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Abstract

Age-related neurological disorders continue to pose a significant societal and economic burden.
Aging is a complex phenomenon that affects many aspects of the human body. Specifically, aging
can have detrimental effects on the progression of brain diseases and endogenous stem cells. Stem
cell therapies possess promising potential to mitigate the neurological symptoms of such diseases.
However, aging presents a major obstacle for maximum efficacy of these treatments. In this
review, we discuss current preclinical and clinical literature to highlight the interactions between
aging, stem cell therapy, and the progression of major neurological disease states such as
Parkinson’s disease, Huntington’s disease, stroke, traumatic brain injury, amyotrophic lateral
sclerosis, multiple sclerosis, and multiple system atrophy. We raise important questions to guide
future research and advance novel treatment options.
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1. Introduction

Over the past century, advancement in medical care, technology and accessibility has led to
an increase in average human life expectancy. However, with increased lifespan, the risk of
age-related neurodegenerative diseases and neurological disorders have increased too (Reeve
et al., 2014; Wyss-Coray, 2016). In combination with the growing aging population, the
incident rate of neurological disorders will likely climb. Neurological disorders cause major
economical and societal costs for patients, family members, and society as a whole
(McGovern Institute, 2018). There are no cures for most neurological disorders and primary
treatments only focus on managing symptoms and slowing down disease progression
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(McGovern Institute, 2018). Patients have to cope with years of low quality of life,
associated stress on themselves and family members, all while dealing with the ever-rising
cost of healthcare (McGovern Institute, 2018). Furthermore, the aging population is at much
higher risk of these diseases than other groups (Harvard NeuroDiscovery Center, 2018). An
estimated 12 million Americans will be affected by neurological disorders in the next three
decades (Harvard NeuroDiscovery Center, 2018). Therefore, there is a great need for new
effective treatment that has the potential to apply across a wide range of neurological
disorders.

There are many cellular and molecular characteristics of aging mainly genomic instability,
mitochondrial dysfunction, inflammation, protein homeostasis etc. (Lopez-Otin et al., 2013).
Many of these hallmarks contribute a significant role in the pathology and the progression of
neurological disorders (Lopez-Otin et al., 2013; Ransohoff, 2016; Wyss-Coray, 2016). For
example, mitochondrial dysfunction not only reduces the overall bioenergetics of the cells
but also causes an increase in reactive oxygen species (ROS) production. The excessive ROS
production can trigger an inflammatory response. Similarly, accumulations of misfolded
proteins such as p-amyloid and a.-synuclein are hallmarks of neurodegenerative diseases
(e.g. Alzheimer’s disease and Parkinson’s disease respectively). The loss of protein
homeostasis also triggers the cellular damage response which eventually leads to
inflammation. As a result, there is an overall increase in chronic low-grade inflammation
(high level of pro-inflammatory cytokines and low level of anti-inflammatory cytokines) in
the aging brain (Currais, 2015; Deleidi et al., 2015). This imbalance between pro- and anti-
inflammatory cytokines alters the morphology of microglia into a primed state (Norden et
al., 2015). In the primed state, the microglia are more susceptible to hyper-activation and
also last longer. It has been hypothesized that primed microglia exacerbates the progression
of diseases and it is an important link between traumatic brain injury (TBI) and
neurodegenerative diseases (Norden et al., 2015).

Stem cells hold great promise for treating many neurological disorders. However, concerns
about safety and efficacy limit the number of clinical trials utilizing stem cells for these
disorders. One of the major concerns is the potential for tumorigenicity, caused by high
proliferative capacity of stem cells. This is the primary reason for regulatory agencies’
reservation for stem cells to be widely accepted as a therapeutic option. While these
concerns are founded, increasing pre-clinical data in various animal models, has shown the
tremendous potential of stem cell therapy for the aging population with neurological
disorders. Furthermore, there is a consensus that stem cells are not only replacing dying cells
but are also regulating inflammation and immune responses, as well as secreting therapeutic
cytokines and factors (Lindvall et al., 2012). Hence, using stem cells that have a low
proliferation rate might still provide therapeutic outcomes.

Aging affects both endogenous and exogenous stem cells. The proliferation potential of
various stem cell niches in the body declines with age. The reduction in the proliferative
capacity of stem cells has tremendous effect on the maintenance of the body. For example,
many studies have reported that there is a decrease in cell cycle activity of hematopoietic
stem cells in aged mice compared to young mice (Flores and Blasco, 2010; Janzen et al.,
2006; Rossi et al., 2007). This leads to a decrease in hematopoiesis causing diminished
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immune response, increased incidence of myeloid malignancies, and anemia (Lopez-Otin et
al., 2013). Similarly, many studies observed decline in functions with age in bone marrow
derived mesenchymal stem cells (BM-MSCs) both /n vitroand in vivo (Baker et al., 2015).
Neural stem cells, found in neurogenic niches such as the subgranular zone (SGZ) and
subventricular zone (SVZ), also decrease in proliferation and maturation in the aged brain
due to an unfavorable microenvironment and accumulated DNA damage (DeCarolis et al.,
2015; Rolando and Taylor, 2014). These findings support the idea that the age of both the
stem cell donor and recipient matter for transplantation. In fact, many studies have
demonstrated that donor age negatively affect many characteristics of stem cells such as
differentiation, expansion, immunogenicity, and reprograming efficiency of stem cells
(Aksoy et al., 2014; Choudhery et al., 2014; Trokovic et al., 2015; Wu et al., 2014).
Conversely, the aging brain might negatively affect the efficacy of transplanted stem cells
due to a hostile microenvironment (Conboy et al., 2015; Della Porta et al., 2014;
Katsimpardi et al., 2014; Sinha et al., 2014). In addition, several co-morbities may emerge as
a person ages (cardiovascular disease, arthritis, colitis), which may affect the inflammatory
response to injury, as well as influence the differentiation potential and therapeutic outcome
of a stem cell graft. In the same token, standard treatment of these co-morbidities may also
impact stem cell therapy. Indeed, therapeutic use of steroids in arthritic aged populations
could alter BBB permeability or endothelial tight junction, and in turn promote anti-
inflammatory response in the CNS (Yan et al., 2017). Similarly, a selectively compromised
BBB following mannitol treatment in stroke may allow subsequent penetration of stem cells
to the brain parenchyma (Tajiri et al., 2016). Taking into account all these mitigating aging-
related factors will likely improve the functional outcomes of stem cell therapy for
neurological disorders.

As mentioned above, the current treatment regimens for many neurological disorders pertain
mainly to managing symptoms and slowing down disease progression. New therapies that
might stop or reverse the pathology trajectory would be of great importance to both
physicians and patients. This review focuses on the potential use of stem cells for
neurological disorders, mainly Parkinson’s disease (PD), Huntington’s disease (HD), stroke,
TBI, amyotrophic lateral sclerosis (ALS), multiple sclerosis (MS), and multiple system
atrophy (MSA) with an emphasis on their relation to aging. In subsequent sections, we
highlight relevant literature in both pre-clinical and clinical settings and raise relevant
translational questions that may help to advance the field toward clinical use of stem cells
for neurological disorders.

2. Inflammation, Stem Cells, and Aging

The neuroinflammatory response is known to play a role in the progression of a variety of
neurodegenerative disorders. Although it is a natural process by which the body attempts to
clear the brain of injured cell debris, inflammation can cause further cell death in TBI and
stroke if prolonged. In response to altered homeostasis, components of the innate immune
system, such as phagocytic microglia and infiltrating neutrophils, participate in pro-
inflammatory cytokine secretion to induce increased permeability of the blood-brain barrier
and the recruitment of other immune cells (Ransohoff et al., 2015). The adaptive immune
system also contributes to inflammation, consisting of antibody-producing B cells and
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several types of T cells, but it is important to note that B and T cells act at the periphery
(Ransohoff et al., 2015).

Stem cell grafts exert powerful immunomodulatory effects in the CNS despite few
differentiate into the injured cell phenotype (Hirano, 1990). Mesenchymal stem cells have
been shown to rescue neurons after exposure to oxygen-glucose deprivation by the inhibition
of inflammatory cytokine tumor necrosis factor (TNF)-a. (Huang et al., 2014). Similarly,
bone marrow-derived mesenchymal stem cells host an endogenous population of T-
regulatory cells which have anti-inflammatory effects such as the suppression of
interleukin-6 and TNF-a secretion (Neal et al., 2018). Moreover, stem cells possess an anti-
inflammatory secretome of growth factors and cytokines that facilitate brain repair after
injury (Drago et al., 2013).

During the aging process, immune cells begin to work aberrantly, hindering critical
homeostatic pathways related to brain regeneration and repair. For example, the
fragmentation of microglia increases with age, leading to senescent microglia and the
generation of a pathological immune response (Safaiyan et al., 2016). In response to
systemic inflammation, microglia from middle-aged mice show increased secretion of pro-
inflammatory cytokines compared to juvenile mice (Nikodemova et al., 2016). The
exaggerated immune response associated with aging causes further cell death. In neonates,
stem cells exhibit greater proliferative and immunosuppressive capacity (Batsali et al., 2017;
Kim et al., 2013). To this end, the neonatal brain establishes an environment more conducive
for both endogenous and exogenous stem cells to achieve therapeutic effects than the older
brain after injury (Yasuhara et al., 2006b, 2006c). Differences in the basal immune system
between the young and old brain must be taken into consideration when designing and
engineering stem cell therapies across the spectrum of developmental and aging neurological
disorders.

3. Stem Cell Applications for Aging and Neurological Disorders

With recent advancement in life sciences technologies, novel tools are available to
investigate the potential of cell therapy for many neurological disorders mentioned above
both /n vitroand /n vivo (Morimoto et al., 2013; Bhattacharya and Stubblefield, 2013; Tajiri
et al., 2014b; Liang et al., 2016). In order to develop safe and effective cell therapy methods
that can be translated to clinical application, it is important to understand the complex
underlying pathologies of these diseases, particularly with aging as a contributing factor.
Aging is not only a risk factor for many central nervous system (CNS) disorders, but also
contributes to their progression. Figure 1 summarizes the effects of aging in neurological
diseases, endogenous stem cells, and transplantation of exogenous stem cells. The following
sections will focus on the effects of aging on CNS disorders and the potential use of stem
cells for treating their underlying causes.

3.1. Parkinson’s Disease

PD is one of the most prevalent neurodegenerative diseases. Several treatments for the early-
stages of PD help manage early symptomology (Schuepbach et al., 2013), but progressed
forms present more complicated motor abnormalities that are unmanageable (Lindvall et al.,
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2012). In addition, aging has been shown to present morphological changes in a
Parkinsonian brain (Vermilyea et al., 2017). The function of the nigrostriatal dopamine (DA)
system declines as the host progresses in age (Vermilyea et al., 2017). Stem cells have been
implicated as an efficacious treatment for early PD, with the advantages of preventing the
disease from progressing to more severe stages (Schuepbach et al., 2013). Past
experimentation has shown that transplanting stem cells into the brain allows them to
assimilate in dopaminergic deficient regions and re-establish neural capacity through the
mechanism of differentiation and/or releasing of neurotrophic factors (Lindvall et al., 2012).
Similarly, studies have shown transplanted intracerebral stem cells to acquire local astroglial
phenotypes or reprogram host cells to display astroglial characteristics to promote the
emergence of local dopaminergic neurons (Altarche-Xifro et al., 2016; Niclis et al., 2017).
Accordingly, transplanted stem cells show significant benefits that may implicate stem cells
as an early treatment for PD or for use as a combination treatment with standard
dopaminergic treatments (Table 1).

Monkeys and rodents are the most used animals in experimental studies for PD models
through the application of 6-hydroxydopamine or 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) (Ambasudhan et al., 2014). Although intravenous and intra-
arterial administrations have been the preferred methods because of their minimally invasive
properties (Glover et al., 2012; Lescaudron et al., 2014), peripheral transmissions result in a
declined capability of homing mechanisms to differentiated cells (i.e., DA neurons for PD)
that express a low capacity for migration. Although PD patients typically have a partial
decline of blood brain barrier (BBB) integrity, cells delivered peripherally may still be
prevented from reaching the targeted areas in the brain. In the past, ventral mesencephalon
embryonic DA neurons were employed via intracerebral transplantation, but
microtransplantation techniques have been developed to minimize the traumatic effects of
more invasive techniques (Nikkhah et al., 1995).

Although stem cell procurement presents an array of ethical issues, researchers have been
able to derive stem cells from sources that are not as controversial (Ghosh et al., 2014).
Induced pluripotent stem cells (iPSCs) may allow for sufficient amounts of DA neurons and
present other beneficial characteristics such as cell reprogramming, which converts
precursor cells into a stem cell lineage. Activation of the sonic hedgehog (Shh) pathway in
combination with WNT signaling allows iPSCs to contribute to neuron survival and control
restoration of amphetamine-induced rotational behavior in mice and rat models of PD (Kriks
etal., 2011). Neural progenitors were transplanted and subsequently enhanced neural cell
differentiation and promoted cell survival in the host brain 10 days after intrastriatal
injection (Kirkeby et al., 2012). Neither tumorigenesis nor necrosis were present in the
engraftment area six weeks later suggesting an absence of graft rejection (Kirkeby et al.,
2012). A recent study has also demonstrated the therapeutic potential of neural stem cells
(NSCs) transplanted into an aged PD brain. The grafted NSCs restored midbrain DA
neuronal function (L’Episcopo et al., 2018). A collection of studies introduces the impact of
iPSCs on older individuals, suggesting that the deletion of all senescent epigenetic markers
can revert stem cells back to a rejuvenated state resembling that of a young person (Lopez-
Leon et al., 2017). Moreover, older iPSCs can differentiate into cells expressing younger
characteristics (Lopez-Leon et al., 2017). Researchers identified that, in order for the
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deletion of aged epigenomes to take place, dedifferentiation of the pluripotency stage is
needed (Lopez-Leon et al., 2017). Thus, cell differentiation presents rejuvenating potential
in old neurotoxic cells. Similar studies were conducted using Cj-iPSCs derived from adult
marmoset fibroblasts (Lopez-Leon et al., 2017). After performing /n vitro cell differentiation
methods, results suggested that marmoset stem cells are able to target and regenerate the
dopaminergic system (Lopez-Leon et al., 2017). Researchers are continuously uncovering
more properties of stem cells’ regenerative potential in the aging Parkinsonian brain.
Although recent studies have been successful, there is not sufficient data to begin clinical
trials (Ghosh et al., 2014).

After the first successful transplantation of stem cells in 1987, many PD patients have
volunteered to be part of these clinical trials. Although human fetal tissues have shown to
increase motor function, due to ethical issues, many scientists have refrained from using
these tissues (Tarazi et al., 2014). Currently, clinical trials for evaluating safety are ongoing.
In the United Kingdom, project TRANSEURO is investigating the benefits of grafting
allogeneic dopaminergic neuroblasts derived from fetal ventral mesencephalic tissue into PD
patients to recuperate the lost DA neurons (). Intracerebral transplantation, although
invasive, allows for direct targeting of specific areas that promotes normal neuronal function
within the brain (Fangerau et al., 2014). On a similar note, transplanted cells are more likely
to be lost in the peripheral systems, and the BBB will not be crossed to migrate long
distances (Fangerau et al., 2014). This method of direct microinjection increases the
likelihood of neural restoration while delivering a viable amount of stem cells. Intracerebral
microinjection instruments, in combination with an accurate three-dimensional array of
stereotactic surgery, will likely decrease surgical trauma and successfully introduce the stem
cells to the targeted area.

Age is directly correlated with negative changes in the brain’s morphology, but the effects of
aging on stem cells’ ability to promote differentiation and activate restorative mechanisms
demand further investigation. As previously stated, ventral midbrain tissues from terminated
human fetuses have been shown to increase motor function for several years after
transplantation (Ambasudhan et al., 2014). Yet, it is worth noting that the maturity of
embryonic donors influences the DA neuron survival rate in PD therapy (Freeman et al.,
1995). The upper age limit for mesencephalic DA neurons is 56-65 days post conception
depending on the particular graft. It seems likely that grafts harvested after this window are
not viable due to axotomy transpiring during the engraftment process (Freeman et al., 1995).
After the graft is placed in the brain, cell behavior can elucidate their efficacy (Freeman et
al., 1995). The recipient age and health status are as equally important as the donor age. In a
study, fetal neural allografts were examined 16 years post-transplantation. Inspection
revealed the newly differentiated neurons to have tau pathology, a protein present in several
neurodegenerative diseases. This finding suggests that aberrant tau proteins are manifest in
newly differentiated cells arising from grafted tissues despite these cells being free of such
pathology before engraftment (Cisbani et al., 2017). This suggests that age-related
pathologies may also negatively affect the newly-grafted stem cells. This complicated
relationship between aging and stem cells must be taken into consideration in order to have
successful cell therapy for PD.
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3.2. Huntington’s Disease

Due to its particular inheritance pattern, HD can be predicted through genetic testing as early
as in utero (Emerich et al., 2006). Symptoms of HD typically emerge around the age of 40—
50 after which point functional decline progresses with aging, resulting in death at a mean of
15-20 years later (Lee and Kim, 2006). It has been suggested that aging is correlated with
the accumulation of protein aggregates due to protein misfolding and the decline of the
antioxidant defense system with a resulting increase in oxidative stress, processes associated
with the development of HD (Butterfield et al., 2001; Oh et al., 2014). Even though
symptoms of HD arise during middle age for most, neural degeneration begins at least 15
years prior to motor symptom development as white matter degradation and striatal atrophy
characteristic of HD are already detectable by MRI at this point (Fink et al., 2015). Ten
percent of cases exhibit an onset prior to age 20 and are classified as Juvenile HD (JHD)
(Fink et al., 2015). The emergence of HD is associated with an increase in the number of
CAG repeats on the huntingtin gene where over 38 repeats is expressed as adult onset while
over 60 repeats transmits JHD (Fink et al., 2015).

Although a cure for HD remains undiscovered, stem cell therapy may temporarily combat
the functional effects of HD progression consequential of aging, thus improving quality of
life for patients (Table 2). Pursuing a means to minimize the rate of functional decline in HD
patients, many experimental therapies have worked with HD models to graft cells into the
striatum after lesion development by cause of neurotoxins such as quinolinic acid (QA) and
preserve the structural and functional integrity of the striatum (Emerich et al., 2006). Similar
to the functional effects observed in transplants of iPSCs (Mu et al., 2014) and olfactory
ensheathing cells (OECs) (Emerich et al., 2006), introducing choroid plexus (CP) into QA
lesions allowed the cells to manipulate both the brain’s homeostatic processes and the
release of trophic factors (Emerich et al., 2006). Transplants of CP into QA-lesioned rat
striata not only result in reduced lesion volume and motor impairment, but also mitigate
excitotoxic damage to neuronal groups (Borlongan et al., 2007). In effect, this treatment
preserves glial cells’ endogenous production of chemokines and neurotrophic factors from
the defective huntingtin allele (Baig, 2014). Engrafting CP into the putamen and caudate
also displays neuroprotective effects in HD primate models, reducing lesion volume five-
fold with respect to the control group (Emerich et al., 2006). Evidence suggests that OECs
may undergo somatic cell nuclear transfer to induce their differentiation into glia, allowing
for transplantation that avoids an immune response (Mu et al., 2014). Eliminating the need
for neurosurgical techniques, the proposed method for the introduction of OECs suggests
grafting the cells onto the cribriform plate of the ethmoid bone (Baig, 2014). In current
rodent models of HD, iPSC grafts are able to survive and migrate to the impaired striatum
(Baig, 2014). Once transplanted, the iPSCs also demonstrate the ability to differentiate into
glial cells and neurons (Baig, 2014). The recently suggested “biobridge” mechanism attests
to the capacity for stem cells to promote both the movement of endogenous cells to the
damaged area and their release of integral neurotrophic factors (Lee et al., 2017).
Transplantation of iPSCs is able to decrease degeneration of the striatum, improve functional
recovery, and potentially form a microenvironment that promotes the initiation and
proliferation of glia, avoiding excitotoxic damage to striatal y-aminobutyric acid
(GABAergic) neurons (Borlongan et al., 2007).
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The current outcomes of grafting stem cells into HD patients are inconsistent. Use of
intrastriatal grafts comprised of human fetal striatal tissue has shown improved daily
cognitive and motor functions in three of five total patients (Bachoud-Levi et al., 2000).
Enhanced functionality in transplantation HD patients relative to untreated HD patients is
further supported as images display heightened metabolic activity at the graft (Bachoud-Levi
et al., 2000). Another study has found that grafts examined in two patients post-mortem 74
and 79 months following fetal neural transplant present no signs of pathological HD (Keene
et al., 2007). Despite the success of the studies described above, insufficient integration of
the grafts into the hosts restricts further improvement in clinical models than it has
previously in animal models (Keene et al., 2007). Recent results show that a decade after the
initial transplantation, grafts in three HD patients did not maintain healthy neuron structure
and yielded no survival in the caudate region (home to the most severe astrogliosis and
neuronal degeneration in cases of HD) (Cicchetti et al., 2009). The failure to ameliorate the
destruction of the caudate region demonstrates the region-limited benefits of stem cell
grafting in HD patients (Cicchetti et al., 2009). Even so, graft survival in patients 18 months
and 6 years following transplantation advocates for additional fetal cell engraftment trials
(Cicchetti et al., 2009).

Although HD and JHD exhibit similar degenerative symptoms, different approaches must be
employed in the development of effective stem cell therapies (Fink et al., 2015). JHD
patients not only exhibit a more severe phenotype than HD patients, but also experience a
more rapid progression of the disease (Fink et al., 2015; Squitieri et al., 2011). Due to its
accelerated development, treatment options that are in consideration for HD, such as
neuroprotection through the use of genetically engineered MSCs, are not likely to be viable
options for JHD due to excessive neuronal loss relatively early in the course of the disease
(Fink et al., 2015). Although investigation into simple replacement of medium spiny neurons
(cells that characterize the primary neural degradation of HD) has the potential to generate
hope for long-term recovery in the early stages of HD, treatment prospects diminish as aging
progresses (Gogel et al., 2011). Cell grafts have been shown to differentiate when introduced
to host tissue, providing provisional benefits to the deteriorating area. However, these
implants atrophy faster than the original tissue (Gogel et al., 2011). Furthermore, if
introduced into patients who have progressed to advanced stages of HD, cell grafts may be
more likely to lead to hematomas and exhibit low survival rates in severely degraded regions
(Gogel et al., 2011).

Although the functional benefits of stem cell transplantation can be recognized in HD
patients for several years, they do not present a cure and the effects of aging continue to
overshadow treatment prospects (Bachoud-Levi et al., 2006). The concerns that arise in
response to the use of fetal cell grafts as a treatment for HD echo issues regarding cell graft
use in PD patients. The constrained migratory ability of differentiated cells (i.e. GABAergic
for HD) limits the effectiveness of minimally invasive transplantation, thus reducing the
practicality of their use in treatment (Yasuhara et al., 2006). Furthermore, peripherally
grafted cells may have difficulty crossing a healthy BBB to reach the failing striatum (Ghosh
et al., 2014). Despite its invasiveness, these concerns defend intracerebral transplantation as
the most viable cell transplant method for both PD and HD. Micro-transplantation,
originally developed in the treatment of PD, is a method of intracerebral transplantation that
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may be used to mitigate harmful side effects of the procedure in HD patients. The
technique’s use of multiple graft sites and variable numbers of cells per site has the potential
to influence the quantity of developing neurons (Jiang et al., 2011). By increasing the
number of graft sites used with micro-transplantation, the graft-host interface is expanded
and more cells are exposed to endogenous trophic factors, resulting in a higher yield of
striatal-like neurons (Jiang et al., 2011). Optimizing the transplantation procedure is critical
in order to apply cell-based grafts to clinical HD (Jiang et al., 2011).

To add to the limited on-going clinical research of stem cell therapy to treat HD and achieve
clinical application, progressive modifications in motor and cognitive functions, brain
imaging, and blood and spinal fluid markers in both early and chronic HD patients must be
given thorough attention (Jiang et al., 2011). These markers of efficacy may be beneficial in
measuring the effects of intrastriatal transplantation of mesenchymal stem cells (MSCs) in
large-scale clinical studies (). The advantages of delivering GABAergic cells via an
intracerebral route as a treatment for HD could reduce the dosage required to transplant
them peripherally, akin to the treatment of PD with dopaminergic cells, presenting a
potential procedure by which to rehabilitate the deteriorated striatal region in HD patients
(Choi et al., 2018; Kim et al., 2008). As in PD, the use of stem cells in the treatment of HD
remains most effective in the form of intracerebral transplantation.

3.3. Stroke

In spite of development and advancements made within the field of medical science, stroke
remains notorious for being a major cause of death and disability worldwide (Guzik and
Bushnell, 2017). Animal models are used to explore the ever-expanding field of therapeutics,
due to stroke’s significant contribution to mortality in the United States (Mozaffarian et al.,
2015). Organized stroke unit care and reperfusion comprise 85% of ischemic stroke therapy.
In light of acute stroke therapy, selected patients with large artery occlusions may receive
intravenous thrombolysis or, more recently, endovascular mechanical thrombectomy
treatment (Goyal et al., 2016). Systemic thrombolytics show a significant beneficial effect;
however, they are used less often due to a small window of opportunity for administration
following stroke. Therefore, it is imperative to develop novel strategies that do not require
such a time constraint. Stem cell-based treatment may be the answer for widening the
window of opportunity (Table 3). Stem cell techniques in animal models are used to closely
mimic human infarcts that occur as the result of ischemia in terms of structure, size of
affected area, and pathological manifestation. A widely used stroke induction strategy used
in animal models occurs by way of middle cerebral artery occlusion (MCAQ) for modeling
the damage invoked by ischemic stroke seen in humans. In addition to animal modeled
MCAO techniques, endothelin-1 injection and photothrombosis are also used to produce
ischemic lesions that mimic human infarcts (Casals et al., 2011).

Selection of stem cells in transplantation may approximate the success of stroke therapy. It is
known that debilitative stroke has a highly abrupt onset, thus, off-the-shelf cryopreservable

stem cell sources provide an advantage to research both ethically and logistically. These may
be used for future treatment in opposition to freshly harvested stem cells, primarily in regard
to treating ischemia (Rodrigues et al., 2011). Cryopreserved stem cells may either be thawed
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or transplanted instantly, providing a larger window for therapy while also lessening the time
lapse between stroke onset and medical therapy (Borlongan et al., 1998). Additionally, cells
that do not elicit host immune response are advantageous due to their adherence to safety
criteria. A viable cell type for use in stroke therapy is that of autologous origin, because it is
less likely to invoke harmful inflammatory and immune response following transplantation.
Menstrual-blood, bone marrow, adipose tissue, and peripheral blood-derived cells are
considered valuable candidates for cell-based therapy. These cells are valued due to their
autologous source being less likely to experience hindrance by ethical limitation. In addition
to this, these cells provide stem cell markers and maintain multi-lineage differentiation
potential, self-renewal, and the ability to ameliorate histological and behavioral impairments
that are actuated by stroke (Borlongan et al., 2010; Kaneko et al., 2013; Rodrigues et al.,
2011).

Despite cell transplantation possessing high potential for therapeutic use, many transplanted
cells are killed within regions of ischemia due to hostile microenvironments generated as the
result of stroke (Hicks et al., 2009). It is of critical importance that the success of cell
transplant therapy is better ensured via successful induction of differentiation into cerebral
cell types and increased survival of the grafted cells. Oligodendrocyte precursor cells are
mobilized in response to ischemic injury, with the cells’ differentiation into a mature
oligodendroglial lineage implicated as mitigating ischemic demyelination. Age detrimentally
affects this white matter-related regenerative response, as well as the body’s overall capacity
to produce new neurons after episodes of ischemia (Liang et al., 2016; Miyamoto et al.,
2013). Thus, the production of important trophic factors such as osteogenic protein-1 or glial
cell line-derived neurotrophic factors (GDNF) must be considered when transplanting cells
(Chiang et al., 1999). The generation of trophic factors may serve as adjunctive therapy due
to their dual ability to protect against ischemia-induced injury while also promoting grafted
stem cell survival. Intrastriatal grafting of mouse bone marrow stem cells (BMSCs) within
MCAO models has demonstrated a dose-dependent ability to repair BBB permeability and
re-establish normal perfusion (Borlongan et al., 2004b). An additional therapeutic potential
may reside in adult rat isolated CP grafts that undergo the process of alginate
microencapsulation. As a result of this, motor deficits and infarct volume were markedly
reduced suggesting a promising potential for hypoxic cells via the utilization of alginate
microencapsulation methodology (Borlongan et al., 2004c). Amelioration of behavioral
deficits, committal to neuronal lineage, and high GDNF secretion were observed with
transplantation of a teratocarcinoma-derived Ntera2/D1 neuron-like (NT2N) cell line
intracranial transplant into the rodent brain. NT2N transfection was observed with a different
source for stroke cells being provided by nuclear receptor related-1 protein (Nurrl)
transcription factor (Hara et al., 2008). MCAO models that have been intravenously
transplanted with amniotic fluid-derived stem cells (AFSCs) have also been attributed to
attenuation of histological and attenuated deficits, likely due to the upregulation of cell
differentiation, proliferation, and endogenous repair mechanisms, all of which have been
observed to occur within the dentate gyrus (DG) and SVZ (Tajiri et al., 2012). Within the
striatum, different doses of intracerebral human neural stem cells (NSC) have been grafted
and revealed a dose-dependent neurological and motor recovery in stroke induced rats (Tajiri
et al., 2014c). Reduction of infarct volume was not detected within a study using NSC cell
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line transplantation, however, behavioral improvements were observed (Tajiri et al., 2014c).
Although there may be some uncertainty about stem cell treatment’s mechanism of action,
the transplantation of some NSC lines was showed to demonstrate improvement in
functional recovery following stroke induction within rat models (Ishikawa et al., 2013). It
has been suggested that vascular endothelial growth factor (VEGF) is responsible for the
promotion of neurogenesis and vasculogenesis within stroke animals transplanted with
endothelial cells. These findings were built upon the discovery that regenerative processes
are prompted following the targeting of vascular repair within experimental stroke models
(Ishikawa et al., 2013).

Faulty repair mechanisms post-stroke are associated with the aging of stem cells and
acquired behavioral and motor deficits. Heterochronic parabiosis, a method that allows
surgically linking the circulatory systems between two animals of different age, is used to
assess the effect of aged stem cells in young mice and young stem cells in aged mice. In
oculo transplantation is used to assess how host environment affects stem cell proliferation
(Conboy et al., 2013). In oculo transplantation, a technique in which transplants are placed
in the anterior chamber of the eye (allowing graft visualization), within the host environment
demonstrates that circulating factors play a role in impairing neurogenesis and lowering
efficiency of repair. Additionally, heterochronic parabiosis confirmed the presence of
circulating factors that negatively impact stem cell proliferation, induce neural progenitor
cell senescence, and alter lineage fate commitment (Katsimpardi et al, 2014). Young cells in
aged mice exhibited increased proliferation, attributed to the activation of signaling
pathways in NSCs (Conese et al., 2017). Young human mesenchymal stem cells (hnMSCs)
produce fewer microglia following transplantation in ischemic stroke, demonstrating that
inflammation and immune response are more likely to produce efficient clean-up of tumor
necrosis factors (TNFs) post-stroke. Histological analysis of aged hMSC transplantation
revealed increased numbers of microglia and pericyte covered vessels, further supporting the
lack of efficient control of inflammation (Yamaguchi et al., 2017). Aging has a mechanism
of action that involves decreased Notch signaling which then causes downregulation of
satellite cell regeneration. Parabiosis was used to further assess whether Notch signaling
became reactivated when young stem cells were shared with aged mice. Restoration of
Notch signaling, regenerative and proliferative capacity were observed, demonstrating that
Notch activation plays a role in maintaining efficient stem cell activity in young mice
(Conboy et al., 2005).

Grafting procedures need to be examined and optimized in addition to the development and
exploration of therapeutic stem cell transplant’s mechanism of action following stroke. In
specific cases, functional benefit in stroke models is served by the tailoring the effect of
human bone marrow-derived CD133+ cells during transplantation (Borlongan et al., 2005).
Additionally, functional benefits depend on the time of administration as well as graft
survival route during cell transplantation procedures (Borlongan et al., 2005). Within this
study, motor deficit reduction and graft survival demonstrated localization in models that
used both delayed and immediate transplantation. However, immediate intravenous
transplantation resulted in alleviation of behavioral deficits while delayed intravenous
transplantation showed to be critical for the sustenance of graft survival (Borlongan et al.,
2005). Thus, the results of this illuminate the importance of stem cell transplant regulation in
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order to provide the most efficient application of stem cell therapy for stroke patients
(Borlongan et al., 2005).

Understanding of cell therapy mechanisms has advanced exponentially within the past four
years since this topic was last reviewed (Savitz, 2015), and clinical trial design has been
modified significantly in response to this expansion of knowledge. Initially, in 1998, FDA
approval was granted due to the demonstration that safety and feasibility of NT2N cell
transplantation therapy was provided in twelve stroke patients (Borlongan and Hess, 2006).
At 27 months post-surgery, one of the twelve patients received a cell graft of NT2N neurons
within proximity to a lacunar infarct. During the post-mortem assessment, there was no
evidence of neoplasm within the transplanted area, demonstrating that there is no evidence
of harmful effect following more than two years of NT2N neuron transplant (Nelson et al.,
2002). On the contrary, a large clinical trial was initiated due to a major limiting factor of
NT2N transplantation. It was found that NT2N neurons have the ability to cause neoplastic
state reversion following transplantation. This neoplastic state reversion is attributed to their
cancerous origin and property of high proliferation (Hara et al., 2008). Thus, it is imperative
to explore approaches that enable the allocation of safer progenitor and stem cells as sources
for graft alternatives (Borlongan and Hess, 2006). Fluorodeoxyglucose uptake (positron
emission tomography) was found to be improved at the site of implantation of hNSC grafts
of patients with basal ganglia stroke or motor deficits as the result of stroke (Kondziolka et
al., 2000). Further demonstrating the safety and feasibility of this therapy (Bang, 2016), after
hNSC transplantation, promotion of daily living was observed over six years post-
transplantation (Kondziolka et al., 2005). Stereotactically implanted hNSCs have recently
demonstrated the regaining of neurological function in patients affected by stroke (Kalladka
et al., 2016). To further support the safety and feasibility of stem cell transplant in stroke
patients, large amounts of evidence have shown that stem cell administration during different
stroke phases is effective within a range of various administration routes (Nagpal et al.,
2017). Various cell types, including allogeneic adipose cells, autologous bone marrow
stromal cells, adipose cells, and endothelial progenitor cells have been investigated for use in
stroke therapy (; ; ; ). Alleviation of acute stroke has shown to be most effective via
intravenous transplantation. During the acute phase of stroke, upregulation of
chemoattractant cues in the ischemic brain cause the homing of peripherally grafted cells to
the site of injury. As mentioned earlier, inflammation and immune response increase in
response to stroke. Intracranial administration of grafted cells to the site of injury is a more
invasive route, likely responsible for agitation of inflammatory and immune response, thus,
decreasing cell graft survival. By utilizing intravenous administration, the migration of cells
via chemoattractant signals produce less damage at the site of injury and is an overall
minimally invasive procedure.

During the stage of chronic stroke, a more invasive route of administration is best-- this
being intracerebral transplantation. Intracerebral transplantation is considered to be an ideal
approach due to ischemic repair requiring high viability and large populations of cells
localized at the area of damage (Hara et al., 2007). Bone-marrow derived stem cells such as
EPCs, MSCs, human telomerase-reverse transcriptase-immortalized mesenchymal stem
cells, ("nTERT-MSCs), HSCs, and very small embryonic-like stem cells (VSELSs), have been
investigated to study migration and tendency to senesce during intracerebral transplants
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following TBI and ischemia (Borlongan et al., 2011). Migration and viability must be
maintained as long as possible, due to the gradual decrease of chemoattractant signaling. As
time passes and chemoattractant signaling lessens, peripherally grafted cells migrate less
efficiently to the site of injury as compared to how they would have during acute stroke.
Because of this, intracerebral transplantation is the preferred method for delivering cells to
the brain. This procedure allows for the chronic stage to undergo stabilization with less
inflammatory and immune response as opposed to acute stage transplantation. An issue with
intracerebral transplantation is that multiple transplants are not feasible due to the surgical
trauma caused by the procedure (Hara et al., 2007). On the other hand, several studies have
shown that successful migration of stem cells ensued following intravenous transplantation
at a later time (Zhang et al., 2011). A study demonstrated that intravenously transplanted
human bone marrow endothelial progenitor cells (hBMEPCs) endogenously enhance post-
stroke vasculogenesis by migrating to the BBB for close involvement in vasculature repair.
This finding emphasizes the importance of further considering intravenous transplantation as
a means for therapeutic use in stroke (Garbuzova-Davis et al., 2017). The treatment of
ischemia is currently in its initial stages of clinical trial testing using animal models. The
majority of pre-clinical and early clinical stages of testing are focused around the premise
that stem cell treatment of ischemia is feasible and safe. Additionally, a major obstacle for
stem cell therapy in stroke is aging. A study found that intravenously administered human
adipose-derived stem cells (hDASCs) were not nearly as efficient at migrating to the spleen
in aged rats when compared to young. Stem cell migration to the spleen is important for
neurotrophic secretion and efficient regulation of inflammatory response following stroke
(Tajiri et al., 2014a). This finding further supports the need to examine differences between
aged and young animal models, and to consider important factors such as inflammatory
response, immune response, circulating factors, angiogenesis, and overall reparative
response post-stroke. Moreover, stroke outcomes can be sex specific, and that secretion of
hormones such as 17p-estradiol can exert protective or deleterious effects depending on age
of the transplant recipient (Leon et al., 2012; Petrone et al., 2014). Careful consideration of
sex and age differences should be pursued when developing stroke therapies to better suit a
diverse patient population. By expanding scientific knowledge of these less obvious yet
determinative differences between young and aged brains, novel strategies can be developed
and better equipped for treating age-related damage and degeneration.

3.4. Traumatic Brain Injury

Worldwide, TBI is one of the major causes of disability and death, particularly within the
United States. Studies indicate that in the United States alone, approximately 3.2 — 5.3
million individuals live with a TBI-related disability (Taylor et al., 2017). Such chronic
disabilities affect one’s health and social environment. Additionally, severe fiscal
consequences accrue as the result of medical bills and wages lost. Current TBI treatments
are merely palliative in nature, as they do not lead to the regeneration of damaged neural
architecture (Taylor et al., 2017). Drawing from this, novel treatments for acute and chronic
TBI are needed. Historically, fluid percussion or controlled cortical impact injury (CCI)
models have been employed within the field of TBI research (Hayashi et al., 2009). CCl is a
preferential model because the resulting damage is closely comparable to cell death, edema,
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ischemia, excitotoxicity, and altered gene expression that occurs in human TBI (Hayashi et
al., 2009).

Stem cells from different sources have recently been utilized as therapeutic modalities in the
treatment of TBI in both pre-clinical and clinical investigations (Table 4). Stem cell
transplants are most successful when performed quickly following the initial injury (Carroll
and Borlongan, 2008). Following transplantation of bone marrow stromal cells (BMSCs)
into the striatum, rats demonstrated functional improvements that correlated with cerebral
reperfusion and increased BBB permeability (Borlongan et al., 2004b). Following peri-
impact region injection, murine BMSCs survived and ameliorated neuronal behavior in rat
TBI models (Shen et al., 2016). Grafts of BMSCs increased GAP-43-positive fibers as well
as synaptophysin-positive varicosities. Rats subjected to TBI while treated with BM-MSCs
showed decreased levels of BAX and BAD as well as heightened levels of GDNF protein
(Allen et al., 2013). GDNF subsequently mitigated the induction of apoptosis and
maintained neuron survival (Allen et al., 2013). It is, therefore, possible BMSC origin of
GDNF is integral to neural remodeling as well as the attenuation of BAX/BAD apoptotic
pathway signals.

The SDF-1/CXCR4 axis involved in a plurality of processes of which the regulation of
tumor development and stem cell migration is noteworthy (Deng et al., 2018). Rat BM-
MSCs with SDF-1-induced CXCR4-expression enhanced TBI repair and functional
recovery. When transplanted, these cells led to significant increase in BDNF, NGF, neuronal
nuclear antigens, and BrdU-positive cells. Furthermore, transplantation increased the
number of hippocampal neurons while maintaining morphological architecture, attenuating
apoptosis, decreasing necrosis, and reducing interstitial edema (Deng et al., 2018).

Neural stem cells (NSCs) derived from various origins have been suggested to serve as next-
generation neurotherapeutic targets in TBI. NSCs are capable of producing mature and
functional neural cells that compensate for defective neuroglia while conferring
immunomodulatory benefit. While acute intracerebral NSC transplantation demonstrates
enhanced functional recovery within moderate TBI rat models, delayed transplantation
culminated more controversial results, including inconsistent motor and cognitive recovery
(Harting et al., 2009).

Intracerebral transplantation of primed fetal human NSCs (hNSCs) steered host microglia/
macrophages toward the anti-inflammatory M2 subtype which putatively contributed to
neuroprotective effects after severe TBI (Gao et al., 2016). As compared to the control,
treated animals demonstrated diminished axonal injury, mitigation of brain microglia/
macrophage activation, and a modified M1:M2 ratio. hNSC grafts exhibited an overall anti-
inflammatory effect by favoring microglia M2 differentiation, reducing levels of the TBI-
induced pro-inflammatory cytokine receptor, IFN-yRp, and increasing levels of anti-
inflammatory cytokine receptor, IL-4Ra.. (Gao et al., 2016). hNSCs are a uniquely attractive
modality as compared to MSCs because of their commitment to neural lineage
differentiation. In a recent study, hNSC grafts differentiated into neurons in injured mouse
brains (Gao et al., 2016). Thus, the benefits of hNSC transplantation are multifaceted due to
modulation of the post-injury microenvironment as well as replacement of lost neural cells.
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Additonally, TBI animals that received human ESC-NSC (hESC-NSC) transplant showed
significant improvement in cognitive function (Haus et al., 2016). Following transplantation
of hNSCs, behavioral improvement was seen in the absence of reduced lesion volume or
increased cortical/hippocampal tissue volume (Haus et al., 2016). In spite of these findings,
a significant increase in host hippocampal neuron survival was noted in hNSC-transplanted
animals. This is indicative of a correlation between cognitive performance and hippocampal
neuron survival. Transplanted hNSCs survived for at least five months after transplantation
and, in response to injury, differentiated into mature neurons, astrocytes, and
oligodendrocytes. This may be significant in facilitating cognitive recovery after TBI (Haus
et al., 2016). Even twenty weeks post-transplantation, a significant proportion of cells
appeared undifferentiated and continued to express Nestin (Haus et al., 2016).

Levels of antioxidant enzymes such as catalase, glutathione, and superoxide dismutase are
suppressed via post-transcriptional modification during normal aging in rat models (Itoh et
al., 2013). Neural parenchyma has minute concentrations of antioxidant enzymes as
compared to other tissue types, due to the resident NSC population dwindling with age (Itoh
et al., 2013). Because TBI leads to the exacerbation of reactive oxygen species production, a
more pronounced ebbing in the NSC population was seen following injury, indicating
caspase-induced apoptosis (Itoh et al., 2013). Aging leads to the acquisition of senescent
phenotypes and biomarkers such as p16, (cyclin-dependent kinase inhibitor 2a) in
hematopoietic stem cells, (HSCs) and muscle stem cells (MuSCs) (Chang et al., 2016). As
noted in a recent study, when HSC and MuSC populatios were treated with ABT263 (a
specific inhibitor of the anti-apoptotic proteins BCL-2 and BCL-xL); apoptosis was
disinhibited in senescent stem cells subsequently engendering a qualitative increase without
quantitative decrease (Chang et al., 2016). Significant improvements were exhibited in
single-cell clonogenicity, long-term repopulation ability, balancing of multilineage
differentiation, as well as long-term engraftment ability (Chang et al., 2016). Such
improvements were presumably observed due to the filling of vacated senescent stem cell
niches by nonsenescent stem cells (Chang et al., 2016). Though the aforementioned study
examined HSCs and MuSCs, these results point auspiciously toward potential neural
corollary.

Brain-derived Neurotrophic Factor (BDNF), a member of the neurotrophin family, plays a
vital role in furthering differentiation, maturation, and survival of neurons as well as in
attenuating apoptosis in CNS cells (Allen et al., 2013). Primary NSCs overexpressing BDNF
(BDNF/rNSCs) were administered into the injured cortex resulting in the heightened
expression of neurofilament 200, microtubule-associated protein 2, actin, calmodulin, and -
catenin (Chen et al., 2017). These findings suggest that BDNF/rNSCs may possibly
contribute to neuronal survival, growth, and differentiation at injury sites (Chen et al., 2017).
Enhanced survival, growth, and differentiation of transplanted NSCs may be associated with
the heightened expression of cytoskeletal proteins and activation of the Wnt/p-catenin
signaling pathway.

Docosahexaenoic acid (DHA) is a common polyunsaturated structural lipid in the brain
which furthers brain development via neuron differentiation, neurite enlargement, and
formation of synapses (Tanaka et al., 2012). Pup mice-derived NSCs pre-treated with DHA
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mitigated TBI-induced motor deficits, enhanced neurogenesis, and elevated glial reactivity
when transplanted at the site of injury in a murine TBI model (Ghazale et al., 2018). Treated
animals also demonstrated decreases in both GFAP fragmentation and all-spectrin
proteolysis, both of which have recently been validated as potential biomarkers of necrotic
calpain-mediated neural injury. This suggests a downregulation of calpain/caspase activation
(Ghazale et al., 2018).

Though the applications of ESC and fetal-derived NSC treatments appear to be extremely
promising, considerable limitations include ethical concerns and risk of tumorigenesis. For
these reasons, adult NSCs are used as they afford fewer ethical objections and represent a
lower risk of tumor generation (Amariglio et al., 2009; Cave et al., 2014; Ramos-Zuniga et
al., 2012). An experimental TBI was utilized to review the effects of adult NSC
intraventricular transplantation on the response of endogenous NSCs in the SVZ as well as
the inflammatory response in the corpus callosum (Sullivan and Armstrong, 2017). This
transplantation decreased astrogliosis and the activation of callosal microglia/macrophages
after TBI, though Shh signaling was not involved (Sullivan and Armstrong, 2017).
Additional investigations are needed to fully elucidate the mechanisms underpinning the
immunomodulatory effects of NSCs as well as their therapeutic potential.

TBI animal models receiving local and systemic transplants of fetal human neural progenitor
cells (fetal hNPCs) exhibited transient anti-inflammatory and functional improvements
(Skardelly et al., 2014). Hopeful results were seen in animals receiving systemic transplants
(Skardelly et al., 2014). Comparable to intraparenchymal injections in terms of efficacy,
subarachnoid administration is proposed due to being minimally invasive and lower risk
(Bonilla et al., 2014). Following subarachnoid transplantation, BM-MSCs survived,
translocated to the injury cavity, and differentiated into mature neural cell classes for a
minimum of six months post-transplantation, devoid of evidence suggesting long-term
neurological change, lesion dimension, and neurotrophin output (Bonilla et al., 2014).

Additional investigations are needed in order to fully comprehend the long-term effects of
stem cell therapies as well as the differences between their local and systemic administration
after TBI. Additionally, human adipose-derived stem cells (hRADSCs) demonstrated an age-
dependent effect following intravenous administration in young (six months) and aged
(twenty months) rat models of TBI (Tajiri et al., 2014a). In the young animals, such
treatment resulted in the mitigation of cortical insult and hippocampal cell loss, which
further correlated with significant amelioration of motor and cognitive functions (Tajiri et
al., 2014a). It is noteworthy that hADSCs were found to have migrated to such peripheral
organs (such as the spleen) in these animals (Tajiri et al., 2014a). As the spleen’s action has
been implicated to facilitate MSC neuroprotective action, hADSCs represent a propitious
treatment of TBI. Conversely, the diminished trafficking of these cells to the spleen may be
the result of decreased efficacy of treatment in aged rats (Tajiri et al., 2014a).

Adipose derived mesenchymal stem cells (AD-MSCs) are harvested easily via minimally
invasive techniques such as liposuction or abdominoplasty (Mastro-Martinez et al., 2015). In
a rat TBI model, allogenic transplantation of AD-MSCs into the area surrounding the wound
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and below the surface of the cortex enhanced recovery of motor function, neurogenesis, and
cell density of the hippocampus (Mastro-Martinez et al., 2015).

A new study demonstrated that AD-MSC transplantation in a rat TBI model enhanced
functional outcomes, initiated astrocytosis and reactive microglia, attenuated apoptosis in the
hippocampus, and minimized neuron damage in the peri-impact area (Lam et al., 2017).
Further, levels of proteolytic biomarkers for neuronal and glial cell damage (all-spectrin and
GFAP-breakdown product) were diminished in cortical insult by rAD-MSCs (Lam et al.,
2017). Greater than 7,900 genes of the topical MSC population were differentially expressed
of which six genes were involved in axonogenesis. Growth factors Erbb2, Artn and Ptn,
cytokine IL3, cell cycle Hdac4, and notch signaling Hes1 were regulated in the peri-impact
area three days following MSC transplantation (Lam et al., 2017). Additionally, MSCs in the
region surrounding the point of impact were found to express CXCR4, which is indicative of
the likely involvement of the SDF-1/CXCR4 axis in the shuttling of MSCs (Lam et al.,
2017).

In the realm of chronic TBI, an enticing therapeutic target to be considered involves the
activation and mobilization of endogenous bone marrow stem/progenitor cells via
administration of granulocyte colony stimulating factor (G-CSF) (Acosta et al., 2014). When
administered as a joint therapy, human umbilical cord blood cells (hUCBCs), and G-CSF
reduced neuroinflammation, heightened endogenous neurogenesis, and mitigated
hippocampal cell loss in acute TBI (Acosta et al., 2014). This combined therapy led to
robust and long-lasting motor function recovery, though such recovery was much more
transient when hUCBCs or G-CSF were administered alone (Acosta et al., 2014). One
possible mechanism underpinning the success of the joint therapy involves the generation of
a microenvironment conducive to hUCBC integration with host tissue via the action of G-
CSF and/or the mobilization of endogenous bone marrow stem cells to the locale of injury
also via the action of G-CSF (Dela Pena et al., 2014). More promising results were affected
by this synergistic treatment than by either stand-alone treatment (Dela Pena et al., 2014).

Of the plethora of stem cell types, human umbilical cord derived mesenchymal stem cells
(hUC-MSCs) have pronounced advantages not limited to hearty auto-renewal and
differentiation, ready availability, growth and proliferation in culture, elevated mitotic
activity, anti-inflammatory qualities, and less ethical disquiet due to extra-embryonic tissues
usually being discarded postpartum (Kim et al., 2008; Magatti et al., 2016). Human
umbilical cord matrix Wharton’s jelly mesenchymal stem cells (WJ-MSCs), are acquired in
a similar manner and could potentially secrete large amounts of factors involved in
neuroprotection, neurogenesis, and angiogenesis (Hsieh et al., 2013).

Extracellular matrices (ECMs) are integral to tissue architectural support as well as cell
anchoring, migration, proliferation, and differentiation (Xiao et al., 2016). Brain ECM has
been shown to regulate neural plasticity and the regeneration of axons (Miyata and
Kitagawa, 2017). Upon transplantation, WJ tissue, comprising stromal microenvironment as
well as UC-MSCs, were shown to alleviate post-TBI brain edema, shrink lesion volume,
increase neurologic function, elevate expression of BDNF, facilitate recovery of memory,
and enhance cognitive recovery (Cheng et al., 2015). ECMs are pivotal to a new mechanism
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of stem cell repair referred to as “stem cell-paved biobridges.” Stem cells are able to
streamline the long-distance migration of NSCs between the neurogenic SVZ niche and the
site of brain insult by way of biobridges, facilitating endogenous repair systems (Tajiri et al.,
2013). This recently found ability has expanded the current conception of repair mechanisms
which were previously limited to the knowledge of either cell replacement or bystander
effect being stem cells’” only means of repair (Tajiri et al., 2013). This newfound tenet
manifested when cultures demonstrated that notch-induced human BM-MSCs (SB623) were
found to mediate the migration of endogenous cells by way of a biobridge seven days post-
TBI in an animal model (Tajiri et al., 2013). The biobridge was distinguished by observing
elevated levels of extracellular metalloproteinases (MMPs) as well as by a stream of graft
cells which was later supplanted by newly formed host cells (Tajiri et al., 2013). This novel
mechanism of stem cell repair unveils the roles of MMPs and ECM in neural repair. Further,
it implies that such biobridges may propel the migration of cells in other maladies, though
this remains to be investigated (Tajiri et al., 2013). Additionally, other stem cells possess the
ability to create biobridges similar to that created by SB623 as they demonstrate modified
levels and functions of MMPs and ECM proteins (Cheng et al., 2015; Tajiri et al., 2013).
Examples include cells derived from umbilical cord, umbilical cord blood, adult brain, and
systemic blood (Cheng et al., 2015; Tajiri et al., 2013). Further investigation is required to
more thoroughly elucidate the mechanisms underpinning the migration of newly formed
host cells toward the site of injury, as well as the efficacy and safety of SB623 in non-acute
TBI in order to fine-tune protocols for transplantation in forthcoming clinical trials (Tajiri et
al., 2013).

Currently, stem cell treatments lead to less functional and successful outcomes in chronic
stage TBI as compared to acute stage TBI. Chronic TBI microenvironments are vastly less
conducive to stem cell longevity than acute TBI environments (Harting et al., 2009) which
demonstrate significantly higher levels of neurotrophic factors (Shindo et al., 2006).
Intravenous delivery is likely the most appropriate method during acute stage TBI as it
forgoes the trauma implicit in an intracerebral route of administration. Conversely, a more
direct intracerebral route may effect more efficacious brain repair in chronic stage TBI at
which point chemoattractant signals have diminished and the brain has stabilized.

Both acute and chronic TBI are being treated with the use of intrathecal and intravenous
stem cell administration and is currently undergoing clinical trial testing. Cell types include:
autologous bone marrow progenitor cells (BMPC) (; ; ; ) and, more recently, hUC-MSCs and
BM-MSC-derived NSC-like cells (Miao et al., 2015; Wang et al., 2017). Erythropoietin (),
G-CSF (Acosta et al., 2014), and other stem cell mobilizing agents lead to elevated levels of
endothelial progenitor cells (EPCs).

In a Phase-1 clinical trial involving patients with severe pediatric TBI, intravenously
administered autologous bone marrow-derived mononuclear cells (BM-MNCs) led to a
substantial drop in the Pediatric Intensity Level of Therapy (PILOT) score which is a metric
of the overall therapeutic effort invested in the controlling of intracranial pressure (ICP)
(Liao et al., 2015). A similar trend was detected in the Pediatric Logistic Organ Dysfunction
(PELOD) score, which is recognized as being a valid metric of pediatric multiple organ
dysfunction (Liao et al., 2015). It is reasonable to conclude that BM-MNC treatment could
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alleviate the caustic effects of inflammation in the acute post-TBI period. The safety and
logistic viability of autologous intravenous BM-MNC administration were confirmed in a
Phase-I/11a study of severe adult TBI in which brain parenchyma preservation was correlated
with functional outcomes (Cox et al., 2017). This modality likely mitigated the global
inflammatory reaction, which was denoted by the downregulation of key inflammatory
cytokines (Cox et al., 2017). Another study showed the betterment of both clinical and
functional measures as well as the amelioration of PET scan results following intrathecal
administration of autologous BM-MNCs in patients living with chronic TBI (Sharma et al.,
2015).

A case study following the progress of a female fifteen-year-old TBI patient demonstrated
the absence of any inimical consequence following autologous BM-MNC intrathecal
administration and exhibited marked improvement in higher function, memory, speech, fine
motor skills, and cognitive ability (Sharma et al., 2017). Six months following
administration, brain PET scan results additionally corroborated these improvements
(Sharma et al., 2017). Findings such as these emphasize that the quality of life of individuals
living with chronic TBI could be bolstered by BM-MNC transplantation.

Additionally, human umbilical cord derived mesenchymal stem cells (hUC-MSCs)
constitute a more auspicious cell source thanks to their greater ease of procurement, rapid
proliferation, and lower antigenicity as compared to BM-MNCs. The abilities of hUC-MSCs
have been demonstrated in both animal and pre-clinical trials (Hsieh et al., 2013; Kim et al.,
2013; Magatti et al., 2016; Miao et al., 2015). The safety and efficacy of intrathecal hUC-
MSC administration was demonstrated by a clinical study following one hundred patients
with TBI (Miao et al., 2015). An additional Phase-I study demonstrated that both
intravenous and intrathecal transplantation of autologous BM-MSC-derived NSC-like cells
are safe and feasible for patients with severe TBI (Wang et al., 2017). Furthermore,
following transplantation, heightened serum levels of neurotrophic factors NGF and BDNF
were detected, and correlated with marked functional improvement within the majority of
individuals (Wang et al., 2017).

As previously noted, studies and clinical trials probing the effects of the intracerebral
administration of stem cells in PD, HD, and stroke will afford findings applicable to TBI
treatment development. Additionally, aging and TBI both lead to the acquisition of senescent
phenotypes and, therefore, a shrinking of the endogenous NSC population. However, the
administration of radical scavengers in particular may be able to partially or completely
reverse the senescent phenotypes seen in aging and TBI leading to a more robust, populous,
and phenotypically-young NSC population. Further, the administration of naive stem cells
would naturally be free of such senescent markers and, thus, exhibit a more long-lasting
effect as compared to naturally or traumatically aged stem cells. Administration of stem cells
to the peri-impact area may engender the rescue of neural cells succumbing to the secondary
death cycle of TBI.

3.5. Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease in which motor neurons
degenerate and are unable to initiate voluntary muscle movement (Hefferan et al., 2011).
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There is no known cure, and current treatments are unable to halt the effects of the
progressive disease (Glass et al., 2012). However, transgenic rodent models have provided
an example to study the mechanisms of familial ALS, including the superoxide dismutase 1
(SOD1) variant (Hefferan et al., 2011). These findings have opened the door for new
therapies such as stem cell treatment (Table 5). Bone marrow mononuclear cells (BMMNCs)
injected in the spine were found to reduce degeneration rates. Increased doses were more
effective in protecting motor neurons, as the stem cells mediated treatment through paracrine
factors (; ).

BMMNCs, while promising, are not the only form of stem cell therapy considered for ALS
patients. Human spinal cord-derived neural stem cells (hSSCs), for example, produce more
amino acid transporters to support reduced glutamate transporter expression and possess
elevated glutamate concentrations outside of their cells due to the lack of transporters (),
(O’Donovan et al., 2017). A subpopulation of iPSC-derived neural stem cells (LewisX
+CXCR4+p1-integrin+) promoted survival and continued axonal sprouting in cultures of
toxic ALS astrocytes and neurons from ALS patients (Nizzardo et al., 2016). Using the same
culture of cells, mice with the SOD1 variant received this treatment and demonstrated
improved strength of neuromuscular communication and axonal growth (Nizzardo et al.,
2016). Mice with the same variation also displayed improved ALS symptoms when they
received a treatment of neural stem cells and nerve growth factor (Zhong et al., 2017).
Unfortunately, the transplanted grafts of stem cells have low survival rates, shown by in vivo
magnetic resonance imaging. However, the effects of neuronal stem cell implants are still
therapeutic (Srivastava et al., 2017). Stem cell therapy that utilizes hSSCs were paired with
the delivery of immunosuppressants, and rat models with SOD1 variation exhibited higher
graft survival rates (Hefferan et al., 2011). Thus, neural stem cells, whether they are spinal-
derived or not, are able to protect and support motor movement through paracrine and
immunomodulatory mechanisms.

Beyond murine models, human stem cell treatments have entered the first phases of clinical
trials. Successful intraspinal delivery of hSSCs were administered to twelve ALS patients,
and after thorough evaluation, termination of degeneration was observed (Glass et al., 2012).
The treatment was deemed safe in phase I, with the absence of progression being favorable
for phase Il trials (Glass et al., 2012). Humans given autologous MSCs also reported positive
outcomes in longevity as well as increased capability, quantified via the ALS functional
rating scale (Martinez et al., 2016). For the treatment of ALS, a myriad of different stem cell
types has been utilized. To produce neurons and supporting glial cells, human spinal cord-
derived neural stem cells (; ), human neural stem cells (), and bone marrow-derived neural
stem cells (Nafissi et al., 2016) are being used. Bone marrow derived stem cells, autologous
BMSCs (; ; ; ), peripheral blood stem cells (Li et al., 2017; ), autologous hematopoietic stem
cells (), autologous MSCs (; ; ; Staff et al., 2016; Sykova et al., 2017), and HLA-haplo
matched allogenic bone marrow-derived stem cells (). Lastly, some miscellaneous stem cells
include umbilical cord MSCs (), adipose-derived MSCs (Staff et al., 2016), induced
pluripotent stem cells (iPSCs) (), and stem cells combined with G-CSF and nerve growth
factor to encourage success in treatment (). There is a lot of data that have not yet been
reported due to continuing studies or absence of publication on which further work is being
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therapies, and the scientific community will continue to receive new information as more
clinical trials are released.

Studying the effects of aging in ALS patients has proved to be difficult due to the rapid
progression and fatality of the neurodegenerative disease. However, research is being done
to compare early onset ALS to common late onset ALS, seen in adults aged 40-70 years
(Japtok et al., 2015). Although ALS is more frequent in older generations, it is more severe
within young onset models. A mutation in the FUS gene is responsible for 5% of familial
ALS cases and leads to the accumulation of FUS protein within the cell. In the young onset
model (patient aged 29 years), the pathological phenotype showed increased severity
compared to the late onset (patient aged 58 years) (Japtok et al., 2015). However, it is
acknowledged that FUS protein accumulates more in the cell with age, so it does play a role
in the observed severity. iPSCs were used as the progenitor for cortical neurons that were
used in the study, rather than for treatment (Japtok et al., 2015). Apart from aging effecting
the severity of ALS observed, stem cells are being used to increase the lifespan of those
diagnosed with the progressive disease.

ALS significantly shortens longevity in patients because the effects of aging are accelerated.
Motor neurons and astrocytes exhibit reduced function like that of an much older individual,
however, as of late, stem cells have become a promising therapy to bring in newer and
younger cells that are able to support neurons. Human adipose-derived stem cells (ASCs)
were transplanted into SOD1G93A mouse models of ALS intravenously (IV) and
intracerebroventricularly (ICV). The onset of symptoms was delayed by 26 days in ICV
mice, and their longevity was extended by 24 days (Kim et al., 2014). Additionally, motor
neurons were derived from human neural stem cells (NSCs), then were intrathecally
transplanted into SOD1G93 mouse models, and the lifespan was once again significantly
prolonged (20 days) (Lee et al., 2014). Stem cells are able to resist the accelerated aging of
ALS via the high secretion of neurotrophic factors.

Two trophic factors, glial-cell derived (GDNF) and vascular endothelial growth factor
(VEGF), are particularly helpful in preventing the augmented aging of motor neurons and
astrocytes experienced by patients with ALS. GDNF is released by genetically modified
stem cells, both human neural progenitor cells (hNPCs) and hMSCs (Das et al., 2016; Das
and Svendsen, 2015; Krakora et al., 2016). hNPCs released GDNF after injection into the
spinal cord of aging rats. hNPCs most frequently differentiated into astrocytes to support and
protect neurons from age-related deficits (Das et al., 2016). The genetically modified NPCs
are used in murine models of ALS and have successfully protected motor neurons, which
suggests that ALS and aging follow similar mechanisms. In familial models of ALS in rats,
astrocytes develop a senescent phenotype at a much higher rate, leaving neurons vulnerable
to damage and cell death (Das and Svendsen, 2015). Rat astrocytes were shown to be
susceptible to accelerated aging due to the neurodegenerative progression; however, GDNF
has been shown to partially reverse the damage (Das and Svendsen, 2015). Replacing old
astrocytes with new stem cells that release GDNF is a promising therapeutic strategy. Lastly,
one study was successful in using modified hMSCs to release GDNF to halt the progression
of ALS. This continuing project experimented with the efficacy of VEGF versus GDNF, as
well as a combination of VEGF and GDNF (Krakora et al., 2013). VEGF was found to be
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just as effective as GDNF in regards to protecting neurons against ALS and prolonged
survival of murine models, thus fighting the aging process (Krakora et al., 2013). Together,
VEGF and GDNF were more efficient than either individually, demonstrating a strong
synergism (Krakora et al., 2013).

In conclusion, ALS accelerates the aging of neurons, but the newer stem cell therapies offer
positive outcomes of neuroprotection and extended longevity through the release of trophic
factors. Age of onset also contributes to the severity of the disease, which is something
researchers need to consider when determining the dosage of stem cell injections. Stem cells
can help reduce the detrimental effects of aging, especially in those experiencing rapid
degeneration due to ALS.

3.6. Multiple Sclerosis

Stem cells possess the ability to remyelinate axons, allowing for increased traction within
the research community with the absence of treatment options for multiple sclerosis
(Karussis et al., 2006). Stem cell treatments can be injected intraventricularly and induce
immunomodulatory effects that have been shown to mitigate aspects of MS pathology (Table
6) (Karussis et al., 2006). Two important features of oligodendrocyte maturation; 1) the
upregulation of glial lineage protein markers and 2) migration to areas of white matter
inflammation have both been shown to hinder the progression of MS (Karussis et al., 2006).
The migration of BM-MSCs to sites of inflammation and subsequent differentiation into
astrocytes, neuronal, or glial cells has been reliably shown in mice treated intravenously or
intraventricularly (Karussis et al., 2006). Invasion of lymphocytes were minimized and white
matter was shown to be preferentially rescued (Karussis et al., 2006). In addition to
treatment with BM-MSCs, neurotrophic factor-secreting mesenchymal stem cell (NTF-SCs)/
hADSCs transplantations may represent a possible therapeutic intervention (Razavi et al.,
2018). Transplantation of MSCs into mice with MS demonstrated the ability to target
inflammatory pathways by increasing interleukin-10 (IL-10), and suppressing
myeloperoxidase and tumor necrosis factor-alpha, suggesting the presence of
neuroprotective effects (Mahfouz et al., 2017). When compared to BM-MSCs, human
embryonic stem cell-derived mesenchymal stromal cells (hE-MSCs) were shown to curb the
progression of MS in mice whereas BM-MSCs alone were unsuccessful (Wang et al., 2014).
hE-MSCs possess two potentially therapeutic characteristics: 1) their ability to cross the
blood-brain barrier/blood-spinal cord barrier (BBB/BSCB) and migrate to CNS lesions and
2) low expression of IL-6, a major inflammatory cytokine (Wang et al., 2014). The
administration of a combination of genetically modified adipose-derived MSCs and
interferon-beta also demonstrated a reduction of inflammation as well as MS symptoms
(Marin-Banasco et al., 2017). Laboratory research also revealed that hE-MSCs prevented
demyelination while leaving axons undisturbed (Wang et al., 2014).

WJ-MSC transplants reduced autoantigen-induced T-cell propagation while exhibiting
minimal immunogenicity and expressing anti-inflammatory molecules/neurotrophic factors,
alleviating MS symptoms (Donders et al., 2015). In humans, similar results were found.
Human UC-MSCs were infused intravenously three times over six weeks in 23 MS patients
(Lietal., 2014). In the UC-MSC-treated patients, a phenotypic shift from the inflammatory
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type 1 T-helper cell (Th1l) to the regenerative type 2 T-helper cell (Th2) was seen (Li et al.,
2014). The role that Th2 cells play in slowing MS progression has been clinically confirmed
(Karnell et al., 2017). In a long-term analysis of 281 MS patients, autologous HSC
transplantation improved outcomes compared to controls in younger patients, boasted lower
baseline EDSS scores, and demonstrated less of a need for additional therapies. UC-MSCs ()
and autologous BMSCs () are among the few potential MS therapies being tested in clinic
trials.

Aging presents a therapeutic challenge for those with long-term demyelinating diseases such
as MS. The demyelination seen in MS combined with the diminished ability of the body to
compensate efficiently seen in aging are potential reasons for why the transition of relapsing
remitting MS into progressive MS seems to be an age-dependent process (Tutuncu et al.,
2013). Remyelination has been shown to be less efficient within the aged CNS due to the
variable expression of growth factors in older individuals (Hinks and Franklin, 2000).
Slower myelination of axons has been associated with differential expression of platelet-
derived growth factor, impacting the aggregation of oligodendrocyte progenitor cells, as well
as low peak production of IGF-1 and TGF-beta, hindering the subsequent differentiation of
recruited oligodendrocyte progenitors into mature oligodendrocytes (Hinks and Franklin,
2000). Recently, it has been shown that oligodendrocyte progenitor maturation is partially
influenced by the availability of monocytes recruited to the demyelinated site from the blood
(Ruckh et al., 2012). Treatment of aged mice with youthful monocytes via parabiosis
established more robust remyelinating activity, suggesting that aged oligodendrocyte
progenitor cells are capable of being responsive to therapies combating the aging process
(Ruckh et al., 2012). In addition to environmental signaling changes, cell-intrinsic
mechanisms have been elucidated as contributors to impaired remyelination due to aging.
Reduced ability of cells to recruit histone deacetylase (HDAC) to the promoter regions of
differentiation inhibitor genes such as Hes5 has been implicated in aging (Shen et al., 2008).
Specifically, the HDAC1 and HDAC?2 isotypes have been deemed critical for efficient
oligodendrocyte progenitor differentiation (Shen et al., 2008). Thus, a chromosomal
environment exists within aged oligodendrocyte progenitor cells that makes differentiation
more unlikely compared to youthful cells. Alterations to intrinsic signaling pathways in
aging may also modify the ability of cells to remyelinate damaged axons. Sonic hedgehog
(Shh) signaling is critical for NSC differentiation into the oligodendrocyte and neuronal
lineages (Traiffort et al., 2016; Wang et al., 2008). The regulation of this pathway seems to
go awry with age, which may accelerate the progression of MS symptoms by impacting
NSC differentiation signaling (Carlson et al., 2008). In summary, the effects of aging on
stem cells and their successive precursor cells are multifaceted as they relate to the course of
MS and present many potential therapeutic targets.

3.7. Multiple System Atrophy

Multiple system atrophy (MSA) is a sporadic neurodegenerative disorder that affects both
the autonomic nervous system as well as locomotion via cerebellar ataxia, pyramidal signs,
and Parkinsonism. The presence of a-synuclein in glial cells (particularly oligodendrocytes)
is a histopathological hallmark (Lee et al., 2012; Masliah et al., 2000). Due to the diseases
rapid progression and fatal conclusion, there is a dire need for treatments that mitigate
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MSA’s progression (Lee et al., 2012). In one study, intra-arterial administration of MSCs
provided protective effects for striatal and nigral neurons in 6-OHDA/quinolinic acid animal
model of MSA (Na Kim et al., 2017), correlating with observed motor outcomes (Na Kim et
al., 2017). In a limited clinical study, autologous MSCs were used to treat patients with
cerebellar-type MSA (Lee et al., 2012). The MSC-treated patient group showed a smaller
increase in deficits and less extensive degeneration at 360 days compared to the placebo
group (Lee et al., 2012). However, the study reported small ischemic lesions following intra-
arterial infusion (Lee et al., 2012). While pre-clinical data hold promise for the use of stem
cells in the treatment of MSA, additional studies of thorough design are needed (Table 7).

As of yet, a reliable mechanism of pathology has not been deduced for MSA. However,
thanks to the emergence of iPSC techniques, patient-specific models of MSA are currently
being used to elucidate the specific pathogenesis of MSA so that targeted treatments thereof
may be developed (Abati et al., 2018; Devine et al., 2011). While several studies have
demonstrated the neuroprotective effects of MSCs in the treatment of MSA (Lee and Park,
2009; Sunwoo et al., 2014), additional studies should be conducted with regard to the effects
of aging on endogenous stem cell reservoirs and their participation (or lack thereof) in MSA.
Additionally, because of MSA’s similar characteristics to synucleinopathies, advances made
in the treatment of PD may be found relevant for the treatment of MSA. For example, just as
intracerebral transplantations of stem cells have been shown to restore lost DA neurons, stem
cells may also be able to replace damaged oligodendrocytes which have also fallen prey to
accumulations of alpha-synuclein (Lindvall et al., 2012).

4. The Youthful Brain

Aging leads to the accrual of senescent phenotypes in both brain parenchyma as well as stem
cell neurogenic niches. As has been noted above, such phenotypes generally detract from the
efficacy of stem cell therapy. When considering treatment options for CNS disorders, such
as stroke and TBI, the age of the transplant recipient may influence the therapeutic
outcomes, Compared to the largely aging patient population of stroke, TBIs are primarily
sustained by those of a younger age group (Dewan et al., 2018a).

The young brain compared to the aging brain is more amenable to neuroplasticity and
regenerative medicine. With respect to age-dependent responses seen in TBI, while adult
TBI is characterized by a starkly pro-inflammatory response, the young brain after TBI
engenders an anti-inflammatory depression of cytokines predominantly in the contralateral
hemisphere and, to a lesser degree, in the ipsilateral region (Tajiri et al., 2014c). This was
observed in the brains of seven-day-old Sprague-Dawley rats which were euthanized
immediately following TBI. Inflammatory cytokine suppression was observed in the brain
parenchyma only, and no such downregulation was noted in plasma cytokine levels. This is
indicative a highly localized anti-inflammatory response. When administered in the TBI-
exposed young brain, the anti-inflammatory effect of stem cell therapy is thus reasonably
expected to produce greater neuronal rescue from inflammation-induced death than the same
treatment would afford in adult TBI (Dewan et al., 2018b). Additionally, the greater degree
of neuroplasticity noted in young subjects would further enhance neuronal survival.
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Anti-inflammatory trends similar to those noted in immature animals subjected to TBI have
been observed in the context of stroke. Further, in cerebral hypoxic-ischemic models,
neonate mice have been shown to have briefer stromal cell-derived factor 1 (SDF-1)-
mediated BMSC chemotaxis as compared to their adult counterparts (Miller et al., 2005).
SDF-1 cell homing was highest three to five days post-injury (Miller et al., 2005). This
narrowed therapeutic window may be a result of higher levels of neuroplasticity and tighter
SDF-1 regulation as compared to the more stable, less regulated adult brain (Miller et al.,
2005).

Pathological triggers and therapeutic targets may reside in inflammatory cues and stem cells,
especially when key cellular differences are recognized between young and aged microglia
(Safaiyan et al., 2016). As noted above, the young brain compared to the aging brain is more
amenable to neuroplasticity and regenerative medicine. Myelin clearance by microglia
becomes more burdensome during aging, propelling the microglia to undergo senescence
eventually succumbing to a pathological immune response (Safaiyan et al., 2016). In the
setting of stroke, the neonatal brain upregulates endogenous cytokines and chemokines that
create a conducive microenvironment for stem cell proliferation and migration, altogether
aiding the host regenerative process (Bartley et al., 2005; Millet et al., 2005). With the young
brain nurturing an endogenous repair mechanism, it is not surprising that viable stem cells
are easily harvested from young sources than aged tissues (Batsali et al., 2017; Kim et al.,
2013). Altogether, these findings underscore the intricate role of inflammation on stem cells.

5. Synopsis

A large body of research has shown that stem cell transplantation, especially via an
intracerebral route, has beneficial effects for various neurological disorders. However, proper
consideration of immune response and the potential for tumor formation is crucial for the
safety of patients. Similar to organ transplantation, stem cell therapies might require
immunosuppressive drugs to prevent rejection since differentiated stem cells can be
immunogenic (Weder et al., 2014). In a Parkinsonian primate study, cyclosporine was not
enough to prevent the immune rejection of DA hESCs (Emborg et al., 2013). This was
indicated by the proliferation of CD68 and CD 45 at the surrounding injection site (Emborg
et al., 2013). As hES-derived neural progenitors mature, they express more MHC antigens,
which can be recognized as foreign agents by host cells (Emborg et al., 2013). Another
confounding factor is the different immuno-microenvironment between the source of stem
cells and the targeted therapy region (Weder et al., 2014). Matching human leukocyte
antigen (HLA) between donor and recipient has been the gold standard for minimizing graft
rejection, however it might not be possible for certain type of stem cells. Interestingly, in one
study, co-transplantation of MSC with porcine neuroblasts (pNb) increases the survival rate
of pNb (Leveque et al., 2015). MSCs were able to modulate the immune response through
various aspects such as preventing B-cells from differentiating to plasma cells, slowing the
maturation of T-cells, and inhibiting the antigen presenting process (Leveque et al, 2015)
any factors can contribute to the tumorigenicity of stem cells such as stem cell sources,
extraction and modification methods, the microenvironment, and pre-existing tumors (Weder
etal., 2014). For example, MSCs may promote cancer-prone cells to proliferate and vice
versa. On the other hand, MSCs might also inhibit tumor growth by modulating the immune
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environment (Weder et al., 2014). These important factors should be carefully considered
and addressed to lower the risk factors associated with the stem cell therapy (Weder et al.,
2014).

Another important factor in stem cell therapy is the distribution and migration of the
transplanted stem cells to various tissues such as lung, spleen, muscle, etc. (Weder et al.,
2014). Currently, the distribution of stem cells is not uniform and its significance remains to
be understood. The different distributions between transplantations might lead to an increase
risk for patients (Weder et al., 2014). However, an uneven homing of stem cells might also
explain the immunomodulatory ability of stem cells and be preferable (Acosta et al., 2015).

Finally, choosing the number of cells for transplantation is a delicate decision. Generally, the
survival rate of transplanted cells is low. Therefore, if the quantity of transplanted cells is not
sufficient, the therapeutic outcomes might diminish (Weder et al., 2014). On the other hand,
a large dosage of cells may lead to large amount of cells in unintended tissues. This
increases the risk of complications associated with transplantation (Sohni and Verfaillie,
2013). More importantly, since the cells have the tendency to clump together, high dosages
might also increase the risk of embolism and vascular occlusion causing ischemic stroke
(Sohni and Verfaillie, 2013; Weder et al., 2014).

6. Future Directions

The area of research that focuses on treating neurological disorders with stem cells has been
rapidly expanded since the discovery of stem cells and their first treatment application in PD
in 1980. Stem cells have been found and modified from various sources. With the
advancement in technologies, transplantation methods have also improved and advanced
toward safe and reliable techniques. However, there are many questions which remain to be
answered. These challenges include fully understanding the mechanism of action, selecting
proper cell type, optimizing dosage and delivery methods for each disease, and scaling-up
for the general population while maintaining safety standards. Further understanding of the
mechanism of action will assist with clinical designs that provide safe and therapeutic
outcomes. In order to expand the availability of stem cell therapy, the quality of mass-
produced cells must be carefully monitored to maintain safety and efficacy. In the next five
years, many ongoing clinical trials will be concluded and reported. These results will help to
shape public opinion and guide the field to improve our understanding of cell therapy. In
addition, further efforts must focus on the significant role of aging and its effect on
pathologies of neurological disorders and stem cells.

7. Conclusion

The growing of the aged population will likely be accompanied by higher incidence of
neurological disorders. As we discussed in this review, there are currently no cures for many
of these diseases. Aging plays many roles in enhancing disease progression such as the
accumulation of harmful circulating factors, proteinaceous aggregation, and overall
pathological phenotype. Aging in stem cells could best be described as a continuous positive
feedback loop as aging progresses, error increases, thus, disease progresses. Ethical,

Neurobiol Dis. Author manuscript; available in PMC 2020 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nguyen et al.

Page 27

practical and logistical approaches for slowing down the process of aging may be
implemented to stave off erroneous driven disease states. With that being said, stem cell
therapy may allow hopeful passage for alleviating the harmful effects of disease and aging.
Over the past few decades, stem cell therapy has emerged as a potential therapeutic option
for CNS disorders. However, to this day, there are no neurological disorders in which stem
cell therapy is the first and best treatment option. Yet, enthusiasm must meet with
expectation while translating stem cells from bench to bedside; especially for vulnerable
patient populations with poor prognoses and limited treatment options. Of note, medical
tourism is an ill-informed option because these advertised treatments are not regulated nor
do they meet the standard of the US Food and Drug Administration (FDA) (Edelstein and
Holmes, 2014). Instead, further rigorous research and well-designed clinical trials that stay
in the framework of regulatory agencies are needed to ensure the safety of participants
(California’s Stem Cell Organization, 2013). Unrealistic and faulty promises from some
entities in the U.S. and abroad will stifle the progression of the field (Institute of Medicine
and National Research Council, 2014). The field of stem cell therapy is advancing toward a
critical point of providing meaningful outcomes for neurological disorders. However, stem
cells are not silver-bullets for all diseases.

In this review, we highlighted the use of stem cell therapy in neurological disorders with an
emphasis on the important role of aging. The current literature supports the notion of using
stem cells as a treatment for many neurological disorders. Further pre-clinical and clinical
studies are needed to ensure the safety and efficacy of these treatment options with
consideration of the effects of aging on stem cells and the transplant recipients.

Abbreviations

PD Parkinson’s Disease

HD Huntington’s Disease

TBI traumatic brain injury

ALS amyotrophic lateral sclerosis
MS multiple sclerosis

MSA multiple system atrophy

CNS central nervous system

v Intravenous

1A Intra-arterial

DA dopamine

MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
iPSCs induced pluripotent stem cells
BBB blood brain barrier
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CP choroid plexus
QA quinolinic acid
OECs olfactory ensheathing cells
GABA y-aminobutyric acid
MSCs mesenchymal stem cells
MCAO middle cerebral artery occlusion
GDNF glial cell line derived neurotrophic factor
NT2N cells Ntera2/D1 neuron-like cells
Svz subventricular zone
DG dentate gyrus
NSC neural stem cell
VEGF vascular endothelial growth factor
PET positron emission tomography
CCl controlled cortical impact
BMSCs bone marrow stromal cells
hESC human embryonic stem cell
hNSC human neural stem cell
BDNF Brain-derived neurotrophic factor
DHA docosahexaenoic acid
hADSCs human adipose-derived stem cells
hUCBCs human umbilical cord blood cells
G-CSF granulocyte colony stimulating factor
WJ-MSCs Wharton’s jelly mesenchymal stem cells
ECM Extracellular matrix
MMPs extracellular matrix metalloproteinases
BMPC bone marrow progenitor cells
hTERT-MSCs human telomerase reverse transcriptase-immortalized

mesenchymal stem cells

VSELs very small embryonic-like stem cells
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HSCs
hBMEPCs
hDASCs
IFN-yRB
EPCs
BM-MNCs
ICP
hSSCs
NTF-SCs

hE-MSCs

hESCs
GVHD
pNb
AD-MSCs

SB623

BM-MSCs
BMSCs
BM-MNCs
PILOT
PELOD
hUC-MSCs
BMMNCs
SOD1

ICV

v

hNPCs
IL-10

HDAC
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hematopoietic stem cells
human bone marrow endothelial progenitor cells

human derived adipose stem cells

endothelial progenitor cells

bone marrow-derived mononuclear cells

intracranial pressure

human spinal cord-derived neural stem cells
neurotrophic factors secreting mesenchymal stem cell

Human embryonic stem cell derived mesenchymal stromal
cells

human embryonic stem cells
graft-versus-host disease

porcine neuroblasts

adipose-derived mesenchymal stem cells

notch-induced human bone marrow derived mesenchymal
stem cells

bone marrow derived mesenchymal stem cells
bone marrow stromal cells

bone marrow-derived mononuclear cells
Pediatric Intensity Level of Therapy

Pediatric Logistic Organ Dysfunction

human umbilical cord derived mesenchymal stem cells
bone marrow mononuclear cells

superoxide dismutase 1
intracerebroventricularly

intraveneously

human neural progenitor cells

interleukin-10

histone deacetylase
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pNb porcine neuroblasts

FDA US Food and Drug Administration
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Table 1:
Parkinson’s Disease.

In this table, pre-clinical studies from between 1995 and 2018 which specifically investigated stem cell
therapy with intracerebral transplantation are referenced. Although many PD clinical trials are underway, data
is not yet published and is therefore not included in this table. In summary, these milestone discoveries
indicate that transplantation of NSCs, ESCs, and iPSC-derived DA neurons ameliorates Parkinsonian
dyskinesia and promotes neurogenesis in rat models of PD.

Authors Model Cell Type Cell Quantity Outcomes
Nikkhah et 6-OHDA-lesioned rats E14 rat fetal-derived DA rick | Two injections of Neurogenesis
al., 1995 cells 4x104
Yasuhara et 6-OHDA-lesioned rats Human fetal-derived NSC 2x106 cells Neuroprotection, Neurogenesis,
al., 2006a Behavioral amelioration
Kriks et al., 6-OHDA-lesioned mice, | Human ESC and iPSC- 1.5%10° for mice, Neuroprotection, Neurogenesis
2011 rats and monkeys derived DA neurons 2.5%10° for rats,
7.5%10°8 for
monkeys.
Kirkeby etal., | 6-OHDA-lesioned rats Human ESC and fetal- Two injections of Neurogenesis, Behavioral amelioration
2012 derived NSC 1.5x10° cells at
d10, 3x10° cells at
dié
L’episcopo et | MPTP-injected mice Mouse NSC 1x105 cells Neuroprotection, Immunomodul ati on
al., 2018

6-OHDA - 6-hydroxydopamine; DA — dopamine; NSC — neural stem cells; ESC — embryonic stem cells; iPSC — induced pluripotent stem cells; PD
— Parkinson’s disease
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Huntington’s Disease.

Table 2:

Page 46

In this table, all clinically relevant in PubMed from 2000-2018 using intracerebral transplant for Huntington’s
Disease are cited. In summary, these milestone studies showed that CP cells, iPSCs, and ESCs transplantation
promotes reduction of lesion size, migration and proliferation in the striatum in animal models of HD. In
humans with HD, fetal tissue implantation results in improved cognitive and motor function, but the cells do
not survive long term or become permanently engrafted within the striatum.

Authors Model Cell Type Cell Quantity Outcomes

Emerich et al., 2006 Primate intracerebral | CP 50,000 cells per mL | Reduction of lesion volume by 5-fold

Mu et al., 2014 Rodent Intrastriatal iPSCs 1,000,000 cells Migration of iPSCs to striatum and
differentiation into glial cells

Borlongan et al., 2007 Rodent Intracerebral | CP 50,000 cells per mL | Attraction of glial cells and proliferation

in the striatum

2006

Bachoud-Levi et al, Human intrastriatal Fetal striatal tissue Not Specified Improved cognitive and motor function in

2000 daily activities

Keene et al., 2007 Human intracerebral Fetal tissue Not Specified Grafts exhibited limited to no HD
characteristics

Bachoud-Levi et al, Human intracerebral | Fetal Neuronal Tissue | Not Specified Grafts showed unhealthy morphology and

no survival in the caudate region

Jiang et al., 2011

Rodent intrastriatal

Embryonic cells

130,000 cells/ul

Greater levels of striatal-like neurons in
graft sites

HD - Huntington’s Disease; ESC — embryonic stem cells; iPSC — induced pluripotent stem cells; CP — choroid plexus
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Stroke.

Table 3:

Page 47

In this table, all pre-clinical studies from 2004 to 2018 which focused on stem cell therapy for stroke are
referenced. Moreover, the clinical trials presented were selected due to their 1) recency and 2) availability of
published results. In summary, pre-clinical investigation in animal models of stroke show that treatment with
various stem cell types improved sensorimotor functioning and reduced infarct volume. In humans, stem cell
treatment was shown to be safe and effective in improving left ventricular function and NIHSS scores in stroke

patients.
Author Model Cell type Cell Quantity Outcomes
Borlongan etal, | MCAO Menstrual blood cells 4x10° cells Sensorimotor improvement
2010
Kurozumi et al., MCAO Human BM-MSC 5 x 10° cells Reduction of infarct-volume
2005 and Sensorimotor improvement
Fukuda et al., MCAO Human BM-MSC low-dose 1 x 108 cells Sensorimotor improvement
2004 high-dose 6 x 106 cells
Borlongan etal, | MCAO CP cells 50-55 microcapsules Sensorimotor improvement
2004c
Hara et al., 2007 MCAO NT2N cells 2x 105 cells Sensorimotor improvement
Tajiri, et al., MCAO human NSCs 5 x 108 cells Reduction of infarct-volume
2012 1 x 104 cells and Sensorimotor improvement

2 x 10* cells

Borlongan et al., MCAO human bone-marrow- 1 x 104 cells Sensorimotor improvement
2005 derived CD133+ cells
Nelson et al., Human Stroke Patients | human NT2N 2 x 106 cells Safe (no adverse effects)
2002
Bang et al, 2016 | Human Stroke Patients | MSC 1 x 108 cells improved left ventricular

function

Kalladka et al.,
2016

Human Stroke Patients

Human neural stem cells
2 x 108 Intracerebral

Human neural stem cells 2 x
108 Intracerebral

improvement in NIHSS score

BM-MSCs — bone marrow-derived mesenchymal stem cells; MCAO — middle cerebral artery occlusion; NT2N - Ntera2/D1 neuron-like; NIHSS —
National Institutes of Health Stroke Scale; NSC — neural stem cells; CP — choroid plexus
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Traumatic Brain Injury.

Table 4:

Page 48

In this table, all studies in PubMed from 2006 to 2018 with intracerebral transplant to treat TBI are referenced.
In summary, these studies show that stem cell transplant following TBI potentiates neurogenesis and reduces

inflammatory cytokines, reactive astrogliosis, and edema. These effects act together to improve motor function
and recover some cognitive function.

Author Model Cell type Cell Quantity Outcomes

Shen et al., CCI mBM-MSCs 1x107 cells/mL Increased number of GAP-43-positive fibers and

2016 synaptophysin-positive varicosity; suppressed
apoptosis; release of GDNF; improved neurological
function.

Deng et al., CCl rBM-MSCs cultured with 5 pl of cell Increase of BDNF, NGF, neuronal nuclear antigens;

2017 SDF-1 suspension Increase of Brd-U-positive cells and hippocampal
neurons; decrease of apoptosis and necrosis;
reduced edema.

Harting et al., CCI rNSCs 4x10° cells Motor improvements but not cognitive recovery.

2009

Gao et al., CClI Fetal hNSCs 0.5x10° cells/pl Decreased brain lesion volumes; reduced axonal

2016 injury; reduced microglial activation; increase in the
brain M2/ML1 ratio coupled with anti-inflammatory
phenotype.

Haus et al., CClI hESC-NSCs 2.5x% 105 cells Cognitive recovery without affecting either lesion

2016 volume or total cortical or hippocampal tissue
volume; increase in host hippocampal neuron
survival; differentiation of transplanted cells into
mature neurons, astrocytes and oligodendrocytes.

Chen et al., CCI Embryonic rNSCs 2x107 cells/mL Increased expression of neurofilament 200,

2017 overexpressin g BDNF microtubule-associated protein 2, actin, calmodulin,
and beta-catenin; neuronal survival; neurite growth;
MAP2 expression in neuron-like cells differentiated
from transplanted cells, but also in host cells after
transplantation.

Ghazale et al, CClI Neonatal mMNSCs with DHA 1x105 cells Promoted neurogenesis; increase in glial reactivity

2018 pretreatment and tyrosine hydroxylase positive neurons;
attenuated calpain/caspase activation

Sullivan et al., CCI Adult mMNSCs 5x10% cells Reduced reactive astrogliosis and mi croglial/

2017 macrophage activation in the corpus callosum

Skardelly etal, | CCI Fetal hNPCs 1x105 cells Transient functional and antiinflammatory benefits.

2014

Bonilla et al., Weight drop | rBM-MSCs 2x108 cells MSCs survived in the host tissue, and some

2014 expressed neural markers; no long-term differences
in neurological outcome, lesion size and
neurotrophin production.

Mastro- Weight drop | rAD-MSCs 2x10° cells Improved recovery of motor function; increased

Martinez et al., neurogenesis and cell density in the hippocampus.

2015

Lam et al., CCI rAD-MSCs 1.5x108 cells Improved functional outcome; triggered earlier

2017 astrocytosis and reactive microglia; TBI penumbra

higher cellular proliferation and reduced neuronal
damaged; higher cellular proliferation and
suppressed apoptosis in hippocampus; Attenuated
proteolytic neuronal and glial cells injury
biomarkers; up-regulation of six genes related to
axongenesis (Erbb2); growth factors (Artn, Ptn);
cytokine (IL3); cell cycle (Hdac4); and notch
signaling (Hes1); 7,943 genes were differentially
expressed.
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Cheng et al., Weight drop | hUC-MSCs with W1 tissue 1mm?3 Attenuated edema; reduced lesion volume;

2015 improved neurological function; promoted memory
and cognitive recovery; increased expression of
BDNF.

Tajiri et al., CCI Notch-Induced hBM-MSCs 3x10° cells Novel stem cell repair mechanism exerted by stem

2013 cells in the repair of the traumatically injured brain
that involve their ability to harness a biobridge
between neurogenic niche and injured brain site
promoting long-distance migration of host cells and
therefore promoting the endogenous repair
mechanisms.

Shindo et al., CCl mESC-NPCs 1x108 cells Significant cholinergic differentiation; barely GFAP

2006 + astrocytes within the grafts; presynaptic

formations of graft-derived neurons; increase in
neurotrophic factors.

CCI - controlled cortical impact; BM-MSCs — bone marrow-derived mesenchymal stem cells; mBM-MSCs — mouse BM-MSCs; GDNF - glial
cell-derived neurotrophic factor; SDF-1 — stromal cell-derived factor 1; BDNF — brain-derived neurotrophic factor; NGF — nerve growth factor;
rBM-MSCs - rat BM-MSCs; NSCs — neural stem cells; rNSCs — rat NSCs; hNSCs — human NSCs; hESC-NSCs — human embryonic stem cell-
derived NSCs; mNSCs — mouse NSCs; DHA — decosahexaenoic acid; hNPCs — human neuronal progenitor cells; rADMSCs - rat adipose tissue-
derived MSCs; hUCBs — human umbilical cord blood cells; G-CSF — granulocyte colony stimulating factor; hUC-MSCs — human umbilical cord
mesenchymal stem cells; WJ — Wharton’s jelly; hBM-MSCs — human BM-MSCs; mESC-NPCs — mouse embryonic stem cells-derived neuronal

progenitor cells
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Amyotrophic Lateral Sclerosis.

Page 50

In this table, promising pre-clinical studies were selected in PubMed from 2012-2017 which investigated stem
cell therapy for ALS. Moreover, the clinical trials presented were selected due to 1) their recency and 2) their
availability of published results. In summary, these milestone studies show that stem cell transplant in mouse
models of ALS resulted in increased lifespan, improvement in motor neuron survival, and some motor
function improvement. In humans with ALS, stem cells implants were shown to be safe, improved lifespan,
and reduced disease progression.

2014

cells

Author Model Cell type Cell Quantity Outcome

Nizzardo et al., 2016 SOD1 G93A mice iPSC-derived NSC 1x106 cells Significant increase in life span.

Zhong et al., 2017 SOD1 G93A mice NSC 2.5x105 cells Significant increase in life span, great
motor neuron survival

Srivastava et al., SOD1 G93A mice NSC Two injections of 1x10° Transient improvement in motor

function, total transplant cell death by
120 days.

ALS patients, n=63

Autologous BM-MNC

Not Specified

Positive safety outcomes at 6 months

Oh et al,, 2015

ALS patients, n=8

Autologous BMSC

Two injections of
1x10%/kg cells

Positive safety outcomes at 12 months

Mazzini et al., 2015 ALS patients, n=6 hNSC 7.5x10° or 1.5 x 106 cells Cessation of disease progression up to
18 months
Martinez et al., 2016 ALS patients, n=39 | PBMNC Not Specified Increase in lifespan and improved

Function Rating Scale scores.

iPSC — induced pluripotent stem cell; NSC — neural stem cell; BM-MNC — bone marrow mononuclear cell; BMSC — bone marrow stem cell; hNSC
— human neural stem cel; PBMNC - peripheral blood mononuclear cell
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Multiple Sclerosis.

Table 6:

Page 51

All studies indexed by PubMed from 2013 to 2018 with relevant findings regarding the use of stem cells being
injected into MS animal models or patients with are referenced here. Stem cell transplantation in animal
models of MS showed consistent beneficial effects, but in humans, results were mixed, with one study
showing an increase in T-lymphocytes and one study showing decreased progression and relapse of symptoms.

Author

Model

Cell type

Cell Quantity

Outcome

Kassis et al., 2013

C57BL/6 mice

BM-MSCs

Not Specified

Reduced lymphocytic infiltrations and
preserved axons.

Wang et al., 2014

C57BL/6 mice

hE-MSCs and BM-MSCs

1x10° cells/mouse

The ability to cross the blood-brain
barrier/blood-spinal cord barrier and
emigrate into inflamed CNS tissue.

2017

Donders et al., Rats WJ-MSCs Not Specified Alleviation of symptoms through

2015 conferring trophic support and the
lessening of autoantigen-induced T cell
proliferation.

Li etal, 2014 MS patients, n=23 hUC-MSCs three times in a 6-week | Symptoms improved with a lower relapse

period rate.

Riordan et al., MS patients, n=20 hUC-MSCs 1 per day for 7 days Intravenous infusions of UC-MSCs were

2018 safe. Symptom improvements were
notable 1 month after treatment.

Razavi et al., 50 adult rats NTF-SCs and hADSCs Not Specified Motor functional tests showed significant

2018 improvement function in cell
transplantation groups.

Mahfouz et al., Swiss mice MSCs 40 mg/kg Increased interleukin 10 and suppressed

2017 myeloperoxidase and tumor necrosis
factor-alpha.

Marin-Banasco et | Mice AdMSCs Not Specified Relieved MS symptoms and decreased

al., 2017 indications of peripheral and central
neuro-inflammation.

Karnell et al., MS patients, n=23 Tregs and Thl cells Not Specified Increased CD4 and CD8 T cells.

2017

Muraro et al., MS patients, n=281 | AHSCT Not Specified Half of the patients remained free from

neurological progression.

BM-MSCs — bone marrow mesenchymal stromal cells; hE-MSCs — human embryonic stem cells; WJ-MSCs — Wharton’s jelly-derived stromal
cells; hUC-MSCs — human umbilical cord-derived mesenchymal stem cells; NTF-SCs — neurotrophic factor secreting cells; hADSCs — human
adipose derived stem cells; MSCs — mesenchymal stem cells; AdMSCs — adipose-derived mesenchymal cells; Tregs — CD45RA-regulatory T cells;

Th1 cells — T helper type 1; AHSCT — autologous hematopoietic stem cell transplantation
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Table 7:
Multi-System Atrophy.

In this table, all studies indexed by PubMed from 2012 to 2018 with intra-arterial/intravenous injections of
mesenchymal stem cells to treat Multiple Systems Atrophy are referenced. In these two studies, stem cell
transplant in mice and in humans with MSA both ameliorated motor deficits and improved behavioral
outcomes.

Author Model Cell type Cell Quantity Outcome
Na Kim et al., 2017 | adult male or female Sprague Human MSCs 4% 107 cells/60 kg | Increased nigrostriatal neuronal
Dawley rats survival and a coincidental increase in
motor behavior.
Lee etal., 2012 MSA patients, n=33 Autologous MSCs | 4 x 107/injection Possible delay in neurological
deficits.

MSA - multi-system atrophy; MSC — mesenchymal stem cells
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