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Abstract

The field of stem cell therapy has emerged as a promising research area for brain repair. 

Optimizing the safety and efficacy of the therapy for clinical trials will require revisiting 

transplantation protocols. The cell delivery route stands as a key translational item that warrants 

careful consideration in facilitating the success of stem cell therapy in the clinic. Intracerebral 

administration, compared to peripheral route, requires an invasive procedure to directly implant 

stem cells into injured brain. Although invasive, intracerebral transplantation circumvents the 

prohibitive blood brain barrier in allowing grafted cells when delivered peripherally to penetrate 

the brain and reach the discreet damaged brain tissues. This review will highlight milestone 

discoveries in cell therapy for neurological disorders, with emphasis on intracerebral 

transplantation in relevant animal models and provide insights necessary to optimize the safety 

and efficacy of cell therapy for the treatment of Parkinson’s disease, Huntington’s disease, stroke, 

and traumatic brain injury.
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Current Status On Treatment Options For Neurological Disorders

Disorders of the brain constitute a major economic burden due to the cost of treatment and 

the reduced ability of patients and their caregivers to bring forth income [1]. Most brain 

disorders are chronic and incurable conditions that leave patients with debilitating outcomes 

for years, which also places an emotional and practical burden on the family due to having 

to care after a person for such long period of time [1]. The incidence of neurodegenerative 

diseases is even projected to affect more than 12 million Americans 30 years from now due 

to these diseases occurring not only at a later stage in life but also at middle age [2]. As a 

result, these disorders are thought to have an even greater disease burden when compared to 

its mortality statistics [2].
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The impetus for scientists to focus on the discovery of efficacious treatments and potential 

cures for neurodegenerative diseases has been a gradual successful process. Current 

laboratory work on stem cells shows a promising therapeutic approach for 

neurodegenerative diseases, however, there is paucity in translating this to large-scale trials 

in the clinic until solid evidence is demonstrated on safety and efficacy of transplanted stem 

cells. Stem cells are of special interest due to their ability to develop into different cell types 

and aid in the repair of the injured brain. The underlying mechanisms of action behind the 

ability of stem cells to respond and repair the area of injury is thought to encompass the 

combination of the replacement of injured cells, trophic support to enhance cell survival, 

and/or regulation of the inflammatory response [3]. If stem cells were to be used on patients, 

it is expected for the cells to behave as such without causing disruption in the integrity of 

surrounding areas or unaffected cells. Because of the robust proliferative property of stem 

cells, which is an advantage when contemplating of generating ample supply of cells, this 

feature presents also as a potential risk in that uncontrolled proliferation may lead to 

tumorgenesis. Such possibility of adverse outcome has alarmed some groups in the medical 

community in pursuing the use of stem cells in the clinic. However, in light that current 

pharmaceuticals only treat symptoms and slows the progression, disease models with 

significant animal data displaying a feasible and promising outcome in a disease should 

encourage the pursuit towards such therapeutic implementation. This review focuses on 

discoveries in cell therapy for neurological disorders, with emphasis on intracerebral 

transplantation in relevant animal models of neurological disorders, providing insights into 

optimizing the safety and efficacy of cell therapy for the treatment of Parkinson’s disease, 

Huntington’s disease, stroke, traumatic brain injury, amyotrophic lateral sclerosis, multiple 

sclerosis, and multiple system atrophy.

Candidate Neurological Disorders for Stem Cell Therapy

The ability to regenerate specific cell phenotypes in vitro has allowed cell therapy to be 

tailored to particular central nervous system (CNS) diseases. Animal models of brain 

disorders have also been created and standardized to assess the safety and efficacy of stem 

cell therapy. A wide variety of brain disorders have been the target of stem cell therapy, 

including acute injury and chronic neurodegenerative diseases because of the substantial 

debilitating effects of these disorders without any current cure or therapeutic treatment that 

halts the progression of the disease. Neurodegenerative diseases such Parkinson’s disease 

(PD) [4], Huntington’s disease (HD) [4], amyotrophic lateral sclerosis (ALS) [4], multiple 

sclerosis (MS), multiple system atrophy, and acute insults (but recently recognized as 

accompanied by secondary cell death processes) to the brain such as stroke [5] and traumatic 

brain injury (TBI) [6] have been and are currently under extensive investigation for cell 

therapy. However, the optimal route of stem cell administration for specific diseases remains 

to be fully determined. The delivery of stem cells intravenously is a less invasive strategy 

but it raises concerns about microemboli formation and may not fully distribute cells to the 

specific area of the injured brain [7]. Compared to intravenous, an intra-arterial approach is 

preferred due to the deviation of first pass effect which results in better crossing of cells into 

the brain while intracerebral transplantation is more invasive but facilitates graft survival in 

the area [7]. Thus, while invasive, this direct intracerebral approach would accelerate the 
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neurorestoration of grafted cells. The drawbacks of each method has placed the development 

of an effective strategy with good safety outcomes for cell transplantation an on-going 

clinical challenge in cell therapy [8]. Because clinical trials of stem cell therapy have 

reached certain disease indications, further discussion will place an emphasis on PD, HD, 

stroke, TBI, ALS, MS, and multiple system atrophy, with a focus on intracerebral grafts 

versus other routes of administration.

Parkinson’s disease

While patients with PD start a therapeutic regime to control symptoms, it has also been 

reported that in the later course of the disease certain motor features in patients tend to 

become unresponsive to dopaminergic (DA) treatment [9] even when the patient responded 

well to available treatment from the beginning [3]. To this end, it is proposed that to enhance 

the quality of life and effectively slow the progression of the disease, stem cell therapy 

should be considered at the point when patients have the greatest response to their treatment 

therapy [9]. A more prompt decision should be considered for those patients who present 

themselves at a higher risk of developing worsening disabilities even quicker [9]. 

Intracerebral stem cell grafts are expected to integrate into areas deficient of dopaminergic 

neurons and restore the dopaminergic neurons that are no longer functional through the 

release of neurotrophic factors and differentiation, respectively [3]. This may merit the 

implantation of grafts at an early stage of the disease or as a simultaneous therapy along 

with DA treatment.

PD models used for experimental studies utilize mostly rodents and monkeys that have been 

subjected to 6-hydroxydopamine or 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) 

[10]. In any disease models, the ideal route of administration is one that allows minimal 

invasiveness [11] mostly being intravenous and intraarterially [12]. However, the peripheral 

delivery of differentiated cells (i.e., DA neurons for PD) remains sub-optimal, in that 

differentiated cells display low migratory capacity [13]. In addition, the blood brain barrier 

(BBB), while partially compromised in PD, may not be conducive for entry of peripherally 

administered cells to reach the brain target areas. PD models traditionally often used 

intracerebral grafts of DA neurons from the ventral mesencephalon of developing embryos 

that have resulted in the regain of some functional recovery but not all [14]. An improved 

intracerebral microtransplantation technique was introduced to lessen the traumatic effects 

of such invasive procedure [15]. However, due to the ethical issues surrounding the use of 

human fetal tissue, other sources of stem cells have been extensively studied [14]. Sources 

such as induced pluripotent stem cells (iPSCs) could yield an ample supply of DA neurons 

from which transplantation therapy could benefit from [14] due to the advances in cell 

reprogramming which has allowed precursor cells to be induced into a specific stem cell 

lineage through exposure of small molecule activators [16] or fate-determining factors [10]. 

Subjecting PSCs to activators of sonic hedgehog and canonical WNT, for example, produces 

midbrain DA neurons [16]. The engraftment of these neurons into mice and rat PD models 

result in the survival of the neurons and the complete restoration of amphetamine-induced 

rotation behavior [16]. To validate these results in a bigger species and use a closer estimate 

of the number of cells that would be needed for a human, MPTP-lesioned rhesus monkeys 

underwent the grafting of 5×107 precursor DA neurons in which survival of the cell grafts 
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were effectively observed a month after [16]. Similarly, transplantation of neural progenitors 

into the striatum of adult rats just 10 days after induced neural cell differentiation resulted in 

excellent cell survival with differentiation and graft position maintained in the host brain 

[17]. Moreover, morphology of the brain did not show any tumors, as this is a huge barrier 

to the efficacy of stem cells, or necrosis after 6 weeks, revealing that engraftment is tolerated 

[17]. Further studies have focused on reconstructing the nigrostriatal pathway by 

transplanting cells directly into the substantia nigra while other studies have focused on 

‘bridging’ the substantia nigra to the striatum through the use of trophic factors so that the 

host environment can be favorable for continual directed neural growth and eventually, 

motor improvement [14]. Unfortunately, results from these studies are insignificant to 

translate to the clinic [14].

Since the first successful clinical cell transplantation in 1987, hundreds of PD patients have 

been enrolled in limited clinical trials [18]. After a couple of clinical studies in the U.S. 

using aborted human fetal ventral midbrain tissue reported unsuccessful outcomes, however, 

no longer were fetal cells used [18]. It is noteworthy that patients who were seen years after 

the transplantation revealed motor symptom improvements [10]. Whether the lack of 

success was due to challenges incurred in the procedure or from graft integration into host 

tissue, transplanted stem cells were just as prone to degenerate as host neurons, a reality that 

dampened the potential of stem cell therapy [18]. Currently, there are open clinical trials 

assessing the use of stem cells for PD. Outside of the U.S., researchers are using autologous 

adipose-derived stem cells and delivering the cells to the patient via catheter into the 

vertebral artery and intravenously [19]. The intravenous treatment of stromal vascular 

fraction (SVF) is still being evaluated as another alternative due to the stem cells [20] and 

growth factors [21] SVF has been known to carry that can be of benefit for PD patients. A 

current transplantation study, better known as the TRANSEURO project, in the U.K. is 

grafting allogenic dopaminergic neuroblasts obtained from fetal ventral mesencephalic 

tissue into the brain of PD patients in the hopes of replacing lost dopaminergic cells [22]. 

The main scope of this project was to devise a safe dissection methodology that would be 

implemented in clinical setting to provide maximum benefits to patients with minimum side 

effects [23]. This dissection methodology is now in use throughout various centers in the 

U.K [23]. The transplantation of healthy cells intracerebrally provides a direct approach to 

replacing the dead or degenerating neurons in the nigrostriatal pathway and consequently to 

restoring neural function [24], which has remained elusive to date. This approach, while 

being invasive as noted earlier as, circumvents the need for long-distance migration if 

delivered peripherally, thereby avoiding for the grafted cells to migrate throughout the 

circulatory system before reaching the brain [24]. Thus, the potential benefit of such direct 

transplantation compared to peripheral injections is the possibility of reconstructing the 

neuronal circuitry, which may allow halting the disease process, rather than merely 

providing palliative effects [24]. To this date, the use of intracerebral transplants of stem 

cells remains the widely accepted approach for PD, but neural circuitry reconstruction has 

been a challenge.
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Huntington’s disease

The genetic inheritance of HD allows predictive genetic testing, even in utero [25]; an aspect 

that is unique compared to other neurodegenerative diseases. Experimental therapies have 

been aimed at conserving the structural and functional integrity of the striatum in HD 

models to prevent the onset and potentially slow down the functional decline of HD patients 

in the future [25]. Most HD models undergo graft transplantation of choroid plexus (CP) 

after quinolinic acid (QA) lesions due to the cells’ ability to exert influence in homeostatic 

processes of the brain and release trophic factors [25], but olfactory ensheathing cells 

(OECs) [26] and iPSCs [27] have also been studied. Engraftment of CP into QA lesioned rat 

striatums have demonstrated less motor impairment, decreased lesion volumes, and 

protection of specific neuronal populations from excitotoxic damage [28], as the mutant 

huntingtin is thought to affect the production of chemokines and neurotrophic factors from 

glial cells [27]. Even in HD primate models, CP has been shown to exert the same 

neuroprotective effects when transplanted into the caudate and putamen, with an 

extraordinary 5-fold difference of lesion size compared to control primates [25]. Recently, 

the usage of OEC’s delivered to the brain after differentiation into glia by somatic cell 

nuclear transfer has been considered a promising potential as this would allow the 

differentiated glia to contain healthy mitochondria without any fear of immune rejection 

[26]. This “transcribrial route” would deliver the OEC’s via the cribriform plate of ethmoid 

bone in which physical neurosurgical procedures would be bypassed to attain a successful 

stem cell graft [26]. iPSCs are not left behind in current HD rodent models as they too 

survive, migrate into injured striatum, differentiate into neurons and glial cells after 

transplantation [27]. These iPSCs decrease striatal atrophy, improve functional recovery, 

and may provide a beneficial environment that attracts glial cell activation and proliferation, 

slowing the excitotoxic damage to γ-aminobutyric acid (GABAergic) neurons in the 

striatum [27].

Transplantation of cell grafts in HD patients has demonstrated mixed results. Intrastriatal 

grafts of human fetal striatal tissue in three out of five patients with mild to moderate HD 

resulted in improved motor and cognitive functions when daily-life activities were assessed 

[29]. Brain images even showed high metabolic activity of the grafts, indicating 

functionality, compared to untreated HD patients [29]. Similarly in another study, pathologic 

assessment of two patients with HD who died 74 and 79 months after fetal neural 

transplantation showed neuronal grafts without pathologic characteristics of HD [30]. These 

results are promising, however, highly restricted integration between graft and host seems to 

be more of an obstacle to this therapeutic approach than would have been predicted from 

animal models and likely was the reason for the limited clinical benefit in these patients 

[30]. In another assessment, surviving grafts in three HD patients who underwent neural 

transplantation in the striatum a decade earlier did not show encouraging results [31]. These 

grafts had unhealthy neuron morphology with no survival of grafts in the caudate [31]. 

These results support the known conclusion that the caudate displays the greatest neuronal 

degeneration and astrogliosis in HD, which places a limit in the potential regions of cell 

grafting for this disease [31]. As these results differ significantly from 18-month and 6-year 

posttransplantation cases where healthy graft survival is reported, future trials of fetal-cell 

transplantation is deemed unjustifiable [31].
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The conflicting data demonstrate that neuronal transplantation in HD provides a window of 

opportunity of several years with improvement and stability, but not a permanent cure for 

the disease [32]. Similar to PD, the use of fetal cell grafts for HD creates ethical and 

logistical issues. A minimally invasive procedure is likely more feasible and practical for 

HD in the clinic, but just like PD, the migration of grafted cells from periphery to the brain 

may be problematic since differentiated cells (in this case, GABAergic for HD) in general 

have low migratory potential [13]. A similar not-so-leaky BBB in HD [14] may present as 

an obstacle against peripherally transplanted cells to penetrate the brain and migrate towards 

the degenerated striatum. As discussed previously in PD, the use of intracerebral grafts, 

though invasive, remains the viable option for HD and the use of microtransplantation 

initially employed in PD may be extended to HD in order to reduce traumatic side effects of 

such intracerebral route of cell delivery. The microtransplantation approach allows the 

modification of the distribution of graft sites and the number of cells deposited per site, 

which can then influence the yield of functional neurons that arise within the transplant [33]. 

Multiple deposits produce an increased yield of striatal-like neurons, probably due to a 

greater graft–host border that exposes the cells to host trophic factors, compared to a single-

tract microtransplantation [33]. This occurrence has an important value when fine-tuning 

cell based transplantation protocols for HD [33].

Current stem cell clinical trials for HD are scarce. Researchers have been focusing on 

measuring the changes over time in movement, thinking, behavior, brain imaging, blood and 

spinal fluid markers in early HD [34]. These recruited patients will then become candidates 

for a larger clinical study involving the intrastriatal delivery of mesenchymal stem cells 

(MSCs) in the hopes of advancing the current status of clinical trials for HD [34]. Analogous 

to intracerebral transplants of dopaminergic cells for PD, the repair of the neuronal circuitry 

by intracerebral transplantation of GABAergic cells for HD would bypass the unnecessary 

systemic migration of stem cells to other organs if administered peripherally, and may pose 

as an effective strategy to restore the functionality of the damaged striatal region of the HD 

brain [35]. Similar to PD, the intracerebral route of delivery of stem cells stands as the most 

efficacious route of stem cell delivery for HD.

Stroke

As stroke continues to be a leading cause of death in the U.S., the use of animal models to 

develop treatments is ever growing [36]. While the current treatment for ischemic stroke is 

dependent on a therapeutic time-window, it is vital to introduce novel treatments for the 

brain damage and physical disabilities that are often caused by it [36]. Moreover, treatment 

for hemorrhagic strokes has yet to be identified [36], prompting the extensive quest of 

researchers for a potential therapeutic regime. The most widely used method for inducing 

ischemia in animal models is thrombosis by middle cerebral artery occlusion (MCAO) [37]. 

This approach closely mimics human infarcts in terms of size and the structures affected 

[37]. Techniques other than MCAO in animals such as injection of endothelin 1 and 

different sizes of emboli also produces ischemic lesions and are used depending on protocol 

[37].
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Off-the-shelf cryopreservable stem cell sources have a logistical and ethical advantage in 

future therapy over other freshly harvested stem cells for the treatment of cerebral ischemia 

primarily because of the abrupt onset and highly debilitative nature of the disease [38]. 

Cryopreserved stem cells that can be thawed and transplanted immediately allow a 

therapeutic window, which would significantly reduce the lapsed time between stroke and 

medical treatment [39]. In addition, because of the massive immune and inflammatory 

response associated with stroke, the identification of cells that do not further elicit such host 

response is likely to be more beneficial. To this end, the use of autologous cells seems 

appropriate. Bone marrow, peripheral blood, adipose tissue, and menstrual blood-derived 

cells have been studied in stroke models due to their ability to provide a source of 

autologous stem cells without ethical limitations, their expression of stem cell markers, and 

their ability to ameliorate stroke-induced behavioral and histological deficits [38, 40, 41]. 

Grafting cells that are known to produce vital trophic factors that protect against ischemic 

injury such as glial cell line derived neurotrophic factor (GDNF) or osteogenic protein-1 has 

also been proposed as potential treatment [42]. Indeed, transplantation of fetal kidney tissue 

reduced ischemic volume and behavioral deficits compared to adult kidney tissue, indicating 

that such fetal tissue grafts could serve as a cellular reservoir for important trophic factors to 

the injured brain [42]. Intrastriatal transplantation of mouse bone marrow stem cells 

(BMSCs) in MCAo models has also shown to dose-dependently restore cerebral blood flow 

and BBB permeability to near normal levels [43] while the grafting of CP isolated from 

adult rats and encapsulated within alginate microcapsules have resulted in a reduction of 

infarct volume and motor deficits, demonstrating the therapeutic potential of such cells for 

stroke [44].

The transfection of teratocarcinoma-derived Ntera2/D1 neuron-like cells (NT2N cells) with 

the transcription factor Nurr1 has provided a different source of cells for stroke [45]. The 

NT2N.Nurr1 cell line displays an expedited neuronal commitment, secretes a high level of 

GDNF [45], and when transplanted into the rodent stroke brain, significant attenuation of 

behavioral impairments after stroke are seen [46]. The postulated mechanism by which this 

efficacious cell line mediates observed benefits is through neurotrophic factor secretion [46] 

along with its highly potent neuronal differentiation commitment [45]. The intravenous 

transplantation of amniotic fluid-derived stem cells (AFSCs) in MCAo models has also 

attenuated stroke-induced behavioral and histological deficits, possibly via enhancement of 

endogenous repair mechanisms as increased cell proliferation and neuronal differentiation in 

the two neurogenic sites, subventricular zone (SVZ) and dentate gyrus (DG), have been 

reported [47]. Different dosages of intracerebral human neural stem cell (NSC) transplants 

in the striatum reveal a dose-dependent recovery from both motor and neurological deficits 

in MCAo rats [48]. Even though reduction in infarct volume was not observed in this study, 

transplantation did produce behavioral improvements, supporting the use of NSC lines for 

stroke therapy [48]. Despite the observed functional recovery in stroke models, the 

mechanism of action underlying stem cell therapy remains not well understood [49]. 

Although, robust vasculogenesis and neurogenesis in endothelial cell-transplanted stroke 

animals suggests that targeting vascular repair sets in motion a regenerative process in 

experimental stroke possibly via the vascular endothelial growth factor (VEGF) pathway 

[49].
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Although extensive animal data show the potential of stem cell grafts in stroke, 

transplantation procedures for specific cells need to be optimized. As a case in point, the 

effects of timing and routes of transplantation on survival and functional benefits of human 

bone-marrow-derived CD133+ cells in stroke rats can serve as a guideline to tailoring 

transplantation procedures [50]. In the study, both immediate and delayed intracerebral 

transplantation resulted in a localized graft survival with a reduction of motor deficits while 

graft survival was only detected in delayed intravenous transplantation and behavioral 

improvement only apparent in immediate intravenous transplantation [50]. These results 

therefore highlight the need to modulate transplantation procedures in cell therapy so that 

they can be efficaciously applied to humans [50].

The FDA approved clinical trial of NT2N cell transplantation in 1998 on 12 stroke patients 

showed for the first time that cell transplantation for stroke is a potentially feasible and 

generally safe approach [51]. In a postmortem brain assessment of a phase I clinical stroke 

trial patient implanted with NT2N neurons adjacent to a lacunar infarct 27 months after 

surgery showed neurons in the graft site with no evidence of a neoplasm [52]. These 

findings indicate that the grafts survive for >2 years without deleterious effects [52] but 

because of the cells’ high proliferative property due to its cancer origin, the major limiting 

factor for initiating a large clinical trial is the concern that these cells may revert to a 

neoplastic state over time after transplantation [45]. Because of this, safer stem and 

progenitor cells have been explored as alternative graft sources since then [51]. Human 

neuronal cell transplantation has been transplanted in patients with basal ganglia stroke [53] 

and in patients with motor deficits due to stroke [54]. Positron emission tomography (PET) 

scans at 6 months showed improved fluorodeoxyglucose uptake at the implant site [53] and 

improved activities of daily living [54]. Although there was no evidence of significant 

benefit in motor function, neuronal transplantation proved to be safe and feasible in patients 

with stroke [54].

Currently, ongoing clinical trials have been focused on evaluating the efficacy of the 

intracerebral injection of autologous bone marrow mesenchymal stem cells in patients with 

chronic stroke [55], a single treatment administration of autologous cultured bone marrow 

stromal cells and endothelial progenitor cells [56], allogeneic stem cells from adipose tissue 

in acute ischemic stroke patients [57], and the therapy composed of cells derived from a 

patients’ own adipose tissue that are isolated within approximately 1 hour and immediately 

delivered back to the patient using a catheter delivery system [58]. For acute stroke, the 

preferred route of administration is intravenous transplantation, while for the chronic stroke, 

the indicated route of cell administration is via intracerebral route. For acute stroke, the 

chemoattractant cues in the host ischemic brain are upregulated, thus transplanted cell from 

periphery are guided to hone to the site of injury. Because, as discussed above, stroke is 

associated with massive inflammation and an immune response early on, intracerebral 

transplantation in the early stage may not be indicated since such traumatic and invasive 

procedure is likely to exacerbate the already inflamed brain. Therefore, a minimally invasive 

procedure is more appropriate in the early stage. This is not the case in the chronic stroke 

whereby the chemoattractant signals wane over time, thus peripherally administered cells 

will not find their way to the brain. When the patient is more stabilized in the chronic stage, 

then the intracerebral approach seems to be more advantageous to deliver the cells to deep 
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pockets of the brain. However, there are a few studies demonstrating the successful 

migration of stem cells to the ischemic brain when delivered with long delay post-insult 

[59]. Optimizing the timing of instrastriatal transplantation in stroke may benefits from 

lessons learned in HD and PD, which also targeted the striatum for intracerebral 

transplantation. Moreover, as discussed in previous sections, the grafting of cells to serve as 

a vehicle to deliver growth factors within and around the ischemic penumbra may offer an 

option to further enhance cell transplantation-mediated therapeutic benefits in stroke.

Traumatic Brain Injury

The number of TBIs that contribute to deaths and permanent disability increases every year 

[60]. An estimated 5.3 million Americans are living with a TBI-related disability, which 

affects all aspects of an individual’s life [60]. Having to rely on early management and 

primary interventions [60] to help limit the impact of TBI has long interested researchers to 

find alternatives for the treatment of TBI. Animal models of TBI have focused on the fluid 

percussion and controlled cortical impact (CCI) injury models [61]. The CCI model 

produces injury to the brain similar to clinical TBI in humans, such as cell death, edema, 

ischemia, excitotoxicity, and altered gene expression [61]. Thus, cell grafts will have the 

greatest potential for success when administered soon after an injury [62].

Intrastriatal transplantation of bone marrow stromal cells have produced functional benefits 

associated with the restoration of cerebral blood flow and BBB permeability near normal 

levels in rat models of TBI [63]. Acute intracerebral transplantation of neural stem cells in 

moderate TBI rat models has also proven to be beneficial in improving functional recovery 

while delayed transplantation in various studies has shown mixed results with some showing 

motor but not cognitive recovery or vice versa [64]. The intravenous administration of 

human adipose-derived stem cells (hADSCs) in mild models of TBI using young (6 months) 

and aged (20 months) rats show an age effect where significant amelioration of motor and 

cognitive functions occur in young, but not aged, groups [65]. Significant reduction in 

cortical damage and hippocampal cell loss was observed in young rats, whereas less 

neuroprotection was detected in the aged rats [65]. Fluorescent imaging revealed labeled 

hADSCs in peripheral organs and brain after TBI, most notably reduced migration to the 

aged spleen [65]. hADSCs therefore are promising therapeutic cells for TBI as the spleen is 

known to be necessary for the neuroprotective action of MSCs after TBI pathology even 

with the reduced efficacy in aged rats, which may in part result from decreased homing of 

the cells to the spleen [65].

The stimulation and mobilization of endogenous stem/progenitor cells from the bone 

marrow through granulocyte colony stimulating factor (G-CSF) poses as an attractive 

therapeutic intervention for chronic TBI [66]. The combined therapy of human umbilical 

cord blood cells (hUCBCs) and G-CSF at the acute stage of TBI displays dampened 

neuroinflammation while enhancing endogenous neurogenesis and reducing hippocampal 

cell loss [66]. Vigorous and long-lasting recovery of motor function accompanied the 

combined therapy, which was short-lived in the monotherapy of hUCBCs or G-CSF 

conditions [66]. Possible mechanisms yielding the beneficial outcomes of the combined 

therapy include G-CSF producing a conducive microenvironment for the transplanted 
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hUCBCs to integrate with the host tissue, G-CSF might have directed the migration of 

endogenous stem cells mobilized from the bone marrow to the site of injury, and/or the 

grafted hUCBCs might have released growth factors secreted by hUCB grafts [67]. This 

synergistic combinatorial effect allows a much more beneficial functional outcome than a 

single, stand-alone treatment [67].

A unique mechanism of action exerted by stem cells in the repair of TBI involves their 

ability to harness a biobridge between the neurogenic SVZ niche and the injured brain site or 

cortex [68]. The intracerebral transplantation of cultured notch-induced human bone MSCs 

(referred to as SB623) after 7 days in a TBI animal model facilitated migration of 

endogenous cells via a biobridge, which expressed high levels of extracellular matrix 

metalloproteinases (MMPs) and characterized initially by a stream of graft cells [68]. In a 

matter of time, only few to non-detectable grafts overgrown by newly formed host cells is 

observed, implicating a novel property of stem cells [68]. MMPs then facilitate the 

movement of the newly formed cells from the neurogenic niche into the injured tissue as the 

grafts manifest themselves as pathways for trafficking the migration of host neurogenic cells 

that disappear once this biobridge is formed [68]. These novel observations expand our 

current knowledge of stem cell biology since the two major schools of discipline in stem cell 

repair mechanism include the concept of “cell replacement” and bystander effects of 

“trophic factor secretion” [68]. Based on the resulting observations, similar biobridges to 

facilitate the migration of cells across tissues remains to be explored [68]. However, stem 

cells such as umbilical cord blood, peripheral blood, and adult brain have demonstrated to 

alter levels and functions of MMPs and extracellular matrix metalloproteinases (ECMs), 

which would suggest their potential to similarly serve as biobridges as seen with SB623 

[68]. Like any other stem cell, a limiting factor for endogenous repair is the successful 

migration of the newly formed host cells to reach the injured brain area so future studies will 

need to focus on assessing the efficacy and safety of SB623 in chronic TBI to further 

optimize transplantation protocol in clinical trials [68].

Stem cell therapy may offer a better functional outcome when employed in the acute stage 

of TBI, but such stem cell-based regenerative medicine may still target TBI at the chronic 

stage. Similar to the diseases discussed, the microenvironment in the mild and severe stages 

of TBI differs substantially. In essence, a mild TBI microenvironment is more favorable for 

stem cell survival compared to severe TBI [64] due to the significant increase in 

neurotrophic factors in the acute stage versus their absence in severe TBI [69]. Intravenous 

route of administration, which circumvents the trauma associated with the invasive 

intracerebral transplantation route, will be more appropriate for the acute stage of TBI. In 

contrast, when chemoattractant signals have waned during the chronic stage of TBI and 

when the patient is more stabilized, the intracerebral route of transplantation may seem to be 

more conducive for brain repair.

Current clinical trials involve cell transplantation in TBI patients by intrathecal and 

intravenous infusion for acute and chronic TBI of autologous bone marrow progenitor cells 

(BMPC) [70, 71, 72, 73] and treatment with stem cell mobilization agents, such as 

erythropoietin [74] and G-CSF [66], to increase endothelial progenitor cells (EPCs). As 

noted above, TBI may also extrapolate findings from the intracerebral transplantation 
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experience from PD, HD and stroke clinical trials. To this end, stereotaxic transplantation of 

the stem cells into the peri-impact area may allow the rescue of dying neural cells during the 

secondary cell death associatd with TBI, via a mechanism that similarly involves trophic 

factor secretion from the transplanted cells as shown in PD, HD, and stroke.

Amyotrophic Lateral Sclerosis

The pathology of ALS is characterized by the progressive degeneration of upper and lower 

motor neurons [75]. Treatments currently available for ALS have minimal effects on the 

disease progression and are limited to riluzole, noninvasive positive pressure ventilation, and 

nutritional support [76]. The genetic anomaly of the superoxide dismutase 1 (SOD1) gene 

found in the inherited form of ALS has allowed the creation of the glycine 93 changed to 

alanine (G93A) SOD1 transgenic mouse and rat experimental models [75]. Indeed, 

intraspinal injections of bone marrow mononuclear cells have been able to ameliorate the 

course of ALS in these models due to the cells acting as pumps of trophic factors that keep 

motor neurons functional [77]. Furthermore, these stem cells have dose-dependent effects on 

SOD1 mice via intrathecal injection [78]. Human spinal cord-derived stem cells (hSSCs) are 

also of particular interest in ALS because they are thought to express amino acid 

transporters and secrete neurotrophic factors [79]. ALS patients are found to have increased 

levels of glutamate accumulated in the brain and spinal cord, which is hypothesized to be 

caused by a decrease in the glutamate transporter [79]. hSSCs can potentially reduce the 

toxicity of accumulated glutamate and be of benefit to ALS patients [79]. Optimization of an 

immunosuppressive protocol for spinal grafting of hSSCs to the lumbar spinal cord of a rat 

ALS model so that reliable assessment of potential long-term therapeutic effects associated 

with cell replacement is made concluded that the highest density of grafted cells was seen in 

animals treated with FK506 and mycophenolate [75]. This suggests that a combined, 

systemically delivered immunosuppression regimen including tacrolimus (FK506) and 

mycophenolate can significantly improve survival of hSSCs after intraspinal transplantation 

in G93A SOD1 rats [75].

Lumbar spinal cord injection of HSSCs has also been tested as a novel therapy for patients 

with ALS [76]. In a surgical procedure on 12 patients, no major surgical complications were 

incurred nor did the grafts exert any identifiable toxicities in the spinal cord [76]. Moreover, 

further quantitative clinical assessments of the participants of this study showed no evidence 

of disease progression, proving the safety for this phase I trial [76]. However, in order to 

extend the life of patients, therapeutic intervention will need to be focused at the level of the 

cervical spinal cord where motor neurons affecting respiratory function are located [76]. 

Even OECs have been engineered to produce neurotrophins to explore other potential 

transplantation strategies for ALS patients [26].

Most of the ongoing and completed clinical trials involve the intraspinal, intramuscular, 

and/or intrathecal infusion of autologous BMSCs [77,78,80, 81], umbilical cord 

mesenchymal stem cells (UCMSCs) [82], human spinal cord-derived neural stem cells [79, 

83], autologous hematopoietic stem cells [84], autologous MSCs [85,86, 87], human neural 

stem cells [88], HLA-haplo matched allogenic bone marrow derived stem cells [89], iPSCs 

[90], and in tandem with G-CSF as adjunct therapy in the hopes of enhanced benefits [91].
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Multiple Sclerosis

While there is no cure for multiple sclerosis to date, stem cell therapy has gained much 

attention to promote the remyelination of axons in patients [92]. Studies injecting neuronal 

stem cells intraventricularly have been shown to suppress MS by producing 

immunomodulating effects [92]. These neurospheres in vitro yield oligodendrocyte 

progenitors that mature into oligodendrocytes and migrate into the inflamed white matter 

where they develop glial lineages markers following transplantation, halting the progression 

of MS [92]. Studies injecting bone marrow mesenchymal stromal cells (BM-MSCs) 

intravenous or intraventricular in MS mice models showed similar results with cells homing 

to the inflamed lesions and differentiating into astrocytes, neuronal, and glial cells [92]. 

Moreover, a decrease in lymphocytic infiltrations and a significant preservation of the axons 

are also observed [92]. A study comparing human embryonic stem cell derived 

mesenchymal stromal cells (hE-MSCs) and (BM-MSCs) demonstrated hES-MSCs capable 

of halting the progression of MS in the MS mouse model while BM-MSCs only producing a 

marginal effect [93]. This superiority may be due in part to the lower expression of IL-6 and 

the greater ability of hES-MSCs to cross the BBB/BSCB and migrate into inflamed CNS 

tissue relative to BM-MSCs [93]. Moreover, histological assessment also demonstrated hES-

MSCs protected against demyelination without affecting the number of surviving axons, 

which may be an important factor that contributes to remyelination of axons that have 

already lost their myelin [93].

Wharton’s jelly-derived stromal cells (WJ-MSCs) display a low immunogenic phenotype, 

express neurotrophic factors and anti-inflammatory molecules, and inhibit the proliferation 

of activated T cells [94]. WJ-MSCs injected into an MS model ameliorated disease 

symptoms through a reduction in autoantigen-induced T cell proliferation and trophic 

support [94]. In 23 MS patients, human UCMSCs have been IV infused three times in a 6 

week period [95]. Noteworthy, a shift from type 1 T helper (Th1) to type 2 T helper (Th2) 

immunity in UCMSC treated patients was observed, demonstrating a high potential for 

hUC-MSC treatment of MS [95].

At this time, limited clinical therapies for MS include autologous BMSCs [96] and umbilical 

cord tissue derived mesenchymal stem cells [97].

Multiple System Atrophy

Multiple system atrophy (MSA) is characterized by autonomic dysfunction, parkinsonism, 

cerebellar ataxia, and pyramidal signs in any combination, with autonomic dysfunction 

being an important component in the diagnosis [98]. Disease progression is rapid with a fatal 

prognosis, therefore, it is of dire need to develop treatment to delay disease progression of 

MSA. [98] In a study where autologous MSC therapy in patients with MSA demonstrated a 

delayed progression of neurological deficits compared with placebo treatment, intraarterial 

infusion was the chosen as the route of administration of MSCs to provide an increased 

migration and a more diffuse distribution pattern so that a larger number of engrafted cells 

can be homed to the brain [98]. Laboratory findings suggest the safety and feasibility of cell 

therapy, supporting the use of autologous MSC therapy for MSA.
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Expert Commentary & Five-Year Review

While the brain is considered an immunopriviledged site, transplanting stem cells in 

neurological disorders need to consider host rejection as an important parameter in the 

successful clinical outcome of cell therapy. Allogenic transplantation does not always need 

immune suppression, however, as cells differentiate they may become more immunogenic 

[99]. One such study where immunosuppression with cyclosporine is not sufficient to 

prevent rejection of xenografts is evident in the transplantation of DA human embryonic 

stem cells (hESCs) into a Parkinsonian primate brain by the presence of large numbers of 

CD68 and CD45 cells in the injection sites and surrounding the grafts [100]. Because hES 

cell-derived neural progenitors will mature to neurons and glia in the rodent brain in about 3 

months and mature neurons and glia express higher levels of major histocompatibility 

complex (MHC) antigens, the immune system mounts a response to the xenograft [100]. If 

the cells were to maintain in the progenitor stage and continue to divide, they will express a 

low level of MHC antigens and not elicit immune rejection in the presence of cyclosporine 

A [100]. Moreover, immunogenicity becomes unpredictable in cases where cells that are not 

intended to be used for the same essential function in the recipient as in the donor or when 

administered at non-physiological sites [99]. Human leukocyte antigen (HLA)-matching of 

donor and recipient may diminish the risk of graft-versus-host disease (GVHD), but this is 

often not readily achievable [99]. In a different study without systemic immunosuppression, 

porcine neuroblasts (pNb) cotransplanted with rat MSC intracerebrally can survive up to 120 

days [101]. The loss of xenografted neurons is attributed to a host immune response at 4–6 

weeks [101]. Interestingly, in the presence of MSCs, cellular and molecular events that are 

usually induced by intracellular transplantation in the rat brain are not observed or are 

strongly reduced, supporting the notion of MSC as potent immunosuppressors [101]. Human 

MSCs alter the maturation of dendritic cells as well as their ability to present antigens to T 

cells, they are also able to inhibit T-cell proliferation, and to affect the differentiation of B 

cells into plasmocytes [101. Thus, in optimizing cell therapy, it is important to consider the 

relationship between MSCs and the immune system.

The extracellular milieu of the transplanted stem cells may also influence its tumorigenic 

potential. Extracting stem cells from the embryo environment and enforcing it into in vitro 

culture has been thought to cause the increased tumorigenic potential of ESCs when 

compared to the originator cells (the inner mass of early blastocysts) [99]. The host species 

to which the cells are administrated is also an important factor determining the rate of 

teratoma formation [99]. When transplanted into a homologous species mouse ESC caused 

highly malignant teratocarcinomas at the site of administration, while xenotransplantation in 

rats resulted in migration and differentiation of the mouse ESC [99]. Additionally, stem cells 

can also affect the growth of existing tumour cells in vitro and in vivo [99]. The outcomes 

depend on the nature of the cancer cells, the characteristics of the used MSCs, the integrity 

of the immune system, and on the timing and site of injection [99]. MSCs either provide a 

supportive stroma favorable for tumor growth or may reduce immune rejection of the tumor 

cells which may allow continued tumor growth [99]. Potential risk of stimulation of growth 

of a previously undetected tumor by MSCs must be considered when administering these 

cells to a patient [99].
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Another risk factor to consider is the homing of the administered stem cells. MSCs are 

known to home to specific tissues, e.g. the bone marrow, muscle, or spleen, particularly 

when the tissues are damaged or under pathological conditions [99]. It is unclear where the 

non-engrafted stem cells go to and the risks associated with distribution to undesired tissues 

are unknown [99]. Thus, the risk of any engraftment and its effects remains unpredictable 

and should be taken into account [99].

The potential number of cells needed for the beneficial effect is generally debatable, 

however, given the very low rate of retention and possible low cell survival, high survival 

rate of cells may not be required for obtaining maximal clinical benefit [99]. When MSCs 

are infused systemically, they are trapped into capillary beds of various tissues, especially 

the lungs [102]. Delivery of MSCs via the internal carotid artery significantly improved their 

migration and homing in the injured brain compared with injection via the femoral vein 

[102]. However, delivery of cells in an artery may lead to microvascular occlusions [102]. 

Cells may form aggregates that could cause pulmonary emboli or infarctions after infusion 

[99]. Injection in the portal vein or directly at the site of injury may circumvent this problem 

[99].

Since the inception of cell transplantation for PD in the 1980s, the last past decade has seen 

exponential growth of stem cell therapy as an efficacious treatment option for neurological 

disorders. Experimental and clinical data have given scientists knowledge on how to expand 

on transplant methodologies in an effort to improve outcomes in both animal models and 

patients with neurological disorders. Despite scientific advances that led to limited clinical 

applications of cell therapy, the challenges of implementing large-scale stem cell therapy in 

the clinic remain, requiring transplant regimen optimization and investigations into 

mechanisms of action underlying this treatment. Challenges that prevent the clinical entry of 

stem cells include but are not limited to the inadequacies in the transplantation protocol 

and/or study design, high tissue variability, lack of scalability, ethical concerns, inability to 

obtain an epidemiologically meaningful quantity of tissue, graft-induced adverse effects 

(such as dyskinesia in PD patients), and the lack of consensus in establishment of acceptable 

levels of efficacy and toxicity (e.g., graft persistence vs. acute graft survival, graft-derived 

growth factor secretion vs. graft-host integration and synaptic network) [20]. Finding the 

optimal transplant regimen is further magnified in view of recent rise in “medical tourism” 

of cell therapy, which is likely to result in mixed outcomes and hype due to these 

unregulated clinical trials or anecdotal reports. Here, we provide a basis for pursuing 

intracerebral route under appropriate conditions, such as when chemoattractant signaling 

cues wane in the chronic stage for the disease and when the blood brain barrier is prohibitive 

in allowing entry of stem cells from the periphery to the brain. Vis-à-vis preclinical 

investigations comparing the therapeutic potential between intracerebral and peripheral cell 

transplantation for specific neurological disorders will be needed to reveal the optimal cell 

delivery route that is safe and effective [47,103,104]. To this end, overexpression of 

migratory proteins in the donor cells may facilitate proper deposition of cells in discreet 

brain areas [47,103,104]. The cellular and molecular changes in the brain microenvironment 

that accompany the progression of the disease warrant a careful consideration of cell 

delivery route that will facilitate enhanced regeneration of the injured brain.

Reyes et al. Page 14

Expert Rev Neurother. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



While this review focuses on the advancements of stem cell therapy from the bench to 

bedside it is important to highlight that stem cell therapy is still in its infancy. It is not 

regarded as the standard clinical treatment for neurological diseases even though extensive 

laboratory data may support its safety and efficacy. Thus, misconceptions regarding stem 

cell therapy should be deliberately contemplated. As discussed above, medical tourism 

offers medical treatment to patients who are willing to travel and spend their resources in 

areas other than their homeland, where standard treatment has not passed regulatory 

guidelines (such as those mandated by the US Food and Drug Administration or FDA), and 

where the opportunity of such cellular therapy may prove to be highly expensive [105]. 

However, the development of cell therapy for a disease is best done in the setting of 

extensive clinical trials and in a structured regulatory framework so that safety 

considerations, professional peer review, and the management of patient rights and 

obligations are considered and addressed [106]. This rigorous regulatory approach is 

necessary for any novel treatment, including stem cell therapy, in order to ensure safety of 

the patients. Moreover, it is valid to question whether practitioners are following existing 

regulations and whether patients are being held to false promises [106]. Unfortunately, such 

regulatory oversight is not a worldwide governing policy, jeopardizing patients’ protection, 

in that patients who are blinded by the hype of stem cell therapy travel to countries with 

unregulated cellular therapies to avail of this treatment and likely exposing themselves to 

unnecessary harm. Of note, despite strict US FDA regulations, a few small companies and 

private clinics in the US have tried to market cell therapies to desperate patients. Many more 

deceitful businesses outside the US, like Mexico and China, have targeted these patients for 

financial gain with unproven cell therapy applications [107]. Interestingly in recent years, a 

stem cell registry of clinical trials (similar to the clinicaltrials.gov archival system) has been 

adopted by the Chinese government in an effort to regulate clinical application, but 

guidelines on quality control and necessary translational research needed to gain regulatory 

approval remains to be approved by the government [107]. With this in mind, it is important 

for patients to be vigilant against misconceptions and to recognize hype from hope 

associated with stem cell therapy. Stem cell therapy remains as an experimental treatment 

and is not a magic bullet for treating for neurological disorders.

In conclusion, we present that one of the key factors in translating cell therapy for CNS 

disorders entails carefully planned experiments in the laboratory assessing the safety and 

effectiveness of cell delivery routes in animal models that closely mimic the clinical 

scenario. To this end, the intracerebral route of cell transplantation while previously viewed 

as invasive may be considered as a safe and effective cell delivery approach for specific 

brain disorder indications after rigorous preclinical studies that equally incorporate 

assessments of the timing of delivery and cell dose in appropriate disease models.
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Key Issues

• Optimization of safety and efficacy remains a key gating item in translating 

stem cell therapy to the clinic for treatment of neurological disorders

• The route of administration of stem cells for a specific disease can vary, 

therefore, it is essential to determine which is most beneficial for the patient

• Intracerebral route of administration stands as an efficacious way to deliver cells 

directly into specific brain areas

• Understanding the disease pathology of brain disorders is critical to identifying 

the appropriate route of stem cell delivery

• Characterization of the donor stem cells may provide insights into their 

phenotypic fate (i.e., migration potential) after transplantation and can factor in 

deciding cell delivery route

• In addition to optimizing the transplant regimen (i.e., cell delivery route), 

challenges that warrant preclinical investigations include high tissue variability, 

lack of scalability, ethical concerns, inability to obtain an epidemiologically 

meaningful quantity of tissue, graft-induced adverse effects, and the 

establishment of acceptable levels of efficacy and toxicity
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