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The central nervous system lacks the ability to undergo neuronal regeneration.
Neurological diseases such as neurotrauma and neurovascular diseases impact many people
around the world. Neural stem cell-based treatment for neurological diseases limits clinical
damage by providing and by regeneration local support for damaged and lost neural cells.
Neural stem cells (NSCs) have a vital role in cell therapy as they can give rise to neurons or
glial cells and repair neurological injuries. NSCs were able to secrete constitutively
neuroprotective factors that have an important role in neurological repair. Moreover, upon
transplantation, NSCs were shown capable of migration into lesioned sites and improved
functional recovery after neurological diseases due to their important role in neurogenesis,
immunomodulation, and brain plasticity. This review focuses on the roles of NSCs-based
therapies in neurological diseases and summarise current advancements in NSC
transplantation into rodent models of neurological disorders as well as shed the light on the
progress of NSCs therapies in clinical trials.

INTRODUCTION

The central nervous system (CNS) lacks
the ability to undergo neuronal regeneration.
This has meant that there is currently no
effective  treatment to enhance CNS
regeneration after injury and disease’.
Neurological diseases such as neurotrauma,
neuroinflammatory, and neurovascular diseases
impact many people around the world*®, Cell
therapy is an important approach that is
commonly used to treat lost tissue and to
enhance  functional recovery following
neurological disease/injury. Neuronal
implantation promotes axon growth by: (1)
replace lost neural cells (2) produce growth
factors, such as brain derived neurotrophic
factor (BDNF) to regrowth of disrupted
neuronal axons and to promote the neurological
repair*®®. Several kinds of cells are widely used
in  regenerative medicine because they
represent an effective treatment for several
diseases. Neural stem cell (NSC) is one of the
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most important type of cell therapy, they play
potential role in implantation and endogenous
repair to treat different neurological diseases®.
NSCs are defined as self-renewing, multipotent
and unspecialised cells. They can be
proliferated and differentiated into three
specialised cells of CNS namely (neurons,
astrocytes and oligodendrocytes)’”®. NSCs are
found in two main regions called the
subventricular zone (SVZ) and subgranular
zone (SGZ) within the CNS. These two regions
represent the sites of NSCs genesis in brain of
adult mammalian'®*. The study of NSC
biology has gave a new hope in the treatment
of neurological disorder and traumatic nervous
system lesion by replacing lost and damaged
neural cells*>**. The neuroscientists investigate
that NSCs (exogenous and endogenous) can be
used in neurological diseases and injuries
treatment. This type of cell can successfully
reach the damage nervous tissue and
differentiate to produce neurons and glia™%*°,
Upon growth in culture, NSCs can be isolated
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from adult postnatal and embryonic, in many
species. There are two systems widely used to
increase and expand NSCs: 3-dimensional
cultures (neurospheres) and 2-dimensional
cultures (monolayers)t’. This allows the
generation of high quantities of cells and
setting NSCs as a highly efficient source for
neurological treatment. Moreover, upon
transplantation, NSCs can migrate to the
damaged site, presumably due to attraction by
chemokines™. Several studies over the last
decade showed improvement in various models
of neurological disorders insults after NSCs
transplantation in multiple animal models.
NSCs transplantation often improved survival
rates and declined cognitive function and
pathology. Importantly, anti-inflammatory
drugs used in different diseases treatment and
also to reduce rejection and inflammation after
implantation®. However, the exact mechanism
by which NSCs exert their function remains
unclear, as several mechanisms have been
offered, such as induction of neurogenesis'®,
secretion various factors (e.g. BDNF, NT3 and
NGF)**%°. This review summarises the recent
progress using NSCs-based therapies for
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treatment various neurological diseases such as
multiple sclerosis and stroke. Also, this article
will discuss the limitations that hamper their
treatment role and will review NSC-based
therapy in several neurological diseases and
how is this type of cell used in clinical trials.

Characteristics and cultivation methods of
neural stem cells

The essential characteristics of NSCs are
self-renewing, due to their ability to proliferate
and generate new cells, multipotent, due to
their ability to differentiate into neurons and
glial cells in different regions. (3) Another
extraordinary feature for clinical application,
NSC migrates into the damaged regions® (4)
also, NSCs can improve the environment and
enhance beneficial effects in the host by
producing various neurotrophic factors and
bioactive molecules”***. In neurological
laboratory, NSC can culture by using two basic
systems: i) 3-dimensional cultures
(neurospheres). ii) 2-dimensional cultures
(Monolayers). NSC of 3-D and 2-D cultures
can be give rise to neurons and other glial cells
(Figure 1)*".
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Fig. 1: The Characteristics and cultivation methods of NSCs. NSCs can be cultured as neurosphere in
presence of growth factors, theses spheres passaged several times (self-renewal). Also, NSCs
can be cultured as monolayers that adopt a typical bipolar morphology. The NSCs differentiate
in the absence of mitogens and in the presence of serum to generate three different types of

neural cells (multipotency).
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Endogenous NSCs for neuroregenerative
therapy

An alternative approach for repair after
neurological diseases is to promote endogenous
NSCs in the CNS to produce the appropriate
neurons. Several researchers are studying the
treatment possibility of different neurological
diseases/injures such as Parkinson's disease
(PD), Spinal cord injury (SCI) and stroke using
endogenous NSC*?, It was observed that this
type of cells can migrate to the damaged area
and generate neuronal cells'®*?’. The animals'
experimental researches found an increase in
proliferation and differentiation of neuronal
cells in the SVZ region following a stroke,
providing an evidence of the potential effects
of NSCs in the neuroregenerative therapy?.
Kaneko et al. found that endogenous NSC
proliferation was increased and new neurons
found in the neuronal damaged site in order to
replace the lost cells after diseases®. Also,
endogenous NSC enhances the impaired
neurogenesis in acute or chronic neurological
injuries®. Most importantly, it was shown that
the endogenous NSC can repair myelin sheath,
also, it can be reached to the damaged site and
produced the glial cells®. Interestingly, the use
of endogenous NSC in neuroregenerative
treatment avoids serious issues such as
immunogenicity, ethical issues, and teratoma
formation®. However, several researches have
suggested various limitations that are come
with the use of this type of cell. For instance,
endogenous NSC has limited ability to replace
neural cell and they tend to be gliogenic more
than neurogenic after injuries. Also, this type
of cells cannot give rise to specific types of
neural cell which consider as a serious issue in
specific conditions treatment such as PD?.

Neural stem cells transplantation ameliorate
several neurological diseases in experimental
models

NSCs derived from animal and human
foetal CNS, embryonic stem cells and induced
pluripotent stem cell widely used in many pre-
clinical studies. The interesting results showed
a beneficial-functional effect of NSCs-based
therapy for treatment of different neurological
disorders. The CNS diseases characterised by
neuronal or glial loss such as neurotrauma e.g
traumatic brain injury (TBI) and SCI, multiple

sclerosis (MS), stroke, Alzheimer’s disease
(AD), Huntington’s disease (HD) and PD®.
However, the regenerative capacity of the
nervous system following injury and disease is
limited unlike other tissues such as liver, skin
and blood which have the capacity of self-
repair®. The important target of neurosurgeons
and neurologists is to find a way to treat and
prevent negative effects of neurological
diseases, especially neurodegenerative
diseases.

There are two main therapeutic strategies
to recover the neuron function following
neurological  problems: i)  replacement:
replacing the lost and damaged neural cells by
cell transplantation and ii) neuroprotective:
promoting the self-renewal mechanisms of the
body to increase cell resistance against the
surrounding toxicity®>. Cell therapy offers a
new hope for effective treatments for these
diseases. Also, the progress in the biological
studies of stem cell give a new hope to repair
lost or damaged tissues following neurological
lesions and diseases”> *4®, There are many
preclinical trials studies which show the
positive neural structural change following
NSC transplantation for example; it was
observed that the transplanted NSCs induced
the endogenous NSCs to migrate from SVZ
region to replace the damaged tissue in rodent
stroke model®. Interestingly, it was noted that
the transplantation of NSCs turned out to
increase endogenous cell proliferation and
migration of the SVZ and dentate gyrus. The
transplant NSCs can  support  tissue
regeneration following stroke by modulating
the inflammation, promoting the angiogenesis
and producing neurotrophic factors®**%%®. Also,
Baker et al. demonstrated the positive effects
of NSCs in a stroke pig model by increasing
the migration of neuroblast, ameliorating
inflammation by decreasing the number of
microglia at the lesion border and promoting
the differentiation into  neurons and
oligodendrocytes®. They found out the
treatment with NCSs promote neurogenesis and
increase the expression of neurotrophic factors
such as BDNF and NTF3 which are associated
with neurons protection®. The NSCs therapy
may also have advantageous effects in PD
where dopaminergic neurons are lost through
generation of dopamine neurons and it was
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found that the treatment with NSCs promote
functional recovery in PD monkey and rat
models by producing this type of neuron®%%.
Indeed, in animal model of HD, various
positive effects were reported following
transplanted NSCs.

HD involves the degeneration of
projection neurons. Recent studies of the R6/2
in the mouse brain of HD have shown an
improvement in motor and cognitive functions
following human NSCs transplantation®. Also,
they were showed that transplanted NSCs in
Huntington’s animal model can improve the
functional recovery by reducing cellular
damage and promoting differentiation of NSCs
into glial cells and neurons®. Amyotrophic
lateral sclerosis (ALS) is a debilitating disease
characterised by progressive decline in muscle
functionality and poor prognosis due to
degeneration of motor neurones®. It has been
observed that innovative therapy using NSCs
can induce endogenous NSCs to proliferate and
repair damaged neural cells of ALS. Also, it
was found that human NSCs implanted into a
mouse model of ALS can be generated
astrocytes and release growth factors in spinal
cord*. Further, NSC transplantations offer a
great therapy for SCI regeneration. SCI leads to
severe motor and sensory impairments®. Also,
about two million and a half people have this
disease and the annual rate of new injuries is
about 130,000 around the world?. Transplanted
NSCs has found to improve functional repair in
SCI via inducing endogenous repair or by
integration of myelinating oligodendrocytes
and neuronal differentiation®. For instance,
they were found that transplanted neurosphere
cells that were isolated from rat embryonic
spinal cord can improve motor function by
generating neurons in-vivo after transplantation
in rat spinal cord model. Furthermore, the
synaptic structures of neurons were generated
following transplantation’®. Previously, the
human foetal NSC gives rise to neuronal cells
after implanted into the injured rat spinal cord
at nine days following injury*’. Moreover,
another study showed that NSCs can produce
neurotrophic factors such as BDNF and NG.
For example, NSCs were transplanted in the
damaged area of spinal cord in experimental
rats and the mechanism of axonal repair
following implantation was investigated. It was
suggested that NSCs may improve axonal
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regeneration through neurotrophic factors®.
Moreover, a previous result showed that the
levels of growth factors were markedly raised
at 48 h after transplantation in the spinal cord
of mouse®. The beneficial effects of NSCs
following transplantation encouraged the
neurologist and neurosurgeons to translate the
preclinical experiments into human clinical
trials.

Sources of neural stem cell for
transplantation

NSCs are a subtype of progenitor cells of
nervous system that can self-renew by dividing
and generate both neurons and glia*. They
derived from the ganglionic eminence of
embryonic CNS and from SVZ and SGZ of
adults mammalian brains'®®*. Moreover, the
periventricular tissues of the spinal cord
represent addition sources for NSC*. Various
studies have found that cells can induce to
differentiate into NSCs (Figure 2). These cells
have been tested using different protocols and
under different neurological conditions. Human
embryonic stem cells (hESCs) that obtained
from aborted foetuses are one of these
important sources®. hESCs are pluripotent and
differentiated cells and therefore they can be
generated any undifferentiated cell in the body
including NSCs*?%*%, Despite these types of
stem cells have an excellent potential, their use
is restricted or forbidden in several countries
due to moral and religious principles in
addition to some ethical and practical
restrictions accompanied to their clinical
application. Moreover, there are several serious
problems related to dissecting embryonic
materials, homo/heterogeneity of donated
materials and viability, the number of brains
required for every surgery, immune rejections
and their teratoma  formation  after
transplantation®&, Human induced
pluripotent stem cells (hiPSCs) is a good tool
for the design of cells based therapy technique
and less ethical constricted sources of NSCs,
they are obtained by reprogramming the
somatic stem cell*. hiPSC are pluripotent cells
that can be differentiated to any cells type®™.
Mesenchymal stem cell (MSC) also can
differentiate  into  NSCs***®.  MSC is
multipotency and self-renewing cell isolated
from different sources like bone marrow and
blood>%*"
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Fig. 2: Schematic illustrations of main sources of NSCs for transplantation. There are three main
sources of NSCs: human embryonic stem cells can be isolated from the inner cell mass of a
blastocyst, 3-4-month-old foetuses brains which directly harvested then expanded and
differentiated to produce NSCs; induced pluripotent stem cells can be derived from the

reprogrammed adult somatic stem cells.

NSCs therapy in human clinical trials
Several studies observe the regenerative
effects after NSC transplantation in various
neurological diseases by replacing damaged
cells and providing neurotrophic factors (Table
1)%. Therefore, the animal experimental studies
translated into human clinical trials to
determine safety in neurological disorders
patients. For instance, clinical trials were
conducted using foetal NSCs for lysosomal
storage diseases®®. In advanced stages of
Batten’s disease, the high dose of NSC can be
used safely in children. Also, transplanted
NSCs can treat young patients with Pelizaeus
Merzbacher disease, a myelination disease that
impacts male children. This study showed
some neurological improvement in three
patients (of four) and the myelination process
happened in the white matter region of
implantation when compared to sites distant to
implantation®.  Studies by the company
ReNeuron have used immortalized human
foetal NSCs to treat stroke; they observed no
cells-related or immune harmful effects in a
phase | trial of 11 patients during 12 months
following transplantation. The second phase Il
study is ongoing to evaluate the advantage of
NSCs implants 2-4 months following stroke.
This study consists of 41 patients in two
separate trial cohorts®’. Recent trials have been
conducted in patients with thoracic and cervical
spinal cord injuries by using hNSCs (derived

from fetal spinal cord). hNSCs have been
expanded in culture before implantation. The
initial phase 1 trials have shown the safe
injection in patients with chronic spinal cord
injury with no adverse effects 18-27 months
post-procedure®. Also, one study that did not
reach the clinical efficacy required, a phase Il
trial in patients with cervical spinal cord injury
have investigated the safe use of hNSC
transplantation following 12 months and
showed an increased motor performance in the
patients®’. Also, NSC is in clinical trial for
ALS treatment. The company Neuralstem
carried out phase | trial for both ambulatory
and non-ambulatory ALS patients, 500,000 to 1
million NSCs derived from spinal cord of
human foetal were implanted into the lumbar
and cervical sites of spinal cord. The finding
from this study showed little improvement in
survival benefit compared to animal models
experiments of ALS show some efficacy of
prolonged survival following NSCs implants®
%, Interestingly, NSCs are being trialled for
SCI repair. The company Stem Cells Inc.
conducted a phase | and Il clinical trials using
foetal NSCs in 12 patients. Twenty million was
injected into above and below region of injury.
This study observed there are no adverse
effects following transplantation and they
noted several neurological improvements such
as electrophysiological response and a return of
minor motor control capacities in some
patients®.
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Table 1: Clinical trials of neural stem cell in neurological treatment. Table adapted from ©?

Trial Sponsor . .
(Location) Disease Target Cell Therapy No. Patients Phase
Neuralstem Inc. | Amyotrophic lateral | Foetal-derived neural 18 hase |
(MD, USA) sclerosis stem cells P
Amyotrophlg lateral | Foetal-derived neural 18 ohase II
sclerosis stem cells
Chronic spinal cord | Foetal-derived neural
- 4 phase |
injury stem cells
ReNeuron Ltd. Human neural stem
(UK) Stroke cells 12 phase |
Stroke Human neural stem 41 ohase II
cells
s . Human neural stem
Lower limb ischemia 9 phase |
cells
Stem Cells Inc. Neuronal ceroid Human CNS stem 5 hase |
(CA, USA) lipofuscinosis cells P
Cerwca}l _splnal cord Human CNS stem 50 ohase II
injury cells
Macular degeneration Humancg:IES stem 15 phase /11
Thora(:l_c _splnal cord Human CNS stem 12 ohase /11
injury cells
Pelizaeus-Merzbacher Human CNS stem
. 4 phase |
disease cells
TRANSEURO Parkinson’s disease Foetél_der.lved 40 phase |
(UK) dopaminergic cells
Wroclaw
Medical . - Olfactory ensheathing
University Spinal cord injury cells, autologous 10 phase |
(Poland)

Limitations of NSCs-based therapy

NSCs  therapies in neurological
regenerative are a distant goal because there
are several issues remain to be settled. One of
these issues is that high percentage of grafted
cells are given rise to astrocyte, but not to
neuron or oligodendrocyte™*. Another issue
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faced in NSC applications is the cells death
after implantation. Multiple reports displayed
that the increased level cytokines and
extracellular glutamate immediately following
injury lead to the poor survival of NSCs
transplant”®*’. Also, other obstacles related to
NSCs isolation including ethical concerns,
immunological rejection and formation of



teratocarcinoma’*®2, Also, the activation of

microglia is another limitation of cells graft.
The brain’s resident immune cell (microglia),
can proliferate and migrate to injury sites”.
Microglia can phagocyte toxic substances and
cellular debris which have an reduction impact
on neuronal axon and generate pro-
inflammatory cytokines including IL-1, IL-6,
nitric oxide and chemokines into the damaged
area’> '®, Several experiments have shown that
microglia cause permanent neurological
deficits because they can make neurotoxic
molecules”™. The microglia surround and
phagocyte the injected cells®®*"®. An in vitro
experiment investigates the direct influences of
microglia on NSC. The activation of microglia
leads to a high level of pro-inflammatory
cytokines resulting in an increase in NSC
apoptosis and a decrease in their neuronal
differentiation”. Also, the activated microglia
may affect neurogenesis and myelination®%%",
NSCs received great interest because of
their therapeutic effects  on neurological
diseases.  Therefore, extensive ongoing
researches carried out to improve the
therapeutic efficacy of the NSCs.

Conclusion

NSCs are a great therapeutic approach for
neurological repair. NSCs can replace the
damaged neural tissue. In addition, this cell has
the ability to produce different growth factors
that canregenerate and protect hurt tissue.
Although, great efforts and progress in cells
implantation, the match between human trails
and preclinical models remains uncertain. The
main aim of translational researchers and
clinicians in the field of stem cell therapy for
the treatment of nervous system
diseases/injuries is to progress stem cell
delivery into human clinical trials. Therefore,
more studies are necessary to evaluate the
feasibility and safety of NSCs implantation and
to assess their benefits effects, administration
periods, adjusting doses, safety, and to choose
the best sources of NSCs. Also, the precise
mechanisms  of action underlying the
therapeutic efficacy of stem cells have not been
sufficiently explored and still unclear. For this
reason, more researches will require to be
carefully addressed to investigate the exact
mechanism underpinning stem cells therapy.
Number ongoing clinical trials provide new

hope for future NSCs transplantation. It is the
most important to shed light on the
combinatory  therapies  because = NSC
implantation alone may not be sufficient
therapeutic approaches to completely treat the
neurological  injuries/disease.  Therefore,
combinatory therapies such as
immunosuppressive and  anti-inflammatory
drugs are necessary for the treatment of such
diseases.

Abbreviation

AD, Alzheimer’s disease; ALS,
Amyotrophic lateral sclerosis; BDNF, Brain
derived neurotrophic factor; CNS, Central
nervous system; hESCs, Human embryonic
stem cells; hiPSC; Human induced pluripotent
stem cell; HD, Huntington’s disease; MSCs,
Mesenchymal stem cells; MS, Multiple
sclerosis; NSCs, Neural stem cells; PD,
Parkinson’s disease; SCI, Spinal cord injury;
SGZ, Subgranular zone; SVZ, Subventricular
zone; TBI, Traumatic brain injury.
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