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Regulation of Subventricular Zone-Derived
Cells Migration in the Adult Brain

Vivian Capilla-Gonzalez, Emily Lavell, Alfredo Quiiiones-Hinojosa,
and Hugo Guerrero-Cazares

Abstract The subventricular zone of the lateral ventricles (SVZ) is the largest
source of neural stem cells (NSCs) in the adult mammalian brain. Newly generated
neuroblasts from the SVZ form cellular chains that migrate through the rostral
migratory stream (RMS) into the olfactory bulb (OB), where they become mature
neurons. Migration through the RMS is a highly regulated process of intrinsic and
extrinsic factors, orchestrated to achieve direction and integration of neuroblasts
into OB circuitry. These factors include internal cytoskeletal and volume regulators,
extracellular matrix proteins, and chemoattractant and chemorepellent proteins. All
these molecules direct the cells away from the SVZ, through the RMS, and into the
OB guaranteeing their correct integration. Following brain injury, some neuroblasts
escape the RMS and migrate into the lesion site to participate in regeneration, a
phenomenon that is also observed with brain tumors. This review focuses on factors
that regulate the migration of SVZ precursor cells in the healthy and pathologic
brain. A better understanding of the factors that control the movement of newly
generated cells may be crucial for improving the use of NSC-replacement therapy
for specific neurological diseases.

Keywords Neural stem cells ® Subventricular zone * Rostral migratory stream ¢
Neuroblasts * Neuronal migration * Regulation of migration * Adult neurogenesis ®
Brain tumors
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Introduction

Adult neurogenesis mainly occurs in two regions of the mammalian brain, the
subgranular zone of the hippocampus and the subventricular zone (SVZ) of the
lateral ventricles [1]. In rodents’ adult SVZ, highly migratory neuroblasts arise from
neural stem cells (NSCs). These neuroblasts move tangentially through a special-
ized path called the rostral migratory stream (RMS) to reach their final destination,
the olfactory bulb (OB) [2-10]. Once in the OB, SVZ-derived neuroblasts incorpo-
rate into the OB circuitry and differentiate into interneurons [6, 11-14]. The exis-
tence of a similar migratory pathway in the adult human brain remains highly
controversial. However, there is prominent neuroblast migration from the ventricu-
lar walls into the olfactory tract in the human fetal brain that appears to decrease
with development [15-22].

The regulation of SVZ-derived cells’ migration in the adult brain involves mul-
tiple processes including dynamic cell-cell communication, cell-extracellular
matrix interactions, as well as chemo repellent and chemo attractant signals [23-26].
Under certain pathological conditions, these processes are modified to redirect the
migration of SVZ-derived cells and provide support in damaged areas [26-31]. We
review the roles of the different mechanisms that regulate the migration of newly
generated cells from the SVZ into the OB, as well as their migration into damaged
brain areas and brain tumors. A more complete understanding of the mechanisms
regulating this migratory capacity could provide valuable insight in the possible use
of NSCs in treatment of neurological disorders.

Adult Neurogenic Niche: The Subventricular Zone

The SVZ is the major source of NSCs in the adult brain of mammals, including
humans. In this region, NSCs have been identified as a subpopulation of astroglial
cells that are able to differentiate into any of the main cell types of the central ner-
vous system, i.e., neurons, oligodendrocytes, or astrocytes [32, 33]. These cells
organize in the SVZ to confer a unique cytoarchitecture, which presents remarkable
differences between rodents and humans [21].

Rodents

The SVZ is found behind a layer of ependymal cells (type E cells) that separates it
from the ventricle cavity. The NSCs within the rodent SVZ correspond to a sub-
population of astrocytes called B1 cells. These cells display a primary cilium in the
apical surface that extends into the ventricle cavity, which has been related to the
proliferative activity of B1 cells [34-39]. Typically, B1 astrocytes divide asym-
metrically, maintaining their population and giving rise to the highly proliferative,
transient amplifying progenitors (type C cells), which then become migratory
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Fig. 1 Cytoarchitecture of the subventricular zone (SVZ) in rodents. Biciliated (E2) and multicili-
ated (E1) cells form a monolayer on the ventricular wall. E1 and E2 cells are organized in a pin-
wheel fashion surrounding B1 cell cilia. B1 cells extend one apical process that maintains contact
with the ventricle and another process that contacts blood vessels. Type B2 cells are not in contact
with the ventricular wall and surround the migratory A cells. Type C cells are highly proliferative
and separated from the E1 and E2 cells by astrocytic processes. Type A cells organize in chains to
migrate tangentially while surrounded by astrocytic cells

neuroblasts (type A cells). Additionally, the SVZ contains a subpopulation of non-
neurogenic astrocytes (B2 astrocytes) that are located at the underlying striatal
parenchyma and do not make contact with the ventricle. These cells function as
support for neuroblasts migration toward the OB (Fig. 1) [2-6].

All SVZ cell types can be distinguished from each other by their ultrastructural
characteristics and specific molecular markers (Table 1). Briefly, B1 astrocytes have
light cytoplasm with abundant intermediate filaments, and express glial fibrillary
acidic protein (GFAP), nestin and vimentin. Type C cells are large cells with dark
cytoplasm and many mitochondria. This cell type expresses the molecular markers
Mash1, DLX-2, and nestin. Neuroblasts (Type A cells) are small, elongated cells
that typically express nestin, Doublecortin (Dcx), polysialylated-neural cell adhe-
sion molecule (PSA-NCAM), and Neuron-specific class III beta-tubulin (Tujl). In
the SVZ, neuroblasts form large chains that are surrounded by astrocytes. The B2
astrocytes are similar to B1 astrocytes but have higher number of intermediate fila-
ments and do not contact the ventricle. Type E cells exhibit multiple cilia and micro-
villi on their apical surface and express markers such as vimentin, nestin, S100, and
CD24 [10, 35, 40-43].

As neuroblasts migrate away from the SVZ, they form large cellular chains,
ensheathed by processes of B2 astrocytes (Fig. 2a, b). These structures constitute



V. Capilla-Gonzalez et al.

Table 1 Ventricular zone cell types and characteristics

Cell type

E1
Multiciliated
ependymal cells

E2
Biciliated
Ependymal cells

B1
Astrocytes

B2
Astrocytes

C
Transient
amplifying cells

A
Neuroblasts

Molecular
markers

CD24
Vimentin
S100 beta
Nestin

CD24
Vimentin
S100 beta
Nestin

GFAP
Nestin
Cd133
Vimentin

GFAP
Vimentin
Nestin

Nestin
Mashl
DLX-1

Nestin

Dcx
PSA-NCAM
Tujl

Ki-67

Pax-6
NKCCl1
Robo

Microscopic and ultrastructural characteristics

Approximate size of 115 pm?

Multiciliated, comprise most of the ventricular
surface

Multiple basal bodies

Abundant mitochondria concentrated around the
basal bodies

Small Golgi

Comprise 5 % of ventricular surface

Two partially invaginated cilia (9+2) and two basal
bodies

Spherical nuclei with no invaginations and dispersed
chromatin

Abundant mitochondria concentrated around the
nucleus

Complex set of electron-dense particles surrounding
the basal body

Small Golgi

Approximate size of 58 pm?

Have a long basal process that terminates on blood
vessels and an apical ending at the ventricle cavity
Reside adjacent to the ependymal layer

Light cytoplasm

Single, small cilia that contact the ventricle

Basal body

Non-clumped chromatin

Medium Golgi

Intermediate filaments

Few free ribosomes

Approximate size of 43 pm?

Are located at the underlying striatal parenchyma
Surround neuroblasts chains

Single, small cilia that do not contact the ventricle
Clumped chromatin

Medium Golgi

High number of intermediate filaments

Few free ribosomes

Approximate size of 62 pm?

Found throughout lateral wall of lateral ventricle but
not in RMS

Actively proliferating

Large, dark, and undifferentiated cytoplasm

Small size, approximately 31 pm?

Organize in chains as migrating through the RMS
Small, elongated, and dark cytoplasm
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Fig. 2 Neuroblasts migration from the SVZ and through the RMS in rodents. (a) This process is
controlled by extrinsic chemoattractant and chemorepellent factors. (b) Migratory neuroblasts
form cellular chains surrounded by astrocytic gliotubes. (c) At the cellular level, membrane, cyto-
plasmatic and cytoskeletal proteins regulate cell-cell and cell-microenvironment interactions to
mediate cell migration

the gliotubes that SVZ-derived cells use to migrate toward the OB. Gliotubes of
astrocytes converge in the anterior dorsal horn of the SVZ and initiate the RMS,
which extends rostrally into the central region of the OB, where neuroblasts become
mature neurons [7, 10, 32, 44-49]. Thus, neuroblasts migrate up to 5 mm before
reaching their final destination in the mouse brain [10].

In the rodent brain, the RMS appears during the embryonic development, on
E15-17, and is maintained into adulthood [10, 50]. However, the number of
neuroblasts that migrate toward the OB decreases with aging and the RMS tends to
disappear in aged mice. Even so, the cytoarchitecture of the migratory route remains
similar during its development [9, 51].

Humans

In the adult human SVZ, the presence of GFAP-positive NSCs has also been
described in detail [21]. However, the SVZ cytoarchitecture is significantly different
from that in rodents. The adult human SVZ is composed largely of astrocytes
expressing GFAP and ependymal cells, while there has been no description of type
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C cells or chains of migratory neuroblasts [19, 21]. In contrast to rodents, human
SVZ astrocytes are accumulated in a ribbon that is not adjacent to the ependymal
layer. Instead, a gap that is largely devoid of cells separates the astrocytic ribbon
from the ependymal cells. Despite this, some astrocytes are found to extend a long
process across the gap to contact the ventricular surface, similar to B1 astrocytes
described in rodents.

During human development, the RMS has been described in the fetal brain where
a rostral extension of neuroblasts is evident [20]. During the second trimester of
gestation a ventral extension of the anterior horn of the lateral ventricle connects the
SVZ to the olfactory peduncle. At this stage, Dcx positive cells are abundant and
display a migratory morphology in which they are mixed with GFAP-positive cells
that are part of reminiscent gliotubes [20]. After birth, an extensive corridor
of migrating immature neurons remains in the RMS of infants (before 18 months of
age), but declines in older children (7 years of age) [22]. Currently, the existence of
areal RMS in the adult human brain is a subject of debate [15—19]. It has been sug-
gested that a human RMS arises from the adult SVZ adjacent to the lateral ventricle
overlying the caudate nucleus to the olfactory tract in the base of the brain. Here,
neuroblasts do not form chains but exhibit migratory morphologies and co-express
Dcx and PSA-NCAM [17]. This RMS pathway presents an approximate total length
of 17 mm and is organized around a lateral ventricular extension that ends in the OB
[16, 18]. Conversely, other studies have not been able to confirm a true ventricular
extension in the adult human brain and have suggested that the RMS tends to disap-
pear after birth, as is nearly extinct by adulthood [15, 21, 22]. This phenomenon
would be similar to that described in rodents during aging [9], but occurring in an
earlier stage of development in humans [15-19, 21].

Regulation of Neuroblasts Migration Toward the RMS

As neuroblasts are formed in the SVZ and begin to migrate, they organize into
defined chain-like structures surrounded by GFAP positive cells called gliotubes
(Fig. 2b). The process of neuroblasts migration is simultaneously regulated by a
complex interplay of intrinsic and extrinsic factors. Multiple proteins are involved
in controlling the mechanisms that determine the direction, speed, and morphology
of neuroblasts through cell—cell and cell-extracellular matrix interactions as well as
chemoattractive and chemorepellent signaling [24, 52-57] (Fig. 2c).

Morphological Changes in Migrating Cells
Doublecortin
Dcx is a microtubule-associated, stabilizing protein that is expressed in neural precur-

sor cells while actively dividing. It continues to be expressed as neuroblasts migrate
and begin differentiation into neurons within the developing and adult mouse and
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human brains [58]. Dcx plays a central role in the regulation of microtubule dynamics
and stability throughout morphogenesis. Mutant alleles of Dcx are associated with
impairments in proper cell migration during development and contribute to diseases
such as lissencephaly in humans [59]. Immunostaining reveals the highest expression
levels of Dcx within the soma and leading processes of migrating cells as well as in
distal ends of developing processes in dividing cells [40, 60]. In vitro knockdown of
Dcx in SVZ-derived cells of adult mice caused a significant decrease in migratory
capacity [61]. In addition, Dcx deletion in vivo results in branching defects in the
dynamics of migrating cells, leading to the formation and division of growth cones.
This causes Dcx knockout cells to produce more, but less stable processes. The com-
bination of these deficits leads to decreased tangential migration and an accumulation
of neuroblasts, which results in a thickened SVZ and disorganized RMS [62, 63].
These results suggest Dcx plays an important role in migration through the mainte-
nance of bipolar morphology during the migration of neuroblasts.

NKCC1

Cell migration is accompanied by cell volume changes in the mammalian brain as
morphology of a migrating cell changes from a round, resting state to one that is
polarized [55, 56]. Ion transporters, specifically those involved in volume regula-
tion, adopt a polarized distribution in migrating cells. Therefore, it is hypothesized
that inhibition of these cell volume regulators impairs cell migration [57, 64]. The
ionic cotransporter of Na*-K*-2Cl~ (NKCC1) is a fundamental transporter utilized
in the regulation of intracellular volume and in the accumulation of intracellular
Cl~ [65-67]. NKCC1 mediates the movement of Na*, K*, and Cl~ ions across the
plasma membrane using energy stored in the Na* gradient, generated by the Na*/K*
ATPase. This movement of ions with osmotically obligated water across plasma
membranes plays an important role in the maintenance of volume within the cell
[68, 69]. In the RMS, NKCCI activity is necessary to conserve normal migration
speed of neuroblasts by maintaining elevated intracellular concentration of Cl~ in
migrating neuroblasts [54]. Interestingly, the role of NKCCI in cell migration is
also associated with cytoskeleton rearrangements using in vitro assays with glioma
cells [70], which could also be happening in the migrating neuroblasts.

Cdk5

Cyclin-Dependent Kinase 5 (Cdk5) modulates the migration of prenatal and postnatal
neural cells through phosphorylation of cytoskeletal proteins, including neurofila-
ment proteins and microtubule associated protein tau [71-74]. CdkS5 plays an impor-
tant role in migration of neuroblasts, and in Cdk5-deficient mice, neuroblasts fail to
form properly oriented chains from the SVZ toward the OB. Cdk5 deletion is associ-
ated with impairments in chain formation, speed, directionality, and extension of
leading processes of neuroblasts [74]. Consequently, Cdk5-deficient mice present an
accumulation of neuroblasts in the RMS and SVZ due to a reduced cell migration.
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Cell Adhesion Proteins
PSA-NCAM

The PSA-NCAM is a glycoform of the NCAM immunoglobulin family that presents
anti-adhesive properties and is considered a hallmark of neurons capable of dynamic
change and of migrating neurons, particularly those within the glial tubes of the RMS
[7,45, 75, 76]. The specific role of PSA-NCAM on cell migration focuses on provid-
ing a favorable extracellular environment on which the neuroblasts may move. This
protein increases the intercellular space between the glial tube and migrating neurons
to allow room for selective encounter of complementary receptors between cells and
allow dynamic changes required for movement [77-79]. In addition, further studies
demonstrate that this adhesion molecule is important for interactions between SVZ
cells and suggests that SVZ cells use each other as their migratory substrate [78].
Deficits of PSA-NCAM lead to impairments of neuroblasts migration away from the
SVZ, which then results in a reduction in OB size [80-82].

Integrins

Integrins are heterodimeric transmembrane receptors that mediate adhesion between
adjacent cells by communicating information between the external matrix and internal
cytoskeleton of the cell. This receptor also recognizes multiple extracellular ligands
such as collagen, fibronectin, tenascin-C, laminin, and intercellular adhesion molecule
1 ICAM-1) [83]. Of these ligands, laminin is expressed in the RMS of rats during
E16-P4, when migrating cells are known to express integrins [84, 85]. Studies of
interactions between the integrins and laminin extracellular matrix have revealed that
neuroblasts use the interaction to regulate production of protrusions and in tangential
migration [84—86]. In accordance, the blockade of endogenous a6 or B1 integrin sub-
unit binding to its receptor laminin disrupted the cohesive nature of the RMS, while
the injection of an exogenous laminin peptide redirected the neuroblasts away from
the RMS and towards the site of infusion [85]. Moreover, it was proposed that the
integrins play a key role in the formation of protrusions and cellular translocation,
with different integrins participating at different developmental stages [84]. In addi-
tion, it has been demonstrated that laminin can be localized to cell chains in the RMS
and that the formation of migratory chains of neuroblasts are in part controlled by 1
integrin interaction with laminin [11].

Chemorepellent and Chemoattractant Signals
Netrins
Netrins are a family of diffusible chemotropic proteins that regulate axon guidance

and cell migration during development [87]. In the RMS, a chemo gradient of
netrin-1 is created by mitral cells in the OB. Netrin is recognized by migrating
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neuroblasts which express neogenin and deleted in colorectal carcinoma (DCC)
receptors for netrin-1 [84]. The interaction of netrin-1 and DCC is suggested to play
arole in directing migration of neuroblasts from the SVZ toward the OB by regulat-
ing the formation and direction of what is usually a single, prominent and long-lived
polarized cellular protrusion. Although netrin-1 expression is greatly reduced in
postnatal stages, NSCs population of the adult forebrain preserves neogenin expres-
sion [83]. This finding suggests that other netrins could be interacting with neogenin
to regulate cell migration during adulthood. For instance, netrin-4 is expressed by a
subpopulation of astrocytes within the RMS and the OB of adult mice [88]. Although
a binding between netrins-4 and neogenin has not been demonstrated, netrin-4
interacts with laminin y1 chain and the a6p1 integrin to form a protein complex on
the surface of NSCs. This complex promotes proliferation, adhesion, and migration
through an a6P1 integrin-mediated signaling pathway in vitro [88].

Sonic Hedgehog

Sonic hedgehog (Shh) is a secreted protein that plays complex and crucial roles dur-
ing organ formation in the developing embryo by orchestrating reciprocal commu-
nication between different cells and tissues. This protein regulates a variety of
processes such as proliferation, differentiation and specification of cell fates, espe-
cially within the nervous system [89]. In the mature adult brain, Shh continues to
have importance and acts as chemoattractant in regulating the migration of neuro-
blasts along the RMS and is associated with the genesis of specific neuronal prog-
eny within the OB [90-92]. The blockage of Shh can stop the migration of
SVZ-derived neuroblasts, while the exogenous presence of Shh in other brain
regions leads to the deviation of the neuroblasts from their normal migratory path-
way, making this a highly influential factor for neural progenitor cells [90].

Slit-Robo Signaling

Slit and Robo form part of a chemorepulsive system which is related to various
migratory processes including axon guidance and branching, NSC migration, leuko-
cyte chemotaxis, angiogenesis, and glioma cell migration [93, 94]. In vertebrates,
Robo proteins constitute a family of proteins with four homologs (Robol-Robo4)
that act as receptors for Slits, which have three homologs (Slit1-Slit3). When Slit
binds Robo, the cytoplasmic conserved (CC) sequences of the receptor interact with
different intracellular effectors to control cell motility [93, 95]. In the RMS, Slitl and
Slit2 are expressed in the embryonic and adult septum. Slit proteins repel OB-bound
migrating neuroblasts away from the embryonic and postnatal SVZ. Consequently,
Slit1/2 KO mice present a disrupted RMS and significantly smaller OB when com-
pared to wild type mice [96]. Furthermore, neuroblasts open their own pathway
through the brain parenchyma by releasing Slitl, which is recognized by Robo-
expressing astrocytes. This interaction induces a chemorepellent response on astro-
cytes, which opens a tube through which neuroblasts may migrate [23, 24].
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SDF-1

Stromal cell-derived factor 1 (SDF-1) is a chemoattractant for T cell lymphocytes
upon binding to its receptors CXCR4 and RDCI1/CXCR7. CXCR4 and CXCR7
expression in rats is high in proliferative areas such as the OB of the brain during
embryonic development and is also expressed in the developing mouse brain until
maturity. At all stages, the receptor is transcribed in ventricular zones of neuronal
proliferation. SDF-1 is involved in a wide array of developmental changes such as
neuronal migration, axon guidance, and axon elongation [97, 98]. While postnatal
proliferative cells in mouse brain have been demonstrated to co-express the CXCR4
and CXCR?7 receptors, only SVZ cells expressing CXCR7 are found to migrate
through the RMS. Alterations in the expression of CXCR?7 lead to disruption in
RMS formation. It is unclear whether CXCR7 works as a separate receptor on its
own or acts as a regulator of the functions of SDF-1 binding to CXCR4 [99, 100].

Migration in Response to Brain Injury

In addition to supporting constitutive neurogenesis into the OB, SVZ-derived cells
are able to ectopically migrate to damaged areas and participate in brain regenera-
tion by activating repair mechanisms (Fig. 3) [101-106]. For instance, after a stroke
or a demyelinating damage, new cells are generated and mobilized from the SVZ to
the site of the injury, where they differentiate into neurons or myelinating oligoden-
drocytes, respectively [27-29, 31, 102, 104, 107-110]. The proliferative and migra-
tory responses of SVZ progenitors is mainly due to the production of inflammatory
cytokines or diffusible growth factors in the lesion site, which strongly regulate the
function of NSCs and attract the newborn cells into the injury [111-115].

Brain damage &
Brain Tumors

TNFa PDGF
IFNy bFGF
MCP1 VEGF
SDF1 HGF
EGF

Fig.3 Cellular migration from the SVZ in response to a brain damage or brain tumor. Inflammatory
chemokines and growth factors released by an injured site or brain tumor redirect the migration of
SVZ-derived cells
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Cytokines

Brain damages are frequently accompanied by neuroinflammatory processes, which
lead to the release of numerous pro-inflammatory cytokines by local microglia and
other immune cells. Cytokines are small signaling molecules that bind to specific
receptors, expressed by NSC, and initiate different cascades of intracellular signal-
ing [116, 117]. Thus, when a brain damage occurs, cytokines mediate the recruit-
ment of migratory cells into the injury [118, 119]. In this context, the tumor necrosis
factor-alpha (TNFa) and interferon-gamma (IFNy) play key roles in the recruitment
of new cells into the area of neuroinflammation [120]. However, cytokines activity
frequently promotes the production of chemokines, a small family of cytokines.
Thus, TNFa increases the expression of the monocyte chemotactic protein-1 (MCP-
1), also known as chemokine (C-C motif) ligand 2 (CCL2) and small inducible
cytokine A2. After brain damage, MCP-1 is involved in increasing the migration of
SVZ-derived cells and promoting neuronal and oligodendrocytic differentiation
[121-125]. After a cortical lesion, the SVZ increases its cell proliferation and neu-
rogenesis, followed by a subsequent ectopic migration of neural progenitors into
the lesion site that is regulated by the stromal-derived-factor-1 (SDF-1) [116, 126—
129]. These progenitors differentiate into glial cells and, to a lesser extent, into
neurons [126, 127].

Other Factors Regulating Migration in the Damaged Brain

Growth factors are also involved in the migration of precursor cells into a lesion
site. For instance, in demyelinating disease, epidermal growth factor (EGF), basic
fibroblast growth factor (bFGF), and platelet-derived growth factor (PDGF) medi-
ate the migration of oligodendroglial precursors into the a lesion site [109, 130—
132]. In an ischemic brain, the vascular endothelial growth factor (VEGF) is known
to assist the mobilization of the newborn cells from the SVZ through the infarct area
[133-135].

Endogenous matrix metalloproteinase (MMP) has also been involved in promot-
ing differentiation and migration of NSCs after brain damage [136]. In this study,
NSCs differentiated into migratory cells in response to stroke-induced chemokines
(i.e., SDF-1 and vascular endothelial growth factor) and expressed higher levels of
MMP-3 and MMP-9 than non-migratory cells. Thus, MMPs were suggested to play
an important role for mediating the NSCs response to extrinsic signals [30, 136].
Similarly, reelin, a secreted glycoprotein found in the extracellular matrix, is upreg-
ulated in lesion sites and induces the escape of neuroblasts from the RMS and
attraction to the damaged area [137].
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Stem Cell Tropism for Brain Tumors

Similar to brain damage, brain tumors exert a tropic effect on NSCs that attracts
them to migrate and associate with infiltrative cancer tissue [138]. Gliomas are the
most common intra-axial brain tumors, including glioblastoma (GBM) the most
common and aggressive glioma in adults [139]. Their extensive invasive capacity
makes total resection an almost impossible task, which leads to high rates of recur-
rence and short survival despite the use of current therapeutic strategies [140].
When NSCs are injected into experimental gliomas in mice, they distribute them-
selves throughout the tumor and are found migrating alongside migratory tumor
cells. In addition, when NSCs are implanted in healthy tissue away from the tumor
or intravascularly outside the central nervous system, NSCs are able to migrate
through normal tissue in order to target tumor cells [141].

As in the brain damage context, stem cells’ ability to migrate towards cancerous
tissue is controlled by a complex interplay of many factors, including diffusible
signals as well as extracellular matrix (ECM) signals. Under hypoxic conditions,
gliomas are known to increase production of SDF-1, uPA, VEGF, and hepatocyte
growth factor. Remarkably, when NSCs are exposed to a hypoxic environment,
they upregulate the receptors to each of these signals: CXCR4, uPAR, VEGF2, and
c-Met [142, 143]. These signaling pathways are all critical for allowing NSCs to
maintain their tracking ability and navigate their way to a tumor mass as well as
follow migratory cancer cells as they invade surrounding tissue. Some of these
pathways converge on PI3K to influence cytoskeletal rearrangement and move-
ment [144].

In addition to secreted signals, migratory glioma cells modify the ECM as they
invade the normal brain parenchyma. These modifications leave a specifically
altered trail of molecules that serves as a path for migratory neural progenitor cells.
Such molecules include tenascin, fibronectin, laminin, vitronectin, and different
types of collagen are components of this path [143].

A potential use of these properties is to utilize NSCs as vehicles to deliver
therapeutic proteins. Due to the genomic stability of NSCs, therapeutic genes can
be inserted into them, and will continue to be expressed as the cells reach
cancerous tissue. This approach has been experimentally tested using prodrug-
activating enzymes (cytosine deaminase, carboxylesterase, thymidine kinase),
interleukins (IL-2, IL-4, IL-12, IL-23), interferon-b, apoptosis-promoting genes
(tumor necrosis factor-related apoptosis-inducing ligand) and metalloproteinases
(PEX) [141, 145, 146]. Another use of these cells as delivery vehicles is to help
monoclonal antibodies penetrate dense, hypoxic tumor masses [145]. Stem cell
delivery of antibody treatment holds promise to overcome these issues and pro-
vide a very specific, penetrative treatment with significantly less damage to
healthy tissue.
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Conclusions

Newborn neuroblasts in the SVZ move tangentially long distances forming
migratory chains along the RMS toward the OB. However, in the presence of a
brain injury, SVZ-derived cells can modify their traditional migratory route to reach
the damage and participate in tissue repair. While the normal migration is mainly
controlled by transmembrane and extracellular matrix proteins, migration in
response to brain damages is regulated by chemokines and cytokines. In humans,
these migratory behaviors decrease with age and are apparently absent in the adult.
However, the presence of NSCs in the adult human brain suggests that these cells
have the potential to originate migratory cells that could respond to brain tissue
damage. Furthermore, the use of NSCs in cell replacement therapy continues to be
investigated. Controlling the factors and mechanisms involved in modulating the
migration of new cells is a potential tool for cell therapy.
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The SVZ and Its Relationship to Stem Cell
Based Neuro-oncogenesis

Yael Kusne and Nader Sanai

Abstract Gliomas are primary cancers of the brain and the most lethal cancers
known to man. In recent years the discovery of germinal regions in the postnatal
brain containing neuronal stem and progenitor cell populations has led to the
hypothesis that these cells may themselves serve as an origin of brain tumors. Stem
cells that reside within the glioma tumor have been shown to display nonneoplastic
stem-like characteristics, including expression of various stem cell markers, as well
as capacity for self-renewal and multipotency. Furthermore, glioma tumors display
marked similarities to the germinal regions of the brain. Investigations of human
neural stem cells and their potential for malignancy may finally identify a cell-of-
origin for human gliomas. This, in turn, may facilitate better therapeutic targeting
leading to improved prognosis for glioma patients.

Keywords Subventricular zone (SVZ) * Neuro-oncogenesis ® Glioma cell of origin
* Neural stem cells and glioma * Germinal regions and oncogenesis ® Neurogenesis
and oncogenesis of glioma

Introduction

Despite progress in research on the molecular aspects of malignant gliomas, the
prognosis of these primary brain tumors continues to be dismal. In grade I'V glioma,
or glioblastoma, the most common glioma in adults, the median survival has
changed only slightly in the last decade, increasing from 9 to 12 months in 2005 to
the current median survival of 13—14 months. One reason for the lack of clinical
advances is ignorance of the cellular origin of this disease, which delays the appli-
cation of molecular analyses to treatment and impairs the ability to anticipate tumor
behavior reliably.

Y. Kusne ¢ N. Sanai (<)
Barrow Brain Tumor Research Center, 350 W. Thomas Road, Phoenix, AZ 85013, USA
e-mail: Nader.Sanai @bnaneuro.net

© Springer International Publishing Switzerland 2015 23
M. Ehtesham (ed.), Stem Cell Biology in Neoplasms of the Central

Nervous System, Advances in Experimental Medicine and Biology 853,

DOI 10.1007/978-3-319-16537-0_2


mailto:Nader.Sanai@bnaneuro.net

24 Y. Kusne and N. Sanai

Historically, the neoplastic transformation of fully differentiated glia was widely
assumed to be the only mechanism for gliomagenesis. Astrocytes and oligodendro-
cytes, once thought to be the sole dividing cells in the postnatal brain, were assumed
to represent the cellular component most susceptible to transformation. More
recently, however, this hypothesis has been challenged by the discovery of stem cell
and progenitor populations residing in the postnatal brain, which may themselves
serve as an origin of brain tumors. Phenotypic and behavioral similarities between
gliomas and adult neural stem cells raise the possibility that stem or progenitor cells
can give rise to gliomas. Resident tumor glioma stem cells display adult neural stem
cell characteristics, including expression of stem cell markers (e.g., nestin), the abil-
ity to self-renew, and conserved multipotent potential. Candidate cells-of-origin
include astrocytic neural stem cells (B cells) or transient amplifying precursors (C
cells) of the adult subventricular zone (SVZ) and glial progenitor cells of the sub-
cortical white matter. While a direct link remains to be established between any one
of these cellular compartments and the formation of gliomas, recent advances have
provided ample evidence to support the hypothesis.

Shared Features of Adult Germinal Regions and Gliomas

Adult germinal regions, such as the SVZ, are restricted to specialized microenviron-
ments which allow for the survival and regulation of neural stem cells. Such special-
ized microenvironments consist of structural and molecular elements resulting in
the appropriate conditions to support stem cell self-renewal and capacity for differ-
entiation. For instance, capillaries can be found in close proximity to cells of the
SVZ and hippocampus. Secreted factors and proteins, such as instructive growth
factors, regulate neural stem cell behavior and may be absorbed from SVZ capillar-
ies. Such growth factors include epidermal growth factor (EGF), brain-derived neu-
rotrophic factor (BDNF), and vascular endothelial growth factor C (VEGFC),
among others. Gliomas are highly vascularized tumors and many tumors overex-
press receptors to these growth factors. Furthermore, within the tumor,
CD133*;nestin* glioma stem cells reside in close proximity to the vasculature [1]. In
3D culture systems, glioma stem cells preferentially home to areas of vasculature,
while other cells of the glioma tumor do not display such preference. The factors
provided by the vascular endothelial cells were shown to contribute to the mainte-
nance of glioma stem cell proliferation and self-renewal thus explaining their hom-
ing preference. Therefore, a strong association exists between vascular and neurogenic
niches in adult germinal regions [2, 3]. Vascular endothelial growth factor (VEGF)
and its receptors are expressed by neurospheres derived from rodent SVZ [4]. VEGF
has also been implicated in glioma growth and is secreted by glioma cells that act on
tumor endothelial cells expressing VEGF receptors [5]. Similarly, cancer stem cells
isolated from gliomas generate markedly elevated levels of VEGF [6]. Taken together,
these data suggest that targeting proangiogenic factors is a potential therapeutic strat-
egy against gliomas and their putative cancer stem cell fraction.
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The extracellular matrix (ECM) of germinal regions must contain specialized
molecules in order to regulate neuronal differentiation and proper development. The
ECM of the SVZ germinal niche is enriched in ECM proteins such as tenascin, col-
lagen, and chondroitin sulfate proteoglycans. Tenascin C is an extracellular matrix
molecule that modulates cellular adhesion [7]. The SVZ has increased expression of
tenascin C, and it acts to regulate neural stem cell development through the modula-
tion of cell-matrix interactions [8]. Tenascin expression, while concentrated in the
human SVZ, is upregulated in GBM and able to stimulate the proliferation of gli-
oma tumor cells. Furthermore, tenascin expression leads to changes in glioma cell
gene expression resulting in a more aggressive phenotype [7].

CD44 is a glycoprotein transmembrane receptor and has been used to select for
glioma stem cells [9, 10]. It functions as an ECM adhesion protein and its expres-
sion is important for non-neoplastic stem cell niche homing and maintenance [11].
CD44 expression in glioma is correlated with more aggressive tumor growth [12]
and its expression increases glioma cell migration and invasion [13].

Nestin is a member of a class of intermediate filaments (class VI) that is
expressed by neural progenitors during development [14]. It is widely expressed
in the brain at birth, but its expression is downregulated in the adult brain and
becomes restricted to the SVZ. Nestin* cells also exist in human gliomas [15],
lending further support to the hypothesis that neural stem cells may be implicated
in glioma formation. Furthermore, nestin expression appears to be significantly
correlated to high-grade gliomas in addition to its expression being a predictor for
reduced overall survival [16].

Transcription factors play an important role in the regulation of cell fate and are
capable of inducing transcriptional programs leading to oncogenesis. The hedgehog
family of regulatory pathways is a key regulator of nonneoplastic progenitor prolif-
eration in the SVZ, where the Shh-Gli pathways maintain the stem cell population
and facilitate the survival and proliferation of stem cell progeny. It is important to
note that Gli is expressed in both low-grade and high-grade gliomas, and that the
Shh-Gli pathway may mediate the initiation and maintenance of these tumors as it
does for neural stem cells [17]. As might be expected, treatment with cyclopamine
(a specific inhibitor of hedgehog signaling) can inhibit the growth of some glioma
cell lines in vitro. Thus, the hedgehog family of signaling pathways is implicated in
both gliomagenesis and regulation of adult neural stem cell proliferation.

Beyond ECM proteins and transcription factors, growth factor signaling path-
ways also play an important role in both gliomagenesis and germinal zone regula-
tion. Nearly half of high-grade astrocytomas demonstrate EGF receptor
amplification. Not surprisingly, EGFR amplification is a potential transformation
mechanism in the development of glioblastoma multiforme. EGF-responsive C
cells within the SVZ constitute a large population of migratory, rapidly dividing
progenitor. EGF-mediated stimulation prevents C cell differentiation of these cell
types and releases their infiltrative potential, similar to the infiltration seen in
high-grade gliomas [18].

A population of platelet-derived growth factor (PDGF)+ B cells in the adult SVZ
have been identified and shown to give rise to both neurons and oligodendrocytes
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in vivo [19]. Excessive PDGF activation in the rodent SVZ arrests neuroblast
production, induces SVZ cellular proliferation, and creates areas of hyperplasia
with features of early glioma formation. There also appears to be a link between
these PDGFR+ B cells and the early changes associated with tumor initiation,
suggesting that they may be targets of neoplastic transformation.

Models of SVZ Stem Cell Transformation

The genetic manipulation of various known oncogenes, specifically in mouse neural
stem cells, has led to the development of numerous animal models of glioma. These
models demonstrate the potential for neural stem cell transformation, which often
results in neuro-oncogenesis within SVZ cells. Such studies have led to the conclu-
sion that neural stem cell populations are more sensitive to chemical or viral onco-
genesis than are areas with a low proportion of proliferating cells. Early models
transformation in cells of the SVZ investigated the effects of prenatal exposure to
the classic mutagen n-ethyl-n-nitrosourea (ENU), a well characterized neurocar-
cinogen [20]. These studies found that cells of the SVZ, in particular, undergo
genetic transformations resulting in increased proliferation and immortalization
[21]. Interestingly, tumor formation in this model is limited to regions of the
SVZ. Genetic mutations in SVZ cells that resulted from ENU exposure included the
deletion of INK4a/ARF, cell-cycle genes which are have also been shown to be
significantly mutated in GBM samples. The Cancer Genome Atlas 2008 examina-
tion of over 200 GBM patient samples found a homozygous deletion or mutation in
49 and 52 % of patients for ARF and INK4a, respectively [22]. Neoplastic cells of
mice treated with ENU were also found to upregulate nestin, whose expression is
limited to neuronal precursors [23], thus further implicating the role of neural stem
cell transformation in the development of glioma.

In addition, an investigation of the loss of tumor suppressor p53 results in
increased proliferation of relatively quiescent astrocyte-like SVZ type B cells both
in vitro and in vivo [24-26]. Tp53 is a tumor suppressor protein whose signaling is
altered in 87 % of GBM patients [22]. When p53~~ mice are prenatally treated with
the mutagen ENU, the result is the development glioblastoma-like tumors in 60 %
of mice. These tumors form periventricularly and display glioblastoma characteris-
tics, including infiltration into surrounding areas, areas of necrosis, and heteroge-
neous cell populations. Furthermore, early inactivation of p53 has also been shown
to cooperate with the neurofibromatosis-1 (NF1) tumor suppressor gene mutation,
resulting in malignant astrocytoma formation in a mouse tumor model [27, 28]. The
NF1 tumor suppressor neurofibromin is a functional Ras GTPase-activating protein
and its loss results in abnormal activation of Ras, a central mediator of receptor
tyrosine kinase (RTK) signaling. Furthermore, mutation or homozygous deletion in
NF1 has been noted in 18 % of GBM samples [22]. Mice that carry germline muta-
tions in both p53 and NF1 develop both low and intermediate-grade astrocytomas.
These astrocytomas express Nestin, the progenitor-associated intermediate filament,
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and were consistently associated with the SVZ. Based on these results, it appears
that SVZ cells are most susceptible to p5S3/NF1-mediated astrocytoma formation
and that the cell-of-origin for malignant astrocytomas in pS3/NF1 mutant mice may
reside within the SVZ.

Various other mouse models of neural stem cell transformation have provided
clues as to the potential molecular events that lead to neuro-oncogenesis [27, 29—
33]. The genetic manipulation of Harvey-Ras (H-Ras) and AKT in as little as 60
GFAP* precursor cells of the SVZ or hippocampus results in the development of
high-grade gliomas in these regions [33]. Both the H-Ras pathway and the AKT
pathway are highly associated with gliomas. Recent studies have reported 2 % of
gliomas experience gain-of-function mutations in Ras and 36 % of gliomas experi-
ence a loss of the tumor suppressor phosphatase and tensin homolog (PTEN), a
negative regulator of the Ras signaling pathway. Both a gain-of-function mutation
in Ras and loss-of-function mutation in PTEN result in AKT pathway activation.
These pathways participate in RTK signaling, which has been shown to be altered
in 88 % of GBM patients [22]. Importantly, the injection of active AKT and
H-RasV12 into the cortex fails to result in any significant tumor formation. However,
mice with injection in the hippocampus or SVZ results in neuro-oncogenesis of
glioma-like tumors, indicating GFAP* NSCs of the SVZ and hippocampus to be
putative cells of origin [33]. These tumors display pathological characteristics of
glioblastomas, including microvascular proliferation, pseudo-palisading necrosis,
and increased cell density. In addition to displaying these hallmark characteristics of
glioblastoma, the tumors also exhibit cellular heterogeneity, evidenced by the
expression of various cellular markers, including the astrocytic marker GFAP, the
oligodendrocyte marker, myelin basic protein, and a neuronal specific marker, tuj1.
Furthermore, the tumors in the hippocampus and/or SVZ were mostly GFP*, indi-
cating that a majority of the cells in the tumor were derived from a smaller infected
cell population. After isolating GFP* cells from the tumors of GFAP-Cre;TP53*~
mice injected with H-RasV12/AKT and culturing them in neural stem cell media,
the cells formed neurosphere structures in vitro. Proliferation and differentiation
assays confirmed that these cells were both self-renewing and multipotent, as they
were proliferative in neural stem cell media and differentiated upon serum stimula-
tion. Forty to fifty percent of these cells express CD133, a speculative marker for
glioma initiating cells. This study provides strong evidence towards the SVZ neural
stem cell as the putative cell-of-origin for GBM as tumors arise in the SVZ and hip-
pocampus and fail to develop in the cortex. Furthermore, these glioma initiating
cells of the SVZ maintained their self-renewal and differentiation capacities, indi-
cating that stemness is a contributing factor to astrocytoma development.

PTEN (phosphatase and tensin homologue) is a recognized tumor suppressor
mutated or deleted in 36 % of GBM samples [22]. PTEN protein is a phosphati-
dylinositol phosphate (PIP) phosphatase that lowers PIP3 levels and enhances the
rate of apoptosis. PTEN also decreases cell motility via G protein-coupled
mechanisms. PTEN is expressed in SVZ precursor cells during neuronal differentia-
tion [34]. A loss of PTEN and p53 in neural stem cells isolated from the SVZ results
in significantly increased proliferation, self-renewal capacity, and impaired differ-
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entiation potential [35]. In vivo, 42 out of 57 hGFAP-Cre*;p53V%;Pten™ mice
develop malignant gliomas which display classic features of human GBM including
cellular pleomorphism, microvascular proliferation, and areas of necrosis. In
another mouse model, heterozygous loss of FN1 and PTEN coupled with homozy-
gous loss of p53 in nestin-cre* cells results in 100 % astrocytoma tumor develop-
ment [32]. Again, it is important to note that viral injection of cre into the SVZ of
these mice results in astrocytoma formation in 100 % of mice, while injection of cre
into other regions, such as the cortex and striatum, does not. Studies such as these,
which uncover the innate tumor competence of SVZ neural stem cells, provide
strong evidence for the neural stem cell as the cell-of-origin for glioma.

Clinical and Therapeutic Implications

Clinical correlations have been drawn between GBMs and their anatomical relation-
ship to the SVZ [36-38]. An examination of 53 patients with newly diagnosed
GBM and the classification of their tumors based on spatial relationship to the SVZ
showed that patients whose tumors made contact with the SVZ had a significantly
higher incidence of multifocal disease at diagnosis [37]. Interestingly, upon follow-
up MR, all of the patients whose tumors had direct contact to the SVZ had recurred
in a noncontiguous manner with the original lesion. However, of the patients whose
tumors did not have contact with the SVZ, none had any evidence of tumor noncon-
tiguous with the primary lesion [37]. A similar analysis of 91 GBM patients showed
that progression free survival is significantly reduced in patients whose tumor has
contact with both the SVZ and the cortex [36]. Furthermore, those patients with
SVZ involvement had an overall reduced survival as well as a decreased time until
recurrence compared to those tumors not involving the SVZ. In addition, an analy-
sis of 39 newly diagnosed GBM patients revealed that tumor SVZ involvement was
a significant predictor in reduced overall survival [38].

Based on the cancer stem cell theory, any brain tumor therapy that fails to eradi-
cate cancer stem cells will result in recurrence or regrowth of the residual tumor
stem cells, resulting in eventual disease progression [39]. Recently, studies have
attempted to ask whether irradiation of the ipsilateral SVZ can improve GBM prog-
nosis [40—45]. The first of such studies analyzed 55 patients with glioma who
received surgery, radiotherapy and chemotherapy [42]. SVZ radiation dose was
found to be significantly predictive of progression free survival, and bilateral radia-
tion to the SVZ yielded a significant hazard ratio for death, leading to the author’s
conclusion that SVZ radiation may provide a significant benefit for GBM survival.
In a pooled analysis of 173 GBM patients from two academic centers, these results
were confirmed as high radiation therapy doses to the ipsilateral SVZ led to signifi-
cantly longer progression free survival. An analysis of 40 GBM patients found
statically significant improved overall survival in patients who received high dose of
ipsilateral SVZ radiation [43]. In a recent investigation of 100 GBM patients—50
long term survivors (>3 years) and 50 short term survivors (<1 year), SVZ tumor
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contact was found to be a significant predictor of prolonged survival, in addition to
age and total resection status [40].

While these data are suggestive, the topic of the neural stem cell as the cell-of-
origin for glioma remains controversial. Other hypotheses of glioma initiating cells
exist, including the notion of cellular dedifferentiation resulting in neuro-
oncogenesis [46]. In this model, terminally differentiated cells within the tumor are
capable of dedifferentiating and reverting back to multipotency. Others have shown
differentiated terminal astrocytes, in addition to NSCs, are capable of dedifferentia-
tion under the influence of Ink4a/Arf inactivation and EGFR activation [47].
Furthermore, the oligodendrocyte precursor cell (OPC) is also postulated as a can-
didate cell of origin for glioma [48—50]. Using mosaic analysis with double markers
(MADM) in mice, Liu et al. [49] show that only OPCs are capable of gliomagenesis
upon genetic manipulation. Yet another OPC cell of origin model shows NG2* oli-
godendrocytes may undergo a loss of asymmetric divisions resulting in prolifera-
tive, self-renewing cells with tumor-initiating potential [50]. Moving forward,
increased focus on the development of these brain tumors, including cellular and
molecular transformations in different cell types, may lead to the discovery of new
therapeutic targets able to arrest neuro-oncogenesis early in its track.

Conclusions

The discovery of neural stem cells in the adult human brain has led to the emergence
of a new area of scientific inquiry connecting neuro-oncology with developmental
neurobiology. This field has gained prominence in recent years with the identifica-
tion and characterization of stem-like cells within glioma tumors which retain the
capacity to both self-renew and differentiate into neuronal subtypes. Glioma tumors
have been shown to resemble neuronal germinal niches in structural, functional, and
molecular characteristics. Findings such as these may pave the way for the identifi-
cation of a cell-of-origin for human glioma allowing for the development of novel
therapeutic agents and strategies to improve glioma prognosis.
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Isolation and Characterization of Stem
Cells from Human Central Nervous
System Malignancies

Imad Saeed Khan and Moneeb Ehtesham

Abstract Central Nervous System (CNS) tumors include some of the most invasive
and lethal tumors in humans. The poor prognosis in patients with CNS tumors is
ascribed to their invasive nature. After the description of a stem cell-like cohort in
hematopoietic cancers, tumor stem cells (TSCs) have been isolated from a variety of
solid tumors, including brain tumors. Further research has uncovered the crucial role
these cells play in the initiation and propagation of brain tumors. More importantly,
TSCs have also been shown to be relatively resistant to conventional cytotoxic thera-
peutics, which may also account for the alarmingly high rate of CNS tumor recur-
rence. In order to elucidate prospective therapeutic targets it is imperative to study
these cells in detail and to accomplish this, we need to be able to reliably isolate and
characterize these cells. This chapter will therefore, provide an overview of the meth-
ods used to isolate and characterize stem cells from human CNS malignancies.

Keywords Glioma stem cells * Tumor stem cells * Cancer stem cells ¢ Stem cell
sorting * Hoechst dye exclusion * ALDH1 assay * Neurosphere culture

Introduction

Tumors of the central nervous system (CNS) include some of the most lethal malig-
nancies. While there has been sizeable development in the management strategies
used to combat intrinsic CNS tumors there is still room for improvement.
Glioblastoma Mutliforme (GBM) is the most common kind of primary brain tumor
and carries a poor prognosis. With optimized surgical resection combined with che-
motherapy and radiotherapy, the median survival rate is approximately 14 months [1].
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Due to the very invasive nature of the tumor, most of the treated patients eventually
succumb to the disease.

Likewise, the most common brain tumor in pediatric patients is medulloblas-
toma. Treatment consists of maximal surgical resection followed by chemo-radiation
and the median survival rate is a little more than 5 years. However, patients present-
ing with more advanced disseminated disease fare much worse. Furthermore,
treated patients face a long-term prognosis that is fraught with increased risk of
secondary malignances and cognitive deficits.

The poor prognosis of patients with CNS tumors along with the near absence of
treatment modalities that have improved outcome significantly has lead to investiga-
tors looking at the biology of the tumors more closely. This has steered us to the
identification of a small subset of tumor cells that have stem cell like properties of
cell renewal and lineage capacity [2, 3]. These tumor stem cells (TSCs) have been
identified as the key mediators of tumor initiation, propagation and maintenance
[4]. Moreover, recent evidence suggests that TSCs play an important part in angio-
genesis and are relatively refractory to conventional chemo-radiation therapeutics
[2, 5-8]. It is now thought that these cells may play an integral role in the recurrence
of CNS tumors [9, 10].

Preparation for TSC Isolation

To be able to therapeutically target TSCs, it is imperative to be able to isolate and
study their genetic and proteomic characteristics. Isolation of TSCs is a challenge
because of their seemingly small number and the fact that they share some of the
properties of downstream committed progenitor cells, which may also be able to
repopulate the tumor [2]. The first step in isolating TSCs is to obtain a single-cell
suspension of the tumor. This may be achieved with mechanical dissociation, chem-
ical dissociation, or a combination of both.

To create a single-cell suspension it is important that the tumor be processed as
soon as possible after the excision to retain viability. This may be a challenge in
tumors excised from patients but is suggested that tissue processing should begin
within 30 min of the removal. The tumor sample is then placed in the sterile Petri
dish with HBSS+Ca+Mg, and using a dissecting microscope cleaned off all the
necrotic tissue and blood vessels. The sample can then be mechanically dissociated
with microscissors or the unsharpened side of a #22 scalpel blade. The cell slurry
created is then dissociated using pipettes and passing through a 70 pm filter.
Alternatively, Trypsin—EDTA may be added to the clean sample to help dissociation.
The decision to carry out mechanical vs. chemical dissociation is subject to investi-
gator preference and the type of tumor used (for detailed methods see refs. [11, 12]).

Once the solid CNS tumor has been dissociated into a single-cell suspension,
isolation of TSCs can be accomplished by three major categories: sorting cells
based on cell surface markers, choosing cells with the expression of a particular
protein of interest, and functional assays. As the recognition of TSCs is based on the
multipotency and clonogenicity of the cells in question, TSC isolation methods are
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best followed by in vivo functional assays to confirm identity [3]. This chapter
further provides an overview of some of the most commonly used CNS TSC isola-
tion and characterization methods.

Stem Cell Sorting

The two most important aims of cell sorting techniques are to preserve the viability
of the cells and to get the purest selected fraction possible. Flow cytometry is a
powerful tool to select cells expressing particular cell surface markers (Fig. 1).
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Fig. 1 Immunophenotyping of tumor subspheres by flow cytometry. Immunophenotypic charac-
terization by flow cytometry assays showing the pattern of expression of markers GFAP (88.2 %),
CD133 (56.5 %), Nestin (64.2 %), Sox2 (17.7 %), CD34 (34.0 %), and Nanog (15.5 %) in glio-
blastoma subsphere samples and the co-expression of CD133 with GFAP (52.5 %) and Nestin
(44.8 %). Representative figure of five samples of glioblastoma. (From Pavon LF et al. Front
Neurol. 2014 Jan 7;4:214. 2014. In vitro Analysis of Neurospheres Derived from Glioblastoma
Primary Culture: A Novel Methodology Paradigm (open access))
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This technique can be used to separate TSCs from the complex structure of a solid
tumor. Another advantage of flow cytometry is the use of multiple markers to simul-
taneously positively or negatively select out the cells. Suitable cell surface antibod-
ies conjugated to fluorophores (fluorescent chemical compounds that can re-emit
light upon light excitation) are selected and then added to the sorting sample. The
sample is then passed through the flow cytometer to sort out the cells with the sur-
face marker of interest.

In the context of cell surface markers, CD133 (Prominin-1) is one of the most
commonly utilized markers to identify neural stem cells (NSC) and TSC [13].
CD133 is a pentaspan transmembrane glycoprotein, which localizes on cellular pro-
trusions [14]. Weigman and colleagues initially identified the glycoprotein by rais-
ing monoclonal antibodies against mouse neuroepithelium [15]. Around the same
time, Yin et al. and Miraglia et al. also identified CD133 independently, using anti-
bodies against CD34* hematopoietic stem and progenitor cells [16, 17].

CD133 was initially used to enrich cancer stem cells in leukemia [18, 19], and
has been observed in various other tumor stem cells from different cancers (review
in [20]). Owing to its presence on NST, Singh and colleagues conducted in vitro and
in vivo studies showing the presence of TSC in CD133+ cells in gliomas and medul-
loblastomas [21, 22]. Along with CD133, neurospheres derived from pediatric brain
tumors may also express other surface markers, including Sox2, musashi-1, bmi-1,
maternal embryonic leucine zipper kinase, and phosphoserine phosphatase [23].

Nestin is another important marker for CNS TSCs [24]. Initially described as an
antigen of RAT401 against embryonic spinal cord, Nestin was later identified as a
class VI intermediate filament protein [25, 26]. Alongside CD133, Nestin has been
shown to correlate with the aggressiveness of gliomas in some studies [27, 28].

It is important to note that one of major issues facing stem cell surface markers
is the fact that they are also found on other cell populations [29]. For instance,
Nestin is also expressed by Bergmann glia and granule neuron precursors in the
cerebellum [30, 31]. Similarly, CD133 has been observed in mature astrocytes, oli-
godendrogliocytes, and neurons, as well as ependymal cells [32, 33].

Magnetic bead separation is an alternative to flow cytometry and allows the cells
to be separated by incubating magnetic nanoparticles coated with antibodies against
a particular surface antigen/marker. The nanoparticles attach to the cell surface
marker of interest and the sample is then sorted into marker positive and negative
groups by flowing the cells through a strong magnetic field.

The use of magnetic bead separation for TSC has been described in a variety of
studies [34—36]. As this modality passes the cells as a group, in contrast to the flow
cytometer that passes cells individually, a larger sample can be separated rapidly.
This is of particular advantage in cases where the population of cells positive for the
labeled antibody is very small, requiring a large tumor sample to be passed to get an
adequate number of sorted cells. However, magnetic bead sorting can only separate
one marker at a time and hence multiple runs may be required to sort out cells if
multiple markers have to be used. This increases the time used for sorting and may
decrease cell viability.
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Hoechst Dye Exclusion

An alternative technique used to identify TSCs is by using the Hoechst dye exclusion
in tumor cells. Hoechst stains are part of a family of blue fluorescent dyes used to
stain DNA [37, 38]. Hoechst dye 33342 can be used in conjunction with flow cytom-
eter to identify the side-population (SP) of cells. Goodell and colleagues were the
first to identify a side-population (SP) from mouse bone marrow that was enriched
with cells that had properties of stem cells [39]. The same group later isolated stem
cells in humans [40].

Since then, several studies have described the use of this technique to isolate
TSCs from a wide variety of cancers [41—48]. The unique property of SP cells is that
they actively eliminate the dye leading to a low Hoechst staining (dye exclusion).
The enhanced dye efflux in the side-population cells is due to an increase in the
activity of multi-drug resistance proteins, primarily ABCG2 [49]. To carry out the
protocol, Hoechst 33342 is added to the cell suspension to be tested. The cells can
then be separated using flow cytometric sorting. Drugs such as verapamil, reserpine,
or fumitremorgin C inhibit Hoechst exclusion and abolish the SP. Co-staining with
antibodies helps with the identification and confirmation of the cells [11].

Whereas this technique has been useful in isolating stem cell enriched popula-
tions from CNS tumors and cell lines, it is important to note that on its own this
technique isolates a population enriched for but not homogeneous for
TSC. Additionally there is increasing evidence that the Hoechst exclusion alone
may not be sufficient to isolate CNS TSCs [41, 42, 50]. Indeed, Broadley et al.
found that while neurospheres were able to enrich for TSC from primary GBM cells
and GBM cell lines, no SP was found when the neurospheres were analyzed. This
led them to conclude that SP was not “necessary or sufficient” for a TSC phenotype
in GBM [51].

ALDH1 Assay

Aldehyde dehydrogenases are a large group of enzymes that catalyze the oxidation
of aldehydes [52], and are found in the cytosol, nucleus, mitochondria, and endo-
plasmic reticulum [53]. Of the ALDH group, the ALDH enzymes associated with
NSC and TSC include ALDH1, ALDH2%2, ALDH3A1, ALDH4A1, and ALDH7A1
[52]. Of these, ALDH1 and ALDH3AL in particular have been shown to play an
important functional role in TSC. ALDHI1 is critical in the Retinoid signaling path-
way, which plays an important role in regulation of gene expression, morphogene-
sis and development of NSC and TSC [54-56]. ALDH1A1 and ALDH3A1 have
also been shown to offer protection against alkylating agents, such as cyclophos-
phamide [57, 58].

Jones and colleagues were the first group to report a method to measure the intra-
cellular ALDHI1 activity in viable cells [59]. They used dansyl aminoacetaldehyde
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(DAAA), a fluorescent aldehyde, in flow cytometry experiments to isolate viable
mouse and human cells based on their ALDH content. However this technique can
be mutagenic to the isolated cells as the DAAA fluorescence is excited by UV emis-
sions. Additionally, the emission spectra of DAAA overlap with other fluorochromes,
which makes it more challenging to carry out simultaneous analysis of other cell
markers [59, 60]. Storms and colleagues modified the technique by using BODIPY
aminoacetaldehyde (BAAA)—a fluorescent substrate for ALDH [60]. This assay is
also known as the Aldefluor® Assay and has been shown to be useful method to iso-
late NSCs and TSCs without any ex vivo manipulation of the cells [61].

In the context of gliomas, Rasper et al. showed that high protein levels of ALDHI1
facilitate neurosphere formation in established GBM cell lines, and even single
ALDHLI1 positive cells could give rise to neurospheres [62]. Mao et al. characterized
two mutually exclusive glioma TSC subtypes, and showed that ALDH activity was
significantly elevated in Mesenchymal (Mes) TSCs but not in Proneural (PN) GSCs
[63]. Additionally, inhibition of ALDH1A3 attenuated the growth of Mes but not PN
GSCs, suggesting that ALDH1A3 pathways are promising therapeutic targets (Fig. 2).
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Fig. 2 ALDHI1A3 is a functional Mes GSC marker. (a) qRT-PCR analysis of ALDH1A3 expres-
sion in PN and Mes GSCs (¥**P <0.01). (b) FACS analysis using Aldefluor. ALDH activities in PN
GSCs (n=3), Mes GSCs (n=3), and non-GSCs (n=3) derived from Mes GSCs (**P<0.01). (¢)
Frequency of sphere-forming cells between ALDH1"¢" and ALDH1"" Mes GSCs. FACS-sorted
based on ALDH expression Mes GSCs were used in the assays (¥**P<0.01). (d) FACS reanalysis:
ALDH activity after 1-week postcell sorting of Mes 326 ALDH"s" cells. ALDH"¢" Mes GSC
spheres generated both ALDH"e" and ALDH™" cells, whereas the majority of ALDH"" sphere
cells retain as ALDH™ cells. (e) Effect of an ALDH inhibitor DEAB on cell growth of PN (n=3)
and Mes (n=3) GSCs. DEAB abrogates the in vitro growth of Mes GSCs but has a marginal effect
on PN GSCs. (f) Effect of St ALDH1A3 knockdown on growth and ALDH1A3 gene expression of
both PN and Mes GSCs. The growth of Mes GSCs is significantly reduced by shRNA-mediated
depletion of ALDHIA3 compared with PN GSCs. RNA interference with 2 shALDHI1A3 con-
structs significantly reduced ALDH1A3 expression levels in PN and Mes GSCs (n=3 each,
**¥P<0.01). (g) Pie chart indicating the number of samples that were analyzed in different WHO
tumor grades of clinical glioma samples or normal brain tissues that are ALDH(+) or (). Data in
(a—f) are representative of three independent experiments with similar results. (With permission
from Mao et al. Mesenchymal glioma stem cells are maintained by activated glycolytic metabo-
lism involving aldehyde dehydrogenase 1A3. Proc Natl Acad Sci U S A. 2013 May
21;110(21):8644-9)
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ALDHI1 levels have also been correlated with outcome in patients with glioma.
For instance, ALDH1A3 promoter methylation has been found to confer a favorable
prognosis for patients with GBMs [64]. Liu and colleagues analyzed their samples
of astrocytomas and reported an association of ALDHI expression with pathologi-
cal grade and patient survival [65].

Dye Based Isolation

The identification of a dye-retaining brain tumor population can also enable the
identification of a subpopulation displaying the hallmarks of TSC. Label-retaining
cell fractions that enrich TSCs have been isolated from various solid tumors, includ-
ing breast [66], pancreatic [67], and skin tumors [68].

In the context of CNS tumors, Deleyrolle and colleagues used the properties of
the pro-drug carboxyfluorescein diacetate succinimidylester (CFSE), which is
converted by cellular esterase activity into a fluorescent compound covalently
bound to proteins and retained within the cells [69]. CFSE dye can enable quan-
tification of cell proliferation, as it is equally divided between daughter cells after
division. They observed that a sub-population of cells diluted the dye signifi-
cantly slower than the overall population, presumably due to a lower frequency of
cell division. Using a limiting dilution transplantation assay in immunocompro-
mised mice, these label-retaining brain tumor cells displayed elevated tumor-
initiation properties relative to the bulk population, depicting their stem cell-like
properties [69].

Spectroscopy

Other novel methods of TSC identification based on the biochemical composition
of the TSC have also been described. One of these modalities is Fourier transform
infrared spectroscopy (FTIR). Vibrational spectroscopy enables the label-free char-
acterization of cells by probing the biochemical composition and numerous groups
have described the classification of gliomas using this modality [70-72].

Wehbe and colleagues were able to depict the difference between normal and
tumor vasculature of animal and human glioma using FTIR imaging [73]. More
recently, Uckermann and colleagues described the identification of GBM TSC using
FTIR [74]. They were able to discern biochemical differences between GBM cell
populations with high and low content of TSCs that were likely related to differ-
ences in the RNA/DNA content.
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Neurosphere Culture

While the previously mentioned techniques show great utility in the isolation of
TSC, they are limited by their nature of using proxy characteristics to separate the
cells. In this setting, neurospheres can help characterize TSC more definitively. This
culture method relies upon the ability of TSC to initiate growth, self-renew, and
display multi-potentiality through generation of its progeny [75].

Neurospheres refer to in vitro three-dimensional free floating spheroid cellular
clusters in a supernatant that form when TSCs are exposed to a serum-free environ-
ment. The assay uses epidermal growth factor (EGF) and basic fibroblast growth
factor (FGF), and has the property of selectively supporting the growth and prolif-
eration of cells with stem cell-like functions. The presence of EGF and FGF in the
culture medium is imperative to inhibit the differentiation of TSCs [76, 77]. Ignatova
and colleagues were the first to show the formation of neurospheres with glioma
using single-cell cultures in a methylcellulose (MC) matrix in the presence of EGF
and FGF [78]. Since then, this technique has been commonly used to study the biol-
ogy of TSC and the response to treatment [12].

The cells from the neurospheres may be subcultured and the primary clones can
generate secondary neurospheres, representing the renewal of the previous popula-
tion (Fig. 3) [79]. Stem cell renewal has been classified into two types: symmetric,
where a division produces two daughter cells or two progenitor cells; or asymmet-
ric, where a division produces one daughter and one progenitor cell [79]. Clonal
analysis and serial subcloning assays are critical to definitely identify TSCs.

The neurosphere culture method has also been combined with other cell sorting
methods to give a more robust result. Singh and colleagues in their seminal glioma
TSC paper sorted the CD133+ cells prior to neurosphere cultures [22]. Similarly,
Pavon and colleagues described a more vigorous method to isolate TSC wherein the
isolation of neurospheres derived from GBM primary cultures was followed by
sorting out the of the CD133+ cells to create further sub-neurospheres [80].

Neurosphere assays, despite their value, also have some limitations. The neuro-
sphere assay is an in vitro phenomenon and does not occur in vivo. Additionally, the
act of removing cells from their source and placing them in serum-free cultures may
precipitate phenotypic or genetic changes that may not be representative of in vivo
behavior. Also, it is important to remember that committed progenitor cells have the
ability to produce secondary neurospheres, but they cannot continue to form neuro-
spheres on continued passaging (unlike putative NSC or TSC) [81].

Neurosphere assays are also not useful to calculate stem cell frequency within a
sample of tissue as a vast majority somatic cells do not remain viable in the serum-
free culture medium and do not form neurospheres [75]. Finally, to establish clonal-
ity it is essential for a neurosphere to originate from clone only. However, as shown
by Singh and colleagues using time-lapse video microscopy, spheres are highly
motile structures with a high incidence of cellular aggregation leading to chimeric
neurospheres [82]. In this setting, using a single cell in a miniwell [83], or sparse,
widely dispersed cells in MC [84, 85] are viable options.
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Fig. 3 Individual clonal neurospheres can be subcloned. (a—c) Representative examples of SVZ-
derived NSCs. Individual clonal spheres generated by limiting dilution from serially passaged
adult NSCs (a) can be dissociated and single cells replated in the presence of mitogens (b), giving
rise after 7-10 days to secondary neurospheres (c). From 50 up to >200 secondary spheres can be
obtained from each individual primary sphere, depending on the number of viable cells plated. The
cloning efficiency for adult SVZ-derived NSCs under these culture conditions is in the range of
2-8 %. Bars=100 pm (a), 25 pm (b), and 250 pm (c¢). (With permission from Gritti et al. Methods
Mol Biol. 2008;438:173—-84. Clonal analyses and cryopreservation of neural stem cell cultures)

Orthotopic Implantation

To assess the tumorigenicity of the TSCs, animal orthotopic models are consid-
ered the gold standard [86—89]. By allowing growth in in vivo conditions, inves-
tigators hope to recapture the cell-to-cell and cell-to-matrix interactions.
Intracranial orthotopic implantation of TSCs (in the form of a single cell suspen-
sion or neurospheres is mostly conducted in immunocompromised mice [3, 90]).
This model is also particularly helpful to study the chemo- and radio-resistant
properties of TSC.

Various nude mouse models have been used for implantation assays. The most
popular model is the NOD-SCID mouse model, which has a completely knocked
out immune system [3]. However this model is susceptible to developing spontane-
ous lymphomas as early as within a year of life [11]. Other mouse models
include IL2 receptor-y chain deficient, BALB/c-nude and Scid/bg [90, 91].
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The most suitable model for in vivo studies is based on the aims of the study and by
weighing the advantages against the disadvantages of using that particular model.

To depict self-renewal, the tumor is harvested from one animal and the cells are
implanted into another animal. By using fewer and fewer cells in each passage, the
enhanced tumorigenicity of TSCs is studied. For neurospheres, Singh and col-
leagues were the first group to use an in vivo limiting dilution assay to implant
fewer and fewer TSCs at each subsequent passage to assess the fewest number of
cells required to form a tumor in the animal [22]. As a general principle, compared
to the marker-negative population, at least 50- to 100-fold fewer marker-positive
cells should be needed to stimulate tumor formation in 50 % of the mice [11]

The mouse implantation model has some limitations as well. First, it is not pos-
sible to accurately assess the proportion of TSCs in original tumor mass. This is
because the effect of in vivo conditions on the viability and tumorigenic potential is
not known [92]. Second, in spite of being an in vivo model, it still has factors such
as the extracellular matrix constitution, host immunocompetence, growth factors,
and vascularity that may not be representative of the original tumor environment.
Finally, the Zebrafish implantation studies for TSC analysis is a relatively newly
described functional assay [93, 94]. TSCs are implanted into the peritoneal cavity of
the animal in a transparent embryo and the growth and proliferation may be observed
directly. Adult transparent zebrafish have also been created for the same purpose
[95]. Additional work on developing tissue-specific orthotopic implantation can
improve this model further [96].

Conclusion

With increasing evidence pointing towards the importance of TSCs in the biology
of CNS tumors, it has become vital to be able to understand the unique biology of
these cells and discover potential therapeutic targets. The first step in carrying out
such investigation is to reliably isolate and characterize the TSCs. A variety of
methods have been described in this regard and researchers need to be aware of the
benefits and shortcomings of the methods chosen. In the future, improving technol-
ogy is anticipated to drive the development of more reliable, accurate, and less
labor-intensive assays.
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The Role of Stem Cells in Pediatric Central
Nervous System Malignancies
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Abstract Representing the leading cause of childhood cancer mortality, pediatric
brain tumors are comprised of diverse histological features, genetic perturbations,
cellular populations, treatment protocols, and clinical outcomes. In this chapter we
discuss recent and emerging data that implicate cancer stem cells (also known as
brain tumor-initiating cells) in initiating and maintaining the growth of a number
of pediatric brain tumors including: medulloblastoma, supratentorial primitive
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neuroectodermal tumor, atypical teratoid/rhabdoid tumor, ependymoma, low-grade
glioma, glioblastoma, diffuse intrinsic pontine glioma, germ cell tumor, and cranio-
pharyngioma. The development of a stem cell framework for the study and treat-
ment of these tumors will enable future clinical approaches to harness the
heterogeneous cellular and genomic landscape of these solid tumors as an avenue
for developing targeted patient-oriented therapies, thereby improving the overall
survivorship for the most lethal childhood cancer.

Keywords Pediatric brain tumor ¢ Cancer stem cell * Brain tumor-initiating cell ®
Medulloblastoma * Ependymoma * Supratentorial primitive neuroectodermal tumor
* Low-grade glioma ¢ Pediatric glioblastoma ¢ Diffuse intrinsic pontine glioma ®
Atypical teratoid/rhabdoid tumor ¢ Germ cell tumor * Craniopharyngioma

Introduction

Central nervous system (CNS) tumors represent the leading cause of childhood can-
cer mortality with an incidence of 30 cases per million [1]. Current diagnostic and
therapeutic parameters are dependent on clinical history, radiological imaging, and
histological confirmation. Although the present era of molecular classification has
aided in the recognition of several distinct subgroups in a variety of pediatric brain
tumors, the WHO classification of childhood brain tumors remains dependent on
tumor location, histopathological features, and immunohistochemical marker
expression [1]. These features primarily determine tumor grade, which in turn
reflects patient outcome. Prognostically, there have been minimal improvements in
the outcome of pediatric brain tumors, but the overall survivorship remains dismal.
Consequently, novel biological frameworks must be applied to elucidate mecha-
nisms that may yield high clinical and therapeutic utility.

The cancer stem cell (CSC) hypothesis suggests that a relatively small fraction of
tumor cells termed, CSCs, have the ability to proliferate and maintain tumor growth
[2]. This is in sharp contrast to all other cells of the bulk tumor, which are character-
ized by limited proliferative capacity and a more specified lineage potential. More
specifically, a CSC maintains two key properties: self-renewal and multilineage dif-
ferentiation. Self-renewal is defined as the ability of a parental cell to generate an
identical daughter cell and a second cell of the same or different phenotype, whereas
through the process of differentiation a CSC is able to give rise to the heterogeneous
cell lineages that comprise the original tumor [2]. In the recent past, such CSC
populations (also termed, tumor-initiating cells, and in the case of brain cancer,
brain tumor-initiating cells (BTICs)) have been identified in a number of hemato-
poietic and solid tumor malignancies based on cell surface markers and stem cell
assays, of which the generation of tumors in human—mouse xenograft models has
become the gold standard. Moreover, unlike current genomic platforms, the CSC
framework takes into account intratumoral heterogeneity by having a developmen-
tally primitive cell at the apex of the hierarchy with a spectrum of more differenti-
ated cells as one goes down this hierarchy [3].
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The concept of a CSC suggests that tumors are organized into distinct clonal
populations of cells with only the CSC demonstrating the properties of self-renewal
and differentiation in vitro and in vivo [2]. Using in vitro assays originally devel-
oped to purify neural stem cells (NSCs) [4—6], Singh et al. [7] reported the identifi-
cation and purification of a cell from primary human medulloblastoma (MB) and
glioblastoma (GBM) that had a marked capacity for proliferation, self-renewal, and
differentiation. The BTIC represented a minority of tumor cells and was marked by
expression of the cell surface marker CD133. Additional in vivo characterization of
the BTIC using a human—-mouse xenograft assay formally established the identifica-
tion of CSCs in brain tumors [8]. This work was corroborated in pediatric BTICs,
which expressed high levels of NSC genes CD133, Sox2, Musashil, and Bmil,
providing credence to NSC-driven brain tumorigenesis [9]. Furthermore, by taking
advantage of unique stem cell properties such as self-renewal, the BTIC model has
been clinically validated as a correlative indicator of patient outcome in pediatric
brain tumors, suggesting more aggressive tumors to have a higher stem cell self-
renewal index. [10] Overall, the BTIC framework of oncogenesis not only takes
advantage of developmental genes and pathways implicated in pediatric brain
tumorigenesis but also provides an avenue for studying cancer at a cellular level as
distinct differences in subsets of tumor cells may not otherwise be appreciated using
the current strategy of bulk tumor genomic profiling.

Medulloblastoma

Medulloblastoma (MB) represents the most frequent malignant pediatric brain
tumor, comprising 18 % of pediatric intracranial tumors and 350 new diagnoses
each year in the United States. The incidence peaks at two timepoints during child-
hood: 3—4 years and 8-9 years of age [11]. Histologically, MB is classified into
several subtypes: classical, desmoplastic/nodular, MB with extensive nodularity,
anaplastic, and large cell. Although these subtypes speak to the cellular and mor-
phological heterogeneity of the bulk tumor, their clinical and prognostic utility
has remained futile. More recent molecular classifications of MB have
re-conceptualized the heterogeneity that exists within these pathological subtypes by
identifying multiple distinct molecular subgroups that differ in their demographics,
transcriptomes, somatic genetic events, and prognostic outcomes [12—-18]. These
studies have also given context to the role of key developmental signaling pathways in
MB pathogenesis, providing greater support for subgroup-specific BTICs [18-21].
The current consensus for the molecular classification of MB consists of four
subgroups, each distinct in terms of prognosis and predicted therapeutic response
[18]. Groups 1 and 2 are characterized by upregulation of genes in the Wnt (7-8 %
of patients) or Sonic hedgehog (Shh) (28-32 % of patients) pathways, respectively.
These two subgroups are associated with improved clinical outcomes, when com-
pared to Groups 3 (2627 % of patients) and 4 (34-38 % of patients), which are
characterized by a greater propensity for metastatic disease and poor clinical out-
comes [12—14, 17, 18, 22-24]. Although recent transgenic murine models have
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identified amplification of c-myc signaling to characterize Group 3 MBs [19, 21],
both Group 3 and 4 MBs are collectively considered aggressive and refractory to
current treatment modalities [25].

Since its initial identification in 1910 by James Homer Wright, MB has been
thought to arise from restricted neuronal precursors termed, “neuroblasts” [26]. The
concept of a common cell of origin in MB was further supported in 1925 by Percival
Bailey and Harvey Cushing in their observation of both glial and neuronal cells,
which they proposed to have originated from a primitive embryonic neuroepithelial
cell termed, “medulloblast” [27]. Anatomically, the developing cerebellum provides
areservoir of cells susceptible to malignant transformation. Interestingly, pathways
implicated in characterizing MB Groups 1 and 2 have also been described in the
proliferation, migration, and maturation of cerebellar stem/progenitor cells. In nor-
mal cerebellar development, Shh signaling drives the proliferation and migration of
a subset of cerebellar precursor cells termed, granule neuron precursors (GNPs).
GNPs contain the Shh receptors Ptch and Smo, and thereby respond to a concentra-
tion gradient established by the release of Shh ligand from Purkinje cells [28-31].
Genomic alterations in components of the Shh signaling pathway have been identi-
fied in up to 25 % of sporadic human MBs and consist of inactivating mutations of
Ptchl and Suppressor of fused (Sufu), and/or activating mutations of Smo [32-36].
The canonical Wnt signaling pathway is responsible for defining the midbrain-hind-
brain boundary from which the entire cerebellum develops [37]. More recently, Wnt
signaling has been shown to differentially regulate cerebellar NSCs and GNPs [38].
Although Wnt activation in vitro and in vivo was shown to promote proliferation of
NSCs but not GNPs, the proliferative NSCs did not undergo prolonged expansion
or neoplastic growth, suggesting Wnt to function as a regulator of cerebellar stem
cell growth and differentiation. Nevertheless, these developmental pathways must
be tightly regulated since the cerebellum reaches complete maturation only several
months after birth [29], making it a vulnerable target for oncogenic mutations as the
developmental phase is prolonged and active beyond in utero.

While the molecular profiling of MB has been credited with providing a devel-
opmental approach to studying its pathogenesis, the direct isolation and character-
ization of subgroup-specific MB BTICs has largely been attributed to several
transgenic mouse models. The overlapping expression of genes unique to the human
Whnt subgroup in the fetal mouse dorsal brainstem has enabled the discovery of a
distinct germinal zone within the hindbrain believed to contain the cell of origin for
Wht-driven MB [20]. Consequently, BTICs may not only contribute to the cellular
heterogeneity within MB but may also be responsible for the spatial heterogeneity
associated with specific subgroups. Transgenic mice haploinsufficient for Prchl
(Ptchl+/-), have greatly contributed to elucidating the role of Shh signaling in MB
pathogenesis [33]. Through an increase in the proliferative potential of NSCs, the
incidence of MB is 15-20 % in these mice [33, 39, 40]. Initial work with this model
identified cells resembling GNPs, which retained their proliferative potential sug-
gesting GNPs to promote Shh-dependent MB [33]. More conclusive evidence for
the acquisition of a GNP phenotype as being necessary and sufficient for the initia-
tion of Shh-driven MB has been shown with dysregulated Shh-signaling in unipotent
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Nestin+GNPs [41], unipotent Mathl+ GNPs, or multilineage embryonic NSCs
[42, 43]. Although recent evidence has also alluded to a non-cerebellar cell of origin
in Group 2 MB [44], similar to that of Wnt-driven MB [20], further characterization
of these cell populations is required to truly implicate their involvement in initiating
and contributing to MB pathogenesis. While a GNP may very well serve as the cell
of origin for Group 2 MB, the identification of tumor propagating cells within this
subgroup is required for targeted therapeutic interventions. Interestingly, CD15 has
been shown to serve as a putative marker of MB stem cells in the Ptchl+/— model
[39]. CD15+ cells comprised a small fraction of normal GNPs (as indicated by the
co-expression of Math1), and exhibited a higher proliferative capacity, and elevated
levels of Shh target genes when compared to CD15- cells. However, unlike CD133+
cells [7, 8], CD15+ cells did not display multilineage differentiation or neurosphere
formation when cultured at clonal densities. Consequently, it was believed that
these cells marked progenitor populations as opposed to a more primitive stem-like
cell. However, upon culturing these cells in serum-free conditions, they were shown
to propagate as multipotent MB stem cells, suggesting CD15 to be an additional
marker of MB BTICs [40]. Although the evidence for a GNP as the cellular origin
for Shh subtype MB is paramount, it remains unclear as to how these cells propa-
gate and transform over the course of tumorigenesis as defined by their regulatory
mechanisms and marker expression. The characterization of Group 3 MB BTICs
has only recently benefited from discoveries in transgenic mouse models [19, 21].
Using postnatal murine cerebellar stem cells based on the expression of Promininl
and lacking expression of lineage-specific markers for GNPs, Pei et al. [19] intro-
duced a mutant, stabilized myc construct with a dominant negative p53, which
induced in vivo MBs distinct from Shh and Wnt murine MBs. In contrast, Kawauchi
et al. [21] generated Group 3 MBs in vivo by introducing myc ex vivo into Trp53
null GNPs sorted for the neuronal lineage marker Atoh1 (Math1). Both groups dem-
onstrated the in vivo MBs generated from their transgenic cells to recapitulate many
histopathological and genomic features of the human Group 3 MB. Most interest-
ingly, protein and genomic expression profiles of tumors generated by both groups
overlapped most with those of NSCs, induced-pluripotent stem cells, and embry-
onic stem cells. Although Kawauchi et al. [21] had initially injected cells sorted for
GNPs negative for stem cell markers such as Promininl, the resulting tumors had
lost Atoh1 expression and instead displayed increased expression of Promininl and
other stem cell markers. Similarly, Pei et al. [19] observed an increase in markers of
undifferentiated cells in the resulting tumors, suggesting Group 3 MB to either arise
from cerebellar stem cells or through a process of dedifferentiation in which distinct
tumor cells take on a stem-like phenotype. Clinically, the identification of a cerebel-
lar stem cell as the target for initiation and propagation of Group 3 MB is in keeping
with the treatment-refractory, metastatic characteristics observed in these patients.
Although Group 4 MB has yet to be described using a transgenic mouse model,
stem cell properties and pathways may still be used to further elucidate novel regu-
latory mechanisms unique to this subgroup. While these tumors share the clinical
features of metastatic disease and poor treatment response with Group 3 MBs, their
signaling and genomic frameworks are quite distinct [18]. Unlike Group 3 MBs
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characterized by myc signaling, Group 4 MBs are identified by isochromosome 17q
and loss of the X chromosome [12-14, 17, 18]. Additional genomics features
include the involvement of genes implicated in neuronal development and differen-
tiation. However, the clinical utility and relevance of these genes have yet to be
assessed. Given the identification of fate-determination genes in Group 4 MB, the
chromatin-modifying Polycomb-group (PcG) gene Bmil has been considered as a
novel regulator of Group 4 MB BTICs [45, 46]. Bmil functions as a critical regula-
tor of NSC self-renewal through repression of the p16™% and p192T senescence
pathways [47, 48]. The Bmil signaling pathway is also consistently dysregulated or
overexpressed in several emerging CSC populations, most recently being cited as a
marker of recurrence, poor treatment response, metastatic potential, and death in
many cancer models [49, 50]. With respect to MB, Bmil is preferentially expressed
in Group 4 tumors [45, 46] and has been shown to recapitulate NSC self-renewal
pathways in MB BTICs [45]. The metastatic properties of Group 4 MBs may also
be attributed to the interaction of Bmil with Twistl [51]. Twistl, a transcription
factor upstream of Bmil, promotes epithelial-mesenchymal transition (EMT) in
normal development and metastatic/invasive properties in cancer [S1]. Given the
preferential expression of both genes in Group 4 MB [45, 46], their interaction may
facilitate the invasive and migratory features of Group 4 MB BTICs.

It is apparent that although specific therapeutic targets have yet to be associated
with stem cell pathways in MB, several mediators of NSC self-renewal, prolifera-
tion, and differentiation continue to demonstrate preferential segregation towards
this childhood brain tumor. The continued demonstration of BTICs in transgenic
murine models and their evaluation in primary human patient samples will prove to
be invaluable in the development of targeted therapies at subgroup-specific BTICs.

Supratentorial Primitive Neuroectodermal Tumor

Supratentorial primitive neuroectodermal tumor (SPNET) accounts for 3-5 % of all
pediatric brain tumors and is considered a member of the embryonal family of malig-
nant childhood brain tumors [1, 52]. Although sPNETSs resemble the small blue cell
histological phenotype attributed to MB, the molecular framework of these tumors is
quite distinct. The recent molecular classification of sPNET has categorized this
tumor into three distinct subgroups: primitive-neural, oligoneural, and mesenchymal
[53]. Clinically, the primitive-neural subgroup represents a younger age of onset
(<4 years), increased metastatic potential within this age group, and the worst over-
all survivorship among all three subgroups [53]. Of particular interest, developmen-
tal genes such as the Hox family and pathways including Wnt and Shh are also
enriched in the primitive-neural subgroup, establishing the adequate cellular machin-
ery for regulating putative SPNET BTICs. Further evidence for the presence BTICs
in maintaining SPNETS is based on the histological heterogeneity observed in these
tumors consisting of variable neuronal, ependymal, and glial differentiation [1].
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Interestingly, given the strong precedent for the role of BTICs in driving tumori-
genesis in SPNETS, a paucity of data remains in the characterization of these cells.
Currently, the literature on sSPNET BTICs is restricted to one report, in which BTICs
were cultured from a human mesenchymal sPNET [54]. The sPNET BTICs from
this patient sample were shown to maintain multilineage differentiation into glial,
neuronal, and oligodendrocytic lineages along with a sustained self-renewal poten-
tial over several in vitro and in vivo passages. CD15+/CD133+ comprised 2540 %
of the bulk tumor population over several passages and demonstrated the greatest
in vitro self-renewal capacity. This observation was supported with a reduced overall
survival in murine intracranial xenografts of CD15+/CD133+ cells. Therefore,
CD15+/CD133+ cells demonstrate a novel cellular target for mesenchymal sPNET
BTICs. Future work into the regulation of these cells by pathways enriched in the
mesenchymal subgroup such as TGF-f signaling may provide novel small molecules
for a tumor that has largely remained refractory to current therapeutic efforts. It also
remains to be addressed if the CD15+/CD133+ cells may represent sSPNET BTICs
irrespective of the molecular subgroup, which may then yield significant clinical
utility and improved survivorship for one of the most malignant childhood cancers.

Atypical Teratoid/Rhabdoid Tumor

Atypical Teratoid/Rhabdoid Tumor (AT/RT) is a highly aggressive and malignant
intracranial embryonal tumor occurring in children less than 2 years of age [52, 55].
Histologically, these tumors contain a mixture of rhabdoid, primitive neuroepithe-
lial, epithelial, and mesenchymal structures [56]. AT/RT accounts for 2-3 % of all
pediatric brain tumors and has a predilection for arising in the posterior fossa [57].
Unlike the heterogeneous histological composition of these tumors, approximately
80 % of AT/RTSs contain mutations or deletions in chromosome 22, which account
for the inactivation of the INI1 (hSNF5/SMARCBI) gene [58—60]. INII functions as
a protein component of the ATP-dependent SWI/SNF chromatin-remodeling com-
plex, which regulates genes responsible for proliferation and differentiation [61].
The clinical prognosis is extremely poor with a median survival of 11-17 months,
leaving several avenues for future research and targeted therapies at treatment-
refractory cell populations [62].

Given the aggressive nature and diverse cell types present in AT/RT, it may be
postulated that these tumors contain a BTIC population responsible for maintaining
tumor growth, promoting treatment-resistance, and accounting for the distinct
cellular architecture [63—65]. Gene expression profiling in CD133+ AT/RT BTICs
has shown an increased expression of developmental genes such as Oct4, Nanog,
Sox2, Nestin, Musashil, and Bmil. Interestingly, the identification of drug-resistant/
ABC transporter genes including MDR-1, MRP1, and ABCG?2 are in keeping with
functional data demonstrating CD133+ AT/RT BTICs to be radioresistant [66—68].
Further evidence in support of AT/RT BTICs relates to the overexpression of the
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chromatin-remodeling Polycomb group complex member, EZH2, which functions
to maintain self-renewal, cell growth, proliferation, and radiation-resistance in AT/
RT. [69] Although several gene expression studies have been conducted to evaluate
the differences between distinct cell populations that may serve as putative AT/RT
BTICs, additional mechanistic and in vivo studies may be of greater clinical utility
for developing targeted therapies at AT/RT BTICs.

Ependymoma

Ependymoma (EP) is the third most common pediatric brain tumor, representing
approximately 9 % of primary brain tumors in children, with an estimated incidence
of 200 per year. The median age of diagnosis of pediatric patients is 5 years [11].
Anatomically, EPs occur throughout the CNS, including the supratentorium, poste-
rior fossa, and spinal cord. In the pediatric population, the posterior fossa is the most
frequent site of tumorigenesis with 70 % of cases occurring in the fourth ventricle,
whereas supratentorial and spinal tumors present more often in adults [70, 71].
According to the WHO, EP may be classified into grades I-III. Although there are
distinct anatomical locations for the pathogenesis of EP, histologically, these tumors
remain indistinguishable. In keeping with poor histological parameters and a high
mortality rate of 45 %, novel genomic markers have been investigated to further
delineate genomic subtypes and therapeutic targets [70, 71].

In an attempt to merge genomics with clinical utility, recent molecular analyses
of two large independent EP cohorts have revealed the presence of two demographi-
cally, transcriptionally, genetically, and clinically distinct groups of pediatric poste-
rior fossa EPs [72]. When compared to Group B patients, Group A patients are
younger, associated with laterally located tumors with a balanced genome, and are
much more likely to exhibit recurrence, metastasis, and death. Consequently, Group
B patients may be treated less aggressively, while novel adjuvant therapies remain
critical in the treatment of Group A posterior fossa EPs. Although the most striking
candidate markers for distinguishing the two molecular subgroups are LAMA2 and
NELL? in Group A and B, respectively, they’re functional significance in regulating
EP BTICs remains to be investigated.

The first report of EP BTICs was described in an analysis of 100 human EPs, in
which the expression of developmental genes was correlated with distinct anatomi-
cal origins of tumor formation [73]. Supratentorial, spinal cord, and posterior fossa
EPs were found to overexpress members of the EphB-Ephrin/Notch pathways, Hox
gene family, and AQPI, respectively. While the pathways and genes associated with
supratentorial and spinal cord EPs had been implicated in the regulation of normal
NSCs [74] and the anteroposterior patterning of the spinal cord [75], respectively,
posterior fossa EPs were continuously found to arise in the SVZ by projecting near
the fourth ventricle. Consequently, all three anatomical subgroups demonstrated
cell-intrinsic properties in keeping with their anatomically oriented precursor cells.
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Through mapping the expression of these genes in the developing mouse, it was
found that a distinct type of neural precursor cells termed, radial glial cells, dis-
played a gene expression profile similar to each of the anatomically distinct human
EPs [73]. While this data supported a developmental origin for EP, the generation of
a human-mouse EP BTIC xenograft model provided the necessary functional evi-
dence for EP BTICs [73]. Using the NSC markers CD133, Nestin, and RC2 in
conjunction with the radial glial cell marker, BLBP, 10,000 CD133+Nestin+
RC2+BLBP+ cells were intracranially injected into the brains of immunocompro-
mised mice. Tumors resembling human EP were identified 4-5 months following
transplantation. In contrast, intracranial injections with 2x 10 [6] CD133- cells or
2x10 [6] unsorted EP cells did not lead to engraftment or tumor formation even 1 year
following transplantation [73]. Consequently, radial glial cells have been considered
to function as putative EP BTICs. More recently, tumors resembling human supraten-
torial EPs have only been capable of developing from the overexpression of EphB2 in
mouse embryonic cerebral NSCs [76]. While the genomic anomalies between ana-
tomic subtypes of EP may be distinct, the cellular target continues to function as a
BTIC with properties associated with normal radial glial cells. Therefore, continued
work in understanding the pathways that promote the differentiation of radial glial
cells may be harnessed for therapies targeting the EP BTIC.

Low-Grade Glioma

Pediatric low-grade glioma (LGG) represents the most common pediatric brain
tumor, of which the pilocytic astrocytoma (PA) histological subtype accounts for
the majority of cases (~20 % of all pediatric brain tumors) [52]. Although these
tumors are considered slow-growing and benign, surgically inaccessible midline
LGGs remain a therapeutic challenge and account for considerable morbidity and
mortality. PAs have classically been described in conjunction with the NF1 (neuro-
fibromatosis) inherited tumor predisposition syndrome [1]. PAs resulting from the
mutational inactivation of the NFI tumor suppressor gene are primarily located
along the optic pathway, while sporadic PAs that do not harbor the NF inactivation
predominantly arise in the cerebellum [1]. Recent whole-genome sequencing of
PAs has uncovered several recurrent activating mutations in FGFRI and PTPN11
[77, 78]. Although the literature in support of a LGG BTIC is minimal at best, the
development of tumors resembling pediatric low-grade optic gliomas from the inac-
tivation of NFI in murine third ventricle NSCs has provided a putative cell of origin
within the third ventricle for NF1-PAs [79]. Consequently, the application of cell
surface markers specific to normal human third ventricle NSCs may further enrich
and assist in characterizing putative LGG BTICs. With the discovery of novel LGG
driver gene mutations and the presence of LGG BTICs, the future of targeted thera-
pies for inoperable pediatric LGGs remains dependent on the integration of whole-
genome sequencing data with cell-intrinsic functional pathways unique to BTICs.
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Glioblastoma

Pediatric glioblastoma (GBM) accounts for approximately 3 % of all childhood brain
tumors [11, 52]. While pediatric GBMs are histologically identical to adult GBMs,
several genomic alterations distinguish these tumors [80, 81]. With the advent of
whole-exome sequencing, genomic anomalies unique to pediatric GBM have been
identified for the first time [82, 83]. Recurring gain-of-function heterozygous muta-
tions in the H3F3A gene, which encodes histone H3.3 have been shown to regulate
telomere maintenance and/or heterochromatin stability. Although the comprehensive
examination of these mutations in regulating BTICs remains to be investigated, the
G34R mutation in H3F3A has been shown to promote H3K36me3 enrichment and
subsequent activation of transcription factors responsible for NSC proliferation,
maintenance, and maturation [84]. In keeping with a primitive transcriptional state,
pediatric GBM BTICs have shown an enhanced self-renewal capacity that exceeds
septenary spheres with variable expression of putative BTIC markers: CD15, Sox2,
Bmil, Nestin, and Olig2 [85]. The clinical significance of these developmental
markers has been established through a Hox gene signature that is predictive of
temozolomide-resistant pediatric GBM BTICs [86]. Although targeted therapies
using cell-intrinsic, treatment-refractory pathways have yet to be pursued with pedi-
atric GBM BTICs, preclinical in vitro and in vivo BTIC models have displayed a
reduction in self-renewal capacity and survival advantage in mice, respectively, fol-
lowing treatment with oncolytic viruses [87]. Consequently, pediatric GBMs may
provide a novel platform for targeted therapies through the elucidation of epigenetic
regulatory mechanisms unique to BTICs that may be amenable to surface marker-
based immunotherapies. The integration of diverse research platforms such as cancer
genomics, stem cell biology, and immunotherapy may thereby provide a novel para-
digm for collaborative research efforts, targeted therapies, and an improvement in
the overall survivorship of children diagnosed with pediatric GBM.

Diffuse Intrinsic Pontine Glioma

Diffuse intrinsic pontine glioma (DIPG) is an anatomical variant of high-grade
pediatric glioma, which has remained a therapeutic challenge for several decades
due to its location in the neurologically delicate brainstem. Brainstem gliomas
account for approximately 10—15 % of all pediatric brain tumors, with a median age
at presentation of 67 years [52, 88]. Clinically, the most common presentation is
that of a mass arising in the pons, which is amenable only to radiotherapy.
Unfortunately, radiotherapy has shown minimal improvements in mean progression-
free survival with an increase to 5.8 months from 5 months for those who do not
receive radiotherapy [89]. Overall, 90 % of children succumb to their illness within
2 years of diagnosis, making DIPG one of the leading causes of death in children
with brain tumors [88].
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Similar to pediatric GBM, whole-genome sequencing has only recently identified
novel mutations in the H3F3A and HISTIH3B genes, which encode histone H3.3
and H3.1, respectively [82, 90]. Histones are basic nuclear proteins responsible for
the nucleosome structure of chromosomes. As the nucleosome is formed from DNA
being wrapped in repeating units around an octamer consisting of two molecules of
each core histone (H2A, H2B, H3, and H4), mutations in histone coding genes pro-
vide an epigenetic mechanism of tumor formation. The functional and cellular sig-
nificance of these mutations in distinct cell populations such as BTICs remains to be
established. In keeping with the current era of integrated molecular profiling, DIPGs
have recently been classified into two distinct molecular subgroups [91, 92].
Subgroup 1 is associated with activation of the Shh pathway [92] or the presence of
mesenchymal/pro-angiogenic markers and the enrichment of developmental genes
such as Sox2, Musashil, and Nestin [91]. In contrast, subgroup 2 tumors are reflected
by myc (N-myc) activation [92] or the presence of oligodendroglial features with
PDGFRA activation [91]. A recent DIPG BTIC human—mouse xenograft model has
provided further evidence in establishing a developmental phenotype for subgroup
1 DIPGs [93]. Aside from being regulated by Shh signaling, a regulator of ventral
pons precursors, subgroup 1 DIPG BTICs also displayed variable expression of
typical BTIC markers (CD133, Sox2) along with markers of normal progenitors of
the ventral pons (Nestin, Olig2). In vivo characterization of the xenograft tumors
revealed infiltrative tumors throughout the murine brain involving the cortex, cere-
bellum, and pons. A second DIPG mouse model in support of a primitive cell of
origin for the initiation and maintenance of DIPGs was established using the
(RCAS)/tv-a system to overexpress PDGFB in primitive nestin-expressing cells
[94]. The malignant transformation of these cells lining the fourth ventricle and
aqueduct also lead to the formation of tumors resembling DIPGs. However, unlike
human DIPGs, which are thought to arise from the ventral brainstem [93], these
transgenic tumors mostly developed from precursor cells near the neonatal dorsal
brainstem. The targeted therapy of DIPG BTICs is largely dependent on elucidating
the mechanisms that regulate these cells. A recent tissue microarray of human DIPG
samples has identified the overexpression of Sox2, Olig2, and Bmil in the majority
of DIPG samples [95], and thereby provides novel avenues for investigating BTIC
mechanisms in a childhood cancer that is only beginning to enter the age of molecu-
lar diagnostics, classification, and BTIC-based therapeutics.

Germ Cell Tumor

Intracranial germ cell tumors (iGCTs) represent a rare fraction of pediatric brain
tumors, which arise from primordial cells of the developing embryo [96]. Germ
cells typically form the reproductive system, but arise in GCTs when they aberrantly
migrate and proliferate in sites other than the gonads (i.e., chest, abdomen, and less
frequently, the brain) [96]. iGCTs are most commonly found in young people aged
10-20 and account for approximately 2—5 % of all pediatric brain tumors [52, 97].
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Gender differences have been reported for both the incidence and localization of
iGCTs with a higher incidence in males (3:1) and the localization of tumors in the
pineal and suprasellar regions in males and females, respectively [98].

As with many other malignancies, iGCTs possess histopathological subtypes:
germinoma, immature/mature teratoma, and non-germinomatous (yolk sac tumor,
embryonal carcinoma, and choriocarcinoma) [97, 99, 100]. The primary regimen of
treatment includes chemotherapy and/or radiotherapy [101]. Surgery, although not
typically recommended due to the inaccessibility of tumors, is preferred in cases of
well-encapsulated mature teratomas [96, 102]. Overall prognosis remains relatively
poor for non-germinomatous tumors (60 %) when compared to pure germinomas
(90 %) [103].

The proposed cell of origin for iGCTs remains controversial as these cells do not
maintain a neural lineage. Nevertheless, iGCTs and gonadal GCTs share several
molecular features such as chromosomal alterations, mutations in developmental
genes, and epigenetic modifications [104]. The expression of several stem cell genes
such as c-kit, Oct3/4, and Nanog implicates an embryonic stem cell-like phenotype in
these tumors, the hallmark of primordial germ cells [105]. The case for the presence
of BTICs in iGCTs has been recently established with the ectopic expression of Oct4
in NSCs leading to the formation of teratomas in murine xenografts [98, 106]. The
identification of elevated Nestin expression, a putative marker for NSCs [107] and
BTICs [9], in iGCTs with dissemination and metastatic potential [108] has provided
additional evidence for the role of BTICs in driving intracranial germ cell tumorigen-
esis. Nevertheless, a clear distinction remains to be established between migratory
germinal cells or neural lineage-derived BTICs as the cells of origin in iGCTs.

Craniopharyngioma

Craniopharyngioma (CP) is a rare type of low-grade malignancy originating in the
sellar and parasellar regions of the brain. 30-50 % of CPs occur in the pediatric
population with common symptoms including headaches, visual impairments,
growth retardation, and additional symptoms relating to hypothalamic dysfunction
[52, 109—111]. Current treatment for CP involves complete tumor resection in cases
where the optic nerves or normal functioning of the hypothalamus may not be com-
promised. However, in cases where complete resection is not possible, surgical
resection is complemented by local irradiation [109]. Although current treatment
protocols ensure high survival rates (87-95 %), it is common for patients to experi-
ence a significant reduction in quality-of-life resulting from surgical complications
relating to the optic nerves, pituitary gland, or hypothalamus [112].

CP is a non-glial tumor that originates from the malformation of embryonal
tissue [113]. Histopathological features of CP in the pediatric population are in
keeping with an adamantinomatous feature with possible cysts and in 70 % of the
cases accompanied by stabilizing mutations in CTNNBI1, which codes for the key
downstream effector protein of the canonical Wnt pathway, -catenin. In contrast,
adult cases of CP are in keeping with a squamous-papillary histology [114].
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Two possible cellular origins for CP include: the ectopic remnants of Rathke’s
Pouch (RP) or embryonal epithelial cells of the anterior pituitary gland and infun-
dibulum [115, 116]. A recent transgenic mouse model of adamantinomatous CP
with constitutive Wnt pathway activation in progenitor cells of RP has aided in
determining a putative TIC [117]. Although all pituitary cells contained the f-catenin
mutation, only a small population of cells showed the accumulation of f-catenin in
the nucleus and cytosol during the pre-tumoral stages [118]. Further analysis of the
[-catenin-enriched fraction of cells revealed the absence of the proliferation marker
Ki67 along with the presence of long telomeres—two properties commonly associ-
ated with a quiescent state, a feature of stem cells. A subsequent gene expression
analysis of the B-catenin-enriched cells showed increased activity of Shh pathway
target genes, which are active during cell specification and proliferation of early RP
progenitors [119]. Additional immunocytochemical analyses of human CP samples
identified an increase in the expression of genes previously implicated in stem cells
and BTICs: Sox2, Oct4, KLLF4, and Sox9 [118]. Despite the activation of develop-
mental signaling pathways and genes responsible for fate determination, it is still
unclear whether RP progenitors may truly function as CP BTICs. The paucity of
in vitro and xenograft data from putative human CP BTICs further confounds the
identification and characterization of these cells for therapeutic targeting.

Conclusion

The study of pediatric brain tumorigenesis has drastically evolved over the past 100
years, with several key discoveries having been made in only the past decade. With
the advent of deep genome sequencing of malignant tissue, the identification of
additional molecular classification systems rooted in clinical outcome and risk strat-
ification has begun to emerge. However, the heterogeneous nature of childhood
brain tumors remains a burden to be reckoned with as recent reports have shed light
on the extent of intratumoral heterogeneity within solid cancers. Given the urgent
desire for targeted therapies and the observation of a heterogeneous genomic land-
scape, other frameworks and model systems should be investigated for exploring
the dynamic nature of brain tumors. One such model system is that of the cancer
stem cell (CSC) or brain tumor-initiating cell (BTIC). Since rare stem cell popula-
tions typically comprise a minority of cells within a heterogeneous tumor and these
cells may be underrepresented on bulk tumor analyses, it is possible that very low
transcript levels identify critical BTIC regulatory genes when profiling bulk tumors.
Consequently, current molecular profiling techniques may not truly account for
those genes preferentially expressed within the BTIC population. Moreover, the
CSC model provides a framework to study the interplay between BTIC and their
tumor niche, offering researchers with multiple perspectives regarding tumor biol-
ogy and differential gene expression patterns in specific subsets of tumor cells.
Although the CSC model provides several advantages in studying tumor hetero-
geneity, one must not neglect the limitations accompanied with this framework.
These challenges primarily surround our ability to characterize these rare clonal
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populations of cells, which is particularly true for rare tumors such as MB, pediatric
GBM, and DIPG. The current use of cell surface markers to prospectively identify
BTICs has proved to be quite controversial. For example, based on differences in
cell culture methods CD15 has been shown to identify cells either lacking [39] or
displaying [40] multilineage differentiation and neurosphere formation, respec-
tively. CD133 has also recently been identified as a contentious marker for BTICs
[120-122]. The original work that prospectively established CD133 as a BTIC
marker was restricted to minimally cultured, primary human cells [7, 8]; however,
this may not be extended to the long-term culture methodologies applied in several
recent papers, in which human BTICs have been passaged as tumor spheres in cul-
ture for greater than 3 weeks [123] or more than 20 passages [124]. It is highly
possible that these long-term cultured cells have acquired transformation events
in vitro that are independent of CD133 expression status or that CD133 protein
expression levels no longer correlate with CD133 transcript levels or intracellular
receptor activity. Consequently, the utility and readout of cell surface markers in
distinguishing BTICs may be highly dependent on cell culture methods. Furthermore,
primary human pediatric BTIC cultures are technically challenging, provide limited
cell numbers for data acquisition, and require specific infrastructure; therefore, this
platform is unlikely to be widely adapted for routine laboratory use at this point,
unlike current genomic platforms. However, continued study of larger numbers of
human BTIC specimens will eventually elucidate key stem cell signaling pathways
and molecular mechanisms of self-renewal that could provide specific targets for
tumors that remain refractory to current therapies.
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Laboratory Models for Central Nervous
System Tumor Stem Cell Research

Imad Saeed Khan and Moneeb Ehtesham

Abstract Central nervous system (CNS) tumors are complex organ systems
comprising of a neoplastic component with associated vasculature, inflammatory
cells, and reactive cellular and extracellular components. Research has identified a
subset of cells in CNS tumors that portray defining properties of neural stem cells,
namely, that of self-renewal and multi-potency. Growing evidence suggests that these
tumor stem cells (TSC) play an important role in the maintenance and growth of the
tumor. Furthermore, these cells have also been shown to be refractory to conventional
therapy and may be crucial for tumor recurrence and metastasis. Current investiga-
tions are focusing on isolating these TSC from CNS tumors to investigate their unique
biological processes. This understanding will help identify and develop more effective
and comprehensive treatment strategies. This chapter provides an overview of some
of the most commonly used laboratory models for CNSTSC research.

Keywords Glioma stem cells ® Tumor stem cells ® Cancer stem cells  Laboratory
models ¢ Neurosphere culture ¢ Matrigel-based assays ¢ Orthotopic culture
Mathematical models * Animal models

Introduction

As evidenced by the name Glioblastoma Multiforme, investigators have long
recognized the morphological variation depicted by brain tumors. Brain tumors
have been described as complex organ systems comprising of a neoplastic compo-
nent with associated vasculature, inflammatory cells, and reactive cellular and
extracellular components. Tumor genetic analyses have also demonstrated regional
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variation in gene expression and chromosomal aberrations. Using differentiation
markers, multiple states and variations have also been shown in brain tumors [1].

There has been increasing interest in the role of tumor stem cells (TSC) in the
pathogenesis of CNS tumors. This has given rise to the cancer stem cell tumor model
that is predicated upon the presence of a small subset of cancer cells with the exclu-
sive ability to divide and expand the TSC pool, and also to give rise of heteroge-
neous non-tumorigenic cancer cell lineages that constitute the bulk of the tumor [2].

TSC (also known as cancer stem cells or tumor-initiating cells) were first iso-
lated from blood cancers. A small fraction of acute myeloid leukemia (AML) cells
were shown to be capable of initiating and sustaining clonogenic growth and induc-
ing leukemia in nonobese diabetic (NOD)/severe combined immunodeficient
(SCID) mice [3, 4]. Of note, these leukemic subclones shared the same cell surface
markers (CD43+, CD38-) as hematopoietic stem cells, while the progeny of these
clones, the blast cells, often expressed more differentiated lymphoid or myeloid
lineage markers. More recently, cancer stem cells have also been isolated from glio-
mas, gliosarcomas, medulloblastomas, and ependymomas [5—12].

Importantly, increasing evidence suggests that while current cytotoxic therapeu-
tics may kill the bulk of cancer cells, they are often not able to eliminate the critical
TSC, which are protected by specific innate resistance mechanisms [13, 14]. The
surviving TSC can then account for tumor recurrence or metastasis [15, 16]. The
recurrent tumors are resistant to previously used therapeutic modalities and lead to
a worsened prognosis for the patient. These considerations may explain the lack of
success with current treatments for gliomas and stress the importance of studying
the biological processes of TSC to identify potential therapeutic targets.

Unfortunately, no particular markers or gene expression signatures associated with
TSC alone have been identified till now. For example, CD133 was previously thought
to be a robust CNSTSC marker, but recent work has shown that the marker does not
consistently distinguish tumorigenic from nontumorigenic cells [17-19]. While sort-
ing techniques may be used to aid in the isolation and identification of cells, the stem-
ness of a cell may only be confirmed with functional assays. These assays must be
able to depict the TSC properties of self-renewal and lineage capacity. Two major
assays are used for the enrichment of TSC: neurosphere cultures with multiple passes
and animal propagation studies. We provide an overview of these assays, along with
some of the other laboratory models used to study the properties of the CNS TSC.

Neurosphere Cultures

Neurospheres characterize three dimensional in vitro spheroid cell clusters that
form when mitotic cells of the mammalian CNS are placed in a serum-free medium
on a non-adhesive substrate. This assay was first developed for neural stem cells but
has been used for TSC isolation and research as well. These spheres generally have
the least differentiated cellular populations located on the surface, with cells
expressing differentiation in the interior (Fig. 1) [1].
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Fig. 1 GBM-derived neurosphere. (a) In bright field prior to the cryosectioning protocol described;
(b—d) immunostained against GFAP (green) and Nestin (red). Dapi was used as a nuclear marker. The
finding of more differentiated cells in the core of the neurosphere showing the cell heterogeneity within
the neurospheres (with permission from Guerrero-Cézares H et al. Methods Mol Biol. 2009;568:73—
83. Neurosphere culture and human organotypic model to evaluate brain tumor stem cells)

The neurosphere assay relies on a culture system that selectively supports the
survival and proliferation of stem and progenitor cells that respond to epidermal
growth factor (EGF), basic fibroblast growth factor-2 (FGF-2), or both, forming
clonal aggregates called primary neurospheres [20]. EGF in mice has been shown
to increase proliferation and survival of precursor cells in the subventricular zone
(SVC), and also enhance the generation of astrocytes [21, 22]. FGF also increases
neurogenesis, but is additionally protective against injury-induced degeneration
[23-25]. Nakano and colleagues have studied the relative roles of stimulation of
FGF and EGF receptors on self-renewal of neural stem cells and found that FGF
induces a greater degree of self-renewal than EGF family members in embryonic
cortical NSC [26]. Other growth factors that simulate the receptors of EGF and FGF
also induce the production of neurospheres [27, 28]. Conversely, the removal of
these mitogens has been shown to induce differentiation [29, 30].

Upon subculturing the primary neurosphere, renewal of the previous cells may be
demonstrated by the production of secondary neurospheres [31]. Certainly, under these
conditions, growth factor-responsive cells can be long-term passaged, maintaining
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stem cell characteristics of multi-potency and stable proliferation [32] However it is
important to consider that both TSC and progenitor non-stem cells have the ability to
proliferate with each passage. To recognize neural stem cells it is imperative to display
their characteristic nature of self-renewal: propagation in long-term cultures (at least
five passes) and multipotency through the generation of its progeny [20].

The neurosphere assay can also be modified to investigate the function of various
genes by introducing transient transfection [26]. Investigators have used small inter-
fering RNA (siRNA) and small hairpin RNA (shRNA) to interfere with the expres-
sion of various genes to assess their roles in the pathogenesis of tumors. Using these
techniques a growing body of work has described roles for HEDGEHOG-GLI1
[33], SMC1A [34], ASPP [35], hTERT [36], and FRAT1 [37] among others in the
proliferation and growth of gliomas.

The effect of a particular treatment on neurospheres may be analyzed via a vari-
ety of methods. The number of clonal spheres a week after treatment corresponds to
the proliferative capacity of neurosphere. Alternatively, the number of proliferating
cells can also be assessed with flow cytometry based BrdU incorporation labeling
[38]. We have also described quantitation of neural stem cell and TSC viability
using a colorimetric assay for mitochondrial dehydrogenase activity [38, 39]. The
size of spheres can also be quantified (proportional to their diameters) as a measure-
ment of the effect of the treatment on asymmetric self-renewal total neural progeni-
tor proliferation. Moreover, by conducting immunocytochemistry, the effect of on
differentiation capacity of treated progenitors may be investigated [26].

The neurosphere assay is an attractive lab technique to isolate and study brain
TSC because it includes the functional assay as the initial step [1]. A variant of the
neurosphere culture, called the Cambridge Protocol, combines neurosphere and
monolayer culture techniques in a bid to improve the efficiency with which cells can
be derived from tumor samples under serum-free conditions [40]. The mainstay of
neurosphere assay is the assumption that the neuroshere cells are clonal and there is
no contribution from any other cell lines [41, 42]. However, generating single cells
for neuropshere assays is very challenging and incompletely disintegrated cells may
lead to sphere formation with chimerism. Additionally not all cells that form neuro-
spheres are stem cells, as committed progenitor cells also have the same ability.
Because clonality of spheres is of immense importance to stem cell research, the
clonal relationships need to be confirmed with additional methods such as retroviral
marking [41], using a single cell in a miniwell [42], or sparse, widely dispersed cells
in methylcellulose [43, 44]. Once clonality has been established, stem cell lines can
be effectively expanded and be cryopreserved. Of note, repeated cycles of freezing
and thawing do not seem to affect the neural stem cell functional properties [1].

For proliferative studies, the diameter of neurospheres may also not be a very
reliable marker [45]. While some of the earlier studies have shown the formation of
large neurospheres within 7 days after culture, recent work suggests that it is virtu-
ally impossible to produce a large neurosphere in 7 days only [46, 47]; under strin-
gent conditions large neurospheres are only detectable 2-3 weeks after culture.
Certainly, a closer look has shown that spheres sometimes integrate free cells, or
fuse with other spheres in the clonal medium, leading to chimeric spheres with rapid
growth [45] (Fig. 2).
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Fig.2 Frequent, rapid, and multiple “coalescence” of secondary neurospheres. (a—f) Representative
sequential frames from a time-lapse video microscopic recording, show 30 spheres at the begin-
ning of the recording which “merge” with each other (21 mergers counted), resulting in 10 spheres
within ~10 h, and for some clusters (for example, in the upper panels) within 1 h. “Merger” part-
ners are circled using different colors to facilitate following their movements and changes over the
10 h of the movie. These cultures were not agitated or otherwise manipulated; the movement
reflects the intrinsic locomotion of free-floating spheres. Scale bar, 100 pm (with permission from
Singec I et al. Nat Methods. 2006 Oct;3(10):801-6. Defining the actual sensitivity and specificity
of the neurosphere assay in stem cell biology)

Another concern with the neuropshere assay is the potential of serial neurosphere
passages, which require extended periods of cell culture, to induce significant alter-
ations in cellular biology and gene expression that do not accurately reflect in vivo
conditions [1]. Additionally, immunocytochemistry in neurospheres is challenging
due to their size, fragility, and floating condition [48]. Cryostat sectioning for neu-
rospheres gives the best reported results without disturbing the spherical architec-
ture [49]. Prior to the sectioning, the neuropsheres need to be suspended in OCT
compound and placed on the top of a frozen OCT mold to freeze [48].

Matrigel-Based Assays

Matrigel-based assays have been used as in vitro assays to measure glioma stem cell
invasiveness [50]. Matrigel is a solubilized basement membrane preparation
extracted from the Engelbreth—Holm—Swarm mouse sarcoma. This tumor is rich in
ECM proteins and contains all the major components of basement membranes [51].
The Matrigel assay can be used to test the various molecular mechanisms that
govern the invasion and migration of the TSC.
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Qui et al., investigated the invasive potential of glioma stem cells and found that
they were significantly more invasive than their differentiated progeny cells [52].
The same group also used this model to show that glioma stem cell invasiveness is
markedly decreased after IL-6 is blocked with neutralizing antibody, but signifi-
cantly increased when exogenous IL-6 is added [53].

Inoue and colleagues isolated tumor sphere-forming cells from U251 cells and
showed enhanced migratory and invasive ability on both Matrigel and organotypic
brain slices compared to parental cells. Furthermore, knockdown of MMP-13
expression by shRNA was shown to suppress the migration and invasion of the gli-
oma stem cells [54]. Matrigel invasion assay have also been used to study neural
and mesenchymal stem cell tropism to malignant glioma [55, 56].

The utility of Matrigel assays is limited however, as they do not reflect the human
brain matrix. Other in vitro invasion assays such as wound healing assay [57],
microliter-scale migration assay [58], spot assay [59], and transwell migration
assays [60] have the same limitations.

Organotypic Cultures

In the context of an invasion assay, the neurosphere culture does not account for the
novel ECM configuration of the brain along with cell-to-matrix interactions within
a tumor [60—68]. To address this issue, organotypic slice cultures have been devel-
oped (Fig. 3). The early slice cultures were derived from postnatal rodent brain and
have been widely used due to their easy access for pharmacological intervention
and live imaging [69, 70]. Ohnishi used rat brain slices obtained from the hippo-
campus or cortical regions of 2-day-old rats and maintained the brain slices in cul-
ture at the interface between air and the culture medium [55].

Juvenile rat and mouse brain slice cultures can be kept viable for more than |
8 weeks. Brain slice cultures have been developed using human tissue as well. Jung
et al. used normal brain tissue specimens obtained from patients undergoing tempo-
ral lobectomies as a matrix to study glioma cell invasion [71]. Similarly, Chaichana
and colleagues maintained intraoperatively collected human tumor and non-tumor
explants ex vivo for approximately 11 days without any significant changes to the
tissue cytoarchitecture [72].

Merz and colleagues described the use of ex vivo GBM slices in 6-well plates,
and applied chemotherapeutic agents and irradiation, all the while allowing direct
observation of the tumor response [70]. Similarly, Shimizu and colleagues have
described a three-dimensional organotypic ex vivo system of surgical GBM speci-
mens that preserves tumor cells in their original milieu [73]. Using this model, the
group also described how Notch inhibition in explants resulted in decreased prolif-
eration and self-renewal of tumor cells [74].

Organotypic coculture models are also valuable to study invasiveness of tumor
cells [63, 64, 75, 76]. Aaberg-Jessen and colleagues implanted neurospheres derived
from primary brain tumors into organotypic rat brain slice cultures and followed the
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Fig. 3 Human GBM slices in culture. Slices were cultured on membrane inserts in six-well plates
with no signs of degeneration\in acute (a) slices at 1 day or at 3 days (b), 6 days (c), or 12 days (d)
in vitro. Original H and E neuropathology (e and i) and H and E-stained paraffin-embedded sec-
tions (8 mm; f-h and j-1) prepared from slices after various culture periods. Two different tumors
(e-h and i-1) are shown. Note that typical features of individual tumors were maintained at least
from 1 to 16 days (f-g) and 1-13 days (j—K) in vitro; massive cell loss was observed after 20 days
in vitro (h and ). Original magnification: 1x in a—d; 200x in e-1 (with permission from Merz et al.
Neuro Oncol. 2013 Jun;15(6):670-81. Organotypic slice cultures of human glioblastoma reveal
different susceptibilities to treatments)
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invasive behavior of the tumor cells over time using confocal microscopy [77].
Likewise, Zhu et al. cocultured human brain microvascular endothelial cells (hBMEC)
with GBM neurospheres and found increased NOTCH expression in endothelial cells
leads to increased GBM cell growth and increased TSC self-renewal [78].

While the organotypic model has the advantages of more sophisticated cell-to-
cell and cell-to-matrix interactions compared to other culture methods, there are a
few limitations of the model that need to be considered. Although the vascular
structures are preserved in the model, there is no blood flow along with nutrients,
drugs or immune cells being carried through them. This limits its ability to test
drugs that target blockage of the circulation system or modulation of the immune
system [73].

Mathematical Models

Mathematical modeling represents a novel modality to develop predictive models
for the biological behavior and treatment-response of TSC. Steel and colleagues
accomplished some of the earliest work in mathematical modeling for gliomas [79].
Ganguly and Puri later formulated a predictive mechanistic mathematical model for
brain TSC using a compartmental model [80]. Their group also formulated a model
to understand the response to treatment of tumors with cancer stem cells. Their
model predicted that the best response to chemotherapy occurs when a drug targets
the abnormal stem cells [81].

A simple compartmental mathematical model for tumor growth, based on the
TSC hypothesis using a chemical reaction approach has also been described [82].
Others have used multi-compartment models to predict growth potential of tumors
with a heterogeneous cell population [83]. Mathematical models have also sug-
gested that treatment modalities stimulating TSC differentiation and inhibiting TSC
proliferation should be used together to get the best response [84].

Animal Models

Self-renewal and lineage capacity are the distinguishing features of any stem cell and
any assay that aims to identify TSC needs the potential to show these characteristics.
Serial transplantation in animal models is considered the best functional assay for
these critical features [85—88]. In transplantation assays, tumor cells are xenografted
into immunocompromised mice. Studies have typically used NOD/SCID mice [2],
but BALB/c-nude [89] and Scid/bg mice [9] have also been used. The implanted
tumors can then be assayed at various time points for tumor formation analysis.

To show self-renewal, the tumor cells need to be removed from the primary mice
and transplanted into a secondary recipient animal. In the CNS, Singh and col-
leagues showed that only CD133+ brain tumor fraction contained cells that were
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capable of tumor initiation in vivo. They used an in vivo limiting dilution assay,
where progressively smaller numbers of tumor cells are implanted into the animals
to demonstrate the minimum number of cells required to form a tumor. Injection of
as few as 100 CD133+ cells produced a tumor in vivo, while orthotopic implanta-
tion of 10° CD133- cells did not [90]. Likewise, Galli et al. demonstrated that glio-
blastoma cell lines, established by culture in neurosphere conditions, showed TSC
characteristics in vivo. Intracranial injection of 200,000 of neurosphere cells also
generated tumors in vivo, and after repeat culture, initiated phenotypically similar
tumors, in a secondary mouse [9].

Xenotransplantation may also be employed to investigate the tumorigenicity of
serially passaged neurospheres. Utilizing an athymic nude mouse model our group
implanted 50,000 neurospheres into the basal ganglia, and after 4 weeks observed
the generation of diffuse tumor in the basal ganglia depicting tumorigenic nature of
the implanted cells [38]. To be able to follow the growth of the implanted TSC,
Lathia and colleagues described the used of serial in vivo intravital microscopy
[91]. To compare the role of TSC and non-stem tumor cells in the growth of the
xenotransplanted tumors, GBM specimen cells were transduced with a lentivirus to
express fluorescent proteins; green or yellow fluorescent protein for TSC, and cyan
fluorescent protein for non-stem tumor cells. Additionally high-molecular weight
fluorescent dextran injected to highlight the vessels around the tumor. Using real
time imaging, the study was able to show that TSC were primarily responsible for
the propagation of the implanted tumors [91] (Fig. 4).

Interestingly, glioma stem cells are not unique to xenotransplanted human can-
cers. Wu and colleagues were able to isolate CD133+ cells from the GL261 cell
line, a syngeneic mouse glioma model [92]. CD133+ GL261 cells expressed nestin,
formed tumor spheres with high frequency, and differentiated into glial and
neuronal-like cells. Furthermore, a much lower number of murine CD133+ cells
were needed to initiate tumors on intracerebral implantation compared to CD133—
cells, 100 vs. 10,000 cells, respectively [92].

Although nude mice serial transplantation assays are considered the gold stan-
dard to identify and enrich stem cells, there are still some issues regarding the
interpretation of the experiments. The effect of removing TSC from the supporting
matrix is not known, and might modify characteristics of the cells [2]. Additionally
the presence of predisposing genetic mutations that give rise to mouse tumors may
fail to adequately represent the heterogeneity in human cancers [93]

It may also not possible to estimate the proportion of TSC in the parent tumor
based on the results from animal transplantation assays [93]. The site and type of
host tissue also has an important effect on the TSC representation. Vascularization
at the site of implantation, extracellular matrix constitution, growth factor availabil-
ity and host immunocompetence are some of the factors that can effect tumor
engraftment and the yield of TSC [94].

Recently, Zebrafish (Danio rerio) assays have also been used to study the behav-
ior of CNSTSC in vivo [95, 96]. As a vertebrate animal, the zebrafish model depicts
high levels of physiologic and genetic similarities to mammals [96]. The transparent
embryos of zebrafish are inexpensive to maintain and allow easy visualization of
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Fig. 4 Multiphoton microscopy reveals tumor propagation from cancer stem cells. Tumor forma-
tion in a xenotransplantation model was observed from GFP-labeled TSCs over time as shown in
experimental design schematic (a). Projection micrographs (b—d) demonstrate tumor formation
over time and three-dimensional reconstructions depicted in micrographs (e, e’) revealed tumor
cells were closely associated with blood vessels (e shown with white arrows in d, e) and in periph-
eral areas (d, e, shown in blue arrows). Fluorescent dextran (shown in red) was injected into the
circulation to illuminate blood vessels prior to imaging. Scale bar represents 50 pm (from Lathia
JD et al. PLoS One. 2011;6(9):e24807. Direct in vivo evidence for tumor propagation by glioblas-
toma cancer stem cells (open access))

internal structures. A transparent adult zebrafish model has also been created to
allow direct visualization of tumor engraftment and proliferation [97]. Investigators
have used various imaging techniques to track the growth, invasiveness and
response to experimental therapy, including fluorescence, bioluminescence and
luciferase-based assays [96, 98, 99].
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There are also some limitations of the zebrafish implantation model. The high
mortality rate (>10 %) even with sublethal doses of radiation, poses a challenge for
investigators. Post-transplant care also has to be optimized to minimize the risk of
infection in the immunosuppressed recipients. Additional research is also required
to examine the effect of background genotype on the behavior of the transplanted
tumors, and to develop the ideal transgenic strain for particular tumors. Furthermore,
injection of tumor cells in this model is mostly in the peritoneal cavity and while
this may be a good model for metastatic tumors, the development of tissue-specific
orthotropic injections will allow a more representative assay [100].

Conclusion

Increasing evidence points to a fundamental role for TSC in the initiation and prop-
agation of several tumors. In the context of CNS tumors the development of treat-
ment strategies specifically targeted towards TSC may hold a significant therapeutic
promise. We have described some of the most commonly used laboratory models to
investigate TSC to further this aim.
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Radiation Therapy for Glioma Stem Cells

Anthony E. Rizzo and Jennifer S. Yu

Abstract Radiation therapy is the most effective adjuvant treatment modality for
virtually all patients with high-grade glioma. Its ability to improve patient survival
has been recognized for decades. Cancer stem cells provide new insights into how
tumor biology is affected by radiation and the role that this cell population can play
in disease recurrence. Glioma stem cells possess a variety of intracellular mecha-
nisms to resist and even flourish in spite of radiation, and their proliferation and
maintenance appear tied to supportive stimuli from the tumor microenvironment.
This chapter reviews the basis for our current use of radiation to treat high-grade
gliomas, and addresses this model in the context of therapeutically resistant stem
cells. We discuss the available evidence highlighting current clinical efforts to
improve radiosensitivity, and newer targets worthy of further development.

Keywords Glioma ¢ Stem cell ¢ Initiating cell * Glioblastoma ¢ Radiation *
Radioresistance * Microenvironment ®* Hypoxia ® DNA damage repair

Radiation therapy is a cornerstone in the treatment of a variety of primary brain
tumors. The identification and study of cancer stem cells in a number of primary
CNS neoplasms provides new insights into how tumor biology is affected by radia-
tion and the role that cancer stem cells can play in therapeutic resistance and recur-
rence of some devastating diseases. While the WHO classification system lists
numerous CNS tumors, studies identifying and characterizing cancer stem cells are
present only in a limited number of them. This chapter focuses on the evidence
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gathered in the study of cancer stem cells related to gliomas. These tumors repre-
sent the most common malignant cancers of the CNS and thus a disproportionate
amount of investigation is focused on this disease burden. Lessons from glioma
may serve as a model for other CNS tumors for which stem cell populations have
been identified.

Comprising four different tumor grades, astrocytoma are the most common
primary brain tumors [1]. The most common high-grade astrocytoma is glioblas-
toma (GBM, WHO grade IV astrocytoma) which accounts for 45 % of all primary
malignant CNS tumors and carries the gravest prognosis [2]. Despite decades of
significant research efforts, the median survival for patients with newly diagnosed
GBM receiving the standard of care is between 12 and 15 months, with a 5-year
survival rate of approximately 3 % [3]. Optimal therapy for this highly invasive and
therapeutically resistant disease includes maximal safe surgical resection [4], radia-
tion therapy [5, 6], and chemotherapy [3]. While surgical resection has been found
to provide a survival benefit, less than half of the patients with newly diagnosed
disease are candidates for the optimal procedure, gross total resection, and virtually
all GBMs will recur following surgery [4, 7]. Radiation therapy is the most effective
adjuvant treatment modality for virtually all GBM patients and its ability to improve
patient overall survival has been recognized for some time [8, 9].

GBM has long been regarded as a relatively radioresistant cancer, in part due to
the persistently high failure rates (up to 90 %) in patients treated with radiation
doses up to 80 Gy [10]. Though recurrence may only be delayed with current treat-
ments, the efficacy of adjuvant radiation therapy to improve survival has been sup-
ported by level I clinical evidence from randomized controlled trials since the 1970s
[8, 9, 11]. The current standard practice of radiation therapy used to treat GBM is
based on clinical studies done over the past 40 years. Prospective randomized trials
established that whole-brain irradiation did not yield improvements in overall sur-
vival or changes in recurrence pattern compared to partial brain irradiation [12, 13].
The practice of delivering 60 Gy to the gross tumor volume is based on a pooled
analysis of three successive randomized trials in which a progressive increase in
median overall survival was observed among doses ranging from less than 45 to
60 Gy [5]. A dose-effect relationship was suggested for doses above 50 Gy by this
study, and following studies comparing a dose of 70-60 Gy demonstrated no sur-
vival or local control advantage, which established the dose of 60 Gy [14, 15].

The practice of treating the gross tumor volume and a margin of 2 cm added to
the FLAIR and T1-enhancing regions is based on studies of recurrence patterns and
microinvasive disease. Early studies established that almost 90 % of recurrences
occur within 2 cm of the primary tumor site when assessed by computed tomography
(CT) [16, 17]. Magnetic resonance imaging (MRI), specifically the gadolinium-
enhanced T1 imaging sequence, is more sensitive than CT in defining tumor
extension [18-20]. However, biopsy and autopsy studies further demonstrated that
microinvasive disease can be present within the 1-4 cm margins of the gross tumor
volume defined by T1-contrast enhancement [21]. More recent retrospective analy-
ses, which evaluate patients that received the current standard of chemoradiotherapy,
continue to show a large proportion of recurrence centrally and within the radiation
treatment field [22].
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The brain tumor stem cell theory as a model for GBM tumorigenesis, therapeutic
resistance, and recurrence is still under relatively contentious debate [23]. Despite
its continued development and testing, this model has important prognostic and
therapeutic implications [24, 25]. For the purposes of this chapter, we use the term
GBM-initiating cell (GIC) to refer to a population of cells that are alternately
described in the literature as “GBM stem cell” or “brain tumor stem-like cell.”
These terms are united by a functional definition that is in accordance with the can-
cer stem cell hypothesis [26]. GICs are a relatively small subpopulation of cells,
isolated from bulk tumor specimens, that are experimentally defined by the capaci-
ties for self-renewal, differentiation, and maintenance of proliferation [27]. The
term GIC is not meant to suggest that this cell population is necessarily the origin of
gliomas. Several groups have described GICs using validated functional assays such
as serial tumorsphere assay and tumor propagation by in vivo intracranial limiting
dilution assay [28]. While a number of cell surface markers have been used to aid in
the characterization and isolation of GICs there is no clear universal marker for
GICs [29]. This may be due in part to inherent differences between genotypes in
human tumors or proposed plasticity of the GIC phenotype [30-33]. Most likely,
several different populations of GICs exist within a tumor and each may express
different combinations of cell surface markers. Most significant for the assessment
of radiation therapy in the treatment of GBM is that GICs display much greater
tumorigenic potential than matched non-GIC tumor cells when xenotransplanted
into the brains of immunocompromised rodents [34]. Thus, treatments targeting
GICs are attractive goals for reducing the recurrence of GBM.

Reflecting on the high propensity for local recurrence of GBM in the face of cur-
rently clinically optimized therapeutic practice yields some general questions for
further discussion in the context of GICs. First, is radiation an effective treatment
for GICs? It would appear clear from prior data that radiation is effective at reducing
the tumor bulk, but what about its efficacy on GICs? Second, how do GICs respond
to radiation? Clearly there is some population of tumor cells that are not eradicated
by current practice; if they are GICs as we currently understand them, can any dif-
ferences be exploited therapeutically? And finally, is radiation targeting these cells
effectively? Can radiation shift the balance between GICs and non-GICs or cause
non-GICs to adopt the GIC phenotype?

Tonizing radiation causes cell damage in a variety of ways; however the mecha-
nism believed to be most responsible is the generation of reactive oxygen species
leading to DNA damage in the form of double-strand breaks (DSB) [35]. The pres-
ence of DSBs, either induced exogenously or the result of endogenous forces during
the cell cycle, represents potentially fatal obstacles for cells undergoing replication
and division [36]. Unsurprisingly, the presence of DSB stimulates the activation of
an array of proteins referred to as the DNA damage response (DDR), which is
essential for cells to recover from DSBs [37]. The DDR encompasses a diverse but
interconnected set of cellular processes including the damage sensors which initiate
and transduce its signal and effectors that modulate cell cycle progression, DNA
repair, autophagy, mitotic catastrophe, necrosis, senescence, and apoptosis [37].
The primary function of this cascade is the prevention of DSBs from being transmitted
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to later generations of cells as mutations or chromosomal aberrations [36]. This
prevention can take the form of cell cycle arrest to allow for repair or organized cell
destruction in the event of severe damage. It is important to note that it is thus not
the actual insult of ionizing radiation that initiates destruction of cells, but rather the
ensuing challenges to DNA replication and transcription. Accordingly, a variety of
mechanisms ranging from the reduction of DSB generation, increased capacity for
DNA repair, or overcoming cell cycle arrest or organized destruction are implicated
in resistance to radiation therapy.

Consistent with its reputation as a radioresistant cancer, cell lines derived from
gross specimens of GBM have been found to possess aberrant constitutive activa-
tion of a range of DDR proteins [38]. This would suggest that bulk tumor cells may
be responsible for radioresistance and recurrence following radiation therapy.
However, in response to ionizing radiation GICs are found to preferentially activate
a number of critical components of the DDR (specifically ATM, Rad17, Chk2, and
Chk1) and more efficiently repair DNA damage in comparison to matched non-
GICs [39]. Irradiated GICs also have a lower percentage of apoptotic cells than
matched non-GICs [39, 40]. Apoptosis, programmed cell death, is one protective
mechanism activated by the DDR cascade in response to extensive DNA damage
[35]. The ability to preferentially overcome cell cycle arrest and repair DNA dam-
age compared to non-GIC bulk tumor cell places GICs in a position to expand their
population and repopulate the tumor. Evidence in support of GICs as a source of
therapeutic resistance can be found by studying tumor composition following radia-
tion therapy. Expansion of the GIC population within recurrent tumors has been
confirmed by histological analysis of GBM samples collected at the time of salvage
surgery, after initial chemoradiation [41]. In addition, many clinical trials (though
not all) have failed to show a benefit to radiation dose escalation [42], radiosurgery
boost [43, 44], or brachytherapy boost [45, 46]. These data suggest that while radia-
tion may be effective at reducing the tumor bulk by targeting non-GICs, it exerts a
selective pressure favoring the outgrowth of an aggressive recurrent tumor through
the expansion of the GIC population. Efficient repair of DSBs is one possible mech-
anism for the superior response to ionizing radiation seen in GICs, and while the
exact cellular mechanisms responsible for this superior response are still being elu-
cidated, we will endeavor to outline the current understanding.

It is important to distinguish that thus far, the study of radioresistance in GICs
has not revealed an overexpression of proteins directly involved in the DDR cas-
cade. GICs commonly have a basal activation or preferential activation of these
proteins in response to ionizing radiation or possess mechanisms to overcome cell
cycle arrest checkpoints [39, 47, 48]. Interestingly, the specific proteins that are
preferentially activated and the degree to which they are activated vary between
patient-derived GIC specimens, suggesting that there is not a single mechanism for
radioresistance [49]. The cellular processes that support preferential DDR activa-
tion in response to radiation therapy could be indirectly stimulated by other aberra-
tions that are specific or predominant in the maintenance and proliferation of a GIC
population. One could further hypothesize that the resultant radioresistance of GICs
is a corollary of signaling that supports the GIC phenotype.
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A better understanding of the molecular response to radiation therapy can identify
targets for therapies aimed at the specific cellular components. Realizing this poten-
tial involves dissecting the DDR cascade. This signaling cascade includes multiple
sensor, transducer, and effector proteins. An important sensor of DNA damage is the
MRE11-RAD50-NBS1 (MRN) complex [50, 51]. This complex rapidly binds to
and assembles at foci of DNA damage and is an important activator of transducing
proteins that continue the cascade [52]. Two important transducing proteins are the
serine/threonine protein kinases ataxia telangiectasia mutated (ATM) and ataxia tel-
angiectasia and Rad3-related protein (ATR) [53]. These two proteins are members
of the phosphatidylinositol 3-kinase (PI3K) family and are key regulators of DSB
repair. ATM and ATR each activates checkpoint effector proteins CHK2 and CHK1,
respectively [53]. Each of these components may play a role in distinguishing the
GIC response to ionizing radiation compared to non-GIC.

The involvement of the MRN complex as a potential starting point for preferen-
tial activation of DDR proteins is significant for GICs. An upstream regulator of the
NBSI1 protein in this complex is preferentially expressed in GICs. The cellular sur-
face marker LICAM is preferentially expressed on GICs to maintain cell survival
and tumor growth [54]. Subsequent study of this marker identified a new function
of LICAM in promoting DDR checkpoint activation and radioresistance of GICs
through regulation of NBS1 [55]. The LICAM intracellular domain (L1-ICD)
translocates to the nucleus in response to radiation, and it was found that knock-
down of LICAM reduced levels of the transcription factor c-Myc [55]. c-Myc is
known to directly regulate NBS1 and is required for the ATM-dependent CHK2
activation, the downstream effector of the MRN complex in DDR [56, 57]. Taken
together, the preferential expression of LICAM provides a basis for the preferential
activation of DDR proteins by GICs in response to ionizing radiation.

The transcription factor c-Myc is an important regulator of stem cell biology in
both normal and cancer cells, and its transcriptional targets regulate proliferation,
apoptosis, and malignant transformation [58]. The oncogenic potential of c-Myc
was recognized in the 1980s, and further studies have demonstrated that overexpres-
sion of it correlates with poor prognosis in a variety of human tumors [59]. This
transcription factor is found to not only be required for GIC proliferation, growth,
and survival, but it is also expressed at higher levels in GICs compared to matched
non-GICs [60]. Knockdown of c-Myc significantly reduced GIC growth and prolif-
eration, and altered the expression of numerous cell cycle regulators downstream of
c-Myec. This effect was seen preferentially in GICs compared to matched non-GICs,
which were minimally disturbed [60]. The connection between L1CAM, c-Myc,
and the DDR machinery illustrates one of the ways that radiation resistance appears
tightly linked to the biology that defines GICs. Thus as a regulator of both stem cell
maintenance and radioresistance LICAM signaling represents an attractive target
for modulation of radiation therapy.

DSBs are sensed by the MRN complex and ATM, and these sensors are interde-
pendent for the recognition and signaling of DSBs. When both ATM and the MRN
complex are recruited to the foci of DNA damage the MRN complex accelerates
phosphorylation of inactive ATM dimers leading to their dissociation [51, 53, 61, 62].
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Each phosphorylated ATM monomer further activates itself by auto-phosphorylation
in a feed-forward mechanism to activate effector proteins including CHK2 kinase
[63]. The CHK?2 protein is a molecular switch which directly activates various tar-
gets. These include proteins involved in cell cycle progression, DNA repair, and
stimulation of apoptosis. The second transducing protein, ATR, functions similarly
to ATM, but predominantly in response to endogenous DNA damage. ATR may also
be activated in response to DSBs induced by ionizing radiation, though to a lesser
extent than ATM [64]. The signaling cascade downstream of ATR begins with acti-
vation of CHK1 [64]. CHK1 and CHK?2 demonstrate over-lapping, but nonredun-
dant, roles in their effects on cell cycle progression, DNA repair, and apoptosis [65].
One general distinction is the implication of ATM-CHK2 in the G1 checkpoint, with
ATR-CHKI1 having a more significant role in modulating the S- and G2-phase
checkpoints [66].

While the direct contributions of the ATM-CHK2 and ATR-CHKI1 remain
unclear, several findings support continued investigation of inhibitors of these pro-
teins as therapeutic targets. First, ATM-CHK?2 is preferentially activated in GICs
and inhibition of the CHK1/2 proteins improves GIC sensitivity to ionizing radia-
tion [39]. Second, ATM expression correlates with radioresistance in bulk GBM
cells [67], while its inhibitors have been found to increase the radiosensitivity of
bulk GBM cells and GICs treated with temozolomide and radiation [68, 69]. Other
targets for drug development can be found downstream of the CHK1/2 proteins.
The ATM-CHK?2 cascade activates transcription factors that alter the expression of
numerous genes including the receptor tyrosine kinase c-MET, which has specific
significance for GICs [70].

¢-MET is a receptor tyrosine kinase with downstream targets involved in a vari-
ety of cellular signaling pathways including proliferation, motility, migration, and
invasion [71]. c-MET is overexpressed in approximately 29 % of GBM patients and
directly correlates with poor prognosis [72—77]. While the gene MET is amplified
in only 5 % of GBM patients, its function is important in the context of GICs.
Subpopulations of GBM cells enriched for elevated c-MET expression from pri-
mary GBM possess stem-like characteristics such as in vivo tumor initiation [78].
c-MET is activated after interaction with its ligand, hepatocyte growth factor/scatter
factor (HGF/SF), which is secreted in an autocrine fashion by GICs [79]. This auto-
crine/paracrine loop is important for the maintenance of the GIC phenotype.
Irradiation upregulates the expression of c-MET in GICs, highlighting the signifi-
cance of this receptor and its potential to support recurrence following radiation
therapy [78].

In response to ionizing radiation, c-MET expression and activation are increased,
as is secretion of HGF, in both bulk GBM and GICs. These effects were linked to
the DDR by their abrogation upon treatment with an ATM inhibitor [70]. In addition
to supporting the maintenance and proliferation of the GIC phenotype, c-MET is
also found to stimulate tumor angiogenesis by induction of vascular endothelial
growth factor (VEGF) expression [80]. Furthermore, resistance to bevacizumab, an
anti-VEGF monoclonal antibody, can occur through c-MET activation of pro-
survival and invasion mechanisms [81]. Given the potential for tumor repopulation
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and recurrence afforded by processes stimulated by c-MET, the prospect of blocking
ionizing radiation-induced c-MET signaling could have tremendous therapeutic
benefit. Both in vitro and in vivo models have been used to test this hypothesis by
targeting the c-MET receptor with genetic approaches in combination with ionizing
radiation. Combined therapy with ionizing radiation and c-MET inhibition decreased
cell proliferation and tumor growth compared to ionizing radiation or c-MET inhi-
bition alone [80, 82], while another approach, targeting the c-MET ligand, HGF,
with three neutralizing antibodies, also decreased tumor volume [83]. Most signifi-
cantly, dual inhibition of the c-MET receptor and HGF-ligand expression combined
with ionizing radiation reduced proliferation and tumor volume while increasing
apoptosis, DNA fragmentation, and animal survival [84]. These data are strong sup-
port for investigating c-MET inhibitors such as cabozantinib (XL-184; Exelixis), in
combination with conventional GBM therapy [85].

A number of clinical trials are currently assessing new drugs targeting HGF/c-
MET signaling. Several of these drugs have completed studies in other solid tumors
such as skin, lung, and thyroid cancers, all of which are often driven by similar
molecular mechanisms found in GBM [86]. Cabozantinib, a pan-tyrosine kinase
inhibitor with high affinity for c-MET and VEGFR?2, is being testing in a phase II
clinical trial for recurrent GBM [87, 88]. Most notably, cabozantinib is also cur-
rently under investigation in a phase I trial assessing it in combination with concur-
rent temozolomide and radiation therapy [85]. Another approach to therapy aimed
at the HGF/c-MET pathway is ligand sequestration with a biologic drug. A mono-
clonal antibody against HGF, rilotumumab (AMG-102; Amgen), is currently under
investigation in two phase II trials as a single-agent therapy for recurrent GBM and
as a combination therapy with bevacizumab [89, 90].

Another component of radioresistance through the DDR may involve the Polycomb
group protein BMI1. The Polycomb group proteins act as epigenetic silencers, and
repress the expression of a range of proteins involved in the regulation of stem cell
function during embryonic development and may be directly involved in tumor initia-
tion [91]. BMI1 is part of the Polycomb repressive complex 1 (PRC1) and it has been
found to be essential in the maintenance of the stem cell phenotype in both neural
stem cells (NSCs) and GICs [92, 93]. Elevated expression of BMI1 in glioma corre-
lates with poor patient survival [94]. It has been recently described that ionizing radia-
tion stimulates the accumulation of BMII in chromatin and in DDR proteins.
Knockdown of BMI1 impaired the DDR and increased GIC radiosensitivity [92].
While a mechanism of BMII in radioresistance is unclear, current evidence suggests
that it represents a promising target for improving radiosensitization of GICs.

Thus far our discussion has focused on radioresistance mechanisms that relate
directly to activation of the DDR in response to ionizing radiation, but GIC
therapeutic resistance may involve molecular characteristics in addition to the radia-
tion stress response. It is very likely that there are multiple, nonexclusive pathways
that contribute to the radioresistance of GICs. It is also possible that pathways
involved in radioresistance may overlap and have interplay with signaling involved
in the maintenance and proliferation of the GIC phenotype, as evidenced by the
previous discussion of the L1CAM surface marker. Two pieces of evidence support
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alternative pathways. First, preferential activation of CHK1 and CHK?2 in GICs has
been described in the absence of ionizing radiation [48, 49]. Second, enhanced GIC
survival following ionizing radiation has been reported without differences in DNA
repair capacity compared to non-GICs [95]. These findings suggest that elevated
DNA repair in response to DDR activation may not be the only method of radiation
resistance at work in GICs. A number of other signaling pathways that are important
in the maintenance of the stem cell-like phenotype may play a role in the therapeutic
resistance of GICs.

The NOTCH signaling pathway is a highly conserved regulator of cell fate in
both embryonic and adult tissues. Its effect is largely dependent on the context of its
stimulation, but in the majority of tissues it contributes to the maintenance of an
undifferentiated state. Unsurprisingly, the NOTCH receptor is over-expressed in a
variety of cancer stem cells including GICs [96, 97]. NOTCH is a cell surface recep-
tor with an intracellular domain activated upon ligand binding similarly to
L1CAM. Following the binding of its ligand, DELTA/JAGGED, the NOTCH recep-
tor, is activated via proteolytic cleavage by y-secretase to promote the release and
nuclear translocation of the NOTCH intracellular domain (NICD) [98]. The activa-
tion of NICD promotes the activation of the PI3K/AKT pathway and expression of
NOTCH-regulated genes. These genes include c-Myc, Hesl, and Hey1, which are
responsible for promoting self-renewal and GIC maintenance [96, 99-101].

NOTCH is important for GICs in the absence of ionizing radiation. There is evi-
dence that treatment with high concentrations of y-secretase inhibitors decreases
tumorsphere formation, proliferation, and xenograft growth, as well as increases
differentiation. Ionizing radiation induces NOTCH activation in GICs, resulting in
the expansion of the GIC population [100]. Inhibition of NOTCH similarly improves
the radiosensitivity of GICs [102, 103]. y-Secretase inhibitors also enhanced the
radiation-induced cell death and impaired the clonogenic survival of GICs in com-
parison to non-GICs. Furthermore, knockdown of NOTCH sensitized GICs to radi-
ation and impaired xenograft tumor growth. Exogenous expression of constitutively
active NICD protected GICs from radiation and the effect of y-secretase inhibitors
was attenuated [100]. Importantly, the inhibition of NOTCH signaling did not dem-
onstrate changes in the DDR of the GICs, but reduced the activity through the PI3K/
AKT pathway in response to radiation therapy. Taken together this evidence sup-
ports the synergistic effect that y-secretase inhibitors can have with radiation ther-
apy in GBM treatment.

There are currently several clinical trials evaluating y-secretase inhibitors in the
treatment of patients with GBM [104]. One promising y-secretase inhibitor is
R0O4929097 which has been studied in a phase I trial in combination with chemora-
diotherapy for newly diagnosed glioma [105]. Investigation of this compound has
also moved into phase II studies as a single agent in patients with recurrent GBM
[106, 107]. RO4929097 is also being studied in phase II trials as combination ther-
apy with the tyrosine kinase inhibitor cediranib (AZD2171/AstraZeneca) in multi-
ple solid tumors, and with bevacizumab in patients with recurrent high-grade
gliomas [108, 109].
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The downstream mechanism of radiosensitization through NOTCH inhibition
highlights an intracellular signaling axis that has long been studied in GBM biology,
the PI3K/AKT axis [110]. This pathway is a mediator of cell survival and invasion
signaling pathways and is commonly dysregulated in GBM [111, 112]. Similarly,
upstream regulators of PI3K/AKT are found commonly mutated in GBM, increas-
ing signaling through this axis [113—115]. This axis is known to be important for
GIC maintenance, as direct inhibition of AKT alone preferentially increased apop-
tosis, and reduced neurosphere formation, migration, and invasion in GICs com-
pared to non-GICs [116, 117]. In established GBM cell lines radiation therapy is
found to stimulate AKT activation and increase both survival and invasion signaling
[118-120]. Given the importance of PI3K/AKT in GIC biology it is reasonable to
conclude that radiation therapy has similar effects on GICs, and a number of labo-
ratories have found that inhibition of AKT improves radiosensitivity of both GICs
and established GBM cell lines in vitro and in vivo [100, 121-124]. While different
mechanisms of AKT-mediated radioresistance have been suggested, including
effects on DNA repair capacity or the ability to overcome cell cycle arrest, the bot-
tom line is that this pathway represents an integral target for therapeutic radiosensi-
tization [125]. Further elucidation of the downstream effectors of PI3K/AKT
involved in radioresistance will be important, but the number and variety of inhibi-
tors of this pathway that are currently in clinical trials are promising.

Another cellular response pathway, downstream of PI3K/AKT, that is induced
by radiation and may contribute to the radiation resistance of GICs is autophagy
[126]. Autophagy is an intracellular degradation system that cells can use to break
down and recycle their contents to provide an alternate source of energy in response
to metabolic stress or starvation. This is an important homeostatic process which
can contribute to therapeutic resistance in many cancers, or when unchecked can
lead to cell death [126]. Ionizing radiation induces autophagy preferentially in GICs
compared to non-GICs and GICs are found to express higher levels of autophagy-
related proteins (LC3, ATGS, and ATG12) [127]. In further support for autophagy
as a target for radiosensitization is evidence that autophagy inhibitors and gene
silencing that targets autophagy genes reduce GIC survival and their ability to form
neurospheres following radiation [127].

Unfortunately, the benefit of inhibiting autophagy in combination with radiation
is not completely clear as other studies demonstrated that activation of autophagy
instead of its inhibition can have a radiosensitizing effect. The mammalian target of
rapamycin (mTOR) acts as a major checkpoint in the regulation of autophagy sig-
naling, integrating stimulation via PI3K/AKT and the cell’s nutrient sensing appa-
ratus [128]. One approach to radiosensitization activated autophagy using inhibitors
of the mTOR signaling pathway combined with radiation and observed an increase
in radiosensitivity, neural differentiation, and a reduction in the self-renewal and
proliferative capacities of GICs [129, 130]. Another approach, which used a combi-
nation of cilengitide, an o, integrin inhibitor that is currently in clinical trials, and
radiation to induce autophagy found that it enhanced cytotoxicity and decreased cell
survival in GICs [131]. Taken together, the evidence supports a role for autophagy
in the GIC response to ionizing radiation, but does not indicate a clear direction for
therapeutic intervention.
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The in vitro study of GICs has provided an excellent picture of intracellular
mechanisms of GBM radioresistance, but some groups have questioned whether it
is a sufficient model for studying the radioresistance that GBM displays in situ
[132]. The relative difficulty in studying radiation survival curves (considered by
many to be the gold standard in assessment of radiosensitivity) in GIC compared to
non-GIC populations and conflicting evidence regarding the precise mechanisms of
radioresistance (specifically preferential elevations in DSB repair capacity between
GICs and non-GICs) suggest that in vitro analysis may be subject to cell line-
dependent variability, and by itself is not optimal for therapeutic testing [47, 49].
Another approach, that has accumulated a strong body of evidence, is to assess the
role of the tumor microenvironment in the radioresistance of GICs. This model is
supported by evidence that stimuli found in the tumor microenvironment are inte-
gral in the maintenance and proliferation of GICs in vitro [133—-136]. The microen-
vironment can contribute to differences in DNA repair capacity seen among different
GIC lineages, as sections of irradiated tumors generated from GIC versus non-GIC
cell populations display differences in DSB repair capacity while when the cell
populations were irradiated in vitro the DSB repair capacities were similar [132].
This suggests that there are signaling cues found in vivo that drive the radioresis-
tance of GICs.

The field of radiation biology has recognized for nearly 100 years that a cell’s
microenvironment can have protective or sensitizing effects on the DNA-damaging
properties of ionizing radiation [137]. These effects can be physical, such as the
availability of oxygen for the generation of DNA-damaging free radicals, or bio-
logical, such as molecular signaling that promotes DNA repair and cell prolifera-
tion. In GBM, the therapeutic implications of the microenvironment are becoming
apparent as we gain insight into how GICs exist in the context of their tumoral loca-
tion. The current understanding of GBM tumors identifies specific anatomical and
functional locations within the tumor, termed “stem cell niches,” where signaling
cues and nutrient availability promote the survival and proliferation of GICs [136,
138]. GICs tend to cluster in niches characterized as perivascular and hypoxic,
though there may be other general types.

The concept of a niche to support the stem cell phenotype is parallel to the micro-
environments identified in the support and maintenance of neural stem cells (NSCs).
The NSC niche, well characterized in murine models, is understood to be an interac-
tive structural unit, concentrated around blood vessels, where the NSCs have access
to signaling molecules, nutrition, and use of vasculature for migration [138]. GICs
have similarly been found to be regulated by relationships to endothelial cells for
their maintenance and self-renewal [139].

Paracrine signaling from endothelial cells can support GIC renewal and
proliferation [140]. In an interesting in vitro model, GICs were cocultured with or
without tumor microvascular endothelial cells (tMVEC) isolated from the same
tumor specimen and exposed to radiation therapy and/or chemotherapy with temo-
zolomide. GICs cultured with tMVECs not only recovered from the therapeutic
insult more quickly, but the cultures were enriched for the GIC phenotype, as seen
in recurrent GBM following chemoradiation [141]. This suggests that a combina-
tion of soluble and membrane-bound factors from endothelial cells can contribute to
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GIC maintenance and radioresistance. Endothelial cell expression of the NOTCH
ligand is found to drive GIC self-renewal and proliferation, in addition to the previ-
ously discussed role of NOTCH signaling in radioresistance [ 142, 143]. Furthermore,
endothelial cell production of nitric oxide is found to stimulate transcription of
NESTIN, a protein highly expressed in GICs, and Hes1, a target of NOTCH signal-
ing. It was also found that the production of nitric oxide by endothelial cells stimu-
lated the development of the stem cell phenotype in cultured GBM cell lines and the
expansion of GICs [144].

GICs are not only passive receivers of this paracrine stimulus from endothelial
cells. Lineage tracing studies of GICs in 21 GBM xenografts demonstrated that they
gave rise to pericytes in vivo [145]. GICs are capable of recruiting endothelial cells
and stimulating tube formation, supporting their active role in remodeling the micro-
environment [146, 147]. GICs are key players in this dynamic process, giving rise to
tumors with greater vascularity, necrosis, and hemorrhage compared to tumors gener-
ated from non-GICs [146]. The model for development of these qualities suggests that
rapid growth of the tumor cells surpasses the supportive capacity of the available
blood supply, creating hypoxic zones that stimulate angiogenic signals and give rise
to disorganized tumor vasculature. Given that necrosis and angiogenesis are both
characteristics of GBM, and that extensive necrosis is a negative prognostic factor in
GBM patients, a number of therapies have attempted to target the molecular compo-
nents that drive the development of these microenvironments [4]. One of the most
promising of these therapies has been the monoclonal antibody against the cytokine
vascular endothelial growth factor (VEGF), bevacizumab [148, 149].

GICs produce much higher levels of VEGF, upregulated 10-20-fold, compared
to non-GICs, under both normoxia and hypoxia [146]. Both in vitro and in vivo
evaluation of bevacizumab has shown that it is capable of abrogating the angiogenic
signaling of GICs and reducing tumor vasculature [146]. Unfortunately, the use of
bevacizumab clinically is presenting a more complicated picture, with recent evi-
dence showing no survival benefit in the treatment of newly diagnosed GBM, but
there may still be efficacy in progressive or recurrent disease [150]. VEGF is not the
only important player in the signaling of the perivascular niche, and the relationship
between GICs and endothelial cells has a number of implications for the use of ion-
izing radiation because interactive signaling with endothelial cells promotes GIC
survival [139, 141].

GICs are recruited to endothelial cells via chemotactic signals with SDF-1/
CXCR4 and were stimulated to differentiate into pericytes due in part to TGFf
secreted by endothelial cells. The cytokine SDF-1 plays a well-established role
in the invasive behavior of GICs, in addition to exerting proliferative and antiapoptotic
stimulus on a variety of glioma cell lines in vitro [151-153]. This axis may have
a particularly detrimental role in GBM because its expression is induced by
hypoxia and it can then support radioresistance and recurrence following ioniz-
ing radiation.

TGFB is an intriguing cytokine because it is found to stimulate either tumor sup-
pression or disease progression in different cell types and tumors [154]. In normal
brain tissue TGFp has an antiproliferative effect, whereas GBM tumors are known
to express this cytokine abundantly and to proliferate in response to it [155]. Decades
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of research suggests that GBM tumors have overcome the antiproliferative effects,
and instead the abundance of TGFJ produced by tumors may exert suppressive
effects on the host antitumoral immune response [134, 156]. In GICs, TGFp
improves the tumorigenicity of injected cells in xenograft models and it stimulates
transcription factors that play a role in stem cell maintenance [157-159].

Ionizing radiation induces the expression of TGFp, likely through a mechanism
that involves reactive oxygen species, and TGFp has been directly linked to the
DDR and radiosensitivity. In studies of a TGFf inhibitor combined with ionizing
radiation the neurosphere-forming capacity and repair of DNA damage were
reduced in GICs and in bulk tumor specimens. There was a corresponding induction
of self-renewal signals through NOTCH and CXCR4 when TGFp inhibition and
radiation therapy were combined suggesting a possible escape mechanism for
radioresistance [160]. Taken together, this evidence supports a role for anti-TGFp
therapy in targeting GIC radioresistance.

Despite abundant angiogenic signaling in GBM, the rapid growth of the tumor
cells will outstrip their ability to stimulate sufficient vessel growth. This phenomena
is evident in the highly disorganized vessels and variable oxygen tension across
GBM tumors [161]. Most solid tumors, including GBM, contain regions of irregular
blood flow creating fluctuating and abnormal levels of oxygen tension [162].
Analysis of normal brain and glioma revealed that the physiological concentration
of oxygen in healthy brain tissue ranges from 12.5 to 2.5 % (pO,=100-20 mmHg).
However in GBM masses there is mild to moderate/severe hypoxia with oxygen
concentrations ranging between 2.5 and 0.5 % (pO,=20-4 mmHg) for mild and
0.5-0.1 % (pO,=4-0.75 mmHg) for severe hypoxia [163, 164]. The result of this
loss of oxygen and nutrients is necrosis, a characteristic of GBM. Tumor hypoxia is
a negative prognostic factor in GBM patients and is associated with tumor aggres-
sion. These correlations may be linked to GIC biology. The hypoxic niche paradoxi-
cally represents another supportive microenvironment for GICs as hypoxia increases
the expression of some markers of GICs in glioma cells [165-167].

The necrotic cores of GBM have elevated expression of cellular markers of
hypoxia and the GIC phenotype [168, 169]. Reduced oxygen levels are found to
promote the formation of neurospheres in both GICs and non-GICs, and the stem
cell genes Sox2 and Oct4 are upregulated in glioma cells under moderate hypoxia
[170]. In both normal cells and tumors the response to hypoxia is mediated through
induction of the hypoxia-inducible factors (HIFs) [162]. The HIF proteins are het-
erodimeric and exist as a beta subunit which is constitutively present in the nucleus,
and alpha subunits which are typically cytosolic and degraded rapidly in the pres-
ence of oxygen. The HIF alpha subunits are analogous to an on/off switch, and
when regulated by prolyl hydroxylase, which promotes their ubiquitination and
degradation by the proteasome in well-oxygenated environments, they are off. In
poorly oxygenated environments the function of prolyl hydroxylase is impaired,
allowing the stabilization of the HIFa subunits, their translocation to the nucleus,
binding of the beta subunit, and subsequent transcriptional activation of a number of
target genes [171]. The alpha subunits HIF1la and HIF2a have well-characterized
function, and while there is some overlap they differ in their activity at different
levels of hypoxia and in their transcriptional targets [172, 173]. Both HIFla and
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HIF2a are critical for GIC function, with knockdown of either one individually
reducing neurosphere formation of GICs in vitro, and in vivo their knockdown cor-
related with increased survival in mice bearing intracranial xenografts.

While both HIF1a and HIF2a are critical for GICs, HIF2a represents a more
attractive therapeutic target. First, both neuronal stem cells and normal endothelial
cells rely on HIFla so targeting this protein will have a limited therapeutic index
[174]. Second, HIF2a« is preferentially expressed in GICs and upregulates the spe-
cific stem cell factors Nanog, Oct4, and Sox2 [30]. Uniquely, HIF2a can also pro-
mote the GIC phenotype in non-GIC cells [33, 170, 173]. Experimental expression
of HIF2« in non-GICs induced the expression of the genes Oct4, Nanog, and c-myc
[30]. Expression of a non-degradable HIF2a increased the ratio of GICs to non-
GICs, and overexpression of HIF2a in non-GICs increased their tumorigenic poten-
tial in mouse xenograft models [173]. HIF proteins are also important mediators of
angiogenic signals from GBM as VEGF is a downstream target of HIF as are other
pro-angiogenic signals such as angiopoietins [162, 175, 176].

Taken together the data indicate that HIF2« targeting is an attractive approach to
GICs and may be useful in combination with ionizing radiation as it could reduce
the proportion of these highly resistant cells within a patient’s tumor. The potential
for broad spectrum drugs, such as the aminoglycoside digoxin, to decrease HIF
protein levels in vitro and inhibit tumor growth in xenografts has been demonstrated
[177]. However, this therapy would suffer from the therapeutic index limitations
due to its targeting of both HIFla and HIF2a. It is possible to develop HIF2a spe-
cific inhibitors, but unfortunately there are no drugs currently under clinical evalua-
tion [178].

Beyond contributing to the maintenance and potential expansion of the GIC pop-
ulation, tissue hypoxia represents a challenge to radiation therapy in a mechanistic
way. A major concept in radiobiology, for more than 60 years, is the recognition that
the proportion of hypoxic cells in a tissue decreases its radioresponsiveness. In
tumors, the hypoxic cells tend to be clustered in the center of the mass, most distant
from the vasculature. The challenge posed by the hypoxic cores of most solid
tumors is that the cells can still give rise to recurrence. The hypoxic cores of most
solid tumors display radioresistance relative to their level of hypoxia, with a dose
modifying effect. The dose modifying effect of the hypoxia found commonly in
GBM tumors is such that to achieve the equivalent cytotoxic effect desired at nor-
moxia, three-times the radiation dose must be administered. This suggests that an
improvement in tumor hypoxia could dramatically improve the effect of ionizing
radiation in GBM.

Because radiation therapy is a mainstay in the treatment of GBM its effect on the
normal tissue of the brain, in addition to the tumor, are necessary to assess its thera-
peutic index. It is also important to understand the impact of radiation on the micro-
environments and cellular changes induced in the brain of a GBM patient.
Historically, this has not been a major focus of research in the GBM field, but as we
learn more about extensive changes in gene expression in both normal and cancer
cells induced by radiation we need to give more consideration to these effects [179—
181]. One population of normal cells that are particularly sensitive to the effects of
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radiation are the NSCs. The relationship between GICs and NSCs is an area of
intense study, and the striking similarities in phenotypes and overlapping signaling
systems that support each population’s maintenance are important to recognize. The
subgranular zone (SGZ) of the hippocampus and the subventricular zone (SVZ) of
the lateral periventricular region have been found to harbor and maintain a popula-
tion of NSCs that can differentiate, migrate, and integrate into other functional brain
regions [182].

NSCs are exquisitely radiosensitive, and the regenerative capacity of the cells in
both the SGZ and SVZ can be impaired by even low to moderate levels (0.5-5 Gy)
of radiation, and these changes may persist for as long as 25 months in rodents and
humans [183—-185]. While there is significant evidence linking damage (either cyto-
toxic chemotherapy or radiation induced) to the SGZ and hippocampus to neuro-
cognitive decline, there is less evidence linking damage to the SVZ and decline in
function [186]. A better understanding of the potential damage that radiation to the
SVZ may cause patients will be necessary in the future.

Similarly important is the need to address questions regarding interaction
between NSCs and GBM. Given that certain autocrine/paracrine signaling loops are
implicated in the maintenance and survival of both NSCs and GICs, it is possible
that NSC niches could support GIC development or even provide a pool for their
population to arise from. There is currently no direct evidence elucidating the rela-
tionship between NSCs and GICs in tumor cells; however, preclinical models sup-
port anumber of hypotheses that link the SVZ to tumor recurrence. Tumor-suppressor
gene deletions in NSCs have shown that they can be a source of tumorigenesis,
giving rise to tumors in the brain that resemble the invasive and malignant potential
of human gliomas [187-191]. Models in mice and rats that investigated the vascular
niche thought to support the NSCs of the SVZ have shown the potential for secreted
factors in this microenvironment to induce glioma-like hyperplasias [192], and
migration patterns of NSCs have been found to infiltrate gliomas with both support-
ive and inhibitory effects on glioma progression [193, 194].

While the nature of the relationship between GICs and NSC niches is currently
unclear, a number of studies have implicated the SVZ as a target of radiation to
sterilize possible microinvasive disease [195]. Clinical evidence similarly suggests
a relationship between glioma progression and involvement of the SVZ. Patients
that have tumors contacting the SVZ have been found to have a poorer survival
compared to those that do not contact the SVZ [196, 197]. Furthermore, retrospective
clinical evaluations are interrogating the role of radiation in a possible therapeutic
enhancement targeting the SVZ [198, 199].

In conclusion, the study of GICs has provided us with a powerful model to
understand the radioresistance of GBM. The heterogeneity inherent in GBM is par-
tially responsible for the difficulty in finding effective treatment. It is clear that
GICs possess a variety of intracellular adaptations allowing them to preferentially
survive and even proliferate in response to radiation. This model has helped to iden-
tify or support a number of potential targets for therapeutic radiosensitization,
which are under clinical investigation to improve patient survival. Unfortunately
such targeted therapies may fall short if factors present in the microenvironment of
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this disease persist or are even recapitulated by our treatments. The possibility that
cellular phenotypes within the tumor are dynamically regulated by extrinsic stress
and signaling, such as that stimulated by radiation, suggests that modulation of
radiation’s effectiveness alone may not be enough to improve patient survival.
Further investigation of radiation therapy in GBM and other stem cell neoplasms of
the central nervous system should focus on disrupting the intracellular mechanisms
of resistance and microenvironmental stimuli.
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Abstract Glioblastoma remains a tumor with a dismal prognosis because of failure
of current treatment. Glioblastoma cells with stem cell (GSC) properties survive
chemotherapy and give rise to tumor recurrences that invariably result in the death
of the patients. Here we summarize the current knowledge on chemoresistance of
malignant glioma with a strong focus on GSC. Chemoresistant GSC are the most
likely cause of tumor recurrence, but it remains controversial if GSC and under
which conditions GSC are more chemoresistant than non-GSC within the tumor.
Regardless of this uncertainty, the chemoresistance varies and it is mainly mediated
by intrinsic factors. O6-methyl-guanidine methyltransferase (MGMT) remains the
most potent mediator of chemoresistance, but disturbed mismatch repair system and
multidrug resistance proteins contribute substantially. However, the intrinsic resis-
tance by MGMT expression is regulated by extrinsic factors like hypoxia increasing
MGMT expression and thereby resistance to alkylating chemotherapy. The search
of new biomarkers helping to predict the tumor response to chemotherapy is ongo-
ing and will complement the already known markers like MGMT.
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Introduction

Glioblastoma multiforme (GBM) is the most common primary brain tumor and the
prognosis of affected patients remains dismal in spite of recent improvements of
chemo- and supportive therapy. The average survival of patients receiving opti-
mized multimodal treatment including resection, radiotherapy, and concomitant and
adjuvant chemotherapy with temozolomide as well as supportive treatment is about
15 months [1, 2]. The average survival of all patients is even lower [3]. GBM is
unique among the most aggressive tumors in humans, because they hardly metasta-
size. However, they show all signs of malignancies including invasive growth and
marked resistance to therapy [4]. The major pillar of today’s treatment remains
radiotherapy constituting the most effective part of all current therapeutic regimes.
However, it was not possible to substantially improve the therapeutic effect of radio-
therapy despite multiple approaches aiming at optimization of treatment protocols.
Current research therefore mainly focuses on the reduction of side effects [5]. Thus,
new and more effective chemotherapeutic strategies are needed. GBM displays a
substantial resistance to a multitude of chemotherapeutic drugs and the alkylating
drugs nitrosourea-derivates (ACNU, BCNU, and CCNU) and temozolomide are the
only substances with a proven efficacy against GBM.

Gliomas are subclassified into astrocytic, oligodendroglial, oligoastrocytic
(“mixed gliomas”), and ependymal tumors according to their histological similari-
ties to different types of glial cells [4]. Moreover, gliomas are subdivided according
to their malignancy in WHO I-IV tumors with GBM corresponding to IV tumors.
GBM is clinically further divided into primary and secondary GBM dependent on
its origin with secondary GBM developing out of II-III gliomas [6]. On a molecular
level, GBM comprises at least four different subgroups that do not show any clinical
significant differences with response to standard therapy based on surgery, radio-
therapy, and chemotherapy with TMZ [7-9].

GBM is driven by tumor cells with stem cell properties (GBM stem cells, GSC)
that show high similarities with neural stem cells [10]. They possess all properties
of somatic stem cells including infinite growth, asymmetric cell division, and mul-
tipotency (differentiation into tumor cells showing properties of all neural lineages),
and are able to reconstitute the original tumor after transplantation into nude mice
[11-13].

Although GSC and NSC share common properties, e.g., stem cell properties, it
is still unclear if NSC represent the cell of origin of GSC [14]. Alternative hypoth-
eses include among others GSC evolving from more differentiated cells via acquisi-
tion of stem cell properties and dedifferentiation [15].

The Cancer Stem Cell Model and Chemoresistance

The initial concept of cancer stem cells (CSC) postulated that each cancer is orga-
nized hierarchically with CSC at the top of the hierarchy [16] (Fig. 1). Although this
model was already proposed in the 1970s [17], it became very popular in recent
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Fig. 1 Cancer stem cell models of chemoresistance. An overview over the classical model of
chemoresistance (a) and a modified model (b) is given (BBB blood-brain barrier)

years due to the availability of suitable markers allowing the prospective isolation
of the CSC. It turned out that the model did not fit to all tumors because in some
solid tumors—e.g., melanoma—the vast majority of tumor cells may have stem cell
properties. The model was therefore recently revised and a modified model tried to
include recent data [18].

GBM cells with stem cell properties was first isolated in 2002 by Ignatova et al.
[12] and these findings could be reproduced by many groups in almost all GBM [11,
13, 19-27]. The cell of origin of GBM (like other astrocytic tumors) and thereby of
GSC remains unknown [14]. The name of the respective tumors derives from
histological similarities with the respective glial cells. Although astrocytes (and
even neurons) can be transformed into GBM-like tumors in different mouse models
[28-30], tumors develop from NSC in most animal models with spontaneous GBM
formation [30-33] and NSC were therefore considered to be the putative cells of
origin of GBM GSC.

NSC are a small subpopulation of cells in the neurogenic regions in the adult
brain around the ventricles (subventricular zone) and in the hippocampus. They
reside in neurogenic niches that have been extensively characterized recently.
Briefly, NSC give rise to rapidly proliferating progenitor cells that further develop
a.o. to dedicate cells like neuroblast and glial progenitor cells. These neuroblasts
migrate in rodents — and most likely also in humans — to their target structures in the
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bulbus olfactorius and the hippocampus (overview in: [34, 35]). One important
detail of neurogenesis is the strict hierarchy with cells developing (under physiolog-
ical conditions) always unidirectional from undifferentiated NSC—with the ability
to proliferate infinitely—towards more differentiated cells with limited or no prolif-
eration capacity.

GSC turned out to be very similar to NSC. Because NSC show a marked tropism
towards GBM [36], the initial publications were asked to prove by the use of genetic
markers that the cells investigated actually are GSC and not invading NSC. Both
NSC and GSC require similar growth conditions and spontaneously differentiate
into cells expressing markers of glial, neuronal, and oligodendroglial lineages. They
even differentiate partially into electrically active neurons with though impaired
function [10]. However, GSC formed GBM-like tumors after implantation into nude
mice, while NSC integrated into the brain tissue without tumor formation. Based on
these similarities, it was tempting to assume that GSC develop from NSC and that
GSC share common properties with NSC with respect to resistance to cytotoxic
drugs (e.g., chemotherapy).

In NSC cultures, the use of chemotherapeutic drugs like ARA-C selectively
kills rapidly proliferating cells and therefore depletes all progenitors with the stem
cell compartment remaining and being able to recapitulate the cell culture [37].
This approach therefore allows isolating the bona fide stem cells by their relative
chemoresistance to ARA-C. Another approach is also based on the low prolifera-
tion rate of NSC. NSC are labelled by a modified uridine (BrdU) being incorpo-
rated into the DNA. While proliferating cells distribute labelled BrdU to their
daughter cells, NSC maintain BrdU and are therefore named as “labelling retain-
ing cells.” BrdU-retaining cells are often considered to be equivalent to bona fide
stem cells.

The relative resistance of NSC to ARA-C therefore gave rise to the hypothesis
that GSC are also relatively chemoresistant and are thus the likely cause of che-
moresistance in GBM. This concept was further supported by experiments using
the fluorochrome Hoechst 33342. NSC removed Hoechst 33342 from the cell
soma (“side population”) due to the expression of transporter proteins (MDR1/p-
glycoprotein, ABCG2) that were also able to remove chemotherapeutic drugs from
the cell soma (“multidrug resistance proteins,” see below, [38, 39]).

This leads to the hypothesis of GSC being more resistant to chemotherapy than
non-stem cells, and of GSC therefore constituting the major mediator of resistance
to chemotherapy and tumor recurrences [16]. The transient effect of the chemo-
therapy with tumor shrinkage was attributed to the death of rapidly proliferating
progenitor cells without stem cell properties that were postulated to be the main
targets of (chemo-)therapy. According to this hypothesis, the lack of current chemo-
therapies to eliminate the bona fide stem cells is the reason for chemoresistance.
This model became very popular and remains a pillar stone in the field’s perception
of GSC and chemoresistance (Fig. 1).
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Major Problems of the Classical CSC Model of Chemoresistance

However, in recent years, several inconsistencies in this otherwise very intriguing
model became apparent raising doubts doubts if this model—at least in this over-
simplified version—holds true in GBM.

Cellular Hierarchy

The classical model of chemoresistance due to GSC postulates and requires a unidi-
rectional development from stem cells to progenitor cells to differentiated cells
[16]. This implicates that the elimination of the bona fide stem cells, and thereby the
top of the hierarchy, will be sufficient to eliminate tumor growth. However, a
detailed analysis of the GSC cultures in recent years unveiled that the hierarchical
model is clearly an oversimplification in most GBM [40].

Differentiated Cells Can Acquire Stem Cell Properties

Differentiated cells can acquire stem cell properties, e.g., by hypoxia-induced HIF
2a expression [41]. This concept is supported by a recent publication reporting the
selective elimination of all cells expressing “nestin” from tumor in a mouse model
of spontaneous GBM. Nestin is an established marker with broad expression in
stem and progenitor cells but with low specificity. Even though the selective elimi-
nation was successful, the elimination did only transiently reduce the growth of the
tumor but could not completely stop tumor growth [42]. Because the recurrent
tumors derived from nestin-positive GSC, this raises substantial doubts on the pres-
ence of a unidirectional hierarchy in GBM. Likewise could Auffinger et al. show
that sublethal concentrations of chemotherapy may induce stemness in differenti-
ated cells [43].

Different Types of GSC Coexist Within GBM
Substantial evidence suggests that GBM may comprise different types of

GSC. While subgroups of them may be hierarchically organized, they are also able
to transform into one another dependent on the local environment [40].

The Heterogeneity of GSC Reflects the Heterogeneity of GBM

The molecular diversity of GBM on a cellular, RNA, DNA, and protein level [9] is
reflected by the heterogeneity of GSC. Although all groups used different approaches
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[7, 8, 44], all groups succeeded to describe two groups of GSC resembling proneural
(PN) and mesenchymal (Mes) GBM. These subtypes may transform into each other
as suggested by a recent publication of Bhat et al. [45].

Progenitor Cells

The classical model of chemoresistance requires a hierarchy with slowly
proliferating, chemoresistant GSC at the top of the hierarchy and rapidly proliferat-
ing, chemo-susceptible progenitor cells as intermediate-stage cells. Although there
is no doubt about the existence of GBM cells with stem cell properties, the other
parts of the hierarchy are only partially characterized. It is among the most surpris-
ing facts in the research on GSC that the postulated progenitor cell compartment,
despite representing a crucial part of the initial model, is hardly characterized. The
most likely explanation is the lack of valid markers to prospectively isolate these
cells. So far, there is only indirect evidence for the existence of progenitor cells
from a study investigating a hierarchically organized GSC line. Here, the loss of
telomere length and differences in the telomerase expression suggested the presence
of CD133/telomerase™ progenitors [46].

Clinical Data

The classical CSC model postulates shrinkage of the tumor after therapy by prefer-
ential elimination of non-stem cells. However, in the clinical practice, GBM hardly
ever shrinks after standard radiochemotherapy [47]. The tumor may remain stable
over several months without treatment. Even if therapy would substantially affect
the progenitor cell pool, this can hardly explain the transient effect of therapy with-
out relevant tumor shrinkage.

Cancer Stem Cells and Chemoresistance

In spite of the doubts regarding the applicability of the CSC model to GBM, there
is consensus that GSC (i.e., stem cell-like GBM cells) explain recurrence after che-
motherapy. In the last 10 years, many laboratories have provided data on the effects
of chemotherapy on GSC. Almost all publications used TMZ for their experiments
and there is only enough data on TMZ and GSC allowing to distillate what is
accepted knowledge and which topics are under discussion or unresolved.

One major controversy focused on if all GSC are chemoresistant to all drugs.
The experimental data provided in the last 7 years is conflicting and does not allow
a simple “yes/no” answers to this question—the reality turned out to be much more
complex than previously thought [48].
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Due to theoretical considerations, there is broad consensus that tumor recurrences
after chemotherapy develop from cells with stem cell properties. Data in support of
this concept were provided by mouse models and patient samples.

Using a murine mouse model with spontaneous development of GBM, Chen
et al. could prove that cells expressing the stem cell marker nestin are crucial for
tumor recurrence after TMZ treatment. In this model, GBM-like tumors developed
spontaneously from the neurogenic regions in the brain. NSC residing in these
regions are characterized by the expression of the neurofilament nestin. The parallel
expression of GFP and thymidine kinase under the nestin promoter allowed the
selective identification and elimination of nestin-expressing cells using ganciclovir.
After TMZ treatment, both the number of proliferating cells and the number of stem
cells were reduced substantially and recurrent tumor developed from stem cell-like
tumor cells that started to proliferate again as early as 5 days after TMZ treatment.
The treatment of ganciclovir substantially reduced tumor growth but could not com-
pletely eradicate the tumor [42].

Similar findings were found in patient samples. Pallini et al. compared the stem
cell content of tumor probes before combined radiochemotherapy and of recurrent
tumors [49]. They could show that the proportion of tumor cells expressing the stem
cell marker CD133 increases up to 20x after combined radiochemotherapy suggest-
ing an enrichment of stem cell-like cells. This clearly suggests an enrichment of
stem cell-like cells in recurrent brain tumors after therapy and supports the concept
of stem cells as a mediator of tumor recurrence [50].

There is a broad consensus that CSC are more resistant to radiotherapy than cells
without stem cell properties. Different groups could reproduce the key experiments
and several mechanisms are postulated mediators of this resistance (e.g., [21, 51]).
However, it is more controversial if stem cells are actually more resistant to chemo-
therapy with TMZ as compared to cells without stem cell properties within the same
tumor [52-54]. The next paragraph describes results of several experiments that
have been provided by different laboratories. However, they do not allow a definite
answer a.0. because of the lack of perfect stem cell markers for in vitro and in vivo
research.

A series of publications consistently reported that GSC (cultured under serum-
free culture conditions) displayed an increased resistance to chemotherapy as com-
pared to GSC cultured under culture condition favoring tumor cell differentiation
(with serum, [23, 55]). However, the culture conditions also change the growth pat-
tern of the cells (sphere formation when culture using serum-free “stem cell
medium”), which per se confers resistance to TMZ. So far, it was not technically
possible to perfectly control for “growth pattern” as a relevant biasing factor [56].
Conversely, all laboratories reported that pulse treatment with TMZ rapidly and
substantially eliminates clonogenic cells from in vitro cultures and may eliminate
growth completely without killing the cells in some GSC lines [52, 57-59]. TMZ
pulse treatment also reduced the expression of stem cell markers like nestin and
CD133 suggesting that stem cells were eliminated [52, 60]. This effect appears
robust and reproducible.
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However, cells that survived a single-pulse treatment with TMZ give rise to cell
culture that closely resembles the initial cultures suggesting that GSC survived [61]
and that the elimination of clonogenic cells (and stem cell marker expression) may
have been mainly due to elimination of postulated progenitor cells. Due to the lack
of nonambiguous and unique stem cell markers it was not possible at the moment to
precisely prove if TMZ has a stronger effect on stem cells as compared to non-stem
cells, especially the group of postulated progenitor cells. A final interpretation of the
described effects is therefore pending.

In contrast, chronic treatment with TMZ enriches for tumor cells with stem
cell properties, induces stemness, and thereby increases the tumor aggressiveness
[43, 53, 61]. Using a murine model of glioblastoma, Bleau et al. could show that
long-term treatment with subtoxic concentration of the TMZ substantially
increases tumorigenicity and tumor growth [53]. Auffinger et al. detected an
induction of stem cell properties in differentiated glioma cells after TMZ treat-
ment [43]. In line with these results, in vitro treatment with sublethal TMZ con-
centration for 21 days increased both the proportion of CD133-expressing and
clonogenic cells. It remains difficult to interpret data from a recent clinical trial
comparing different dosing schemes: the authors did not find a difference between
shorter treatment (5 of 28 days) and more chronic treatment (21 of 28 days with a
lower daily dose) neither with respect to progression-free survival nor with over-
all survival [61].

A recent paper now proposed that there is no difference between stem cells and
non-stem cells to combined radiochemotherapy, although the technical approach
used in this publication bore several limitations [62].

Concept of Intrinsic vs. Extrinsic Resistance of GSC

Irrespective of the intriguing question if GSC are more chemoresistant than more
differentiated tumor cells and if the cellular hierarchy remains intact in GBM, there
is no doubt that therapies aiming at the prevention of tumor recurrence have to suc-
cessfully eliminate all GSC (and likely all other cells with the ability to acquire CSC
properties). It is therefore of outstanding importance to understand the mechanisms
providing chemoresistance to GSC.

GSC may resist chemotherapy due to endogenous resistance mechanism
(“intrinsic chemoresistance”) like the overexpression of MGMT. The chemoresis-
tance may also be dependent on extrinsic factors like metabolic conditions in the
microenvironment (e.g., hypoxia) or be caused by aberrant activation of signaling
pathways (e.g., EGF-PI3 kinase-AKT). This “extrinsic chemoresistance” may
effectuate its effects via activation of proteins responsible for detoxification of
TMZ. Alternative extrinsic factors may modulate proliferation or state (e.g., induc-
tion of dormancy) of cells. Extrinsic chemoresistance is reversible and therefore
potentially targetable [48, 63].
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Mechanisms of Chemoresistance

Commonly Used Chemotherapeutic Agents in GBM

There are many different chemotherapeutic drugs that have been investigated in
vain in phase II and III studies in recent years [64]. At the moment, there are two
substances with proven effectiveness to GBM [1, 2, 65-67]:

BCNU (carmustine) belongs to a group of alkylating substances derived from
World War I mustard gas (including nimustine (ACNU) and lomustine (CCNU)—
nitrosoureas, CNUs). They alkylate mainly at the N7-position of guanine and the
N3-position of adenine. Further CNUs chloroethylate the O6-position of guanine
which cross-links DNA due to an N!-deoxyguanosinyl-N3-deoxycytidyl resulting
in direct strand breaks. These strand breaks induce apoptosis in cells with func-
tional p53, while cells with defective p5S3 system undergo necrotic cell death
[68-70].

TMZ belongs to a group of alkylating agents that readily cross the blood-brain
barrier (BBB), and may reach therapeutic concentrations within the brain paren-
chyma. TMZ requires activation by nonenzymatic conversion at physiologic pH to
its reactive compound 5-3-(methyl)-1-(triazen-1-yl) imidazole-4-carboxamide
(MTIC). MTIC causes DNA damage mainly by methylating the O°-position of
guanine (primary lesion). Methylated guanine then mismatches with thymine in
double-stranded DNA (OSG-T) in the first cell cycle after treatment. This mismatch
induces futile cycles of mismatch repair triggered by recurrent GT mismatches
resulting in either double-strand breaks or a critical recombinogenic secondary
lesion (Fig. 2). An apurinic/athymidinic site formed during faulty mismatch repair
is usually the secondary lesion that either blocks replication (i.e., G2/M cell cycle
arrest) or results in apoptotic cell death due to tertiary lesions like DNA double-
strand breaks, sister chromatid exchange, or other aberrations [70]. Thus, it is not
the primary lesions caused by TMZ, but the tertiary lesions formed during faulty
mismatch repair, that induce cell cycle arrest or cell death of the affected tumor
cells (from [48]).

With respect to GSC, there is only sufficient data available on TMZ with only
few papers investigating resistance to BCNU. The following paragraphs therefore
focus exclusively on mechanisms mediating resistance to TMZ and CNUs. Due to
the paucity of data we will not mention the few reports on GSC and other drugs
sporadically used in therapy of GBM like irinotecan [64].
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Fig. 2 Mechanism of TMZ toxicity. TMZ primary cytotoxic effect is methylation (0O6-MeG) of
guanine at the O°-position, which leads to mismatch with thymine in the double-stranded
DNA. This mispairing activates the DNA mismatch repair (MMR) system leading to futile cycles
of DNA repair in the end causing double-strand breaks and induction of apoptosis. Apoptosis may
be mediated through p53-CD95L/FasL receptor pathway with activation of caspase-8, or triggered
by a p53 independent pathway with diminished Bcl-2/Bax ratio and activation of caspase-9. Both
pathways result in the activation of the apoptotic cascade and cell death. Figure is based on [70]
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Mechanism of Intrinsic Resistance

Mechanisms of Action of MGMT

Added methyl groups due to CNU and TMZ can be removed by the DNA repair
protein O°-methylguanine-DNA-methyl-transferase (MGMT). It removes, in par-
ticular, the O6 adducts from guanine by transferring the added methyl groups to a
cysteine at its active site and binding it covalently to its sulfur atom. The protein is
itself inactivated and further released from the DNA for breakdown. Thus stoichio-
metrically, MGMT operates in a suicide fashion and has the ability to reverse the
effect caused by the mentioned chemotherapeutic agents [71]. MGMT is conse-
quently working to protect the cell from DNA damage, by reversing carcinogenic
lesions caused by alkylation. However, since early studies suggested an association
between MGMT-negative cells and reduced survival when treated with methylating
agents, the protein has been suspected as a culprit in making certain tumors highly
resistant to chemotherapy [72].

Located on chromosome 10q26, the MGMT gene has a promoter containing a
CpG island of 97 cytosine-guanine repeats [73—77]. Methylations of some of these
cytosine bases and the ensuing alteration of chromatin structure have been shown to
suppress the expression of MGMT. But there are several sites at which methylation
also may occur, all of which have not shown to be linked with the downregulation
of the gene [73, 78].

MGMT is ubiquitously expressed in many cells, and seemingly in great excess
compared with the frequency at which its targeted lesions occur. Although expression
levels vary, liver tissue is typically exhibiting the highest and hematopoietic and brain
tissue the lowest expression levels [71, 76, 77, 79]. Surprisingly, NSC express MGMT
to a similar amount as GSC [80]. It has been shown that MGMT is expressed in certain
cancer cells, often to a greater extent than in the surrounding normal tissue, and espe-
cially in gliomas, the protein has shown to act as a clinically relevant biomarker [81].

MGMT is also the best characterized mediator of chemoresistance in GSC.
MGMT expression in GSC is also—but not exclusively—regulated by epigenetic
modification of the MGMT promoter. The methylation of CpG islands of the pro-
moter region correlates with the response of the tumor with TMZ and—though with
some limitations—with the expression of MGMT and the activity of MGMT in
tumor cells [82, 83]. Interestingly, the CpG methylation patterns were characteristic
for each glioblastoma and did not change when GSC were cultured in vitro. A com-
parison with the patient samples revealed a patient-specific pattern of methylation;
however, the percentage of cells showing this methylation pattern dramatically
increased in vitro [84]. This suggest on one hand, that GSC cultures are enriched
with cells with methylated MGMT promoter, and, on the other hand, that many
non-GSC cells in the GBM do not have a methylated MGMT promoter. This is
of high relevance, because—as expected and in line with other publications—the
methylation pattern correlated with MGMT expression in GSC cultures in vitro.
It increases the resistance of GSC up to 10x [52] and its role in mediating
chemoresistance has repeatedly been confirmed [59, 78, 81, 85].
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It remains controversial if GSC express more or less MGMT as compared to non-
GSC. Due to the abovementioned controversies on the GSC model per se and the
methodological problems of all studies so far, a final assessment is not possible yet.

Mismatch Repair Genes

The mismatch repair (MMR) gene pathway is crucial in mediating the cytotoxic
effect of O6-methylguanine [86]. Several proteins constitute the MMR machinery
(Table 1). Its function is to recognize and correct DNA base mismatch generated in
the DNA replication, which has escaped polymerase proofreading. DNA polymerase

Table 1 Overview over known mechanisms of resistance against alkylating chemotherapy in
glioblastoma

Members associated

Group with chemoresistance Description

DNA MGMT DNA methyltransferases are an enzyme family
methyl- belonging to the group DNA repair proteins.
transferase MGMT repairs DNA lesions through covalent

transfer of the alkyl from the O6-alkylguanine
DNA adduct group to the conserved active site,
cysteine restoring the guanine to normal.
ABC ABCBI1 (MDRI1, P-gp, ATP-binding cassette transporters are ATP-
superfamily | CD243) dependent efflux pumps, capable of translocating
endogenous compounds, e.g., lipids and
xenobiotics including chemotherapeutic agents
across extra- and intracellular membranes
ABCCI1 (MRP1) ABC genes are divided into seven subfamilies
A-G (ABC1, MDR/TAP, MRP/CFTR, ALD,
OABP, GCN20, White)
ABCG2 (BCRP/MXR1/ ABCBI is a member of the MDR/TAP subfamily,

ABCP) ABCC1 and ABCC3 of the MRP/CFTR subfamily
ABCC3 (CTGF) ABCG?2 of the White subfamily
Vaults LRP/MVP MVP is a component in the vault complex

Vaults are the largest ribonucleoprotein particles,
ubiquitously expressed transporting substances
involved in normal cell function such as
hormones, ribosomes, and mRNA

Possibly involved in multidrug resistance through
a nucleo-cytoplasmatic transport, mainly
translocating DNA-targeting drugs

BCL2 Bax, Bak, Bcl-Xg Bax, Bak, and Bcl-X; are inducers of apoptosis
protein (pro-apoptotic regulators)
family Bcl-2, Bel-X, Bcl-2 and Bcl-X, are suppressors of apoptosis
(anti-apoptotic regulators)
IAP XIAP, cIAPI, cIAP2, Anti-apoptotic proteins blocking and inhibiting
NAIP caspases 3, 7, and 9, thereby preventing apoptosis

(continued)
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Table 1 (continued)

Members associated

Group with chemoresistance
MMR MutSa (MSH2 and
MSH6)
MutSp (MSH2 and
MSH3)

Mut1Lo (MLH1-PMS2)
Mut1Lp (MLH1-PMS1)

BER PARP-1
APE-1

ALDH ALDHIAL1
ALDH3A1

Description

MMR gene complexes recognize and bind to
mismatch lesions

In humans Mutsa is the most important

The MSH2/MSHS6 heterodimer recruits the
MLH1/PMS?2 heterodimer which organizes the
interaction between the MMR complex and
additional proteins (nucleases, e.g., exonuclease-1,
helicase, DNA polymerase €/9, and ligases)
needed for removal and replacement of
mismatched DNA bases

PARP-1 facilitates efficient DNA repair by
modifying nuclear proteins involved in the BER
pathway, but is also vital in other cellular
processes, €.g., apoptosis

PARP-1 is constitutively expressed, but activated in
response to DNA damage including double-strand
breaks. Other components necessary in this
machinery are lesion-specific glycolases, e.g.,
APNG/MPG and APE-1, a multifunctional enzyme
with both a DNA repair domain and a redox domain
In the BER pathway APE-1 cleaves the
phosphodiester backbone on the 5’ side of the AP
(apurinic/apurimidinic site, generated by the
glycolases), leaving the 3'-OH and 5’ deoxyribose
phosphate termini at the DNA strand break. Also
involved in redox-sensitive activation of transcription
factors such as p53, NFkp, AP-1, and HIF-1a
ALDH is an enzyme family comprising 19
isoforms localized in the cytoplasm, mitochondria,
or nucleus-oxidizing aldehydes to carboxylic
acids. Aldehydes are generated by various
metabolic processes including lipid peroxidation,
but also from catabolism of amino acids,
carbohydrates, and neurotransmitters

ALDH functions include detoxification and
antioxidation

Regarding cancers ALDH1A1 and ALDH3A1 are
considered possible biomarkers

Abbreviations: ABC adenosine triphosphate-binding cassette, ALDH aldehyde dehydrogenase, AP
activator protein, APE apurinic-apyrimidinic endonuclease, APNG alkylpurine-DNA-N-glycolase,
Bak Bcl-2-antagonist/killer, Bax Bcl-2-associated X protein, BCL2 B-cell lymphoma 2, BER base
excision repair, CD cluster of differentiation, CFTR cystic fibrosis transmembrane conductance
regulator, HIF hypoxia inducible factor, /AP inhibitor of apoptosis protein, LRP lung resistance-
related protein, MDR multidrug resistance, MMR mismatch repair, MPG N-methylpurine-DNA
glycosylase, MPR multidrug resistance like protein, MSH mutS homolog, MLH mutL homolog,
Muts MutL mutator S L, MVP major vault protein, NFxf nuclear factor kappa B, PARP poly-
(ADP-ribose)polymerase, TAP transporter associated with antigen processing, P-gp P-glycoprotein,

PMS postmeiotic segregation increased
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mispairs O6-methylguanine (induced by TMZ and other alkylating agents) with
thymine (instead of cytosine) during DNA replication alerting the MMR system to
remove thymine on the daughter strand. The TMZ-induced O6-methylguanine,
however, continues to exist within the template strand resulting in successive rounds
of mismatch repair. Eventually, the MMR system induces double-strand breaks with
replication fork collapse followed by cell cycle arrest and apoptosis [86].
Consequently, dysfunctional MMR leads to cells that are relatively TMZ resistant
as they acquire a tolerance to the mismatch of O6-methylguanine with thymine and
continue to survive and divide despite DNA damage and at the expense of increased
mutagenesis [86, 87]. In fact, MMR-deficient cells have been reported to be up to
100-fold less sensitive to alkylating agents compared to their MMR wild-type coun-
terparts [87]. Somatic hypermutations have been found in several genes involved in
MMR in samples derived from GBM patients treated with TMZ (mutator L and
mutator S homologs; MLH1, MSH2, MSH6, PMS2) [88] suggesting a treatment-
specific phenomenon and a mechanism of acquired resistance.

MSHS6 inactivation with loss of MSH6 expression has been observed in patients
with grade III and IV posttreatment recurrences [89, 90] indicating that treatment
can cause inactivating somatic mutations in subclones of cancer cells which then
become TMZ tolerant and lead to tumor progression instead of apoptosis. Similar
correlation between TMZ resistance and MSH6 inactivation has been observed
in vitro where reconstituting of MSH6 expression restored TMZ sensitivity [91].
The frequency of mutated MSH6 in recurrent GBM after alkylating chemotherapy
is about 26 %, while no occurrence has been found in any GBM prior to chemo-
therapy [88, 91]. Furthermore, mutated MSHG6 is associated with a hypermutation
phenotype [88, 91] and has also been seen together with mutations in other MMR
genes MSH1 and MLH1 [91] (Fig. 3).
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Fig. 3 Escape mechanisms to alkylating chemotherapy. This figure shows possible escape mecha-
nism by which glioma cells escape TMZ-induced cell death depending on the site of the lesion.
Overexpression of factors involved in this pathway, e.g., PARP-1 and APNG, potentiates the DNA
repair resulting in glioma cell survival and possibly poorer patient prognosis. Figure is based on [70]
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In GSC, MMR and its parts appear to be functionally intact. In a series of ten
GSC lines, all were MMR proficient [92]. As expected, artificial MSH6 knockdown
does reduce the susceptibility of GSC to TMZ [93]. There are though studies show-
ing that GSC have a more efficient DNA repair system (e.g., as monitored by the
comet assay) compared to non-stem cells. After DNA damage, GSC stopped prolif-
eration by activation of CDK1/CDK?2 checkpoint kinases giving the cells more time
to repair the damage. This resulted in an increased radioresistance of GSC when
treated with 2.5 Gy under experimental conditions [21]. In which way the better
DNA repair system influences the resistance to TMZ is unknown. Given the fact that
MMR is required for TMZ-induced strand break, an improved MMR could be asso-
ciated with an increased TMZ resistance of GSC [48].

The Base Excision Repair Pathway

A well-characterized mechanism of resistance is the inhibition of cell death induced
by double-strand breaks. Signal cascades involved include poly(ADP-ribose)-poly-
merase (PARP) and the base excision repair (BER) pathway, but also mutations in
p53 and other genes modulating the apoptotic cascade.

The BER pathway influences the repair of N7-methylguanine (N7-MeG) and
N3-methyladenine (N3-MeA) DNA lesions induced by CNU (and to a lesser extent
TMZ) by removing bases and thereby securing cell survival. Normally, N7-MeG
and N3-MeA do not contribute to the toxicity of TMZ because they were promptly
removed by BER. Especially, N3-MeA is highly cytotoxic if it remains uncut by the
BER [87]. Within the BER system, APNG is responsible for the excision of the
alkylated bases in DNA, and after removing them APNG creates an apurinic/apy-
rimidinic site (AP-sites). In the following DNA repair process the 5’ (backbone) at
the abasic site is hydrolyzed by apurinic-apyrimidinic endonuclease-1 (APE-1)
recruited by APNG, resulting in a 5’deoxyribose phosphate (5'dRP) termini and
single-strand breaks [94, 95]. DNA polymerase-f fills the gap and removes the aba-
sic remains, which enables the DNA ligase to ligate the nick. The protein XRCCl1,
a key protein in BER, coordinates this process by working as a scaffold [95-97].

The lack or loss of APNG compromises this strictly coordinated repair process.
This can possibly result in accumulated intermediates (like single-strand breaks,
5'dRP, and abasic sites) and eventually in double-strand breaks, chromosome dam-
age, and cell death in cells exposed to different alkylating agents, including agents
that almost exclusively produce N3-methyladenine adducts [95, 97-99].

PARP-1 is a key enzyme in BER and is thought to influence sensitivity to TMZ
[100] by inhibiting the repair of N3-MeA. However, it can also mediate apoptosis
through a mitochondrial pathway that is independent of caspases [101]. Another
important player in both the BER pathway and possible mediator in TMZ resistance
is apurinic-apyrimidinic endonuclease-1 (APE-1) [102, 103].

There are no detailed studies on the BER pathway and GSC. A recent study using
xenograft models of GBM and thereby a GSC-like system confirmed that expression
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of APNG results in increased TMZ resistance compared to cell lines not expressing
APNG [104]. Conversely, the loss of APNG results in an enhanced TMZ sensitivity
[104, 105] supporting the concept that BER inhibition could be a promising way to
overcome TMZ resistance also of GSC. A recent study systematically investigated
the effects of PARP-1 inhibitors on a series of GSC lines. In eight out of ten GSC
investigated by Tentori et al. [92], PARP-1 inhibition resulted in an increased sus-
ceptibility to TMZ. However, there was no correlation of the effects of PARP-1
treatment with neither PARP-1 expression nor PARP-1 activity.

Multidrug Resistance Proteins

In many different types of cancer, an important mechanism of drug resistance is the
presence of multidrug resistance proteins (MDRs), which include ATP-binding cas-
sette transporter proteins, the ABC superfamily (Table 1). MDR contribute to both
intrinsic and extrinsic chemoresistance of GBM. MDRs such as breast cancer resis-
tance protein (BCRP1) and multidrug-resistance-associated protein (MRP1) are
abundantly expressed in the endothelium of brain capillaries creating a mechanism
of extrinsic resistance [106] by avoiding the penetration of the chemotherapeutic
into the brain. This mechanism protects tumor cells invading the brain parenchyma
while bulk tumor cells are exposed to plasma concentration due to the disrupted
blood-brain barrier in the tumor core.

In vitro, TMZ has been shown to be a target of MDR1, and glioma cells positive
for MDRI1 displayed significantly better viability after exposure to TMZ [107].
Furthermore, the protein of MDR1, P-glycoprotein (P-gp), was reported to contrib-
ute to intrinsic chemoresistance in a subgroup of gliomas [108]. High expression of
MRP1 has also been associated to chemoresistance in vitro playing a constitutive
role in the intrinsic chemoresistance of gliomas [108], and inhibition of MRP1 was
reported to increase chemosensitivity [108, 109].

In glioma cell lines with acquired resistance to the alkylating agent BCNU,
MRP1 was found to be upregulated and furthermore associated with the epithelial-
to-mesenchymal transition (EMT) indicating that development of chemoresistance
involves alterations in morphological, molecular, and functional aspects [110].
EMT-like changes have also been seen after chronic exposure to TMZ [111].

MDR proteins have also been investigated in GSC. In experimental settings, a
subgroup of MDR proteins, mainly BCRP1/ABCG?2, are responsible for the efflux
of Hoechst 33342 dye. If a subgroup of cells express BCRP1/ABCG?2, these cells
become able to efflux this lipophilic and membrane-permeable dye. While other
subgroups cannot remove the dye and are stained, the BCRP1/ABCG2-expressing
cells appear as distinct, unstained population in cytometric analysis—the ‘“‘side
population.” This side population is associated in stem cell properties and their rel-
evance is best characterized a.o. in the bone marrow. Other genes of the MDR fam-
ily, like MDR-1, do not contribute to the efflux of Hoechst 33342.

In GSC, results of a pilot study suggested that CD133* GSC express mRNA
BCRP1/ABCG?2 to a higher degree than CD 133" cells suggesting an overexpression
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of BRCP1/ABCG?2 in GSC. Other papers report that TMZ treatment results in an
increase of the proportion of cells within the side population, which is in line with
the concept of TMZ selecting for GSC [38, 53]. This suggests that GSC are more
resistant to TMZ due to the expression of this MDR gene. However, the role of the
side population in GSC and BCRP1/ABCG2 expression is possibly more compli-
cated, a.0. because BCRP1/ABCG?2 does not transport TMZ in murine GBM cells
[53]. In summary, there is robust data that TMZ increase the proportion of cells in
the side population. If the function of MDR proteins as detoxifying proteins is also
the cause of the increase of the “side population” or if this increase mirrors an epi-
phenomenon remains to be clarified.

Other Mediators of TMZ Resistance

The final result of the TMZ-induced DNA damage is apoptosis. Dysregulation of
genes and proteins related to apoptosis can therefore play a pivotal role in the resis-
tance of glioma cells to chemotherapy. In GBM, mutations of the p53 are common
and crucial [112]. p53 is the major sensor of DNA damage and initiates cell cycle
arrest and apoptosis after DNA damage. Inactive p53 has been reported to reduce
chemosensitivity to alkylating agents compared to wild-type p53 [86]. However, the
p53 system seems to have a more important function in mediating resistance to
radiotherapy (Table 1).

MicroRNAs (miRs) have regulatory functions in protein expression [113] and
dysregulation of various miRs can cause major shifts in which genes are expressed.
Several miRs have been reported to contribute to the acquired chemoresistance seen
in GBM both in vitro and in vivo [114, 115], and to regulate expression of MDR
components. MiR-21 is considered an important pro-oncogenic factor, i.e., by
favoring the antiapoptotic pathway with high expression of Bcl-2 and diminished
activity of caspase-3 [114]. Acquired resistance to TMZ may also be coupled to
changes in the mitochondrial machinery and the production of reactive oxygen spe-
cies (ROS) within the glioma cells [116] including metabolic adaptations within the
glioma cell population [117]. Components of the antioxidation and detoxification
defense system have been correlated with chemoresistance in brain tumor cell lines
including glutathione-s-transferase (GST) [118] and aldehyde dehydrogenases
(ALDHs) [119].

Biomarkers for Intrinsic Chemoresistance

Several of the abovementioned proteins have already been correlated with malig-
nancy and prognosis. Screening of GBM patients for factors contributing to chemo-
resistance could therefore potentially help to determine whether the individual
patient would benefit from a specific treatment and be part of a personalized



128 M.D. Sgrensen et al.

medicine approach. Methylation of the MGMT promoter is still the best biomarker
for the patient’s response to alkylating therapy including TMZ and BCNU [78, 81,
85]. A recent study from Monika Hegi’s group now nicely explains why only the
MGMT promoter status and not the MGMT expression or the biological MGMT
activity in the tumor tissue correlates with the patient’s outcome. The explanation
implies that GSC have a distinct methylation pattern that is not necessarily shared
with other cells within the tumor [84].

Multidrug-Resistant Proteins

The expression level of MDR1 has been shown to positively correlate with glioma
malignancy grade. Further, the translated product of MDRI1, P-gp, was demon-
strated to increase after treatment, and in patients with low-grade glioma overex-
pression of P-gp was shown to negatively correlate with patient prognosis [106].
Moreover, a single-nucleotide polymorphism in the MDRI1 gene, associated with
lower gene expression, has been reported to be an independent prognostic factor in
GBM patients treated with TMZ resulting in better overall survival. Also multivari-
ate analysis showed that the same MDR1 genotype could be used as an independent
predictive factor for the outcome of TMZ therapy [107]. How MDRI1 may indicate
the response of GSC to TMZ is though unknown. MRP1 and BRCP have also been
suggested useful as independent prognostic markers for chemoresistance [106] but
a study investigating the promoter methylation failed to predict the patient survival
after TMZ therapy [120].

BER Pathway

PARP-1 protein was expressed in the nuclei in tumor tissue from GBM patients, but
remained undetectable in normal brain tissue [121]. Studies failed to identify
PARP-1 expression as independent prognostic factor [122]. In a study performed
on a large number glioma samples (n=240), hypermethylation of the PARP-1
promoter—resulting in reduced expression—was unexpectedly found to correlate
positively with malignancy grade and to be associated with shorter progression-free
and overall survival [123] possibly because of the underlying CpG island polymeth-
ylator phenotype (CIMP). APE-1 has been suggested as a predictive marker in treat-
ment with alkylating agents especially in patients with grade III tumors [103], and
it may also be a potential therapeutic target in various cancers [70].

As described above different markers have been found to be biologically signifi-
cant and important in terms of explaining chemoresistance. However, at the present
stage only MGMT is used in the clinical setting.
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Mechanisms of Extrinsic Resistance of GSC

The resistance of GSC to TMZ does not only depend on the expression of genes
mediating direct resistance to TMZ by detoxifying DNA alkylation. There are a
variety of extrinsic factors that substantially contribute to the chemoresistance. One
major contributor to chemoresistance, the blood-brain barrier, is not discussed in
this paragraph because it protects all tumor cells irrespective of their stem cell state
against a multitude of chemotherapeutic drugs.

The susceptibility of GSC is also modified by the metabolic conditions of the
microenvironment (“niche”) and auto- and paracrine signaling by metabolites and
cytokines secreted by tumor cells or invading non-tumor cells like microglia [41,
124]. They either modulate the expression of known mediators of resistance to TMZ
or induce resistance by modulating the stem cell state, cell proliferation (“cellular
quiescence”), or by yet unknown mechanism.

The Regulation of Intrinsic Resistance by Extrinsic Factors

MGMT is the major mediator of TMZ resistance and the regulation of MGMT
expression is therefore of outstanding importance as it can substantially modulate
the resistance of GSC. Hypoxia is common in GBM in spite of the extensive vascu-
larization. While cells in the tumor periphery profit from the excellent vasculariza-
tion of the brain parenchyma, hypoxic areas are typically located in the center of the
tumors. This hypoxia is further increased by radiotherapy which may therefore
counteract TMZ treatment that is given concomitant to radiotherapy.

Hypoxia is a potent inducer of stemness in GBM cells that depends on HIF-
lalpha [125]. HIF-1alpha also regulates MGMT by BMP2 and thereby induces che-
moresistance. In line with this concept, the same group identified an increased
expression of MGMT around hypoxic areas within tumor samples [126]. Recently,
a mTOR-NDRGTI signaling pathway was identified that also resulted in a stabiliza-
tion of MGMT and thereby chemoresistance [127]. In summary, different groups
unequivocally reported an increase of MGMT expression under hypoxia resulting in
an increased chemoresistance. This effect appears to be transient, because GSC
cultured from cell derived from the tumor core and peripheral parts of the tumor do
not consistently differ with respect to their TMZ susceptibility [128].

Concluding Remarks

While GSC are most likely the cause of the invariable tumor recurrence of patients
with GBM, the underlying biology of the survival of GSC is less clear. About half
of the patients hardly profit from the standard therapy based on TMZ because their
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GSC abundantly express of MGMT, resulting in a highly TMZ-resistant phenotype.
Since the inhibition of MGMT is associated with a substantially increased toxicity
[129] but not clinically feasible, other approaches than alkylating chemotherapy are
needed. In GBM not expressing MGMT, the situation is more complicated and it is
likely that several different factors including intrinsic and extrinsic factors result in
the survival of GSC. The identification of the relevant factors is, however, needed to
substantially improve the overall survival of these patients.
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Immunobiology and Immunotherapeutic
Targeting of Glioma Stem Cells

Mecca Madany, Tom M. Thomas, Lincoln Edwards, and John S. Yu

Abstract For decades human brain tumors have confounded our efforts to effec-
tively manage and treat patients. In adults, glioblastoma multiforme is the most
common malignant brain tumor with a patient survival of just over 14 months. In
children, brain tumors are the leading cause of solid tumor cancer death and gliomas
account for one-fifth of all childhood cancers. Despite advances in conventional
treatments such as surgical resection, radiotherapy, and systemic chemotherapy, the
incidence and mortality rates for gliomas have essentially stayed the same.
Furthermore, research efforts into novel therapeutics that initially appeared promis-
ing have yet to show a marked benefit. A shocking and somewhat disturbing view is
that investigators and clinicians may have been targeting the wrong cells, resulting
in the appearance of the removal or eradication of patient gliomas only to have brain
cancer recurrence. Here we review research progress in immunotherapy as it per-
tains to glioma treatment and how it can and is being adapted to target glioma stem
cells (GSCs) as a means of dealing with this potential paradigm.
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Introduction

Why Therapy Has Failed

The cancer stem cell (CSC) theory posits that the failure of patients inflicted with
brain cancer, particularly high-grade gliomas such as glioblastoma multiformes
(GBMs), is due to a subpopulation of cells with stem cell-like features termed GSCs
that are responsible for the malignant behavior of GBM and for treatment failure
[1]. This is evidenced by the fact that GSCs have been shown to be radiation resis-
tant [2], capable of initiating tumor growth, and can transform into additional cell
types that support or maintain and most likely enhance tumor progression [3-6].
Further thwarting our efforts to treat patients effectively, GSCs can activate DNA
repair mechanisms, have self-renewal properties (being able to produce more of
itself), and have drug transporters allowing them to withstand conventional chemo-
therapeutic agents [3, 7]. We and others have been able to isolate GSCs with the
stem cell-like properties of self-renewal, neurosphere formation, and ability of
GSCs to recapitulate the genotype and phenotype of the tumor found in patients in
immunocompromised mice [2, 3, 8—10]. The CSC marker CD133 (prominin-1) [3],
once considered the discernible feature of GSCs, is now not so clear-cut as CD133-
negative GSCs have also been shown to have stem cell-like properties [11, 12].
Although the association of CD133 with GSCs has also linked it to the radioresis-
tance of GBMs, the drug resistance of GSCs, and the tumorigenicity of GSCs, very
little is known regarding its function. Interestingly, Barcelos and colleagues demon-
strated that CD133 progenitors were involved in healing with the activation of
angiogenesis in diabetic ischemic ulcer patients, suggesting a role for CD133 in
tumor angiogenesis [13]. Nevertheless it is clear that CD133 is associated with the
phenotypic characteristics of GSCs that help them combat treatment. Having said
that, although CD133 is an important GSC marker that can form tumors in immu-
nocompromised mice, studies have also shown that other stem cell markers have
been identified that confer at least some of the major characteristics found in
CD133-expressing GSCs; such markers include CD15/SSEAL1 [14], CD44 [15], and
the ABCG2 transporter [7].

The Potential for Inmunotherapy for Gliomas

The ultimate goal for any treatment regarding brain cancer would be eradication of
the tumor; however a milestone that is believed to be achievable for targeting GSCs
using immunotherapy is that it could eliminate GBM recurrence after treatment
with conventional radiation and chemotherapy. Although a definitive stem cell
marker has not been found in GSCs, the markers we do have certainly give us popu-
lations of GSCs that are involved in the progression and relapse of the disease. It is
likely that even among these populations GSCs express distinct antigenicity
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providing opportunities for treatment by immunotherapy. This is evidenced by the
fact that several proteins expressed in stem cells and that are also believed to be
involved in GSCs are only seen in the early stages of development and glioblasto-
mas; particularly GBM affects a population where targeting these developmental
stage markers may be beneficial.

Treatments

There is a wide variety of compelling immunotherapeutic strategies that are cur-
rently being researched. These strategies are primarily categorized as passive immu-
notherapy, adoptive immunotherapy, and active immunotherapy. Passive
immunotherapy takes advantage of immune effector molecules such as antibodies
or toxins to target tumors without directly activating the immune system whereas
adoptive immunotherapy, such as adoptive T cell transfer or use of T cells with
chimeric antigen receptors (CARs), utilizes immune cells that have been stimulated
ex vivo to react against tumor antigens and then re-administered to the patient in the
hopes of a therapeutic benefit. Active immunotherapy, often referred to as a vacci-
nation, involves stimulating the patient’s immune system directly, using various
sources of tumor-associated antigens (TAAs) such as tumor lysates, whole tumor
cells, mRNAs, as well as natural and synthetic peptides. These antigens may or may
not be coupled to dendritic cells.

Passive Immunotherapy

This therapy consists of therapeutic modalities that utilize immune-effector cells
and/or a variety of molecules, including monoclonal antibodies (mAb) and cyto-
kines to initiate an immune response. The most widely used form of this therapy
involves the use of mAbs.

Antibody Therapy

In this method antibodies may be used naked, or as a platform to deliver toxic mol-
ecules, and are specific to the tumor antigens they target, binding with extremely
high affinity [16]. However, the use of mAb presents a number of challenges when
used against brain tumors. The size of mAbs favors delivery directly to the tumor as
the molecules that pass across the BBB are preferably small and uncharged. While
chemotherapy agents have a molecular weight of 1 kDa and rely on diffusion, IgG
antibodies are 150 kDa and must rely upon convection, flowing down a pressure
gradient, to be transported through the tissue [17-19]. As the interstitial pressure
within a tumor has been shown to be much greater than surrounding tissue, the
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transport of antibodies may prove extremely difficult [18-20]. In addition the free
antibody must be able to bypass target-free normal tissue, and not only bind to the
tumor boundary layer but also diffuse into the tumor core. As the boundary contains
a high concentration of the antibody, to reach the tumor core the antibody will also
have to overcome this significant concentration gradient as well as the increased cell
density in tumors. If these are not overcome the interior of the tumor will remain
ineffectively treated.

For the most effective therapy, it is believed that the glioma cells being treated
should have a low turnover time and exhibit an epitope with a minimum of 10° sur-
face markers per cell for effective targeting, and that the antigen being targeted is
glioma specific in an effort to preserve normal brain parenchyma [21]. In addition,
to overcome delivery issues of antibodies through the tumor bulk, it is common that
antibody therapy is accompanied by resection. While conventional delivery tech-
niques include intratumoral injections and intraventricular infusions that rely on
diffusion, a novel delivery technique that has emerged is convection-enhanced
delivery (CED), which is able to enhance the delivery of both small and large mol-
ecules at a high pressure via an intracranial catheter [22]. While not the “magic
bullet” in the fight against cancer, as suggested by Paul Ehrlich in 1906, targeted
antibody therapy is still a promising immunotherapy technique.

Unlabeled Antibody Therapy

With the advent of tissue microarray analysis, serial analysis of gene expression
(SAGE), and other techniques, identification of TAAs specific to gliomas has been
achieved. These TAAs are targets of tumor-reactive T cells.

This has allowed mAbs to be raised that are able to bind with high specificity and
affinity to antigens and initiate a biological response. This response may occur by
activating antibody-dependent cellular cytotoxicity (ADCC), inducing C1 comple-
ment binding, or altering the signaling pathways that are necessary for tumor growth
or apoptosis [23]. However, this response is influenced by a number of things
including how accessible and stable the antigen is in the tumor. Antigen density is
another factor that must be considered with this treatment as low levels of antigens
would result in less targeting.

One form of tumor antigen is that of growth factors and their receptors. The
overexpression of growth factors and their receptors on several types of tumors have
been well studied and are known to play a significant role in tumorigenesis.
Inhibiting these growth factors by blocking their receptors should, in theory, result
in tumor regression. Epidermal growth factor receptor (EGFR) is overexpressed in
over 50 % of high-grade gliomas making it an attractive therapeutic target [24].
EGFR is known to promote survival, tumor proliferation, as well as motility by
activating downstream signaling pathways such as PI3K/Akt, RAS/MEK, and PKC
[25]. Indeed, binding of EGFR to inhibit its activity was shown to inhibit tumor
growth and induce apoptosis in GBM cell lines that overexpressed the receptor [26].
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It was in 1996 that EMD55900 (an anti-EGFR mAb) was found to produce
substantial nontoxic in vivo tumor binding in patients with malignant glioma [27].

Cetuximab (Erbitux), an anti-EGFR mAb that binds to the extracellular domain
of EGFR, has been shown to be a fairly effective therapy. While targeting EGFR
with mAbs has been shown to be effective in other cancers, i.e., trastuzumab
(Herceptin), in breast cancer, and panitumumab (Vectibix) in colon cancer, their
effectiveness in gliomas has not been well studied. But a new target may hold prom-
ise: the mutant variation of EGFR, EGFRVIII.

Given the genetic rearrangements that often occur within tumor cells, it is not
surprising to find that this is the case with gliomas; EGFRVIII is the most common
mutant. This mutant is an in-frame splice variant that contains a deletion from
exons 2-7 resulting in a constitutively active tyrosine kinase which causes uninhib-
ited proliferation, invasion, and inhibition of apoptosis [28]. In EGFRVIII the
insertion of a novel glycine results in the fusion of normally distant parts of the
epitope creating a tumor-specific epitope. EGFRVIII is restricted to cancer cells
with more than 50 % of GBMs expressing this mutant variant, making it a novel
target. There have been promising studies showing decreased tumor volume and
increased survival in animal models of brain tumors that have been treated with
anti-EGFRVIII mAbs [29-31].

Another growth factor that has shown great therapeutic potential is vascular
endothelial growth factor (VEGF) which is significantly involved in cell survival,
proliferation, migration, and invasion. VEGF plays a critical role in controlling the
vascular permeability of the blood—brain barrier (BBB) as it is able to increase per-
meability. GBMs have been shown to have higher levels of VEGF in comparison to
other malignancies, with high expression correlating to a poorer prognosis [32, 33].
Recently however, the highly publicized VEGFR inhibitor bevacizumab failed in
phase III clinical trials in brain cancer [34]. This has led to a reevaluation of this
drug and the concept of VEGF inhibition.

Radiolabeled Antibody Therapy

While unlabeled antibodies may confer some degree of therapy, their impact can be
greatly enhanced when conjugated to a variety of effectors that may be delivered
directly to the tumor cell. Radiolabeled nucleotides (radionucleotides) are the most
frequent conjugate used in mAb therapy. In a manner similar to radiotherapy, radio-
labeled antibodies deliver a lethal dose of radiation to the tumor; however the anti-
bodies have the advantage of greater target specificity. Cytotoxicity occurs due to
irreparable DNA damage that results from the ionization of emitted particles from a
disintegration reaction [17]. In addition, studies as early as 1965 have shown that
radionucleotides demonstrate the potential for enhanced diagnostic imaging of glio-
mas [35]. This form of therapy involving radionucleotide-conjugated mAbs is
known as radioimmunotherapy (RIT). As RIT is still evolving a variety of radio-
nucleotides are being investigated including but not limited to ?»Ac, 2"Bi, I,
224Ra, ¥8Re, and *'?Pb. Improved targeting strategies and host response predictions
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are also being made as well as improvements in dosimetry. These improvements,
however, should not overshadow the difficulties faced with radiotherapy. The short
half-life of the radioisotopes necessitates the simple and speedy generation of RITs.
Dosimetry (radiation absorbed by the body) itself is challenging due to differences
in the clearance rates of the radionucleotides by patients as well as differences in the
tumor geometry and characteristics.

The most widely studied tumor-associated antigen involved in RIT would be
tenascin. An extracellular matrix glycoprotein, tenascin is prominently expressed
on high-grade gliomas. This expression has been correlated to disease progression
with over 95 % of GBMs displaying high levels of this protein [36]. This has made
it a favorable target for glioma studies using RIT. Multiple antibodies against tenas-
cin have been developed including 81C6, which was developed over 30 years ago
by the Bigner group at Duke University as well as BC-2 which has been used in
European clinical trials [37, 38].

Antibodies against EGFR and VEGF have also been conjugated to radionucleo-
tides. Rosenkranz and colleagues developed a >!' At-conjugated internalizable ligand
to EGFR which resulted in a more than tenfold increase in cellular toxicity of vari-
ous cancer cell lines [39]. Other targets have included the extra domain of fibronec-
tin, which is also a marker of tumor angiogenesis.

The use of antibodies has the advantages of being precise and specific, but there
are substantial challenges in delivery and penetrance that remain in addition to the
lack of a prolonged antitumor response.

Cytokine Therapy

Cytokine immunotherapy is a form of passive immunotherapy that can be further
classified into a nonspecific immunotherapy. Unlike monoclonal antibodies which
are able to elicit a specific immune response, cytokines are able to generate a wide
range of responses with the rationale being that they upregulate antitumor effector
functions especially those associated with TA-specific T cells. However this
response is transient as in normal cytokine function the response is not meant to be
prolonged and uncontrolled as this can result in autoimmunity and a wealth of other
problems [40]. In truth cytokines are able to generate different effects in tumor tar-
get cells and effector lymphocytes. Some cytokines, including the interferons
(IFNs), promote immunity and tumor destruction, whereas others, such as tumor
growth factor beta (TGF)-p, inhibit immune function and promote tumor growth.
A variety of therapies with cytokines have been given, such as therapy against
IL-12, IL-2, and IFNs. It should be noted that these therapies are often given along-
side other immunotherapies such as IL-2 being used in adoptive therapy (discussed
later). IL-2 is what generated the initial interest in cytokine therapy. It is able to bind
to the surface of T cells to stimulate a response that leads to T cell proliferation,
activation of other immune cells such as NK cells, and production of additional
cytokines. Local delivery of IL.-12 is also able to induce an immune response.
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There have been a variety of cytokine receptors that have been found to be
overexpressed in gliomas including IL-4 and IL-13Ra2. The use of cytokines to
alter receptor-ligand interactions, and negatively affect necessary signaling path-
ways for the tumor, allows tumor cells to be targeted. In addition cytotoxicity may
be achieved if the cytokines are fused to a toxin such as Pseudomonas exotoxin
(PE). For example, IL-4 is overexpressed in glioma cells in relation to normal brain
tissue. A chimeric fusion protein containing domains of IL-4 and PE was developed
by Puri et al. that was found to be highly cytotoxic to IL-4R-bearing glioblastoma
cells [41]. A composite of TGFa-PE (EGFR-binding ligand and PE cytotoxin)
named TP38 has had quite promising results [42]. In addition cells may be geneti-
cally manipulated to express these cytokines in vivo to initiate an immune response.
Cells have been transduced to express cytokines such as IL-1, IL-2, IL-3, IL-4, IL-6,
IL-12, IFNy-, TNF-a, granulocyte colony-stimulating factor, leukemia inhibitory
factor, macrophage migration inhibitory factor, or GM-CSF. While tumor cells were
initially manipulated to express these cytokines, the feasibility of such an act is not
always possible as some patients do not have viable tumor cells. Therefore some
researchers have engineered allogeneic cells such as fibroblasts to release these
cytokines in vivo.

A recent study used the local delivery of IL-12 and IL-23 (a member of the
IL-12 family) to induce an antitumor response to treat GBM in a syngeneic mouse
model. Using a GL-261 mouse model with glioma cells engineered to express
IL-12 and IL-23, they found that IL-12 but not 23 led to tumor clearance; this
clearance was T cell dependent and elicited potent immunological memory [43].
To determine clinical relevance, the GBM was allowed to progress until life expec-
tancy was less than 3 weeks before initiating therapy. IL-12 treatment alone led to
tumor removal in only 25 % of the mice; however when this treatment was com-
bined with blockade of CTLA-4 found on T cells, it caused a severe decrease in
Treg and an increase in effector T cells. This resulted in tumor eradication in over
80 % of mice. The finding of new cytokines as well as novel combination strategies
of cytokine delivery, such as that seen above, will be necessary for future directions
of cytokine therapy in gliomas.

Adoptive Therapy

Adoptive immunotherapy is the process of ex vivo activation and expansion of
effector cells obtained from the peripheral blood of the host patient, followed by
re-administering them back into that patient in order to induce targeted destruction
of actively proliferating tumor cells. The administration may be done intravenously
or directly into the tumor. An old therapy utilized in the treatment of central nervous
system (CNS) malignancies began with the simple reinfusion of a patient’s periph-
eral blood mononuclear cells (PBMCs) into the resected area of their tumor.
However, over time, treatment has shifted to the use of lymphokine-activated killer
(LAK) cells and cytotoxic T lymphocytes (CTLs).
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LAK Cells

Nonspecific effector cells that are a subpopulation of PBMCs are obtained from
patients and activated ex vivo with the use of high concentrations of IL-2, a T cell
growth factor, to become LAK cells that are able to induce antitumor effects [44,
45]. The LAK cells are not primed before reintroduction to target any specific tumor
antigens but are dependent on host APC presentation to initiate a specified immune
response against a tumor. In vitro studies have shown that these LAK cells are able
to selectively lyse autologous tumor cells (ATCs) as well as allogeneic tumors with
little cytotoxicity to normal brain tissue [46—48]. As LAK cells are not capable of
migrating to the tumor location, it is necessary that they be injected at the area of
surgical resection. This is often given with a low dose of IL-2 administered locally
as given intravenously it results in very high toxicity. Disregarding the toxicities
associated with LAK/IL-2 treatment, the primary problem causing low efficacy and
minimal positive benefit in LAK cell therapy is likely the lack of tumor specificity.
However, an in-depth understanding of exactly how antigen recognition occurs
remains to be defined.

Cytotoxic T Lymphocytes

As discussed, LAK cells are cultured ex vivo and reintroduced to the patient along-
side IL-2 but still rely on host APC presentation of tumor antigens for immune
targeting. Since the tumor can evade host immune detection through a number of
mechanisms, this presents an obvious shortcoming when using LAK cells for
immunotherapy. CTLs are extracted from PBMCs and activated ex vivo against
glioma antigens. In one method of activation, isolated PBMCs are cultured with
host ATCs in order to prime them with tumor antigen before reintroducing them
back into the patient. Alternatively, the patient may be vaccinated with ATCs in a
process known as in vivo activation. The CTLs are then isolated post-vaccination
and expanded ex vivo before being reintroduced to the patient. CTLs have also
been derived from drainage of lymph nodes post-vaccination or by isolating tumor-
infiltrating lymphocytes. In both cases, isolated cells were expanded ex vivo and
reintroduced to the patient since some form of in vivo activation had already taken
place. Of course the natural progression today is to consider genetically engineered
options for adoptive T cell therapy in order to create the most specifically targeted
immunotherapeutic approach. Artificially constructed antigen receptors have been
engineered to target specific glioma peptides such as the previously discussed
IL-13Ra2, HER2, and EGFRVIII [49-51]. These chimeric antigen receptors
(CARs) allow researchers to manipulate the specificity of the injectable immune
elements such as CTLs in a controlled manner and the high efficacy and power of
the eliciting response has been demonstrated in animal models. A major issue with
T cell therapies is damage to normal tissues as well as on-target, off-target
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toxicities given that tissues other than that of the tumor may express the targeted
antigen. This damage can only be controlled by nonspecific immunosuppression or
T cell elimination, both of which may eliminate any therapeutic benefit of the T
cell therapy. To combat this, Fedorov et al. have recently engineered antigen-spe-
cific inhibitory chimeric antigen receptors (iCARs) that are able to limit cytokine
secretion, cytotoxicity, and proliferation resulting in an initial constraint of the T
cell response to activation by an endogenous T cell receptor or an activating CAR
[52]. These results were found using CTLA-4- and PD-1-based iCARs. The inhibi-
tion is temporary, allowing T cells that have been switched off in the wrong tissues
to function upon a subsequent encounter with the antigen recognized by their acti-
vating receptor. These self-regulating iCARs allow for a more specific targeting of
tumor tissue versus healthy tissue.

Active Immunotherapy

More recent measures of treating gliomas have focused on active immunotherapy, a
method relying on vaccines to stimulate the host’s immune system. The ultimate
goal of the vaccine is to elicit a response from one arm of the immune system such
as antibodies or lymphocytes against the TAAs presented by the tumors. While
there are multiple benefits to active immunotherapy, of importance is that the
immune response be able to persist for a long time and that T cells can retain the
memory that prevents the cancer from recurring.

Autologous Tumor Cell Vaccines

One approach to stimulating a vaccine effect is the use of ATCs that have been
modified in such a way that they are unable to form tumors and also have increased
immunogenicity. Whole cells, parts of cells such as the membrane, or simply anti-
gens may be used that allow targeting of a specific tumor. ATCs used in vaccination
are able to present a whole host of tumor cell markers to the immune system of the
patient and in theory elicit a robust native immune response against tumors specifi-
cally. Patient-derived ATCs are attenuated before being reintroduced into the patient
and are usually supplemented with other tumor-associated cytokines and signal
molecules to maximize the stimulatory effect of the vaccine. Viral adjuvants may
also be used as the Newcastle disease virus was recently used as an adjuvant for an
ATC vaccine. The earliest active immunotherapy vaccines utilized irradiated ATCs
that had either been engineered to secrete cytokines or combined with cytokines
themselves. However this method was limited by a variety of factors including the
poor antigen-presenting capacity of the cells as well as issues with quality control
in regard to expansion of the tumor cells.
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Dendritic Cell Vaccines

Using ATCs as antigen-presenting cells may work on some level but they are not the
most efficient platform for vaccination. In CNS tumors, the glioma ATCs express
relatively low levels of costimulatory molecules compared to “professional” APCs
and therefore only elicit a dampened immune response. This has moved people
towards a more promising strategy, using dendritic cell (DC)-based vaccines. Often
termed “nature’s adjuvant,” DCs were identified by Steinman in the 1970s [53].
They originate in the bone marrow as hematopoietic stem cells and enter the blood
as precursor cells where they ultimately seed tissue as nonproliferating immature
DC cells. These immature cells are specialized in antigen detection and capture but
are poor T cell activators. It is only after antigen capture that the DCs undergo a
maturation process resulting in a potent ability to prime and activate T cells. Their
ability to stimulate antigen-specific immunity, as well as their role as the most
potent T cell activators (they are the only cells that can prime naive T cells), makes
DCs an essential factor in the immune response serving as a tie between the innate
and adaptive immune responses.

DCs are natural targets for active immunotherapy as they come ready with MHC
class I and class I molecules along with a host of costimulatory factors such as
CD40, CD80, and CD86 [54]. In addition, the DC-expressed CCR7 receptor binds
the CCL19 and CCL21 ligands which are highly expressed in the lymph nodes,
facilitating antigen presentation at LNs to recruit a more robust immune response
targeting tumor cells [55]. They are also able to produce a variety of cytokines
including IL-12, which help send naive CD4 T cells towards a Th1 phenotype and
type-1 IFN, which recruit more activated macrophages to allow phagocytosis. It was
previously thought that these cells did not have a great role in the CNS as only rare
isolated cells were reported across a variety of species but recent studies have shown
extensive populations of MHC II expressing cells in the choroid plexus and other
areas that appear to be DCs [56]. In addition T cells are able to cross the CNS in
healthy animals [57]. DC-based vaccines therefore are powerful because DCs are
great immune activators and are also capable of initiating tolerance [58].

One of the most widely studied use of DC’s in regard to glioma is the use of DC
vaccination. The DCs used are generated from the patient’s peripheral monocytes
and expanded ex vivo. Given the limitation of monocytes available, some groups
have developed methods to generate DCs from pluripotent stem cells [59]. While
earlier immunotherapy trials used immature DCs, the majority of DCs used in trials
are pushed towards maturation using a variety of factors. Once the autologous DCs
have expanded, they are loaded with TAAs from the tumor being treated. The TAAs,
which are targets of tumor-reactive T cells, include tumor extracts, peptides, tumor
DNA or RNA, and tumor cells fused using a tension-active compound such as poly-
ethylene glycol. As previously mentioned some of the tumor-associated peptides
include HER2 (ERB-B2), MAGE-1, IL-13Ra2, SOX2, EGFRVIII, EphA2, as well
as SART1 and Survivin [60].

Primed with antigens, the DCs are then reintroduced into the patient and present
the tumor antigens to boost the patient’s immune system and elicit the appropriate
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T cell response that will launch an immune attack on specific tumor cells. In addition,
it may also result in a memory immune response, whereby it safeguards the body
from tumor reoccurrence, a major obstacle faced in current therapies.

Peptide-Based Vaccines

One of the drawbacks of using whole cell-derived antigens such as those from tumor
lysates is the possibility of autoimmune encephalitis occurring. In addition the dif-
ficulties faced in preparation as well as quality control issues give rise to valid limi-
tations regarding this approach. An alternative and attractive form of therapy is
peptide-based vaccines, which are fairly easy to manufacture and administer in
comparison. These peptides are based specifically on the CTL epitopes of TAAs and
may or may not be administered alongside autologous dendritic cells. Synthetic
peptides may also be manufactured that code for TAA-derived CTL epitopes allow-
ing for increased safety and feasibility in clinical trials as these peptides are less
likely to induce autoimmunity and also have an “off-the-shelf” factor that is
extremely useful. These peptides may be administered with or without dendritic
cells (as mentioned above).

Peptides utilized in cancer vaccines are often composed of nine amino acids that
are able to bind to an MHC class I antigen and elicit a CTL response against tumor
cells. To form a vaccine the peptides are mixed with an adjuvant and subcutaneously
administered every 7—14 days. While the exact mechanism of action is not known it
is believed that the peptide is captured by APCs which after moving through lymph
nodes present the peptide to circulating CTLs. As the CTLs have T cell receptors
that correspond to the injected peptide they are able to recognize the APCs, become
activated, and undergo clonal expansion. These activated CTLs are then able to
migrate to the brain and eliminate glioma cells via recognition of the corresponding
peptide on the tumor cell [60].

A wide range of peptides have been evaluated and their immunogenic potential
has been shown in a variety of studies, with treatment resulting in an immune
response that targets tumors. One such peptide is the tumor-specific mutated section
of EGFRVIII, PEP3. In one study, when PEP3 was conjugated to keyhole limpet
hemocyanin (KLH) there was an absence of tumor development in nearly 70 % of
the mice [61]. Another peptide that shows promise is the glycoprotein IL-13Ra2
that is not expressed in the normal brain but is overexpressed by more than 80 % of
malignant gliomas [62]. An HLA-A24-restricted CTL epitope was recently identi-
fied in this protein which will allow for a greater population that can be targeted
[63]. The WT1 gene, originally identified as the cause of Wilms tumor, is an onco-
gene that is overexpressed in many solid tumors including gliomas. Involved in cell
proliferation and apoptosis, this peptide is a novel therapeutic target and two pep-
tides derived from WT1 (WT1 513, and WT1 57_,95) were shown to stimulate a CTL
response [64]. Cytomegalovirus (CMV) is another potential target as it has been
found in both high-grade and low-grade gliomas [65]. Other proteins being studied
include Survivin (an apoptosis inhibitor protein), HER2, SOX family of transcription
factors, and EphA2, a tyrosine kinase receptor involved in oncogenesis.
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A unique ability of tumors is their ability to undergo immunoediting resulting in
the lowering or complete lack of expression of the TAAs being targeted. In addition,
the antigenicity of individual tumor antigens may be extremely weak. In an effort to
overcome this, many investigators are choosing to incorporate multiple peptides
generated from TAAs into one vaccine creating a peptide cocktail. One example
would be the combination of ephrinA2, YKL-40, gp100, and IL-13 receptor-o2 by
Okada et al. which proved to be safe [66].

Immunotherapy Treatment of Cancer Stem Cells

Given the widely suspected role of CSCs in tumor initiation and propagation as well
as their resistance to conventional treatments, treating them using immunotherapy
may be an effective method of targeting this population. As favor towards these
therapies emerges, and our knowledge of CSCs increases, there has been a rise in
the number of studies testing this theory. However, exactly how well these stem
cells will respond to immunotherapies, particularly glioma stem cells (GSCs),
remains to be elucidated.

Recent data suggests that antibody targeting of GSCs may be an effective method.
A recent study by Huang et al. targeted CD133 high CSCs in pancreatic and hepatic
cancers in nude mice with an anti-CD133 antibody (which included anti-CD3 bound
to cytokine-induced killer (CIK) cells) [67]. The addition of the anti-CD133 was
able to significantly inhibit tumor growth when compared to CIK or CD3-CIK treat-
ment alone. However, it should be noted that the combination of CD133-CD3-CIK
was also a better inhibitor than merely using CD133-CD3 alone, giving further
credence to the combination of immunotherapeutic treatments, which in this case
was antibodies bound to effector cells.

In multiple myeloma, a bispecific antibody (C3B3) was used against a CSC like
side population (SP) cells that exhibited resistance to chemotherapy. This antibody
was able to induce cytotoxicity in this stem-like subpopulation of multiple myeloma
cells, as well as suppress colony formation and inhibit tumorigenesis both in vitro
and in vivo [68]. These results indicate the possible therapeutic benefit of using
engineered antibodies against CSCs.

Indeed Schlaak et al. were the first to substantiate antibody targeting of CSCs in
a single chemotherapy-refractory metastatic melanoma patient. Melanoma CSCs
are characterized by chemotherapy resistance and CD20 overexpression; using the
anti-CD20 antibody, Rituximab, they were able to achieve lasting remission of the
melanoma, a decrease in the melanoma serum marker S-100 to physiological levels
with very little toxicity [69].

Another study looked at CTL-mediated therapy using SOX6, a glioma antigen that
has been found to be overexpressed in GSCs as well as gliomas. Vaccination with
SOX6 DNA was capable of inducing a glioma-specific CTL response in a mouse
model; furthermore SOX6-derived peptides (HLA-A2 and A24) were able to prime
CTLs that were able to lyse GSC cells while normal cells were not affected [70].
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The use of DC vaccines to target GSCs has also been indicated as a favorable
therapy. As previously discussed, DCs may be primed with a variety of antigens
including DNA or RNA. One study using glioma 9L tumorspheres (a CSC brain
tumor model that includes expression of nestin and CD133) performed DC vaccina-
tion with 9L neurosphere lysate, but not conventionally cultured 9L cells, to induce
a CTL response, which recognized GSCs and increased the survival of the rats bear-
ing 9L gliomas [71]. In a similar study, DCs transfected with RNA from these
spheres were able to induce a strong antitumor response and significantly inhibit
glioma growth and also prolonged the survival of glioma-bearing rats [72]. While
there are advantages to using RNA including the need for only a small amount of
tissue as RNA can be amplified from very few cells as well as the fact that the iden-
tity of GSC-specific tumor antigens does not need to be known, there are also draw-
backs. One significant downside is the fact that the RNA is easily degraded.

Another study highlighting the benefits of using GSCs was able to show that
pulsing DCs with GL261 neurospheres (NS) was more efficient and had a stron-
ger antitumor effect than pulsing with GL261 adherent tumor cells (AC). DCs
loaded with GL261-NS (DC-NS) were able to cure 80 % and 60 % of GL261-AC
and GL261-NS tumors, respectively, whereas DC-AC cured only 50 % of
GL261-AC tumors and none of the GL261-NS tumors [73]. Despite there being
no characterization of the tumor antigens, it does put forth the potential that lies
within GSCs.

While many CSC studies use immunosuppressed mice, Ning et al. took a differ-
ent approach and used syngeneic immunocompetent mice to examine the vaccina-
tion effects produced in these mice by CSC populations from genetically distinct
tumors. Immunocompetent mice were used as the authors believe that immunosup-
pressed mice prevent an assessment of the immunologic interactions and effects of
CSCs [74]. They found that priming DCs with tumor cells enriched for CSCs con-
ferred antitumor immunity by inducing both humoral and cellular responses that
directly targeted CSCs through complement-dependent cytotoxicity and CTLs. In
addition the CTLs obtained from the vaccinated host were also capable of killing
CSCs in vitro.

The majority of cancer immunotherapies have targeted differentiated tumor
cells. However, it must be taken into consideration that these antigens may be selec-
tively expressed on differentiated cells and not on CSCs. Thus in addition to target-
ing known tumor antigens work is being done to reveal novel antigens that are
specific to CSCs. In a study looking at cancer testis antigen (CTA) genes in GSCs
isolated from glioma cell lines and tissues it was found that the CTA genes were
highly expressed in GSCs in comparison to differentiated tumor cells. The expres-
sion of one gene, LAGE-1, was limited to the CSCs which may indicate a candidate
for a CSC-specific antigen [75, 76]. Elucidating CSC-specific antigens will help
prevent CSCs that are capable of escaping immunological interventions.

Based on the results of these studies using CSCs and immunotherapy, it appears
that as we clarify the differences between CSCs, normal stem cells, and non-stem
cancer cells, we will be better able to target CSCs for both mono- and combina-
tion therapy.
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Future Treatment Directions

The field of immunotherapy to treat gliomas is rapidly evolving; new techniques
and strategies are steadily emerging as the concept takes root. Although the
strategies mentioned are fairly young and hold significant promise their effect to
date has only been moderate and has yet to be successful among the masses.
This is in part due to the fact that with new therapies, there are drawbacks that
must be overcome including issues with the treatments themselves as well as
tumor heterogeneity: additionally the presentation of tumor antigens remaining
at an unsatisfying level of efficiency as well as immune evasion by the tumor via
induction of regulatory T cells (Tregs) and myeloid-derived suppressor cells
(MDSCs). Thus additional strategies should include efforts that deplete Tregs or
MDSCs allowing for an enhanced immune response. Another major issue facing
immunotherapy in the CNS is the possibility of developing an autoimmune
response. While the ideal antigen would be tumor specific the majority of anti-
gens targeted are tumor associated; thus they are present in varying levels on
normal tissues increasing the possibility of autoimmunity. Another interesting
area to target would be the activation of the immune cells inherent to the CNS
to determine if they could indeed elicit an immune response as well as how
effective this response would be. Identification of biomarkers that may deter-
mine patients who will gain the most benefit from immunotherapy strategies is
another promising area of study. It remains to be determined if the benefits of a
combination treatment will be time or age dependent; should it be given to
patients who have advanced-stage glioma or will it only be effective in the ini-
tial stages? Younger versus older patients? Identification of these prognostic
indicators can help to design more specific clinical trials. However, given that
GSCs are believed to reinitiate tumors, targeting this subpopulation may be the
ultimate key to successful immunotherapy.

Although the immunotherapies discussed, as well as those that were not, may
not be effective as a single-modality treatment, we believe that the most effective
immunotherapies will be a cocktail that combines three or more different immuno/
chemotherapies alongside TMZ. In essence, by combining synergistic treatments,
immune evasion will be decreased allowing for a CTL-mediated antigen-specific
tumor elimination. Transfecting autologous dendritic cells with autologous GSC-
mRNA for example, in addition to cytokine therapy, may prove effective and pro-
long recurrence-free survival. The current results seen in clinical trials strongly
support the use of immunotherapy as an adjuvant treatment alongside standard
glioma care. Additionally the use of histone deacetylase inhibitors alongside TMZ
and immunotherapy may enhance survival as studies have shown that these inhib-
itors significantly improved survival in TMZ-treated patients. It is the hope that
one day the primary benefit of immunotherapy is that in addition to an initial
immune response, the immune system may be able to adapt to the oft-occurring
changes in the tumor cells and microenvironment, bypassing any resistance that
usually occurs with drugs.
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Approaches utilizing immunotherapy to managing cancer treatment are the result
of finding ways to exploit the body’s own immune system, through passive immu-
notherapy, adoptive immunotherapy, or active immunotherapy. There has been a
concerted effort to harness these treatment modalities for clinical use. The rationale
for pursuing such ends in the clinic has been slowly established in the lab for several
decades. The tumor microenvironment has evolved in such a way that allows for
cancers today to effectively evade host immunosurveillance and at times redirect the
host response into self-preservative functions, utilizing a wide array of tactics
including antigen mutations, responsive downregulation of certain target antigens,
and even selective survival of certain robust tumor subpopulations. GBM is particu-
larly relevant in this discussion since it represents one of the most heterogeneous
tumor subclasses making them incredibly difficult to clinically target.

Clinical Trials

Immunotherapy Clinical Trials in High-Grade
Gliomas: Historical

Immunotherapy remains a very desirable method of attacking complicated and
advanced tumors. Over the past 25 years a number of Phase I and Phase II clinical
trials for high-grade gliomas have been conducted using a variety of approaches
with varied results, including adoptive T cell therapies, ATC and DC vaccines, and
more recently vaccines with tumor peptide adjuvants.

The first report of LAK-mediated immunotherapy in CNS patients came in 1986
from Jacobs et al. where six high-grade glioma patients undergoing a tumor-
debulking craniotomy were directly injected with LAK cells at the tumor site [77].
Although the treatment was well tolerated, there were no clinically significant
responses versus normal disease progression.

The primary complication with LAK cell injection was cerebral edema, reported
in several trials where there was intracavitary or intralesional delivery of LAK +1L.2
[78-84]. In two separate studies conducted in 1988, Merchant et al. reported
increased intracranial pressure inducing cerebral edema in nearly every subject. ICP
was always elevated even when compared to the expected levels of edema expected
post-craniotomy. Barba et al. showed similar results in 1989, additionally reporting
signs of neurological deficits resulting from cerebral edema in over half of the
patients post-intracavitary injection of LAK +1L-2. Both studies determined that the
safety of injecting LAK cells with IL-2 should be carefully evaluated before pro-
ceeding, minding not to cause excessive swelling in areas of the brain more sensi-
tive to changes in pressure (e.g., thalamus and brainstem) [78]. It is also difficult to
access the relative success of LAK-mediated immunotherapy due to the variance in
reported results. Early trials such as Merchant et al. reported mean survival at
around 25-30 weeks from the time of pre-immunotherapy surgery with no benefit
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[81, 82]. Of the 33 patients enrolled between two studies in 1988, 30 were either
GBM or recurrent GBM. In 1988 Yoshida et al. also conducted a Phase | LAK+1L2
trial but in 23 patients with recurrent anaplastic astrocytoma (AA) [85]. Of the 23
patients, 6 were reported to have responded to immunotherapy. Also in 1988,
Okamoto et al. conducted a pilot study with six young patients with medulloblas-
toma with CSF dissemination with positive results [86]. Three patients showed
improved neurological signs with negative detection of malignant cells in the CSF,
with one patient demonstrating full response within 20 months posttreatment.

Hayes et al. (2001) reported 28 patients in a Phase I/II trial for recurrent high-
grade gliomas, again using LAK +1IL-2 via intracavitary injection [44]. One patient
reported a complete response while three others had either a partial or minor
response to the treatment. Median overall survival was reported at 53 weeks in
GBM patients versus 26 weeks in non-treated controls, showing significant positive
improvement but only in a small subset of the patient pool. Two of the patients that
did respond remained alive and nonrecurrent after 8 years posttreatment at the time
of the report. Dillman et al. (2004) also reported increased overall survival
(17.5 months) in 31 recurrent GBM patients out of 40 enrolled and compared to 41
age-matched controls (13.6 months) [87]. They again reported another Phase II
clinical trial in 2009, this time enrolling 33 newly diagnosed GBM patients as
opposed to recurrent GBM patients. Expectedly, the newly diagnosed patients
responded better to the same LAK treatment as compared to recurrent GBM
patients, with a reported median overall survival of 20.5 months [88].

Although LAK cell-mediated immunotherapy has shown improved signs in
more recent trials, the efficacy and positive benefit in advanced CNS tumors is not
definitive. Moreover, the success of the treatment seems to be intricately related to
the tumor type and perhaps also patient age. Primary complications include neuro-
logical irritation, fever, and cerebral edema as mentioned earlier. Many of these
problems, notably the cases of edema, may well be tied to the direct injection of an
inflammatory cytokine like IL-12 into CNS tissue. In any case, the majority of
adoptive T cell therapy is no longer done with LAK cells today, but rather with the
use of CTL.

In 1987 Kitahara et al. reported two out of five patients responding partially to
intracavitary injection of CTLs with more than 50 % tumor regression in both
cases [89].

Ten years later Kruse et al. conducted a Phase I trial with five patients of mixed
recurrent tumors (GBM, A-ODG, AA). Of the five patients, three showed stable
disease posttreatment but these did not include any GBM patients [90]. In this
study IL-2 was also used in treatment as an adjuvant alongside the CTLs that were
not derived from patient PBMC but rather sourced from PBMCs of MHC dispa-
rate donors primed with patient lymphocytes. Again patients that responded
showed stabilized disease but no regression of the tumor itself. Tsurushima et al.
(1999) showed three partial responses in both recurrent GBM and AA from a total
of four enrolled patients while more recently Tsuboi et al. (2003) enrolled ten
high-grade glioma patients and showed one complete response and three partial
responses to treatment [91, 92]. Both of these cases showed relatively high tumor
response rates (~50 %).
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A 1999 trial by Quattrocchi et al. used tumor-infiltrating lymphocytes (TIL) with
IL-2 adjuvant in three recurrent GBM and three recurrent AA patients. After a
12-month follow-up one AA patient showed a partial response and one showed
complete response while only one GBM patient showed a complete response [93]
all with only minor side effects.

Several trials have utilized CTLs derived from patients post-ATC vaccination
[94-97]. In 2000 Sloan et al. conducted a pilot study with 16 recurrent GBM, 2
recurrent AA, and 1 recurrent gliosarcoma (GS) [97]. Of these patients one dis-
played complete response while seven had a partial response and nine more showed
stable disease. Furthermore, 8 of the 19 patients had a radiological response and this
response correlated positively with improved survival with a median surgery-free
survival of 12 months posttreatment. Holladay et al. had opposite results 4 years
earlier when a 15 patient pool of recurrent GBM and AA had no response through-
out and progressive disease in all 15 patients [94]. In 1998 Plautz et al. showed three
partial responses and four patients with survival over 12 months in a Phase I study
with nine recurrent GBM and one recurrent AA [95].

Two years later in 2000, the same group was able to show four partial responses
and two stable disease responses from a 12 patient pool of newly diagnosed GBMs
and AAs [96].

There is clear variance in many of the results among all of the CTL-mediated
therapies and some of that lies in the lack of standardization in the methodology
itself. There has yet to be defined an optimal parameter for adoptive immunotherapy
and the number of cells injected into patients in many clinical trials does in fact vary
anywhere from 3x 107 cells to 1x 10! cells. Kronick et al. recently developed a
mathematical model to look at just this trying to account for the dynamic interaction
between the immune elements such as lymphocytes and cytokine and the tumor
microenvironment [99]. Based on this model the optimal system of immunotherapy
in GBM would require at least 3 x 103 alloreactive CTLs on a 4-day injection regi-
men or 2x 10° CTLs on a 5-day injection regimen depending on the tumor size. This
would imply the primary reason for much of the failure to illicit a clinically signifi-
cant response in many of the clinical trials so far was the dosage administered,
which was on average 20-fold lower than required.

Recent studies have demonstrated the presence of cytomegalovirus (CMV) in
human glioma tumors but not in the surrounding healthy tissue, suggesting CMV to
be a therapeutic target that could be utilized in a CAR system [100, 101].
Furthermore, Dziurzynski et al. demonstrated that CD133* GSCs not only expressed
CMV but also produced measurable quantities of CMV IL-10. This immunosup-
presses human monocytes through multiple mechanisms, including upregulation of
the immune-inhibitory molecule B7-H1 [102]. Taken together, all of these recent
findings give good evidence to suggest promise in targeting CMV™ tumor cells in
the CNS to eradicate malignant progression and perhaps even destroy CSC
propagation.

Apart from adoptive therapeutic techniques, there is ample work being done
to suggest that active immunotherapy could provide the potential to additionally
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target tumors by stimulating the adaptive immune response. This is primarily
accomplished by vaccinating patients against tumor antigens in order to elicit this
response. Clinical trials to date have utilized ATCs, dendritic cells (DCs), and
tumor peptides to vaccinate patients in this approach, each with its own benefits
and each with varying success. An early 2004 pilot study by Ishikawa et al. used
adjuvant tuberculin microparticles along with formalin-fixed ATC-based vaccine
in 12 GBM patients. Of the patient pool five responded with a significant increase
in median survival, up from 5 months to 20.3 months, while similar studies have
shown at minimal establishment of stable disease [103]. Several trials have supple-
mented ATC-based vaccines with different adjuvants such as granulocyte-macro-
phage-stimulating factor (GM-CSF), Bacillus Calmette-Guérin, and Newcastle
disease virus [94-98, 104, 105].

One of the first Phase I DC-based trials in CNS tumors was done by Kikuchi
et al. in 2001 with seven patients using a tumor cell + DC fusion vaccine [106]. Of
the five GBM patients, four maintained stable disease while one had a minor
response. Two more of the remaining patients (AA and A-ODG) also maintained
stable disease. Concurrently we (Yu et al.) did a Phase I trial with nine patients of
newly diagnosed GBM and AA using acid-eluted MHC class I-associated tumor-
specific peptides to prime DCs [107]. Results were positive with median overall
survival increasing in the respondent group from 257 days to 455 days. In 2004 we
repeated the trial but included an IL-12 adjuvant in a 15-patient Phase I trial. Four
of the patients had a primary response of over 50 % tumor regression while two
more maintained stable disease and one patient had a minor response. We (Yu et al.)
also started a new Phase I trial that year with 14 patients with GBM or AA using
DCs pulsed with tumor lysate [108].

Even in recurrent GBMs, median survival increased significantly from 30 weeks
to 133 weeks. A 2008 Phase II trial by Wheeler et al. with 34 GBM patients again
using DCs pulsed with tumor lysate showed three complete responses and one par-
tial response to treatment with vaccine responder median survival up from 430 days
to 642 days [109]. Furthermore, this study showed that patient survival was posi-
tively impacted by a treatment protocol that included both vaccination and chemo-
therapy, as opposed to any one of these treatments in isolation. All of these trials
showed some level of positive benefit in the short term, especially when comple-
mented with traditional treatment methods like surgical resection and chemother-
apy. This was accomplished with minimal reported toxicities.

There is an explicit modulation of the immunological response detectable in
the brain in patients who undergo DC-based vaccination. The measurement of
such a modulation may require many different factors such as IFN-y production,
CD4+ and CD8* precursor frequencies, and proportions of these precursors that
also produce IFN-y. These were the parameters for immunological function that
were used in Fadul et al. post-DC vaccination using DCs primed with tumor
lysate and injected into the bilateral cervical lymph nodes in ten newly diagnosed
GBM patients [110].
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Recent Immunotherapy Trials of GBM

Multiple Phase II clinical trials with newly diagnosed GBM patients were conducted
in 2012. Cho et al.’s was a randomized, double-blind, placebo-controlled trial that
enrolled 34 patients with 16 control subjects and 18 treatment group subjects that
received DC vaccination primed with tumor lysate [112]. Median overall survival in
the treatment group was 31.5 months, up from 15 months in the control. Jie et al.’s
was an open-labeled, unrandomized trial that enrolled 25 patients with 12 controls
and 15 treatment subjects receiving DC vaccine primed with heat-shocked tumor
cells [111]. Once again median survival was improved in the treatment group at
17.5 months compared to the 10.5 months of the control. More studies are being
conducted now into the possible safety and efficacy of using DC-based vaccine
along with adjuvant chemotherapy, as many of the recent trials have suggested a
possible synergism between the two treatments.

To date only one Phase II clinical trial for newly diagnosed GBM has provided
evidence of improved survival outcome combining an experimental drug with stan-
dard radiation and chemotherapy. Dr. Manfred Westphal and colleagues from the
Department of Neurosurgery at UKE Hamburg disclosed final results from a ran-
domized Phase 1II trial of nimotuzumab for newly diagnosed GBM in addition to
standard radiochemotherapy with temozolomide versus radiation and temozolo-
mide alone at the 2012 Annual ASCO meeting [113]. The study showed a marked
survival improvement from 15 months to 19.6 months in patients with an unmethyl-
ated MGMT promoter with 28 experimental and 28 control patients. ImmunoCellular
Therapeutics presented preliminary data at the 2014 Annual ASCO meeting from
their randomized Phase II trial of ICT-107 vaccine for newly diagnosed GBM
patients [114]. All patients underwent standard radiochemotherapy and temozolo-
mide following surgery and were positive for either human leukocyte antigen-Al or
-A2 (HLA-A1, HLA-A2). A total of 124 patients were enrolled and randomized to
ICT-107 or placebo control. Progression-free survival in the vaccinated group of
MGMT methylated, HLA-A2 positive was reported to be 24.1 months compared to
8.5 months in the placebo. These results represent the most compelling evidence of
vaccine efficacy in affecting PFS of MGMT-methylated patients in any Phase II or
Phase III trial to date.

There is a very valid risk of autoimmunity in any of these previously described
trials due to the general overlap between targets within tumor lysate and normal tis-
sue. Therefore it is more clinically useful to pursue even more targeted vaccines that
spare damage to normal non-tumor tissue, especially in a delicate closed system
such as the central nervous system. Recent work has focused on specific tumor pep-
tides that are absent on normal tissue but still are effective targets. In 2005 Yajima
et al. conducted a Phase I trial enrolling 25 patients either HLA-A24* or HLA-A2*
with recurrent high-grade gliomas [115]. Each patient’s PBMCs and blood plasma
were tested against 23-25 peptides before being vaccinated with up to 4 peptides,
positive for a detectable immune response along with Montanide ISA51 as an adjuvant.
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Of the 25 patients, 5 showed partial response to vaccination and 9 more displayed
stable disease. The overall survival of patients with recurrent GBM was 622 days.
The post-vaccination tumor cavity of all positively responding patients showed sig-
nificantly elevated levels of peptide-specific IgG.

Other tumor-specific peptide treatments have shown similarly promising results.
Morita et al. conducted a Phase I/II trial in 2006 with 6 HLA-A2402* patients with
Wilms tumor 1 (WT1)-positive tumors [117]. An HLA-A2402-restricted modified
9-mer WT1 peptide was used with a Montanide ISA51 adjuvant. One patient
showed partial response and four more had stable disease. Izumoto et al. would
repeat a similar study 2 years later in 2008 with a larger patient pool of 21 this time,
all recurrent GBMs. Results were similar with two partial responses and ten stable
diseases with a median survival of 36.7 weeks [116].

Sampson et al. would conduct two Phase II multicenter trials in 2010 and 2011
focusing this time on EGFRVIII as a target. Both studies were done with newly
diagnosed GBM patients [118, 119]. In the 2010 study, 18 newly diagnosed
GBMs were vaccinated with modified EGFRVIII peptide (PEPvIII KLH) and
showed improved survival with a median overall survival of 26 months, versus
15 months in the control. In 14 patients tested, 6 showed increased humoral
response against EGFRVIII and correlated to an even more prolonged median
overall survival of 47.7 months. In 2011 the same study was conducted again in
22 patients with newly diagnosed GBM and similarly, medial overall survival
increased to 23.6 months versus 15-month controls [121]. In 2013 Crane et al.
used heat-shock protein peptide complex (HSPPC)-96 as a vaccination target in
12 current GBM patients [120]. Eleven of the 12 patients showed positive benefit
and specific immune response to HSP-96-bound peptides. Median overall sur-
vival increased markedly to 47 weeks compared to 16 weeks and one patient who
did not respond. A Phase I trial of tumor-associated antigen-pulsed DC vaccina-
tion for 22 enrolled patients with brain stem gliomas or GBMs was recently com-
pleted at Cedars Sinai Medical Center and the results are pending. More work is
being actively pursued as these trials have demonstrated an improved efficacy
with peptide-based vaccines.

In early 2013 Vik-Mo et al. published results of a DC vaccine study targeting
CSCs in solid tumor GBMs [121]. In this trial monocyte-derived autologous DCs
were transfected with mRNA from CSCs procured from each patient. Autologous
GSC cultures were developed from 10 of 11 tumors from the initial trial enroll-
ment. Of these patients, only seven were able to come off corticosteroids well
enough to initiate immunotherapy. DC vaccination was introduced after standard 6
weeks of postoperative treatment of radiation and chemotherapy and good immune
induction were observed in all patients. With no considerable adverse effects,
progression-free survival improved nearly threefold, from 236 days in the control
group to 694 days in the treatment group. This was a good example of a case where
GBM vaccination successfully improved progression-free survival in a safe and
well-tolerated manner, making the argument that therein lies great potential in
using enhanced immune response mechanisms to attack resilient tumor subpopula-
tions such as GSCs.
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Antibodies themselves have been utilized with some success for some time in
targeting gliomas. The feasibility of moving such cellular components across the
blood-brain barrier has been established for some time after imaging work in gli-
oma patients used radiolabeled antibodies to hone in on gliomas for image resolu-
tion [35]. The crossing of the blood—brain barrier is a very essential question to
address when considering any type of cell-mediated therapy for CNS tumors and
applies to all of the therapeutic approaches that have been discussed thus far.

Secondary to the deployment concern is the actual targeting design of the anti-
bodies themselves. Tenascin is an extracellular matrix molecule featured promi-
nently in high-grade gliomas. Tenascin-specific monoclonal antibodies (mAbs)
have been developed both in the USA (81C6) and in Europe (BC-2) and have been
adopted into clinical trials with varied success [122, 124]. Another more recent
target has been EGFR in malignant gliomas, which has been shown to inhibit growth
and induce tumor apoptosis when bound [26, 123]. A chimeric EGFR mAb called
cetuximab was indicated to be effective in preclinical trials but failed to confer any
significant clinical benefit in terms of progression-free survival or overall survival
when it progressed to Phase II trials [125]. A small study has been done for other
EGFR mAbs such as trastuzumab (Herceptin) and panitumumab (Vectibix) applied
to high-grade gliomas despite well-established clinical benefits in certain forms of
colon and breast cancer.

This however seems to be a more recent trend of unsuccessful translation of
preclinical studies in CNS immunotherapy to the clinic. Bevacizumab (Avastin), a
humanized monoclonal antibody (93 % human and 7 % murine sequences), that
showed extremely promising preclinical results with evidence of prolonged overall
survival in patients is a case in point. Several Phase I/II clinical trials published
positive clinical outcomes in newly diagnosed GBM patients that underwent a
course of bevacizumab plus temozolomide and radiotherapy post-debulking surgery
[32, 126, 127]. Bevacizumab targeted VEGF activity in order to interfere with tumor
proliferation by interfering with tumor angiogenesis. In particular, bevacizumab
was able to undergo high-affinity binding to all isoforms of human VEGEF, thereby
counteracting VEGF’s biological activity as it sterically blocks binding to the
VEGFR-1 or VEGFR-2, thereby inhibiting any induction of signaling pathways
[126]. First used in patients by Dr. Stark-Vance, this drug was approved in 2009 by
the Food and Drug Administration (FDA) for recurrent GBMs. It is often used in
combination with other therapies but further studies are necessary to delineate the
mechanisms behind this synergy in treatment. Early Phase II trials seemed to sug-
gest that when given alone or in conjunction with some chemotherapeutic, such as
irinotecan, patient response rates and overall survival improved [127]. However,
Phase III results from the most recent trial RTOG 0825 were reported at the meeting
of the American Society of Clinical Oncology (ASCO) in late 2013 and suggested
that although some progression-free survival was observed, most patients were seen
to show negative response and decreased overall survival with an additional increase
in treatment toxicity [129]. These results were soon corroborated by similar results
from the AV Algio European GBM trial [128]. This promising antiangiogenic tar-
geting mAb failed to deliver any significant clinical benefit to GBM patients and at
times did more harm than good in terms of survival outcome.
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The primary challenge when determining broad efficacy of CNS tumor
immunotherapy in clinical trials is grounded in the great variance in trial design
and targeting methodologies. In one regard it is expectedly hard to standardize
treatment protocols for something as complicated as cancer immunotherapy in the
brain since the heterogeneity of trial designs and treatment protocols simply
reflects the intrinsic heterogeneity of the disease in question based on the knowl-
edge we have today.
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Emerging Strategies for the Treatment
of Tumor Stem Cells in Central Nervous
System Malignancies

Imad Saeed Khan and Moneeb Ehtesham

Abstract High-grade central nervous system (CNS) tumors are notorious for high
rates of recurrence and poor outcomes. A small cohort of tumor cells, dubbed tumor
stem cells (TSC), are now being recognized as an important subset of the tumor
that is resistant to chemotherapy and radiotherapy and account for the high recur-
rence rates. Recent research is developing modalities to target TSCs specifically in
a bid to improve the response of the tumor as a whole. The methods being employed
to target TSCs include targeting TSC-specific pathways or receptors, TSC-
sensitizing agents to chemotherapy and radiotherapy, immunotherapy, TSC-
differentiating agents, and viral therapy. This chapter provides an overview of
strategies that are expected to help develop new and more effective treatments for
CNS tumors.

Keywords Glioma stem cells * Tumor stem cells * Cancer stem cells » Chemotherapy
sensitization * Radiotherapy sensitization * Immunotherapy ¢ Differentiation agents
* Virotherapy * Gene therapy

Introduction

Central nervous system (CNS) tumors are notorious for including some of the
most lethal tumors in humans. The most common intrinsic brain tumor, the glio-
blastoma multiforme (GBM), carries a uniformly poor prognosis with most
patients not surviving up till 2 years after diagnosis. The standard management
strategy for patients with GBM is based on the protocol described by Stupp and
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colleagues: specifically, maximal safe surgical excision followed by radiotherapy
and temozolomide (TMZ) chemotherapy [1]. Unfortunately, in spite of these
aggressive measures, recurrence almost always occurs. This therapeutic regimen
has only been able to increase the median survival for GBM from 12.1 months to
the current 14.6 months [1]. The current prognosis of the disease stresses the
importance of developing novel treatment strategies and therapeutics targeting
tumor stem cell (TSC) populations have recently received notable attention in this
regard.

The TSC hypothesis is based upon the presence of a small subset of tumor cells
with properties akin to stem cells. According to this premise, TSCs sit at the apex of
all tumor cells and exhibit properties of multi-lineage capacity and self-renewal [2].
While self-renewal maintains the population of the TSCs, the process of differentia-
tion produces downstream tumor progenitor cells that generate the genetically
diverse progeny of the tumor mass.

An important property of TSCs is the ability to initiate tumors when xenografted
in nude mice. The xenograft initiation efficiency is significantly higher than
implantation of traditional GBM cell lines [3, 4]. Additionally, TSCs are generally
more resistant to conventional cytotoxic therapy, leading to tumor repopulation via
differentiation of unaffected TSCs after cytotoxic therapy. Therefore, TSCs are
thought to be a major factor driving recurrence and therapeutic resistance in
gliomas (Fig. 1).

Challenges with Current Treatment Strategies

Current therapeutic strategies advocate a uniform regimen for patients with CNS
tumors. For chemotherapy in GBM, TMZ is considered an essential part of the
treatment approach. TMZ causes cytotoxicity against GBM by the creation of
0O6-methylguanine (O6MeG) lesions—Ieading to DNA fragmentation and disrup-
tion of DNA replication. The resulting effects include tumor suppression and tumor
cell apoptotic cell death [5].

While the addition of TMZ to the chemotherapy protocol is only able to improve
the median survival to 14.6 months, Heigi and colleagues reported a specific patient
cohort of long-term GBM survivors with a median survival of 21.7 months [6].
Further investigation of their cohort revealed an absence of tumor methylguanine-
DNA methyltransferase (MGMT) expression in their patients [6]. By removing the
methyl groups added on by TMZ, MGMT prevents tumor cell death. However,
methylation of its promoter leads to absent or reduced expression of the MGMT and
increases the cytotoxic efficacy of TMZ. The overall effect is that of increased
tumor cell death, translating into improved patient survival.

The effect of MGMT status on the response to treatment points towards the
importance of understanding the differences within the tumor cell cohort that
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Fig. 1 Implication of cancer stem cells (CSCs) in cancer therapies and tumor relapse. (a)
Anticancer therapies may not kill all tumor cells equally. CSCs that sustain tumor growth or
another population of more slowly cycling tumor cells may be responsible for tumor resistance to
therapies and tumor relapse. Depending on the population responsible for tumor relapse, new
strategies should be designed to eradicate all tumor cells. (b) The CSC model suggests that inhibit-
ing CSC renewal or promoting their differentiation should induce tumor regression. Drugs could
impair CSC self-renewal, induce their specific cell death, induce their differentiation, or target
their niche. All of these strategies would lead to the depletion of the pool of CSCs and subsequent
tumor regression. However, if the CSC potential is reversible, or if newly acquired mutations con-
fer resistance to therapy, then tumor regression would only be transient, leading to cancer relapse
(reprinted with permission from Beck B, Blanpain C, Nat Rev Cancer. 2013 Oct;13(10):727-38.
Unraveling cancer stem cell potential)
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dictates the ultimate response to treatment. For treatment purposes the TSC fraction
is increasingly being recognized as an important, and in some ways fundamentally
different, part of the tumor. Liu and colleagues reported that CD133+ cells depicted
a multifold higher activity of MGMT compared to CD133— cells, which translates
into improved DNA repair and increased resistance to TMZ [7, 8]. Another reason
for the increased resistance to TMZ may be the downregulation of autophagy-related
proteins in the TSCs [9]. TSCs have also shown to possess stronger drug resistance
to other conventional anticancer drugs, such as doxorubicin (Dox), etoposide (VP-
16), carboplatin, and BCNU due to an enhanced expression of multidrug resistance
(MDR) 1 [10]. Thus, increasing evidence points towards the relatively refractory
nature of TSCs to conventional chemotherapy.

While Beier and colleagues were able to show that TMZ induced a dose- and
time-dependent decline of brain TSCs in a cell culture study, TMZ needed clinically
unreachable levels to be effective [11]. Glioma TSCs also show an upregulation of
mRNAs of FAS-associating death domain (FADD)-like antiapoptotic molecule
(FLIP), B-cell CLL/lymphoma 2 (Bcl-2), Bcl-X, and some inhibitor of apoptosis
(IAP) family members [12—14]. Other factors that confer a protective advantage to
TSCs include a higher expression of breakpoint cluster region pseudogene 1
(BCRP1; drug-resistant gene) and antiapoptosis proteins and inhibitors [7].

The fraction of tumor cells expressing CD133 is also known to be enriched after
radiation in gliomas [15]. CD133-expressing glioma cells survive ionizing radiation
in increased proportions relative to most other tumor cells. This is because TSCs
preferentially activate the DNA damage checkpoint in response to radiation, and
repair radiation-induced DNA damage more effectively than CD133-negative tumor
cells. With exposure to conventional radiation, CD133+ cells exhibit enhanced acti-
vation of three key mediators of cell cycle check points: Rad17, Chk1, and Chk2 [16,
17]. Interestingly, if administered specific inhibitors of the Chk1 and Chk2 check-
point kinases TSCs become more radiosensitive, akin to CD133— tumor cells [16].

Due to their inherent resistant nature, TSCs are worthwhile targets for the devel-
opment of specific treatment modalities to improve the overall response of tumors
to treatment [18]. Targeting a specific molecular protein signal pathway of TSCs
with a therapeutic target is one of the ways investigators are aiming to eradicate
these cells. Other strategies include virotherapy, increasing TSC chemosensitivity
and radiosensitivity by using hypersensitivity agents [19, 20], immunotherapy using
autologous dendritic cells, and using differentiation agents in a bid to promote dif-
ferentiation of TSCs [21]. Improving knowledge of the unique characteristics of
TSCs is driving the development of TSC-specific therapeutics. Based on the sug-
gested pivotal role of TSCs in the origin, development, and maintenance of tumors,
future therapies will aim to effectively eradicate them to improve the response rates
in tumors and decrease recurrences. We will now review some of the basic strategies
being employed to target TSCs that are expected to help engineer more effective
treatment strategies in the future.
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Fig. 2 Mediators of TSC treatment resistance. Depicted are the various treatment resistance
mechanisms and pathways difterentially expressed or regulated in TSC versus their differentiated
cell counterparts. Blocked red lines indicate ways to inhibit or block these mediators (from Schmalz
PG1, Shen MJ, Park JK. Cancers (Basel). 2011 Feb 10;3(1):621-35. Treatment resistance mecha-
nisms of malignant glioma tumor stem cells (open access))

Targeting TSC-Specific Pathways and Receptors

One of the major methods to target TSCs is to identify pathways and/or receptors
that are specific for TSCs (Fig. 2). These pathways can then be exploited to decrease
the number of TSCs while combining with conventional therapeutics will treat the
overall tumor mass. Some of the major targets of interest are summarized below.

Notch ligands, receptors, and targets have been found in a wide range of neo-
plasms, including, but not limited to, lung, breast, cervix, renal, pancreas, medul-
loblastoma (MB), and GBM [22-31]. Additionally, in many of these tumors
increased Notch activity has been shown to promote tumor growth, with studies
showing that Notch pathway blockade inhibits proliferation of tumor cells. In the
CNS, Notch signaling pathway regulates neural stem cells (NSCs). Studies have
also demonstrated higher Notch activity in CNS TSCs [32].
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The Notch pathway blockade by gamma-secretase inhibitors is another important
pathway that depletes glioma TSCs through reduced proliferation and increased
apoptosis associated with decreased AKT and STAT3 phosphorylation [33]. Using a
three-dimensional organotypic explant system of surgical GBM specimens, Hovinga
and colleagues inhibited Notch signaling and reported not only decreased prolifera-
tion and self-renewal of tumor cells, but also a decrease in endothelial cells [25].
These findings suggest that the Notch pathway plays a critical role in linking angio-
genesis and TSC renewal. A more recent study suggested that the brain microvascu-
lar endothelial cells are the source of Notch ligands that lead to TSC sustenance and
renewal [31]. A Notch signaling pathway inhibitor RO4929097 is currently being
evaluated in clinical trials for recurrent and progressive GBMs (NCT01122901).

The hedgehog (Hh) pathway is another significant pathway that plays an essential
role in development of the cerebellum [34, 35]. MB, a primitive neuroectodermal
tumor, is thought to arise from immature neural progenitors in the cerebellum [36].
Additionally, Michael and colleagues showed that genomic alterations in compo-
nents of the Hh signaling pathway were present up to 25 % of human MBs [37].
Additional work using knockdown experiments of Bmil demonstrated that Hh sig-
naling drives Bmil expression, which is a key TSC regulatory gene implicated in
the pathogenesis of MB [38].

The Hh pathway is similarly important in the pathogenesis of gliomas. Gli, a
component of the Hh signaling pathway, is amplified in gliomas [39]. Bar et al.
reported that cyclopamine blocks the Hh pathway causing a depletion of TSC in
GBM [40]. Likewise, Clement and colleagues reported that interference of Hh-Gli
signaling with cyclopamine or through lentiviral mediated silencing resulted in
decreased self-renewal and tumorigenicity of TSCs [41]. SANT-1 inhibition of Hh
has also been shown to reduce proliferation of glioma TSCs [42].

Glioma TSCs have also shown a positive correlation with microvessel density
and have multiple regulatory roles in endothelial cells [43]. They are thought to
enhance the migration and proliferation of the endothelial cells by secretion of sonic
hedgehog (Shh), leading to activation of the Hh pathway of the endothelial cells
[44]. Consequently, GDC-0449 or vismodegib (a small-molecule antagonist of the
Hh pathway) has recently garnered interest and is being tested in a clinical trial for
recurrent GBM (NCT00980343) [45]. A case report of a patient with refractory
metastatic MB managed with GDC-0449 has also been reported. This treatment
resulted in rapid (although transient) regression of the tumor and reduction of symp-
toms [46]. GDC-0449 is also being evaluated in clinical trials for recurrent and
recalcitrant MB (NCT00939484 and NCT00822458).

Bao and colleagues were the first to report the intimate relationship between glioma
TSCs and the microvasculature. They reported that CD133+ cells produced high levels
of VEGF that induced endothelial cell migration. Conversely, treatment of CD133+
GBM cells with bevacizumab blocked the tumor cells’ ability to induce endothelial cell
migration and initiate tumors in vivo [47]. Similarly, Calabrese et al. demonstrated that
treatment of GBM with bevacizumab depleted tumor blood vessels and caused a sig-
nificant reduction in the number of GBM TSCs [48]. Due to the efficacy of antiangio-
genic agents in preclinical studies, they have been tested in clinical trials. Unfortunately,
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bevacizumab has failed to show improvement in the overall survival of patients with
newly diagnosed GBM [49]. Similarly, cediranib did not prolong progression-free sur-
vival in patients with recurrent GBM, either as monotherapy or in combination with
lomustine, compared to patients who were treated with lomustine alone [S0].

Amplification and/or mutation of receptor tyrosine kinases, such as epidermal
growth factor receptor (EGFR), is another common genetic alteration in GBM [51,
52]. Recent studies have demonstrated the presence of a constitutively active EGFR
mutant (EGFRVIII) associated with glioma TSCs. This pathway potentiates tumor
growth and heterogeneity through IL-6-mediated Notch signaling [53, 54], and Src
family kinase (SFK)-dependent phosphorylation of Dock180 [55, 56]. Clinical
trails investigating the efficacy of EGFR inhibitors however have yielded disap-
pointing results [57-59].

Aberrant Wnt signaling is molecularly linked to many human cancers, including
colorectal, breast, ovarian, and hepatocellular carcinoma, neuroectodermal tumors,
and glioma [60-63]. Dysregulation of the Wnt-pathway has also been documented
in glioma TSCs [64, 65]. Investigators have also identified a role for this pathway in
MBs [66, 67]. Other similar targets currently being investigated to treat CNS TSCs
include the homeobox (HOx) family [7], phosphatase and tensin (PTEN) [68],
telomerase [69], efflux transporters [70, 71], and microRNA [72-74].

Chemotherapy and Radiotherapy Sensitizers

Increased resistance to chemotherapy is a great challenge when treating TSCs.
However investigators have reported several ways to potentiate the cytotoxicity of
chemotherapeutic agents. These include cell-cycle checkpoint abrogation
[75, 76], depletion in the expression of antiapoptosis proteins [77], and DNA
repair enzymes [78].

A molecular chaperone, 90-kDa heat-shock protein (hsp90), has recently been
described as a chemotherapy sensitizer because it is expressed at 2—10-fold higher
levels in tumors compared to normal tissues [79]. Ohba and colleagues reported that
inhibition of hsp90 potentiated the cytotoxicity of chemotherapeutic agents in human
glioma cell lines [80]. On the other hand, Sauvageot and colleagues reported that
while 17-AAG (inhibitor of hsp90) inhibited the growth of glioma cells and although
it has a synergistic effect with radiation, it was not found to synergize with TMZ [81].

GPI 15427, a novel poly(ADP-ribose) polymerase-1 (PARP-1) inhibitor, signifi-
cantly increases the life span of its tumor-bearing mice when it is administered
systemically shortly before TMZ [82]. The same group later used the oral route to
administer GPI 15427 and found it to be efficacious as a chemosensitizer as well
[83, 84].

More recently, the effect of secreted frizzled-related protein 4 (sFRP4), a Wnt
signaling antagonist, in chemosensitizing glioma TSCs was examined. The results
indicated that sSFRP4 was able to significantly sensitize glioma TSCs to doxorubicin
or cisplatin [85]. Similarly, another study used proteasome inhibitor bortezomib and
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revealed that combination therapies based on bortezomib and bevacizumab offered
an increased benefit when the two agents are used in combination [86]. Xu et al.
targeted CD44, which is upregulated in GBM, and reported that its depletion
impeded the growth of GBM and sensitized the tumor cells to cytotoxic drugs
in vivo [87]. Tyrosine kinase inhibitors have also been experimented for sensitiza-
tion of the tumor. Wachsberger and colleagues used cediranib, a potent receptor
tyrosine kinase inhibitor that inhibits all three VEGF receptors. They reported that
while cediranib did not radiosensitize the glioma cells, it did enhance the effective-
ness of TMZ [88].

1,3-Bis(2-chloroethyl)-1-nitrosourea (BCNU) is one of the most commonly used
chemotherapeutic agents in the treatment of GBM but it often fails to eradicate
TSCs. Research has uncovered an overexpression of multiple ion channel genes
that are related to drug efflux. However when a chloride channel blocker,
4,4’'-diisothiocyanostilbene-2,2'-disulfonic acid, is used in combination with
BCNU, the effect of BCNU is seen to synergistically increase [89].

Some investigators have aimed to disrupt the TSC niche by administering antian-
giogenic agents with the intention of disrupting the stemness of the tumor cells. By
losing the stem-cell characteristics the tumor cells may become more sensitized to
chemotherapy. This technique has been used by researchers to show that combined
antiangiogenic and cytotoxic drugs can result in a significant reduction in the num-
ber of glioma TSCs [90].

There has also been a concentrated effort to understand the biology of TSC
radioresistance and develop approaches to sensitize the tumor cells to ionizing radi-
ation. As TGF-p is a modifier of radiation responses, TGF-f receptor (TGFfR) I
kinase inhibitor (LY2109761) has been used in combination with radiotherapy as an
approach to increase the radiosensitivity of glioma cell lines including in TSCs [91].
Similarly, LY364947, another small-molecule inhibitor of TGF-p type I receptor
kinase, was used by investigators to show improved tumor response when it was
administered prior to radiotherapy [92]. A TGF-p inhibitor, LY2157299, alongside
TMZ-based treatment regimen is also being evaluated in an ongoing clinical trial
(NCTO01220271).

EGFR activation has also been implicated in the radioresistance of many can-
cers, including brain tumors. Combining EGFR targeting with radiotherapy is an
appealing option to increase the cytotoxic effect of radiation. To test this strategy,
Geoerger et al. used gefitinib (tyrosine kinase inhibitor) in two xenograft models: an
EGFR-amplified glioma and an EGFR-expressing ependymoma. For both the mod-
els, there was a positive trend towards superior antitumor activity when combined
therapy was administered (gefitinib +radiation) [93].

Kang and colleagues further investigated the effect of gefitinib in glioma TSCs
and found that it enhanced radiosensitivity of TSCs by reducing EGFR-Akt acti-
vation and DNA-PKcs expression. This was accompanied by enhanced irradiation-
induced DNA double-strand breaks and inhibition of its repair [94]. Likewise,
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another group investigated the efficacy of ZD1839 (Iressa), a selective EGFR
tyrosine kinase inhibitor, on the radiation sensitivity of the U251 GBM cell line.
In their radiation survival experiments, ZD1839 had a significant radiosensitizing
effect and increased tumor cell death [95]. In the clinical domain, a phase 1/2
study of radiation therapy with concurrent gefitinib for newly diagnosed GBM
showed good tolerance of the drug but no benefit in survival [96]. Other tyrosine
kinase inhibitors investigated as radiosensitizers for GBM include erlotinib [57]
and vandetanib [97].

Signal transducer and activator of transcription (STAT) 3 is a member of a family
of DNA-binding molecules, and the aberrant activity of the JAK2/STAT3 pathway
is associated with glioma TSCs. Inhibition of this pathway leads to decreased pro-
liferation of glioma TSCs [98, 99]. Yang and colleagues reported that resveratrol
(inhibitor of the STAT3 axis) therapy significantly improved the survival rate in
their xenotransplant model in part by synergistically enhancing the radiosensitivity
of radiation-treated GBM TSCs [100].

STAT?3 pathway also plays a key role in mediating CSC properties in MB-derived
CD133(+) cells [101]. Celecoxib is a selective COX-2 inhibitor and has been shown
to potentially reduce STAT3 phosphorylation [102, 103]. Incubation of MB TSCs
with celecoxib has shown to dose-dependently suppress the TSC properties of the
tumor cells and enhance the radiotherapy effect on the induction of apoptosis [104].
Similarly, inhibition of phosphorylated STAT3 by cucurbitacin I has also demon-
strated enhancement of the chemoradiosensitivity of MB TSCs [101].

Valproic acid (VPA) is a commonly prescribed antiepileptic drug used for the
management of seizures in brain tumor patients. Besides its antiseizure property,
VPA is an effective inhibitor of histone deacetylase and is involved in modulating
chromatin structure and gene expression [105-107]. Interaction between VPA and
TMZ has been studied to depict enhanced cytotoxicity in TMZ-sensitive cell line
(D384) and the TMZ-resistant cell line (T98). The enhancement of TMZ-induced
apoptosis is associated with increased reactive oxygen species production and glu-
tathione depletion. Pretreatment with N-acetylcysteine can partially recover the
apoptotic effect of the TMZ/VPA combination treatment [108]. Furthermore, the
combination of VPA and TMZ also causes significant radiation enhancement in the
glioma cell lines [109].

Another approach to make glioma TSCs more radiosensitive is to inhibit the
DNA damage responses (DDR) that follow radiotherapy [110]. A dual phos-
phoinositide 3-kinase/mTOR inhibitor NVP-BEZ235 can potently inhibit two cen-
tral DDR kinases, DNA-dependent protein kinase catalytic subunit (DNA-PKcs)
and ataxia-telangiectasia mutated (ATM), and has been shown to potentiate the
damage caused by ionizing radiation in glioma cells [111, 112]. The recognition of
various pathways and receptors that can be modulated to increase the chemoradio-
sensitivity of CNS TSCs is an area of intense research that promises to identify
specific clinical targets that may be exploited.
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Immunotherapy

GBMs secrete multiple immunosuppressive factors, including transforming growth
factor-p (TGF-P) and prostaglandin E2 (PGE2), which lead to a profound immuno-
suppressive effect both locally and systemically [113, 114]. TGF-p expands the
pool of immunosuppressive regulatory T cells, resulting in suppression of T cell
proliferation. Additionally, TGF-f and PGE2 downregulate the expression of major
histocompatibility complex (MHC) class II, as well as the antigen processing of
dendritic cells (DCs) [115]. Disruption of the immunosuppressive environment rep-
resents a promising immunological target to treat tumor cells.

Glioma cells also express certain antigens that are not expressed elsewhere in the
brain. These antigens can be recognized by T cells, which can play an important role
in tumor rejection. Some of the major glioma antigens include MAGE-1 [116],
SOX6 [117], gp100, TRP-2 [118, 119], EGFRVIII [120], L13Ra2 [121], HER-2
[118], WT1 [122], SART-3 [123], and SOX11 [124, 125]. In general, immunothera-
pies consist of antibody-mediated immunotherapy, active immunotherapy that
induces antitumor immunity in patients via a cancer vaccine, and adoptive or pas-
sive immunotherapy whereby tumor antigen-activated T cells are prepared ex vivo
and administered to patients [114].

Tenascin is a well-known antigen associated with glioma and is an extracellular
matrix molecule that is prominently expressed in the fibrillary matrix and perivas-
cular patterns of gliomas [126, 127]. Multiple monoclonal antibodies (mAb) spe-
cific for human tenascin have also been generated [128, 129]. As EGFR is highly
expressed by glioma cells, a chimeric mAb (cetuximab) has also been used in clini-
cal trials but showed disappointing results [130]. More recently, a chimeric form of
mAb ch806 administered to a patient with anaplastic astrocytoma showed good
localization of the mAb at the tumor [131]. Various clinical trials have also studied
the efficacy of various mAb to EGFR [114].

HER2-specific T cells against CD133+ cells generated by transduction with a ret-
roviral vector encoding a HER2-specific chimeric antigen receptor have been used by
investigators to show sustained regression of autologous GBM xenografts [132]. The
same group also reported regression of experimental MB following transfer of HER2-
specific T cells [133]. Similarly, IL-13 receptor alpha2 (IL13Ralpha2) is a glioma-
restricted cell-surface epitope that is not otherwise detected within the CNS. Numerous
preclinical studies have demonstrated the ability of L13-zetakine-redirected T cells to
cause regression of GBM and GBM TSCs, as well as MB TSCs [134—-137].

Dendritic cells (DCs) are the most potent antigen-presenting cells and have the
ability to prime naive T cells. A variety of tumor-associated antigens (specific
tumor-associated peptides, tumor RNA and cDNA, tumor cell lysate, or apoptotic
tumor cells) have been tested in numerous studies [138, 139]. Initial clinical trials
using DC vaccines have shown to have strong systemic and intracranial T cell
response and robust infiltration with T cells along with positive clinical outcomes
[140-142]. Some studies have also suggested that eliminating the regulatory T cells
would lead to improved anti-glioma immunity [143, 144].
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TSC Differentiation

Due to their nature, TSCs play an important role in the tumorigenicity and mainte-
nance of CNS tumors. While other agents aim to decrease the number of TSCs via
specific targeting, differentiation agents aim to preferentially route the TSC into
differentiating into progenitor cells. The strategy helps in decreasing the number of
TSCs and gives rise to downstream tumor stem cells that are much more likely to be
vulnerable to established therapeutics.

One of the first agents to be used as a differentiating agent for GBM TSCs was
bone morphogenetic protein (BMP) 4 [145]. BMPs have an instructive role in the
adult brain stem cell niche and favor the acquisition of an astroglial fate [146, 147].
Piccirillo and colleagues demonstrated that BMPs trigger the Smad signaling cas-
cade in GBM cells. This was followed by a decrease in the size of CD133+ popula-
tion and a decrease in their clonogenic ability [145].

A closer look at the oncogene BMI 1 that regulates gene expression by modifying
chromatin organization demonstrated that BMI1 was highly expressed in CD133+
cells. Knockdown of this gene using short hairpin RNA-expressing lentiviruses
resulted in the inhibition of clonogenic potential in vitro and of brain tumor forma-
tion in vivo [148]. More recent research has shown the importance of BMI1 to self-
renewal in CD133+ populations as well [149].

Metformin, a first-line drug for type II diabetes, was recently reported to possess
anticancer properties affecting the survival TSCs in breast cancer models [150—
152]. Wiirth and colleagues investigated the effect of metformin on glioma cells and
reported a TSC-specific inhibition of Akt-dependent cell survival pathway that
affected the self-renewal mechanisms [153]. Clinical trials using metformin for
treatment of GBM are being conducted in the light of these promising results
(NCT02149459 and NCT01430351).

Induction of autophagy has also shown to promote differentiation in glioma
TSCs. Drugs such as rapamycin [154] and curcumin [155] trigger the differentiation
cascade in TSCs by activating autophagy. Other differentiating targets include gir-
din, an actin-binding protein [156], and the vanilloid-2 cation channel [157].
Cannabinoids and sorafenib have also been documented to induce glioma TSC dif-
ferentiation and deplete GBM TSCs [158].

Virotherapy and Gene Therapy

Among the emerging therapeutic options for CNS TSCs, virotherapy has shown
noteworthy promise in terms of targeting glioma TSCs [159] (Fig. 3). Fueyo and
colleagues constructed a tumor-selective adenovirus (Delta24) that carried a 24-bp
deletion in the E1A region responsible for binding Rb protein. In vivo and in vitro
results from their study demonstrated a potent lytic effect of glioma cells [160].
Later another group used a second-generation Delta24 (Delta24-hyCD) and
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Fig. 3 Stem cell-targeted virotherapy. Adenoviral vectors are genetically modified to recognize
and multiply only in cancer stem cells (CSCs). Viral replication in CSCs leads to destruction of
CSCs and release of viral progeny, which in turn further infect neighboring stem cells. Repetition
of this cycle leads to eradication of CSCs. Thus targeted therapy in addition to conventional ther-
apy can lead to eradication of the tumor (reprinted with permission from Dey M et al. Stem Cell
Rev. 2011 Mar;7(1):119-29. Cancer stem cells: the final frontier for glioma virotherapy)

exhibited significant chemosensitization and significant glioma control when
5-fluorocytosine was coupled with Delta24-hyCD [161].

In another study, a combination of adenoviral virotherapy and TMZ chemother-
apy demonstrated a significant overexpression of autophagy markers, acidic vesicu-
lar organelles, and light-chain 3 (LC3) in vitro. In vivo studies showed significantly
higher survival with combination therapy [162].

Gene silencing techniques can also be used to better understand the role of cer-
tain genes in the biology of TSCs and identify viable therapeutic targets. Bao and
colleagues investigated the role of a neuronal cell adhesion molecule, LICAM, in
glioma TSCs using lentiviral mediated shRNA interference. They reported dis-
rupted neurosphere formation, induced apoptosis, and inhibited growth of glioma
TSCs [163]. Similarly, Wang and colleagues interrogated the significance of c-Myc
expression in glioma TSCs using shRNA interference and showed that decreased
expression of the target decreased proliferation and survival of TSCs [164].
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Conclusion

Promising results from preclinical research using TSC-directed therapy have led to
hopes for significant improvement in outcomes with high-grade CNS tumors. In this
regard, the combination of conventional surgery, chemotherapy, and radiotherapy
with TSC-targeted therapy may provide a new treatment approach to improve the
response of CNS tumors. The potential efficacy of these therapeutic measures is
being tested in various clinical trials and may direct future therapeutic interventions
for CNS malignancies.
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