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Abstract

The role of neural stem cells (NSCs) in both the physiological and pathological processes in the brain
has been refined through recent studies within the neuro-oncological field. Alterations in NSC
regulatory mechanisms may be fundamental for the development and progression of malignant
gliomas. A subpopulation of cells within the tumor known as brain tumor stem cells (BTSCs) have
been shown to share key properties with NSCs. The BTSC hypothesis has significantly contributed
to a potential understanding as to why brain tumors hold such dismal prognosis. On the other hand,
the normal NSCs possess the capacity to migrate extensively towards the tumor bulk as well as to
lingering neoplastic regions of the brain. The tropism of NSCs towards brain tumors may provide
an additional tool for the treatment of brain cancer. The creation of potential therapies through the
use of NSCs has been studied and includes the delivery of gene products to specific locations of the
central nervous system selectively targeting malignant brain tumor cells and maximizing the
efficiency of their delivery. Here, the proposed mechanisms of how brain tumors emerge, the
molecular pathways interrupted in NSC pathogenesis and the most recent preclinical results in the
use of NSCs for glioma treatment are reviewed.
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INTRODUCTION

Malignant gliomas are the most common primary brain tumors in adult humans [1]. Despite
advances in treatment including surgery, chemotherapy, radiotherapy and immunotherapy,
patients with malignant glial tumors still have a very poor prognosis and a median survival of
14 months [1-4]. The failure of current treatments is also due to a lack of in-depth understanding
of the cellular origin of brain tumors. Recent studies on human brain tumors show the co-
existence of a heterogeneous population of cells [5-8]. A small subset of cells within this
population known as brain tumor stem cells (BTSCs) are found to be resistant to current
treatments and capable of maintaining and propagating these tumors [9-13]. BTSCs are
thought to arise from aberrant neural stem cells (NSCs) or dedifferentiated mature cells that
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have undergone mutations [14-16]. BTSCs share characteristics with NSCs in terms of self-
renewal capacity, multi-potentiality, tumorigenecity as well as migratory capabilities [15].
These characteristics favor the possibility that the transformation of NSCs and their progenitor
cells may lead to the formation of BTSCs and subsequent tumors (Fig. 1) [17-19]. While the
origin of BTSCs in brain tumors is still uncertain, NSC tropism towards brain tumors has led
to the pursuit of viewing stem cells as promising vehicles for the tracking and suppression of
malignant gliomas [20]. In this review, we discuss the potential role that NSCs play in the
origin of brain cancer, the molecular pathways underlying the malignant transformation of
NSCs into BTSCs as well as the prospective use of normal NSCs as delivery tools for
therapeutic agents that may target brain tumors.

NEURAL STEM CELLS AND GLIOMAGENESIS

The discovery of BTSCs has led to the hypothesis that brain tumors may arise from aberrant
NSCs. NSCs have been recognized as the most primordial cells of the nervous system
possessing a self-renewing capacity of giving rise to neurons, astrocytes and oligodendroglia
in the mature nervous system (Fig. 1) [21-23]. The subventricular zone (SVZ) in the rodent
brain is the largest source of NSCs [21,24]. The SVZ appears to be a vulnerable site for tumor
formation, not only because it harbors potentially transformable NSCs, but also because it may
provide a perivascular niche that supports tumorigenesis [16,25,26]. Clinical studies show that
GBMs contacting the SVZ tend to be multifocal and show a higher recurrence incidence at
locations distant to the initial lesion, whereas GBMSs not involving the SVZ are less multifocal
and their recurrence is confined to the resection margin [27]. Furthermore, patients with GBM
lesions adjacent to a ventricle involving the SVZ are associated with increased tumor size and
decreased survival [28,29]. Experimental studies on animal models have shown evidence of
brain tumors originating from NSCs in the SVZ [30] or from committed glial cells [31-35].
Nonetheless, the acquisition of oncogenic mutations that allow the committed cells to
reprogram their self-renewal and proliferation capacities (i.e; “stem cell” characteristics) may
also contribute to glioma formation [31-35].

Normal NSCs, which have a greater proliferative potential than their normal differentiated
counterparts, may accumulate mutations at a low frequency, leading to cancer over time when
exposed to genotoxic stresses [5,36,37]. Mutations in genes of normal NSCs cause
abnormalities in cell cycle and growth factor regulated signaling pathways acting via receptor
tyrosine kinases that lead to gliomagenesis [38]. These genetic changes in NSCs may result in
tumorigenesis by activation of oncogenes and/or inactivation of tumor suppressor genes [39,
40]. The following sub-sections enumerate the findings of the epigenetic and/or genetic
alterations in NSCs that may promote brain tumor formation.

EPIGENETIC MODIFICATIONS IN NSCS

Epigenetic alterations have been shown to change the expression of molecular targets without
modifying their DNA sequence in brain tumors [41]. In particular, studies have shown how
DNA methylation and histone modifications alter the gene expression of molecular targets
resulting in the formation of tumors [39]. Cytosine methylation at CpG dinucleotides of a signal
transducer and activator of transcription (STAT)-binding site results in the differentiation of
normal NSCs to neurons, whereas demethylation at that site results in astrocytes [42,43].
Abnormalities of DNA methylation due to alterations in DNA methyltransferase enzymes in
NSCs have been associated with tumorigenesis [42]. Studies have demonstrated that DNA
hypermethylation in CpG islands, the promoter region of tumor suppressor genes such as
retinoblastoma (RB), tumor protein 53 (p53), phosphatase and tensin homolog deleted from
chromosome 10 (PTEN), cyclin-dependent kinase 2 inhibitor (CDKN2/p16) and its alternative
reading frame p14-Arf, and O6-methyl guanine methyltransferase (MGMT) promote the
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formation of brain tumors [41]. On the other hand, histone modifications caused by increased
methylation or loss of acetylation in lysine residue of histone 3 lysine 9 (H3K9) in stem cells
incline tumor suppressor genes to DNA hypermethylation and heritable gene silencing
resulting in tumors [44]. Epigenetic silencing of the tumor suppressor gene lysine deficient
protein kinase 2 (WNK2) has been shown to promote cell proliferation through activation of
epidermal growth factor receptor (EGFR) [45,46]. These studies suggest that epigenetic
alterations in NSCs play a key role in the initial formation of gliomas. Reversing the promoter
methylation of tumor suppressor genes or use of histone deacetylase inhibitors to reactivate
the silenced genes may be useful for the treatment of brain tumors.

CHANGES WITHIN CELL CYCLE REGULATORY PATHWAYS IN NSCS AND
CANCER-TARGETING THERAPIES

Alterations in cyclins and cyclin-dependent kinases (CDKSs), p53 mutations and PTEN deletion
are the most common changes in cell cycle regulation reported in astrocytomas [3,47].
Deletions in CDK inhibitors (CDKIs), PTEN mutations and EGFR amplification are genetic
alterations typical of primary GBMs, whereas early and frequent p53 mutations and G:C to
A:T mutations at CpG sites are more common in secondary GBMs [47-49].

Cyclins and CDKs regulate the progression of cells through the cell cycle. CDKIs such as p16
(INK4A), p18(INK4C), p19(INK4D), p21(WAF1/CIP1) and p27(KIP1), modulate the activity
of cyclins and CDKs. Aberrant expression of cyclins and CDKs, and loss of CDKIs have been
found in malignant astrocytomas [50]. Dedifferentiated astrocytes from Ink4a/Arf knockout
mice have been shown to transform into a malignant phenotype with characteristic NSC
markers and self-renewal activity [51]. Cyclin E overexpression in these Inkda/Arf 7/~
astrocytes resulted in in vivo tumor formation [51]. These studies indicate that dedifferentiation
of mature cells into stem cells may become cancerous through deregulated cell cycle.

p53 regulates the proliferation and differentiation of NSCs in SVZ [52]. Genetic mutations in
p53 appear to be essential for tumor formation in mouse models [3,53,54]. They have been
identified as one of the earliest transformations of NSCs into malignant astrocytoma [55-58].
Most recent studies have proved the accumulation of mutant p53 proteins in NSCs, where
subsequent expansion of these mutant p53-expressing cells in the SVVZ-associated areas
initiates glioma formation [44,59]. Further mutations in p53 and neurofibromatosis type |
(NF1) in mice developed tumors in brain regions associated with the S\VZ [60,61]. Early tumor
cells in these p53/NF1 mutant mice shared phenotypic characteristics with normal NSCs, and
were highly infiltrative penetrating into white and gray matter [62]. Furthermore, inactivation
of p53 followed by Ras activation via NF1 loss has been found to induce aggressive
astrocytoma, suggesting a sequential timing within the occurrence of these genetic mutations
and the transformation of NSCs into BTSCs [63].

PTEN is a tumor suppressor gene that antagonizes the phosphoinositide 3-kinase (PI3K)
pathway and has been implicated in the normal development of the brain as well as in the
molecular pathogenesis of human gliomas [64-66]. The SVZ-NSCs in PTEN conditional
knockout mice show increased proliferation and self-renewal, decreased cell death,
enhancement in Gg cell cycle exit, and growth factor independence that can initiate and sustain
the malignant phenotype [66-68]. p53 and PTEN knockout mice show elevated levels of c-
myc in NSCs affecting their self-renewal and differentiation potential and giving rise to brain
tumors [69,70].

These studies suggest that genetic changes in cell cycle regulatory proteins in dividing NSCs
may lead to abnormal proliferation and result in malignant glioma formation. Current
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knowledge on cell cycle regulatory pathways in NSCs may be applied to target brain tumors
by overexpressing or deleting the critical cell cycle pathway genes.

ALTERATIONS IN GROWTH FACTOR REGULATORY PATHWAYS VIA
RECEPTOR TYROSINE KINASES (RTKS) IN NSCS AND CANCER-
TARGETING THERAPIES

Constitutive activation of RTKSs through growth factors such as epidermal growth factor (EGF)
and platelet derived growth factor (PDGF) activate downstream signal transduction pathways
including PI3k/AKT, RAS/MAP kinases, and phospholipase C and protein kinase C (PLC/
PKC) pathways [49,71-73]. These pathways regulate proliferation, migration and brain tumor
formation.

EGFR is the most frequently activated receptor in brain tumors [74]. The amplification and
over-expression of EGFR is present in ~50% of gliomas and results in the inhibition of
apoptosis, and the promotion of proliferation, migration, and invasion of brain tumor cells
[3,49,75-77]. In fact, tumor cells require EGFR for their maintenance and its inhibition has
been found to suppress the proliferation and self-renewal of these cells [78]. EGFR stimulation
in SVZ cells induces them to become highly proliferative and invasive, leading to
periventricular tumor-like formations with broad cellular distribution in the adjacent
parenchyma [79-81]. NSCs with PTEN loss and EGFR activation transform into tumors with
increased cell proliferation, centrosome amplification, and resistance to oxidative stress as well
as ionizing radiation [30]. Loss of Ink4a-Arf and PTEN tumor suppressor genes with
concomitant activation of wild-type and/or mutant (vI11) EGFR in the adult mouse brain has
been found to generate a highly invasive, rapid-onset high-grade malignant glioma phenotype
with prominent pathological and molecular resemblance to GBM in humans [61].

As such the use of EGFR kinase inhibitors such as erlotinib and gefitinib has already been
established in glioma treatment with significant success [82,83]. In spite of these efforts, studies
have shown that only 10-20 percent of these patients respond to EGFR kinase inhibitors
[62]. This clinical responsiveness was associated with the co-expression of EGFRvIII and
PTEN by glioma cells [62]. These results provide evidence of the importance of the EGFR/
PTEN pathway as a determinant of GBM tumorigenesis.

PDGF has also been shown to play a major role in the abnormal proliferation and dispersion
that drives the formation of malignant gliomas [84]. Low-grade gliomas possess over-
expression of PDGF ligand and its receptor (PDGFR) as one of their earliest alterations [85].
PDGF stimulation in adult human and rodent SVZ cells formed atypical hyperplasias [86].
Exposure of myelinating oligodendrocyte precursor cells (OPC) to PDGF-B induced gliomas
in mouse brain, indicating that the cell of origin for glioma may be a committed glial progenitor
cell [87]. Further, these gliomas resembled human WHO grade 11 oligodendroglioma based on
close similarities in histopathology and expression of cellular markers [87]. Activation of Ras
and Akt through PDGF stimulation in NSCs but not in differentiated astrocytes induced tumors
that resemble high-grade gliomas [88]. Autocrine stimulation of PDGF-B induced gliomas
from nestin or glial fibrillary acidic protein (GFAP)-expressing cells in mouse brain model
[53,89]. PDGF-induced gliomas combined with Inkda—Arf gene mutation shortened latency
and enhanced malignancy of gliomas [53].

Selective interruption of signaling pathways which may be aberrant in brain tumor cells may
provide more effective treatment of malignant gliomas [90]. The understanding of the critical
pathways known to be involved in glioma formation such as growth signaling and cell cycle
control is important for formulating targeted therapy in brain tumors.
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CHANGES IN THE DEVELOPMENTAL SIGNALING PATHWAYS OF NSCS AND
CANCER-TARGETING THERAPIES

In addition to alterations in cell cycle and growth factor signaling mechanisms, NSCs with
changes in Notch and sonic hedgehog (Shh) developmental signaling pathways also appear to
give rise to brain tumors.

Recent evidence has shown that the Notch cascade plays a prominent role in the development
of stem cells and in neural stem cell regulation [91]. Notch 1 is overexpressed primarily in
human gliomas, suggesting its possible contribution to tumor formation [92—95]. The presence
of Notch signaling within tumors has also been linked to predictive values representing a
hallmark of poor prognosis [96]. Further, Notch blockade in medulloblastoma and glioma cell
lines induced apoptosis, differentiation and depletion of BTSCs as well as decreased
proliferation [92,93]. These studies point towards the importance of the Notch signaling
pathway within glial tumor formation and how the inhibition of Notch-1 and its ligands could
serve as a potential therapeutic target in the treatment of malignant gliomas.

The Shh pathway has been shown to play a fundamental role during the development of the
central nervous system and in the survival and proliferation of NSCs [97,98]. The Shh pathway
has been linked to the modulation of NSC proliferation, survival, self-renewal and
tumorigenicity. Blockade of this pathway through the aggregation of cyclopamine exhibited
synergistic therapeutic effects with temozolamide resulting in the depletion of the brain tumor
cell population [99,100]. Brain tumor cells, like postnatal NSCs are synchronized by the Shh-
Gli pathway [101]. However, only normal stem cells exhibit proliferative restrictions and
apoptosis with overexpression of Shh as opposed to the tumor cells [101]. Clinically, these
findings are of extreme significance as they provide differences between these two cell
populations that can be used to devise therapies targeted exclusively to eliminate brain tumor
cells without damaging normal NSCs.

While more studies have been underway to confirm the NSC population as the origin of brain
tumors, interest has also grown in the potential use of NSCs as an alternate treatment modality
to target brain tumors due to their migratory properties.

NEURAL STEM CELL TROPISM TOWARDS BRAIN TUMORS AND USE AS
DELIVERY VEHICLES FOR GLIOMA TREATMENT

The capacity of NSCs to mobilize and juxtapose themselves along aggressively advancing
tumor cells has been observed by several groups [102—104]. It has been shown that NSCs
exhibit extensive tropism toward the site of the tumor and infiltrate tumor foci when implanted
intraventricularly, intracranially within normal tissue or into the contralateral hemisphere, as
well as through the peripheral intravascular circulation [102]. NSC movement towards the
brain tumor was equally pronounced irrespective of the initial implantation site [102]. Glass
et al. demonstrated migration of endogenous neural precursors from the SVZ towards a tumor
mass and surrounding the bulk of the tumor in an established intracranial glioma mouse model
[105]. Furthermore, endogenous neural precursor cells did not manifest a pathotropic
movement when implanted with other non-neoplastic lesions suggesting a specific tropism to
the brain tumors [105]. In addition, studies have proposed that NSCs may possess a natural
ability to suppress tumor growth [105]. Unmodified NSCs co-cultured with GBM cells showed
both a suppression of tumor growth and an induction of tumor cell apoptosis in mice, improving
their survival [105]. Previous studies have provided evidence of NSCs' anti-tumor activity and
migration towards tumor cells [106,107]. Furthermore, exogenously administered unmodified
NSCs may independently inhibit glioma formation in vivo, re-iterating the notion that they may
possess inherent oncostatic action [108].
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By genetically modifying NSCs to secrete anti-neoplastic compounds it may be possible to
achieve high local drug levels at the site of the malignancy (Fig. 2) [103,108,109]. Anti-
neoplastic compounds that have been evaluated in such a manner fall into three categories:
pro-drug converting enzymes, viral vectors and immune response modulators (Table 1).

PRO-DRUG AND VIRAL VECTOR DELIVERY VEHICLES FOR GLIOMA
TREATMENT

One way that NSCs have been used as therapeutic vehicles has been through the incorporation
of pro-drug activating enzymes [103,109]. These enzymes convert systemically administered
pro-drugs into toxic metabolites that then selectively target glioma cells. As such, stem cells
are capable of enhancing an inherently low toxic pro-drug into a toxic which can kill tumor
cells within their surroundings [110]. Two such systems have been tested using NSCs: cytosine
deaminase (CD) [103] and the herpes simplex virus thymidine kinase (HSV-tk) ganciclovir
system [111]. A third potential pro-drug system not yet assessed in stem cell therapies includes
the delivery of deoxycytidine kinase [112].

The use of CD was effectively demonstrated by intracranially inoculating tumor-bearing mice
with CD-expressing NSCs [103]. The CD within the NSCs allowed for the conversion of
systemically administered nontoxic pro-drug 5-fluorocytosine (5-FC) to the cytotoxic 5-
fluoracil (5-FU) [103]. 5-FU, a chemotherapeutic agent, caused DNA chain termination and
subsequent chain death in neoplastic cells [103]. High concentrations of these CD-expressing
NSCs were confined in close proximity to the tumor cells, resulting in a significant reduction
of tumor burden and increased survival benefit compared to the controls [103]. A significant
decrease in the tumor mass of glioma bearing rats with transplanted CD-expressing neural
progenitor cells has also been corroborated [109]. Significant tumor regression and prolonged
survival has been demonstrated in animals exposed to the herpes simplex virus thymidine
kinase (HSV-tk) ganciclovir system [111]. Genetically transduced HSV-Tk-NSCs were
injected into tumor-bearing rats followed by systemic ganciclovir treatment [111]. This
allowed for the phosphorylation of the systemically processed ganciclovir and subsequent
restriction of DNA replication within tumor cells [111].

The HSV-Tk system has also been transported by NSCs to serve as viral vector replication
factories, transducing oncolytic genes within the tumor cell population [20,113]. This type of
viral-mediated gene delivery has clinically failed in the past due to the low transduction efficacy
that is obtained when the virus is directly injected into the tumor bulk [114-116]. However,
by harnessing the migratory capacity of NSCs, a more extensive delivery of the virus may be
achieved [20]. In 2000, Herrlinger et al. engineered replication-conditional HSV type 1 vector-
bearing NSCs capable of multiplying in rapidly proliferating cell populations, such as the one
present within the tumor environment [113]. Effective surrounding of both the tumor and
escaping tumor outgrowths by replication-conditional HSV-1 NSCs was observed in nude mice
harboring intracranial gliomas [113]. Later studies also demonstrated the efficacy of NSCs as
viral packaging lines by transducing precursor cells with a high capacity HC-AdFK7 adenoviral
vector [117]. These studies provide evidence of how NSCs can be manipulated to deliver pro-
drug activating enzymes as well as viral vectors to the tumor site representing an alternative
approach for the treatment of brain tumors.

IMMUNE RESPONSE MODULATORS FOR GLIOMA TREATMENT

NSC mediated glioma therapy can also be used to modulate the host immune response against
brain tumors via direct release of cytokines to the tumor tissue. NSC-mediated modulation of
immune response has the ability to target independent neoplastic pockets by boosting
tumoricidal cell-mediated immunity against tumor-specific antigens [118-120]. Benedetti's
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group reported that NSCs engineered to express the immunomodulatory cytokine interleukin
4 (1L-4) extended the survival of glioblastoma-bearing rats [108]. IL-4 has been shown to
facilitate an immune response against glioblastoma tumor cells by increasing the recruitable
precursor T-cell frequency [121]. Ehthesham et al. generated interleukin 12-expressing (I1L-12)
NSCs through the use of a replication-defective adenoviral vector and implanted them into an
established intracranial murine glioma resulting in robust T-cell aggregation along the tumor/
normal tissue boundary as well as within tumor microsatellites [119]. Intracranial glioma-
bearing mice treated with the tumor-tropic IL-12 cells showed a reduction in tumor burden and
improved survival [119]. IL-12 induces cellular immunity through the production and
proliferation of interferon gamma (IFN-gamma) as well as through the induction of the
cytolytic activity of natural killer cells and T-cells [122]. Localized induction of tumor
immunity with IL-12 has also been observed by other groups [120,123]. The specific homing
ability of NSCs allows them to achieve a high concentration of therapeutic compounds within
the tumor populated areas. This is further exploited in the delivery of tumor necrosis factor-
related apoptosis inducing ligand (TRAIL) [124]. This pro-apoptotic protein belongs to the
tumor necrosis factor family and induces its effects by binding to its death domain receptor
DR4 and DR5 [125]. TRAIL has been shown to have powerful anticancer activity without
exhibiting significant toxicity toward normal tissue [126,127]. By inoculating TRAIL-
secreting NSCs in athymic T-cell incompetent mice, bearing intracranial human glioblastoma
xenografts, a dramatic induction of apoptosis in treated tumors and tumor satellites as well a
significant inhibition of tumor growth was documented [119]. The use of a secreted form, S-
TRAIL, has also been combined with alternate therapeutic modalities such as down-regulation
of Bcl2 through the use of short hairpin RNA (shRNA) or inhibition of micro-RNA-21 in order
to enhance the eradication of gliomas [128,129]. The effective targeting of S-TRAIL has also
resulted in dramatic reduction of glioma burden in mouse models [130]. Furthermore, Hingten
et al. have combined S-TRAIL with the chemotherapeutic agent temozolomide and observed
increased tumor cell death, upregulation of proapoptotic proteins, and attenuation of tumor
progression in glioma cell lines that had previously exhibited resistance to TRAIL monotherapy
[131]. The above discussed findings present promising data on the potential use of NSCs as
vehicles for the delivery of immune system modulators such as IL-4, IL-12 as well as TRAIL
and S-TRAIL to treat cancer cells.

NEURAL STEM CELLS AS IMAGING TOOLS FOR TUMOR LOCALIZATION

Exploiting the tendency of NSCs to track tumor bulk and outgrowths allows them to be labeled
and used as diagnostic imaging tools that can serve to identify the extent of tumor infiltration
into normal brain parenchyma as well as the exact positioning of the therapeutic stem cells
(Fig. 3). Lewin et al. exploited the sensitivity of magnetic resonance imaging (MRI) to detect
ferromagnetic particles conjugated via tat-peptide-derivitisation into hematopoietic and neural
progenitor cells [132]. In 2004, MRI was utilized to noninvasively track NSCs and bone
marrow stem cells labeled with lipophilic dye-coated superparamagnetic particles and injected
to rats via the cisterna magna and a tail vein, respectively [123]. Migration of both NSCs and
bone marrow stem cell populations towards the tumor mass and the infiltrating tumor cells was
observed [123]. Previously, studies were also able to explore the macroscopic migratory
capabilities of NSCs through the transfection of NPCs with the firefly luiferase gene [133].
Studies of implantion of NSCs expressing luciferase into glioma-bearing mice through
intracranial, intravenous, intraperitoneal and intraventricular routes have found that the
intraventricular path allows for a greater number of NSCs to migrate to the brain tumor
[133]. These luciferase-bearing NPCs were later engineered to deliver S-TRAIL, allowing for
the simultaneous monitoring of the migration of NSCs and their delivery of the tumoricidal
agent to glioma cells [130]. Several groups have also presented the use of semiconductor
quantum dots (fluorescent nanoparticles) as an alternative to luciferase expression in labeling
NSCs[134,135]. In particular, it was demonstrated that mammalian neural and progenitor stem
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cells could be effectively tagged with these dots [136]. Metal nanoshells represent a novel class
of clinically promising nanoparticles with both diagnostic and therapeutic capabilities [137,
138]. This technology was used to design immunotargeted nanoshells that could both scatter
light, enabling optical molecular cancer imaging, and absorb light, allowing for selective
destruction of targeted carcinoma cells through photothermal therapy [138]. These studies
provide important tools to further evaluate the temporospatial migration of NPCs, their
location, differentiation fate and cell distribution within the intracranial tumor [139]. More
importantly, these tools allow for a non-invasive location surveillance of exogenously
implanted NSCs at a single cell level permitting both quantitative and qualitative observations
on a high resolution scale, granting the clinicians complete visualization of these cells.

CONCLUSIONS

The identification of a tumor-initiating subpopulation of cells will represent a significant
improvement in the understanding of human brain tumor formation and its progression. The
resistance of brain tumors to clinical treatment has encouraged researchers to consider the
tumor-initiating population in the development of therapeutic strategies against gliomas.
Moreover, the use of NSCs as vehicles for the delivery of therapeutic genes represents a critical
highlight in the treatment of malignant brain tumors. Nevertheless, further studies are required
to exploit the endogenous migratory ability of NSCs. A complete understanding of the
molecular signaling and interactions that promote NSC tropism towards brain tumors is needed.
This will help us gain the necessary insight to engineer NSCs accordingly, increasing their
tumor-toxic effect and creating the optimal scenario for their use as treatment delivery vehicles.
In the future, NSCs as delivery tools can be further exploited by also taking advantage of the
imaging modality they may offer providing physicians with radiological localization of NSCs
as they distribute medicinal agents.

However, additional research on NSCs must be performed before any potential translation into
the clinical scenario is explored. A number of concerns involving stem cell-based therapy exist
and call for further understanding of the biology and safety of stem cells. The role of NSCs
within the tumor microenvironment and specifically whether or not they are recruited to form
part of the actual tumor must be determined. The development, characterization and isolation
of reliable cell lines as probable sources for the use of such therapy are indispensable for the
prospective improvement of this therapeutic alternative. A continued study of both the NSCs
and tumor-initiating cell populations will certainly provide promising avenues for the
formulation of more effective and specific treatment strategies offering new hope for patients
in the future.
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Fig. (1).
Normal NSCs self-renew and give rise to neural progenitor cells which differentiate into three
neuronal lineages of the brain — neurons, astrocytes and oligodendrocytes (shown by black
arrows). Epigenetic and/or genetic alterations in NSCs, progenitor cells, or mature cells through
a dedifferentiation process may lead to transformation into BTSCs that are capable of self-
renewing and of giving rise to brain tumors (shown by red arrows).
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Fig. (2).
Systemic injections of genetically engineered NSCs migrate to the tumor site and secrete anti-
neoplastic compounds such as pro-drug activating enzymes, viral vectors and immune response
modulators. These compounds may target brain tumors by blocking DNA replication, by
boosting an immune response or by inducing apoptosis of tumor cells.
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Fig. (3).

Intravascular injection in glioma patients of NSCs labeled with nanoparticles in glioma patients
are capable of migrating to the site of tumor. These cells can be visualized by MRI and may
potentially be used to demarcate the periphery of the tumor. This allows not only for better
distinction of the tumor margins but also provides surveillance of the engineered NSCs that
are being used to deliver a given therapeutic agent.
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Factors delivered

Administration route

Source of NSCs

Result
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Pro-drug converting enzymes

HSV- thymidine kinaseP
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NSC clonal line C17.2

Embryonic rat NSCs

Reduction in tumor
burden

Increased survival time

Replication-conditional HSV-1 vector®
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Adenoviral vectord

Intratumoral
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NSC clonal line C17.2

Embryonic stem cell
derived NSCs

Effective delivery of
mutant HSV-1 vectors
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1L-12f
Immune response modulators
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