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Increasing evidence indicates that the adult neurogenic niche of the ventricular-subventricular zone
(V-SVZ), beyond serving as a potential site of origin, affects the outcome of malignant brain cancers.
Glioma contact with this niche predicts worse prognosis, suggesting a supportive role for the V-SVZ
environment in tumor initiation or progression. In this review, we describe unique components of the
V-SVZ that may permit or promote tumor growth within the region. Cell-cell interactions, soluble factors,
and extracellular matrix composition are discussed, and the role of the niche in future therapies is
explored. The purpose of this review is to highlight niche intrinsic factors that may promote or support

malignant cell growth and maintenance, and point out how we might leverage these features to improve
patient outcome. (Am J Pathol 2018, 188: 29—38; https://doi.org/10.1016/].ajpath.2017.08.029)

Extensive work during the past decades has demonstrated the
existence of two neurogenic niches in the adult mammalian
brain: the ventricular-subventricular zone (V-SVZ) and the
subgranular zone (SGZ). The cellular constituents, intercel-
lular interactions, and extracellular components of these
niches support stem cell maintenance and differentiation.'
The V-SVZ is the larger of the two niches, and recently there
has been increased focus on the role of this niche in high-
grade (IIl and IV) gliomas, the most common primary
malignant neoplasms of the adult brain. Interest in the V-SVZ
heightened with the emergence of the cancer stem cell theory,
which posits that a fraction of cancer cells are self-renewing
progenitors at the apex of a cancer cell hierarchy, capable
of generating all cell types found in a tumor.” This hypothesis
is supported by similarities in gene expression between
non-neoplastic stem cells and cancer cells, as well as by their
shared capacity for proliferation. In the setting of brain can-
cer, it has been proposed that neural stem cells of the V-SVZ
are cells of origin for brain cancers, although more recent
tumor models implicate additional progenitor and mature
cells in tumor development (Figure 1).”° The development of
neoplasia after genetic ablation of tumor suppressors and
exogenous up-regulation of growth factors in the rodent

V-SVZ have further supported this hypothesis.” Cell of origin
notwithstanding, the concept of a stem-like niche within tu-
mors is one with significant therapeutic implications.*” In
addition to the possibility that gliomas originate within the V-
SVZ, some tumors may co-opt this niche, taking advantage of
an existing system that promotes proliferation and migration
of progenitor cells in early development. In support of this
hypothesis, radiographic studies show that contact with the
V-SVZ is anegative prognostic factor for grade IV gliomas.'"
Given that neural stem cell niche components may enhance
glioma initiation, maintenance, and/or recurrence, the inter-
action between the V-SVZ and tumor cells warrants investi-
gation, and this review will focus on the interplay between
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Figure 1  The ventricular-subventricular zone (V-SVZ) niche contains ependymal cells (gray) that contact the lateral ventricle and cerebrospinal fluid (CSF).
Neural stem cells (NSCs; blue) have an apical contact with the CSF and a basal contact with the vasculature (red). In the human, astrocytic processes (blue) lie
beneath the ependyma. Neurons (green) from the brain parenchyma innervate the niche. Surveying or resting microglia (brown) surveil the niche micro-
environment and can become activated in the presence of tumor cells. Three proposed roles of the niche in malignant brain tumors are depicted. Left panel:
Neural stem cells may acquire mutations that lead to cancer (purple). Middle panel: Neural stem cells can home toward tumors and eliminate tumor cells.
Right panel: Tumor cells can migrate toward the V-SVZ and take up residence in the niche. A subset of factors demonstrated to be involved in these regions
and discussed in the text (Direction from the Top: CSF Factors in Normal and Malignant Biology, Local Associations: Cellular Constituents of the Niche, Basal
Foundations: Vascular Contact, The Niche as a Refuge) are listed on the right. BDNF, brain-derived neurotrophic factor; FGF, fibroblast growth factor; IGF2,
insulin-like growth factor 2; NLGN-3, neuroligin-3; PEDF, pigment epithelium-derived factor; PIGF-2, placental growth factor 2; SDF-1, stromal-derived factor

1; VEGF, vascular endothelial growth factor.

adult stem cell niches and neoplastic cells in this context. We
will briefly introduce the V-SVZ niche and summarize the
unique features that may provide a selective advantage to
cancerous cells.

Distinct Cellular Neighborhoods: The V-SVZ and
SGZ

The two regions of adult neurogenesis, the V-SVZ and the
SGZ, contain multiple cell types and specialized contacts,
including a prominent vascular component. These features
cooperate to maintain an environment permissive to
ongoing neurogenesis. The V-SVZ (sometimes referred to
as the SVZ or the subependymal zone) is the larger of these
two niches and is located immediately adjacent to the lateral
ventricles in the cerebrum. The rodent V-SVZ primarily
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generates interneurons destined for the olfactory bulb, and
the early postnatal human brain recapitulates this production
of olfactory interneurons. The pediatric human V-SVZ also
contributes interneurons to the ventromedial prefrontal
cortex via a medial migratory stream and a large population
of newly born cells to additional forebrain areas through a
structure termed the Arc.'"'?> In adult humans, robust
migration to the olfactory bulb is absent, and V-SVZ neu-
rogenesis appears to be a rare event, although limited
contribution of neurons to the neighboring striatum may
occur.' ™" Adult V-SVZ generation of mature neurons can
occur in the setting of brain injury, as has been shown in
adult rats after ischemic stroke.'”

The astrocyte-like neural stem cells (NSCs) of the V-SVZ
have a polarity defined by an apical primary cilium
immersed in ventricular cerebrospinal fluid (CSF) and a
basal vascular contact, resulting in a cytoarchitecture
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reminiscent of embryonic radial glia progenitors,lo Epen-
dymal cells within this niche line the lateral walls of the
lateral ventricles and also contact the CSF, into which they
project motile cilia to aid in CSF flow.'”'® Ependymal cell
bodies are arranged in pinwheels around the apical contacts
of the NSCs (a planar organization not seen in non-
neurogenic regions of the ventricular system).'®'” NSCs
produce rapidly dividing C cells (alias transit-amplifying
cells) that undergo a limited number of divisions to pro-
duce neuroblasts, which then migrate out of the niche and
eventually generate mature neurons.”’ The neural stem cell
bodies remain in close contact with neuroblasts, whereas
their long, radial glia-esque processes contact the blood
vessels that supply nutrients and oxygen to the niche.”’
Microglial cells are also found within the niche, as are
contacts from neighboring and distant neurons.'**'

The SGZ is located at the interface of the hilus and dentate
gyrus in the hippocampus.” It, too, contains radial-glia—like
neural stem cells that produce neurons via transit-amplifying
cells. In this niche, the apical portion of the NSC contacts a
blood vessel, the highly branched opposite process contacts
neuronal processes and glial cells, and the cell body contacts
mature granule neurons.”””° In contrast to V-SVZ NSCs,
SGZ NSCs do not extend processes into the ventricles to
contact CSF, a point of difference between these germinal
regions that may be relevant to tumor progression.

V-SVZ Contact and Patient Qutcome

High-grade gliomas, most notably grade IV glioblastomas
(GBMs), are defined by their invasive presentation, and a subset
of these tumors appears to spread specifically within the
ventricular-subventricular ~ zone  (alias  subependymal
spread).”’*’ V-SVZ spread is evaluated by magnetic resonance
imaging in pediatric and adult gliomas and is interpreted as the
presence of contrast enhancement and/or abnormally elevated
T2-weighted signal within the subependymal region.”
Although microscopic analysis of this region is uncommon
because of the rarity of resections that include the V-SVZ, his-
tologic sections show increased cell density at resection,
including cytologically atypical glial cells with enlarged,
hyperchromatic, angular nuclei.”” Immunohistochemistry of a
cell-cycle—associated antigen, Ki-67, can be used to highlight
the atypical population, because it is normally infrequently
expressed in adult V-SVZ.""*'* Preferential spread in the V-SVZ
region has been described in high-grade astrocytoma autopsy
cases.”” Likewise, in pediatric diffuse intrinsic pontine gliomas,
contact with the ventricle or V-SVZ correlates with V-SVZ
tumor infiltration and nodule formation along the ventricle.”" In
addition, both isocitrate dehydrogenase wild-type and isocitrate
dehydrogenase—mutant GBMs as well as brain metastases have
demonstrated such spread through the subependyma.’’*
Although isocitrate dehydrogenase—mutant gliomas occur
more frequently in the frontal lobe than isocitrate dehydrogenase
wild-type tumors, there appears to be no difference between the
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two groups in V-SVZ contact.”” However, the literature on the
topic is sparse and warrants further investigation.

Recent evaluation of clinical data indicates that glioblastoma
patients whose tumors infiltrate or contact the V-SVZ have
worse outcomes. A meta-analysis of multiple studies demon-
strated that radiographic contact of GBM with the V-SVZ is
associated with significantly decreased overall survival,'’ in-
dependent of extent of tumor resection.”® V-SVZ contacting
glioblastomas also display earlier recurrence after treatment
compared with V-SVZ noncontacting GBMs,'**® and these
recurrences are more likely to contact the V-SVZ."** Some
studies further describe a tendency for V-SVZ contacting glio-
blastomas to be multifocal at diagnosis®®*** and to recur after
treatment at sites distant from the initial tumor site,>” *!
although the latter observation is debated.”®** Strikingly,
GBM contact with the SGZ has not been found to influence
survival,” suggesting that features unique to the V-SVZ
contribute to outcome. The prognostic value of V-SVZ contact
may be attributable, in part, to cancer cell access to the ventricles
and CSF, a feature unique to the V-SVZ niche. However, the
V-SVZ and SGZ differ in several additional ways, including the
presence of a gap layer in the V-SVZ that is absent in the SGZ
and the closer proximity of the V-SVZ to major white matter
tracts. At the molecular level, differences between secreted
factors in the V-SVZ and SGZ remain poorly defined. Niche-
enriched factors may be derived from different cellular sour-
ces, present at different levels, or delivered through specific
cell-cell contacts. Each of these variations might affect signaling
between niche and tumor cells. Cumulatively, these clinical data
suggest a possible distinct, aggressive biology of V-SVZ con-
tacting tumors, although attempts to date have failed to identify
transcriptional signatures unique to V-SVZ contacting tumors.
Only a limited number of candidate signatures have been found,
which may not be cancer cell derived.”’ Alternatively, the
impact of V-SVZ contact raises the possibility of niche-derived
factors that positively affect one or more aspects of tumor
biology, including glioma growth, therapy resistance, dissemi-
nation, and immunomodulation.

Direction from the Top: CSF Factors in Normal
and Malignant Biology

Cerebrospinal fluid is produced by the choroid plexus and fills
the ventricles. Ciliated ependymal cells, including those in the
V-SVZ, help to maintain CSF flow.***> CSF acts as a protective
cushion for the central nervous system and a provider of secreted
factors as well as a mechanism for waste removal to maintain
homeostasis. The V-SVZ is the only neurogenic niche that
directly contacts the ventricles, which contain soluble factors
that regulate NSC quiescence and proliferation beyond those
traditionally contained in stem cell culture medium
(Figure 1).”"® The CSF milieu has been explored most
thoroughly in the embryo, but the NSC regulatory factors
insulin-like growth factor 2, amphiregulin, and pigment
epithelium-derived factor (PEDF), which can promote NSC
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proliferation and self-renewal, have all been detected in adult
brain.*”~* More important, these factors found in the CSF have
also been shown to regulate glioma cell growth and may be a
source of growth stimuli to malignant cells.” >~

In addition to providing NSCs and cancer cells with soluble
factors and signals, the CSF is a potential reservoir for cancer
cells and cancer cell—derived secreted factors. Along with
radiographic imaging, analysis of CSF cytology obtained via
lumbar puncture, although infrequently performed, is used for
detection and diagnosis of malignancies.”” Tumor DNA can be
detected in the CSF of cancer patients, especially in patients
whose tumors are located at CSF-brain interfaces.”* Glioma cells
are also known to release exosomes loaded with RNA species
that can be detected in the CSF.”>° The CSF can also serve as an
avenue for tumor diffusion in gliomas, although this
phenomenon is clinically prominent only in a rare subset of
GBMs with primitive neuronal components.57 Thus, the CSF
may both supply neoplasms with mitogenic cues and harbor
tumor cells with the potential to seed additional tumor sites.

Local Associations: Cellular Constituents of the
Niche

NSC interactions with surrounding cells directly influence cell
proliferation and stemness. V-SVZ ependymal cells preserve
the self-renewal capacity of NSCs, in part by producing PEDF,
which promotes symmetric division of NSCs and suppression
of differentiation genes. PEDF can similarly suppress glioma
stem cell differentiation and promote gliomasphere formation
and sex determining region Y-box 2 expression.”’ Ependymal
cells also secrete the bone morphogenic protein inhibitor
noggin, which may help maintain glioma cell tumor-initiating
capacity,sx‘ﬁ() and C-X-C motif chemokine (CXCL)12, which
can induce glioma cell homing to the neurogenic niche
(Figure 1).90¢!

In addition to local cell-derived signals, neuron-derived
signals are another component of the V-SVZ niche. Whole-
mount electron microscopy of murine ventricles has
revealed serotonergic axons derived from soma in the raphe
nuclei projecting along the ventricular walls amid ependy-
mal microvilli. These cells release serotonergic vesicles that
act on the serotonin receptors on NSCs and the choroid
plexus. Activation of these receptors on the NSCs results in
increased proliferation, whereas serotonin stimulation of the
choroid plexus can result in release of fibroblast growth
factor into the CSF, a known proliferation stimulant for
normal and neoplastic cells.”"** Excitatory cholinergic
neurons have been found to increase normal stem cell pro-
liferation in the V-SVZ, and a population of ventral neurons
adjacent to the murine V-SVZ directs fate specification
through the production of sonic hedgehog.>** Similarly,
cortical neurons projecting to patient-derived glioma xeno-
grafts induced an increase in cell proliferation through
neuroligin-3 stimulation, suggesting that excitatory neuronal
stimulation can regulate glioma growth (Figure 1).%

32

NSCs can also communicate with each other. For example,
NSCs in the SGZ generate gap junctions with each other via
connexins 43 and 30. Without these gap junctions, there is a
marked reduction in NSC proliferation and number of
progeny, reminiscent of the critical role of connexin 43 in
radial glia during early cortical development.®®” Glioma
cells can also use connexin 43 to establish gap junctions,
sometimes with normal astrocytes, that provide unique ad-
vantages by facilitating invasion of brain parenchyma. In this
context, gap junctions may enhance glioma growth by
permitting the exchange of factors, including ATP from
astrocyte to glioma cell.®® Outside the cell, distinct laminin
structures in the V-SVZ, called fractones, are morphologi-
cally characterized by thin stalk-like projections with inter-
mittent bulbs. These structures are in close physical contact
with the ependyma, endothelia, and NSCs and are hypothe-
sized to serve as reservoirs of mitogens for NSCs.®” Glioma
cells invading the niche may also contact these stores.
Laminin is further observed on the ventricular face of the
V-SVZ at the center of ependymal pinwheels, where epen-
dymal cells and NSCs contact each other.”” Laminin
signaling occurs via the interaction of dystroglycan on
ependymal cells with integrin a6 on NSCs and is required for
ependymal pinwheel formation and promotion of NSC
interactions with blood vessels.”””" Integrin a6 expression is
lost as NSCs differentiate.”’ Glioma cells with stem cell
characteristics (enrichment of CD133, oligodendrocyte
transcription factor, and Nestin) also express integrin o6.
These cells have increased sphere-forming capacity and
tumor-propagating abilities relative to integrin-negative or
bulk tumor cells. In addition, these cells are closely associ-
ated with the perivascular niche.”” These data suggest that the
rich laminin environment of the V-SVZ may readily support
a glioma stem cell population while inhibiting differentiation.

Basal Foundations: Vascular Contact

The endothelial cells and pericytes comprising the vascular
elements of the V-SVZ are closely associated with NSCs
(Figure 1). The V-SVZ vasculature consists of a planar
plexus with large vessels that branch into smaller ones, unlike
cortical vessels, which are smaller and branch more
frequently.’”” Most of the vessels in the brain, including those
in the cortex and striatum, are encapsulated by pericytes and
astrocytic end feet, which together compose the blood-brain
barrier. In the V-SVZ, however, patches of vessels are devoid
of this covering. At these sites, NSCs and transit-amplifying
cells contact the vasculature, and cell division is
observed.”"”* Vasculature lacking pericytes and astrocytes
appears to be more permissive to exchange of factors, as
demonstrated by experiments in rodents showing that dye
conjugates carried in the bloodstream can access the V-SVZ
niche directly.”” These authors also found that soluble growth
factors, hormones, nutrients, and oxygen from the blood can
infiltrate the CSF via choroid plexus blood vessels,
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supporting a model whereby the V-SVZ niche receives
support from the ventricular and vascular aspects of the
niche.”” Not only do vascular elements regulate access to
serum factors, but these cells can also directly stimulate niche
signaling. Endothelial cell secretions include PEDF, brain-
derived neurotrophic factor, placental growth factor 2, and
vascular endothelial growth factor. Placental growth factor 2
and vascular endothelial growth factor enhance neuroblast
proliferation, whereas PEDF promotes NSC self-renewal and
vascular endothelial growth factor improves neuronal
survival.”> ™’ To this end, NSCs with access to endothelial
cell—cultured medium undergo increased symmetric self-
renewing divisions relative to those cultured with cortical
cells.”* Direct physical contact with endothelial cells pre-
vents stem cell differentiation and promotes expression of
stemness genes (such as Nestin and the Notch effector Hes5)
by signaling through ephrinB2 and Jagged1.*” Blood vessels
from different regions of the brain can also differentially
influence NSC growth. Surprisingly, although both cortical
and subventricular endothelial cells can result in an increase
in NSC cell number in vitro, cortical endothelial cells do so to
a greater degree.”’

In high-grade gliomas, the blood-brain barrier is often
compromised because of the high rate of angiogenesis and
tortuous neovasculature. Furthermore, like normal stem
cells, cancer stem-like cells tend to cluster near blood ves-
sels.”' Incomplete coverage of vessels by support cells,
including pericytes, has been observed in gliomas and raises
the possibility that glioma cells may receive serum-derived
factors that normally influence NSCs.*” These cues
include growth signals as well as nutrients and oxygen.
When medulloblastoma stem-like cells (expressing Nestin,
CD133, or both) are co-cultured with endothelial cells, they
maintain expression of Nestin and CD133 and form larger
spheres. In vivo, coinjection of endothelial cells and me-
dulloblastoma stem-like cells accelerates tumor growth.”’
Glioma cells have also been shown to be able to assume a
pericyte-like phenotype in vivo, including up-regulation of
pericyte markers, a close physical association with the
vasculature, and a functional role in maintaining tumor
growth.™ This may be mediated by direct signaling from
endothelial cells via the Notch ligand Jagged®® because
Notch signaling in GBM cells has been shown to promote a
pericyte cell phenotype and result in increased tumor
vasculature.®* In addition, cancer stem cells secrete vascular
endothelial growth factor and can promote endothelial cell
migration, branching, and tube formation.®> Invasion of the
V-SVZ, with its rich vascular support, may provide rapid
tumor cell access to factors that support aggressive growth.

The Niche as a Refuge
Features that endow the V-SVZ niche with the ability to

support and maintain neural stem cells may also cause it to
serve as a refuge for neoplastic cells. In recent years, several
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factors have been identified that can attract or direct cells to
this refuge. Ependymal and endothelial cells in the V-SVZ
express the CXCL12 (alias stromal-derived factor 1), which
facilitates tumor cell homing to stem cell niches in other
cancers.”® GBM patient-derived xenografts were found to co-
opt CXCL12/C-X-C chemokine receptor 4 signaling to
occupy the V-SVZ and reside in the niche (Figure 1).%'
Orthotopic xenografts of human glioma cells injected into
the striatum of immunodeficient mice contained a subset of
tumor cells that migrated toward the V-SVZ. Upon integra-
tion in the niche, the human cells expressed markers of NSCs
and even began to migrate toward the olfactory bulb, sug-
gesting that they were co-opting niche cues and adopting NSC
behaviors. Dissection of these tumor cells from the host
mouse and subsequent investigation of sphere-forming ca-
pacity and tumor initiation indicated that these cells were
tumor propagating.®’*” Furthermore, glioma cells expressing
C-X-C chemokine receptor 4 found in the V-SVZ were shown
to be more radioresistant in vitro and in vivo because of
signaling through V-SVZ—derived CXCLI12.*® More
recently, conditioned medium from murine V-SVZ was
shown to increase diffuse intrinsic pontine glioma cell inva-
siveness by producing a protein complex, including pleio-
trophin, a neurite outgrowth promoting factor.*” In vivo
interruption of either of these signaling mechanisms, stromal-
derived factor 1 or pleiotrophin, reduced the number of
identifiable cancer cells that reached the V-SVZ. These
findings suggest that glioma recurrence and progression may
be driven by tumor cell homing to the V-SVZ with subsequent
adoption of niche-based, therapy-protective interactions.

A study of glioblastoma patients undergoing tumor
resection guided by S5-aminolevulinic acid provided evi-
dence for glioma cell migration to a neurogenic niche in
humans. 5-Aminolevulinic acid is a metabolic precursor of
fluorescent porphyrins that can accumulate in cancer cells.”
After peripheral injection of 5-aminolevulinic acid, fluo-
rescent cells were detected in the V-SVZ in 65% of
patients.” Histologic analysis of resected tissue confirmed
glioma involvement, and driver mutations matching the
primary tumor samples were detected. Importantly, the
V-SVZ resident cancer cells were capable of generating
spheres in vitro and tumors in vivo, confirming that the cells
found in the niche can be tumor propagating.”” Intriguingly,
tumor cells found in the niche tended to be of the mesen-
chymal transcriptional subtype, regardless of the subtype
assigned to the bulk tumor.”>”" This finding suggests that
either the V-SVZ niche imposes a similar gene expression
profile on the glioma cells or a certain cell phenotype is
particularly capable of V-SVZ infiltration.

Given that neurogenic niches may harbor cancer cells
with tumor-propagating capabilities and increased radio-
resistance,”® some groups have retrospectively examined the
impact of targeting the V-SVZ and SGZ with radiation
therapy. Although a moderate survival benefit from niche
irradiation has been reported, even in the absence of
radiographically detectable contact, not all retrospective
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studies of such treatment found a survival benefit.’” In fact,
a recent study involving 61 patients reported inferior sur-
vival when the ipsilateral neural stem cell compartment
(V-SVZ and SGZ) received a high dose of radiation (55.2
Gy).”” The effect of radiation on noncancerous cells of the
stem cell niche warrants consideration when interpreting
survival effects. In rodents, it has been shown that either
whole brain or V-SVZ targeted radiation can result in sus-
tained loss of cell proliferation and neural precursor pro-
duction. In patients, necrosis of the V-SVZ can occur after
radiation treatment, and this complication correlates with
worse performance status.”*%° At this time, there are two
ongoing clinical trials to investigate the clinical efficacy of
explicitly targeting or sparing the V-SVZ during irradiation
(NCTO02177578 and NCT01478854, respectively). The
results of the only prospective clinical trial investigating
neural stem cell niche irradiation in GBM’’ are promising,
reporting significantly improved overall survival when the
V-SVZ was irradiated and a trend toward improved survival
when the SGZ was irradiated.

Targeted Strikes: NSCs in Therapy

Although the stem cell niche may support the formation,
maintenance, or recurrence of neoplasms, noncancerous
NSCs have the potential to serve a therapeutic role. Normal
neural stem cells exhibit targeted migration to sites of tumor
engraftment and some antitumor effects (Figure 1). Rats
receiving xenografts of glioma cells together with NSCs show
improved survival in comparison to animals that receive
glioma cells only.”® A survival benefit is maintained in a
model of established tumors, when NSCs are administered 3
days after tumor engraftment. Furthermore, NSCs injected
into brains millimeters outside the engrafted tumor will
migrate toward the cancer cells, encapsulate the tumor, and
penetrate the mass, even showing migration toward multi-
focal tumor sites separate from the bulk.””'”’ The NSCs do
not infiltrate the surrounding brain parenchyma or contralat-
eral hemisphere, suggesting they are specifically targeting the
tumor. Migrating NSCs exert an antitumor effect, observed as
areduction in tumor volume 1 to 2 weeks after injection.”®'*”
This effect is observed in multiple brain cancer types,
including glioma and medulloblastoma.””

The ability of NSCs to seek out tumor cells has inspired a
host of studies in which therapies are transported by NSCs
for delivery to cancerous cells. Multiple strategies have been
used for both the generation of tumor-homing NSCs and
therapy delivery. Human neural stem cells and NSCs
transdifferentiated from skin fibroblasts have both been
shown to successfully target glioma cells in vitro and
in vivo.""""'%? These engineered NSCs induce glioma cell
apoptosis via expression of soluble tumor necrosis
factor—a-related  apoptosis—inducing ligand'**'" and
cytosine deaminase (paired with S5-formylcytosine).'”*
Therapeutic NSCs can promote glioma cell differentiation
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in addition to apoptosis.'’’ When applied to orthotopic

xenograft models in rodents, NSC-delivered therapies have
been shown to prolong survival. Importantly, the NSCs
retain their ability to target tumor cells after steroid therapy
or radiotherapy, both of which are routinely administered
during patient care. In addition to effectively reducing tumor
burden, these therapies may prove to have fewer off-target
effects than currently used pharmaceuticals. Compared
with soluble tumor necrosis factor—o-related apoptosis—
inducing ligand administered intravenously or injected into
the tumor, tumor necrosis factor—a-related apoptosis—
inducing ligand secreted by NSCs was not detected in
organs other than the brain, persisted through 24 hours, and
resulted in tumor volume reduction.'” This result suggests
that NSC-mediated therapies may show pharmacokinetic
features preferable to routinely administered chemother-
apies. The preliminary investigation of therapeutic NSCs for
brain cancers is the basis of an ongoing clinical trial.'**

Conclusions and Persisting Questions

The study of neurogenic niches in the adult brain is a rich
and active field of research. Beyond the function of these
sites as generators of new neurons, emerging data reveal
significant effects of neurogenic niches on the behavior of
malignant gliomas. Treatment options for these aggressive
neoplasms are limited, and patient survival remains dismal;
therefore, the potential role of these niches in tumor initia-
tion, maintenance, or recurrence merits further research.
Improvements in tumor therapy may include targeting niche
factors and disrupting niche—tumor cell interactions, with
radiotherapeutic targeting of the V-SVZ representing a first
step along this course. As our knowledge of the normal
niche continues to expand, newly revealed features may also
drive better understanding of tumor cause and therapy
response. Areas of interest include the impact of cell-to-cell
heterogeneity and lineage priming within normal NSCs on
the disease state and the contribution of microglia, the major
innate immune population within the brain, to normal and
tumor-bearing V-SVZ. Studies from the mouse brain indi-
cate that neural stem cells are spatially diverse, meaning that
stem cells from different regions of the V-SVZ produce
different progeny.”*'**~'"" Examination of spatial differ-
ences in tumor-forming or tumor-homing capabilities of
heterogeneous NSCs may further inform the design of tar-
geted therapies. Detailed investigations of the role of innate
and adaptive immune cells in this niche will also be critical
to understanding how these tumors may evade immune
detection or targeted immunotherapy approaches (eg, anti—
programmed cell death protein 1/cytotoxic T-lymphocyte
antigen-4 agents). Microglia help to define and maintain the
neurogenic niche, and recent studies indicate that the
V-SVZ resident population is functionally distinct and
temporally dynamic, exhibiting an immature phenotype that
changes with organismal age.””''" Finally, glioma research
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currently benefits from the ample available patient tissue
from primary tumor resections, as well as a plethora of
imaging data collected during routine care. One persistent
challenge is the integration of molecular information (bulk
and single-cell genomic and proteomic approaches) with
spatial information obtained from clinical imaging. Recent
advances in both the preparation of single-cell suspensions
and the collection of high-dimensional data will enhance our
ability to map specific populations of cancer and niche cells,
providing a better understanding of the impact of V-SVZ
niche diversity on tumor behavior."'*'"?
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