a functional network, this approach has a
limited effectiveness. Thus, neuroprotection has been indicated as
a more practical application both in pre-clinical and clinical set-
tings [10]. Understanding that while replacement therapy may be
appropriate for diseases such as PD, in which a particular neuro-
nal subpopulation is damaged, neuroprotection using stem cells is
preferred to treat ALS, which is widely involved in long neural axis,

considering it can support the remaining motor neurons.

AMYOTROPHIC LATERAL SCLEROSIS

ALS is a rapidly progressive neurodegenerative disease selective-
ly degenerating motor neurons in the motor cortex, brain stem,
and spinal cord. As the disease progresses, it presents muscle weak-
ness and atrophy, and with progression to paralysis, leading to the
death due to respiratory failure within 3-5 years of onset. It has

been found to be a multifactorial process due to the selective vul-
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nerability of motor neurons and complex interactions with dam-
aged non-neuronal cells [11]. In the past 20 years, possible disease
mechanisms have been suggested; oxidative stress, mitochondrial
dysfunction, cytoskeletal abnormalities, abnormal axonal trans-
port, glutamate excitotoxicity, protein misfolding, microglial and
astrocyte dysfunction, defective immune reaction, and impaired
growth factor signals and neurotrophic factor signals [12]. Devel-
oping insight from preclinical studies also began to provide a clue
on how to treat ALS. However, poor understanding of the primary
mechanism for neurodegeneration contributes a barrier to drug
development. Riluzole, which has a modest effect, is the only FDA
approved drug [13].

Thus, there has been interest in stem cell therapies to provide an
alternative treatment strategy for transplantation of stem cells for
cellular replacement and neuroprotective effects [14,15]. A wide
range of effects of stem cells might be beneficial for the treatment
of ALS.

A number of animal studies have provided evidence that the
transplantation of stem cells, including ESC, NPC, and MSC, thr-
ough various routes make animal models live longer and restore
functions, suggesting that these therapies may improve clinical
outcomes [16-23]. Adipose tissue-derived MSC (AdMSC) trans-
plantation has shown to slow motor neuronal death and alleviate
clinical manifestations and pathologies in mouse models through
neuroprotection and immunomodulation [24]. Mainly, patient-
derived iPSC can be differentiated into motor neurons, enabling
the autologous transplantation [25].

Results of cell-based therapy in animal models provide a ratio-
nale to imply that these approaches have the potential to have ef-
fects in human trials. Several studies have shown that various types
of stem cell approaches are safe, feasible, and have preliminary ef-
ficacy in patients with ALS [26-35]. Because of safety and ethical
concerns, MSC has been widely explored [36]. Replacement of
damaged motor neurons in ALS is not currently practical in hu-
mans; the focus instead is on neuroprotection. Table 2 shows sum-

mary of ALS clinical trials.
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Table 2. Clinical trials for amyotrophic lateral sclerosis
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NCT number  Start Cell Type Autologous  Location  Phases Blind Funded Delivery route Duration of trial
NCT00855400 2007 BM-MNC Autologous  Spain I/ NA Open label I Intraspinal with laminectomy T3-4 NA
NCT01984814 2008 BM-MNC Autologous  India [l Parallel, retro-  Open label I NA 56 mo
spective control

NCT02242071 2008 NA NA India | Single Open label I NA 2yr
NCT01348451 2009 NSC Allogeneic USA I Single Open label SIT  Intraspinal with laminectomy 4yr

spinal cord
NCT02193893 2010 Progenitor cells  Auto BM Poland | Parallel Open label IIT Intrathecal Tyr
NCT01082653 2010 NA Auto BV USA | Single Open label SIT NA Tyr
NCT01142856 2010 BM-MSC Autologous  USA | Single Open label I Intrathecal 2yr
NCT01254539 2010 BM-MNC Autologous  Spain I/l Two Double blind ~ IIT  Intraspinal with laminectomy T3-4 NA

(I), Intrathecal (II)
NCT01363401 2011 BM-MSC Autologous  Korea I/l Parallel Open label SIT Intrathecal 4mo
NCT01051882 2011 BM-MSC Autologous  Israel I/l Parallel Open label SIT Intramuscular or intrathecal 6 mo
NCT01640067 2011 NSC NA Italy | Single Open label IIT Intraspinal (lumbar) At least 3 yr
NCT01494480 2012 UC-MSC NA China Il Single Open label IIT Intrathecal 2yr
NCT01609283 2012 Ad-MSC Autologous  USA | Single Open label IIT Intrathecal 2yr
NCT01759797 2012 BM-MSC NA Iran | Single Open label IIT" Intravenous, intraventricular 6 mo
NCT01933321 2012 Hematopoietic  NA Mexico I/l NA Open label IIT Intrathecal, intravenous 12mo
stem cells

NCT01777646 2012 BM-MSC Autologous  Israel [l Single Open label SIT  Intramuscular and intrathecal 6 mo
NCT01758510 2012 BM-MSC Allogeneic Korea | Single Open label I Intrathecal 6mo
NCT01730716 2013 NSC Allogeneic USA I Single Open label SIT Intraspinal 2yr

spinal cord
NCT01771640 2013 BM-MSC Autologous  Iran | Single Open label I Intrathecal 6 mo
NCT02116634 2014 MSC NA Iran I/ NA Open label I Intrathecal 2yr
NCT02017912 2014 BM-MSC Autologous  USA [l Parallel Double blind ~ SIT  Intramuscular and intrathecal 6mo
NCT01759784 2014 BM-MSC NA Iran | Single Open label I Intraventricular NA
NCT02492516 2014  Ad-MSC Autologous  Iran | Single Open label IIT Intravenous 12 mo (safety),

2 mo (function)

NCT02286011 2014 BM-MNC Autologous  Spain | Parallel Double blind ~ SIT  Intramuscular 2yr
NCT02478450 2015 GRP Allogeneic USA I/l Parallel (4 cohort) Open label, SIT Intraspinal (cervial and lumbar) 9mo

brain partially

blinded

Ad, adipose tissue-derived; BM, bone marrow-derived; ESC, embryonic stem cell; GRP, glial-restricted precursor cell; IIT, Investigator Initiated Trial; NA, not available; MNC,
mononuclear cells mononuclear cells; MSC, mesenchymal stem cells; NPC, neurogenic progenitor cell; SIT, Sponsor Initiated Trial; UC, umbilical cord-derived.

After the clinical trial (phase I/II) was conducted, bone mar-
row-derived MSC (BM-MSC) (HYNR-CS, NEURONATA-R) was
included in the revision of the regulations on orphan drug desig-
nation and approved as a New Drug Application by the Korean
Food and Drug Administration [26].

ALZHEIMER DISEASE

AD is characterized by progressive memory dysfunction due to
neuronal degeneration, cognitive decline, and dementia. It shows
aneuronal loss, especially cholinergic neurons and the destruction

of synaptic networks throughout the whole brain cortex, hippo-
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campus, basal forebrain, and amygdala. An AD patient’s brain
typically has pathologic hallmarks, which are beta amyloid (Ap)
plaque and neurofibrallary tangle [37]. The AP plaque is formed
by the generation of an AP peptide through enzymatic cleavages
of the amyloid precursor protein (APP), whereas the neurofibrl-
lary tangle is created by tau proteins [38]. In addition to the pro-
gressive loss of neurons, the decrease of neurogenesis is exacerbat-
edin AD [39].

The current treatment option for AD is only to regulate the ac-
tivity of cholinergic neurons. Upregulation of these neurons by
cholinesterase inhibitors improves AD patient’s performance, but

there is no cure for AD [40]. Considering the destructive nature of
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AD and no curative treatment, stem cell therapy for AD, which
protects neurons, increases neurogenesis or replaces lost neurons,
may slow the progression of the disease thoroughly or halt it com-
pletely.

Several cell-based therapies for AD have been tried in animal
models. Various types of stem cell were used: rat neurogenic stem
cell (NSC) and NSC-derived glia transplantation in rat models [41],
NPC transplantation in mouse models [7,42], mouse ESC, human
ESC transplantation in rodent models [43-45]. AAMSC transplan-
tation into the brain cortex of mouse models [46,47], BM-MSC
transplantations in rodent models [48-53], and umbilical cord blood-
derived MSC (UC-MSC) and human placenta-derived MSCs (hP-
MSCs) in rodent models [54-57]. In the case of iPSCs, exploring
AD pathologies and drug screenings have been tried in several
studies [58,59]. One study found gamma-secretase inhibitors and
modulators can reduce AB42 secretion in iPSC-derived neurons
differentiated from patient’s fibroblasts [60].

Despite these successes in animal models, there is only one com-
pleted clinical trial, which was a phase I study performed at Sam-
sung Medical Center [61]. In this study, they investigated the safety
and the tolerability of NEUROSTEM®-AD (hUC-MSCs), and the
maximum tolerated dose (MTD). In 2015, they were approved to

conduct phase I, Ia clinical trial from the FDA over the next 2 years.

PARKINSON DISEASE

PD is manifested by the progressive loss of dopaminergic (DA)
neurons in the substantia nigra. Patients with PD display several
motor symptoms including gait disturbance, unstable posture,
tremors, and rigidity [62]. The pathologic hallmark of PD is the
Lewy bodies, which is the clumps of alpha-synuclein, in the mid-
brain and the brain stem [59].

Current treatments are drugs such as Levodopa, a dopamine
precursor, neural lesion surgery and deep brain stimulation, which
are only symptomatic, have various harmful effects and uncertain
long-term efficacy, and become ineffective in already progressed
PD. Thus, there are vast interests in stem cell technologies for the
needs to cure PD.

Cell-based therapies for PD focus on the replacement of lost DA
neurons. ESC and MSC were differentiated into DA neurons and
then grafted into rat PD models, resulting in functional improve-
ments [63,64]. Patient-specific DA neurons can be utilized to treat

PD using iPSC [65]. Significant functional recovery and cell inte-
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gration within the host tissue were observed in transplantation of
these patient-specific neurons into a rodent model [4]. DA neurons
induced from UC-MSCs have also been shown to relieve function-
al abnormalities in both rodent models and rhesus monkey mod-
els [66,67].

Although some studies choose these cellular replacement meth-
ods using stem cells as a viable approach for PD, providing neuro-
protection can also be useful for maintaining existing DA neurons
and slowing disease progression. Among stem cells, MSC trans-
plantations are the most suitable for clinical setting considering
their neurotrophic and immunomodulatory effects and potential
as effective delivery vehicles. In a rat model, MSC transplantation
had a protective effect against DA neuronal death [68]. AAMSC
administration has also provided effectiveness due to the neuro-
trophic and immunomodulatory effects in rodent models [69].
Genetically engineered MSCs and NPCs to produce growth fac-
tors made prolonged secretions of growth factor in situ, and trans-
plantation of these engineered cells protected DA neurons and
gave functional improvement in animal PD models [70-74]. Vari-
ous studies using other types of stem cells were also well docu-
mented [63,75-77]. The limitations of these approaches are tran-
sient survival of transplanted stem cells, and the possibility of con-
tamination with fibroblasts, which has been shown to have an ef-
fect to accelerate neuronal death in mouse PD models [78,79].

Taken together, the combination of cellular replacement and
neuroprotection may improve the efficacy of cell therapies for PD.
Some clinical trials have shown varying results, and there is little
evidence that stem cell therapies are safe and effective for PD pa-
tients [80]. Two phase I/II clinical trials using AAMSC and NSC

are ongoing.

CONCLUSION

The burden of neurodegenerative diseases is growing with the
acceleration of an aging population. However, there is no effective
or curative therapy for neurodegenerative diseases. Recent advanc-
es in stem cell techniques will fulfill unmet medical needs of neu-
rodegenerative diseases. There are several issues that need to be
addressed to move forward: safety and ethical concerns, type of
stem cells, delivery route, dose, and efficacy, and cost-effective-
ness. An understanding of all facets of stem cell and pathomecha-
nism is necessary to successfully translate the application of cell-

based therapy for neurodegenerative diseases. Future therapeutic
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strategies may focus on a combinational approach, replacement
and neuroprotection strategies, using two or more types of stem
cells, genetic engineering or gene therapy to achieve maximal effi-

ciency and efficacy.

ACKNOWLEDGMENTS
This study was supported by grants from the Korea Healthcare

Technology R&D Project, Ministry for Health & Welfare Affairs,
Republic of Korea (HI12C0135).

REFERENCES

—

. Lunn JS, Sakowski SA, Hur J, Feldman EL. Stem cell technology for neu-

rodegenerative diseases. Ann Neurol 2011;70:353-61.

2. Pittenger ME Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca JD,
et al. Multilineage potential of adult human mesenchymal stem cells. Sci-
ence 1999;284:143-7.

3. Sorrentino A, Ferracin M, Castelli G, Biffoni M, Tomaselli G, Baiocchi M,
et al. Isolation and characterization of CD146+ multipotent mesenchy-
mal stromal cells. Exp Hematol 2008;36:1035-46.

4. Tanna T, Sachan V. Mesenchymal stem cells: potential in treatment of
neurodegenerative diseases. Curr Stem Cell Res Ther 2014;9:513-21.

5. Chan TM, Chen JY, Ho LI, Lin HP, Hsueh KW, Liu DD, et al. ADSC ther-
apy in neurodegenerative disorders. Cell Transplant 2014;23:549-57.

6. Xuan AG, Long DH, Gu HG, Yang DD, Hong LP, Leng SL. BDNF impro-
ves the effects of neural stem cells on the rat model of Alzheimer’s disease
with unilateral lesion of fimbria-fornix. Neurosci Lett 2008;440:331-5.

7. Blurton-Jones M, Kitazawa M, Martinez-Coria H, Castello NA, Miiller
FJ, Loring JE, et al. Neural stem cells improve cognition via BDNF in a
transgenic model of Alzheimer disease. Proc Natl Acad Sci U S A 2009;
106:13594-9.

8. Lunn JS, Hefferan MP, Marsala M, Feldman EL. Stem cells: comprehen-
sive treatments for amyotrophic lateral sclerosis in conjunction with growth
factor delivery. Growth Factors 2009;27:133-40.

9. Suzuki M, Svendsen CN. Combining growth factor and stem cell therapy
for amyotrophic lateral sclerosis. Trends Neurosci 2008;31:192-8.

10. Kim SH. Clinical application of adult stem cell therapy in neurological
disorders. ] Korean Med Assoc 2011;54:482-90.

11. Boillée S, Vande Velde C, Cleveland DW. ALS: a disease of motor neurons
and their nonneuronal neighbors. Neuron 2006;52:39-59.

12. Bruijn LI Miller TM, Cleveland DW. Unraveling the mechanisms involved
in motor neuron degeneration in ALS. Annu Rev Neurosci 2004;27:723-
49.

13. Meininger V, Lacomblez L, Salachas E. What has changed with riluzole? J
Neurol 2000;247:VI119-22.

14. Meamar R, Nasr-Esfahani MH, Mousavi SA, Basiri K. Stem cell therapy
in amyotrophic lateral sclerosis. ] Clin Neurosci 2013;20:1659-63.

15. Silani V, Cova L, Corbo M, Ciammola A, Polli E. Stem-cell therapy for
amyotrophic lateral sclerosis. Lancet 2004;364:200-2.

16. Lee H, Shamy G Al Elkabetz Y, Schofield CM, Harrsion NL, Panagiota-
kos G, et al. Directed differentiation and transplantation of human em-
bryonic stem cell-derived motoneurons. Stem Cells 2007;25:1931-9.

17. Zhao CP, Zhang C, Zhou SN, Xie YM, Wang YH, Huang H, et al. Human

Hanyang Med Rev 2015;35:229-235

18.

19.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

mesenchymal stromal cells ameliorate the phenotype of SOD1-G93A
ALS mice. Cytotherapy 2007;9:414-26.

Vercelli A, Mereuta OM, Garbossa D, Muraca G, Mareschi K, Rustichelli
D, et al. Human mesenchymal stem cell transplantation extends survival,
improves motor performance and decreases neuroinflammation in mouse
model of amyotrophic lateral sclerosis. Neurobiol Dis 2008;31:395-405.
Suzuki M, McHugh J, Tork C, Shelley B, Hayes A, Bellantuono I, et al.
Direct muscle delivery of GDNF with human mesenchymal stem cells
improves motor neuron survival and function in a rat model of familial
ALS. Mol Ther 2008;16:2002-10.

Garbuzova-Davis S, Willing AE, Zigova T, Saporta S, Justen EB, Lane JC,
et al. Intravenous administration of human umbilical cord blood cells in
a mouse model of amyotrophic lateral sclerosis: distribution, migration,
and differentiation. ] Hematother Stem Cell Res 2003;12:255-70.

Corti S, Nizzardo M, Nardini M, Donadoni C, Salani S, Simone C, et al.
Systemic transplantation of c-kit+ cells exerts a therapeutic effect in a mo-
del of amyotrophic lateral sclerosis. Hum Mol Genet 2010;19:3782-96.
Xu L, Yan J, Chen D, Welsh AM, Hazel T, Johe K, et al. Human neural
stem cell grafts ameliorate motor neuron disease in SOD-1 transgenic
rats. Transplantation 2006;82:865-75.

Yan J, Xu L, Welsh AM, Chen D, Hazel T, Johe K, et al. Combined immu-
nosuppressive agents or CD4 antibodies prolong survival of human neu-
ral stem cell grafts and improve disease outcomes in amyotrophic lateral
sclerosis transgenic mice. Stem Cells 2006;24:1976-85.

Marconi S, Bonaconsa M, Scambi I, Squintani GM, Rui W, Turano E, et
al. Systemic treatment with adipose-derived mesenchymal stem cells ame-
liorates clinical and pathological features in the amyotrophic lateral scle-
rosis murine model. Neuroscience 2013;248:333-43.

Dimos JT, Rodolfa KT, Niakan KK, Weisenthal LM, Mitsumoto H, Chung
W, et al. Induced pluripotent stem cells generated from patients with ALS
can be differentiated into motor neurons. Science 2008;321:1218-21.

Oh KW, Moon C, Kim HY, Oh SI, Park J, Lee JH, et al. Phase I trial of re-
peated intrathecal autologous bone marrow-derived mesenchymal stro-
mal cells in amyotrophic lateral sclerosis. Stem Cells Transl Med 2015;4:
590-7.

Feldman EL, Boulis NM, Hur J, Johe K, Rutkove SB, Federici T, et al. In-
traspinal neural stem cell transplantation in amyotrophic lateral sclerosis:
phase 1 trial outcomes. Ann Neurol 2014;75:363-73.

Riley J, Glass J, Feldman EL, Polak M, Bordeau J, Federici T, et al. Intra-
spinal stem cell transplantation in amyotrophic lateral sclerosis: a phase I
trial, cervical microinjection, and final surgical safety outcomes. Neuro-
surgery 2014;74:77-87.

Glass JD, Boulis NM, Johe K, Rutkove SB, Federici T, Polak M, et al. Lum-
bar intraspinal injection of neural stem cells in patients with amyotrophic
lateral sclerosis: results of a phase I trial in 12 patients. Stem Cells 2012;
30:1144-51.

Martinez HR, Molina-Lopez JE Gonzélez-Garza MT, Moreno-Cuevas
JE, Caro-Osorio E, Gil-Valadez A, et al. Stem cell transplantation in amy-
otrophic lateral sclerosis patients: methodological approach, safety, and
feasibility. Cell Transplant 2012;21:1899-1907.

Karussis D, Karageorgiou C, Vaknin-Dembinsky A, Gowda-Kurkalli B,
Gomori JM, Kassis I, et al. Safety and immunological effects of mesen-
chymal stem cell transplantation in patients with multiple sclerosis and
amyotrophic lateral sclerosis. Arch Neurol 2010;67:1187-94.

Prabhakar S, Marwaha N, Lal V, Sharma RR, Rajan R, Khandelwal N.
Autologous bone marrow-derived stem cells in amyotrophic lateral scle-
rosis: a pilot study. Neurol India 2012;60:465-9.

Blanquer M, Moraleda JM, Iniesta F, Gémez-Espuch ], Meca-Lallana J,
Villaverde R, et al. Neurotrophic bone marrow cellular nests prevent spi-

http://www.e-hmr.org 233



HMR |

34.

35.

36.

37.

38.
39.
40.

41.

42.
43.

44.

45.

46.

47.

48.

49.

50.

5L

234

nal motoneuron degeneration in amyotrophic lateral sclerosis patients: a
pilot safety study. Stem Cells 2012;30:1277-85.

Mazzini L, Mareschi K, Ferrero I, Vassallo E, Oliveri G, Nasuelli N, et al.
Stem cell treatment in amyotrophic lateral sclerosis. ] Neurol Sci 2008;
265:78-83.

Deda H, Inci MC, Kiirekgi A, Sav A, Kayihan K, Ozgiin E, et al. Treat-
ment of amyotrophic lateral sclerosis patients by autologous bone mar-
row-derived hematopoietic stem cell transplantation: a 1-year follow-up.
Cytotherapy 2009;11:18-25.

Mazzini L, Vercelli A, Ferrero I, Boido M, Cantello R, Fagioli E Trans-
plantation of mesenchymal stem cells in ALS. Prog Brain Res 2012;201:
333-59.

Castellani RJ, Rolston RK, Smith MA. Alzheimer disease. Disease-a-Month
2010;56:484-546.

Goedert M, Spillantini MG, Jakes R, Rutherford D, Crowther RA. Multi-
ple isoforms of human microtubule-associated protein tau: sequences
and localization in neurofibrillary tangles of Alzheimer’s disease. Neuron
1989;3:519-26.

Shruster A, Melamed E, Offen D. Neurogenesis in the aged and neurode-
generative brain. Apoptosis 2010;15:1415-21.

Bachurin SO. Medicinal chemistry approaches for the treatment and pre-
vention of Alzheimer’s disease. Med Res Rev 2003;23:48-88.

Wang Z, Peng W, Zhang C, Sheng C, Huang W, Wang Y, et al. Effects of
stem cell transplantation on cognitive decline in animal models of Alzhei-
mer’s disease: a systematic review and meta-analysis. Sci Rep. Nature Pub-
lishing Group 2015;5:12134.

Hampton DW, Webber DJ, Bilican B, Goedert M, Spillantini MG, Chan-
dran S. Cell-mediated neuroprotection in a mouse model of human tauop-
athy. ] Neurosci 2010;30:9973-83.

Wang Q, Matsumoto Y, Shindo T, Miyake K, Shindo A, Kawanishi M, et
al. Neural stem cells transplantation in cortex in a mouse model of Al-
zheimer’s disease. ] Med Invest 2006;53:61-9.

Moghadam FH, Alaie H, Karbalaie K, Tanhaei S, Nasr Esfahani MH, Ba-
harvand H. Transplantation of primed or unprimed mouse embryonic
stem cell-derived neural precursor cells improves cognitive function in
Alzheimerian rats. Differentiation 2009;78:59-68.

Li Z, Gao C, Huang H, Sun W, Yi H, Fan X, et al. Neurotransmitter phe-
notype differentiation and synapse formation of neural precursors en-
grafting in amyloid-p(1-40) injured rat hippocampus. ] Alzheimers Dis
2010;21:1233-47.

MaT, Gong K, Ao Q, Yan Y, Song B, Huang H, et al. Intracerebral Trans-
plantation of Adipose-Derived Mesenchymal Stem Cells Alternatively
Activates Microglia and Ameliorates Neuropathological Deficits in Al-
zheimer’s Disease Mice. Cell Transplant 2013;22:113-26.

Chang KA, Kim HJ, Joo Y, Ha S, Suh YH. The therapeutic effects of hu-
man adipose-derived stem cells in Alzheimer’s disease mouse models.
Neurodegener Dis 2014;13:99-102.

Garcia KO, Ornellas FLM, Martin PKM, Patti CL, Mello LE, Frussa-Fil-
ho R, et al. Therapeutic effects of the transplantation of VEGF overex-
pressing bone marrow mesenchymal stem cells in the hippocampus of
murine model of Alzheimer’s disease. Front Aging Neurosci 2014;6:30.
Bobkova NV, Poltavtseva RA, Samokhin AN, Sukhikh GT. Therapeutic
effect of mesenchymal multipotent stromal cells on memory in animals
with Alzheimer-type neurodegeneration. Bull Exp Biol Med 2013;156:
119-21.

Babaei P, Soltani Tehrani B, Alizadeh A. Transplanted bone marrow mes-
enchymal stem cells improve memory in rat models of Alzheimer’s dis-
ease. Stem Cells Int 2012;2012:369417.

Wu QY, LiJ, Feng ZT, Wang TH. Bone marrow stromal cells of transgenic

http://www.e-hmr.org

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Jong ZinYee, etal.  Stem Cell Therapy for Neurodegenerative Diseases

mice can improve the cognitive ability of an Alzheimer’s disease rat mod-
el. Neurosci Lett 2007;417:281-5.

Bae J, Jin HK, Lee JK, Richardson JC, Carter JE. Bone marrow-derived
mesenchymal stem cells contribute to the reduction of amyloid-p depos-
its and the improvement of synaptic transmission in a mouse model of
pre-dementia Alzheimer’s disease. Curr Alzheimer Res 2013;10:524-31.
Lee JK, Jin HK, Bae JS. Bone marrow-derived mesenchymal stem cells
reduce brain amyloid-beta deposition and accelerate the activation of
microglia in an acutely induced Alzheimer’s disease mouse model. Neu-
rosci Lett 2009;450:136-41.

Nikolic WV, Hou H, Town T, Zhu Y, Giunta B, Sanberg CD, et al. Periph-
erally administered human umbilical cord blood cells reduce parenchy-
mal and vascular beta-amyloid deposits in Alzheimer mice. Stem Cells
Dev 2008;17:423-39.

Yun HM, Kim HS, Park KR, Shin JM, Kang AR, il Lee K; et al. Placenta-
derived mesenchymal stem cells improve memory dysfunction in an AB1-
42-infused mouse model of Alzheimer’s disease. Cell Death Dis 2013;4:
€958.

Lee HJ, Lee JK, Lee H, Carter JE, Chang JW, Oh W, et al. Human umbili-
cal cord blood-derived mesenchymal stem cells improve neuropathology
and cognitive impairment in an Alzheimer’s disease mouse model through
modulation of neuroinflammation. Neurobiol Aging 2012;33:588-602.
Lee HJ, Lee JK, Lee H, Shin J, Carter JE, Sakamoto T, et al. The therapeu-
tic potential of human umbilical cord blood-derived mesenchymal stem
cells in Alzheimer’ disease. Neurosci Lett 2010;481:30-5.

Shi Y, Kirwan P, Smith J, MacLean G, Orkin SH, Livesey FJ. A Human
Stem Cell Model of Early Alzheimer’s Disease Pathology in Down Syn-
drome. Sci Transl Med 2012;4:124ra29.

Spillantini MG, Crowther RA, Jakes R, Hasegawa M, Goedert M. a-Synu-
clein in filamentous inclusions of Lewy bodies from Parkinsons disease
and dementia with lewy bodies. Proc Natl Acad Sci U S A 1998;95:6469-
73.

Yagi T, Ito D, Okada Y, Akamatsu W, Nihei Y, Yoshizaki T, et al. Modeling
familial Alzheimer’s disease with induced pluripotent stem cells. Hum
Mol Genet 2011;20:4530-9.

The Long-Term Safety and Efficacy Follow-Up Study of Subjects Who
Completed the Phase I Clinical Trial of Neurostem®-AD [Internet]. Be-
thesda (MD): ClinicalTrials.gov; c2012 [cited 2015 Sep 2]. Available from:
https://clinicaltrials.gov/ct2/show/NCT016965912term=NCT01696591
&rank=1/.

Damier P, Hirsch EC, Agid Y, Graybiel AM. The substantia nigra of the
human brain. II. patterns of loss of dopamine-containing neurons in Par-
kinson's disease. Brain 1999;122:1437-48.

Glavaski-Joksimovic A, Bohn MC. Mesenchymal stem cells and neuro-
regeneration in Parkinsons disease. Exp Neurol 2013;247:25-38.

De Munter JPJM, Melamed E, Wolters EC. Stem cell grafting in parkin-
sonism - why, how and when. Park Relat Disord 2014;20:S150-3.

Cooper O, Hargus G, Deleidi M, Blak A, Osborn T, Marlow E, et al. Dif-
ferentiation of human ES and Parkinsons disease iP$ cells into ventral
midbrain dopaminergic neurons requires a high activity form of SHH,
FGF8a and specific regionalization by retinoic acid. Mol Cell Neurosci.
2010;45:258-66.

Shetty P, Thakur AM, Viswanathan C. Dopaminergic cells, derived from
a high efficiency differentiation protocol from umbilical cord derived
mesenchymal stem cells, alleviate symptoms in a Parkinson’s disease ro-
dent model. Cell Biol Int 2013;37:167-80.

Yan M, Sun M, Zhou Y, Wang W, He Z, Tang D, et al. Conversion of hu-
man umbilical cord mesenchymal stem cells in Wharton's jelly to dopa-
mine neurons mediated by the Lmx1a and neurturin in vitro: potential

Hanyang Med Rev 2015;35:229-235



68.

69.

70.

71

72.

73.

Jong ZinYee, etal. ¢ Stem Cell Therapy for Neurodegenerative Diseases

therapeutic application for Parkinson's disease in a rhesus monkey mod-
el. PLoS One 2013;8:¢64000.

Park HJ, Lee PH, Bang OY, Lee G, Ahn YH. Mesenchymal stem cells ther-
apy exerts neuroprotection in a progressive animal model of Parkinson’s
disease. ] Neurochem 2008;107:141-51.

Ahmed H, Salem A, Atta H, Ghazy M, Aglan H. Do adipose tissue-de-
rived mesenchymal stem cells ameliorate Parkinsons disease in rat mod-
el? Hum Exp Toxicol 2014;33:1217-31.

Ebert AD, Beres AJ, Barber AE, Svendsen CN. Human neural progenitor
cells over-expressing IGF-1 protect dopamine neurons and restore func-
tion in a rat model of Parkinson’s disease. Exp Neurol 2008;209:213-23.
Garbayo E, Montero-Menei CN, Ansorena E, Lanciego JL, Aymerich MS,
Blanco-Prieto MJ. Effective GDNF brain delivery using microspheres--a
promising strategy for Parkinson’s disease. ] Control Release 2009;135:
119-26.

Falk T, Yue X, Zhang S, McCourt AD, Yee BJ, Gonzalez RT, et al. Vascular
endothelial growth factor-B is neuroprotective in an in vivo rat model of
Parkinson’s disease. Neurosci Lett 2011;496:43-7.

Xiong N, Zhang Z, Huang J, Chen C, Zhang Z, Jia M, et al. VEGF-ex-
pressing human umbilical cord mesenchymal stem cells, an improved

Hanyang Med Rev 2015;35:229-235

74.

75.

76.

77.

78.

79.

80.

| HMR

therapy strategy for Parkinson’s disease. Gene Ther 2011;18:394-402.
Behrstock S, Ebert AD, Klein S, Schmitt M, Moore JM, Svendsen CN.
Lesion-induced increase in survival and migration of human neural pro-
genitor cells releasing GDNE. Cell Transplant 2008;17:753-62.

Badger JL, Cordero-Llana O, Hartfield EM, Wade-Martins R. Parkinson's
disease in a dish - using stem cells as a molecular tool. Neuropharmacol-
ogy 2014;76 Pt A:88-96.

Politis M, Lindvall O. Clinical application of stem cell therapy in Parkin-
sons disease. BMC Med 2012;10:1.

Kitada M, Dezawa M. Parkinson's disease and mesenchymal stem cells:
potential for cell-based therapy. Parkinsons Dis 2012;2012:873706.

Khoo MLM, Tao H, Meedeniya A, Mackay-Sim A, Ma D. Transplanta-
tion of neuronal-primed human bone marrow mesenchymal stem cells
in hemiparkinsonian rodents. PLoS One 2011;6:¢19025.

Pereira MC, Secco M, Suzuki DE, Janjoppi L, Rodini CO, Torres LB, et al.
Contamination of mesenchymal stem-cells with fibroblasts accelerates
neurodegeneration in an experimental model of Parkinson's disease. Stem
Cell Rev 2011;7:1006-17.

Brundin P, Barker RA, Parmar M. Neural grafting in Parkinson’s disease
problems and possibilities. Prog Brain Res 2010;184:265-94.

http://www.e-hmr.org 235



