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Glioblastoma multiforme (GBM), the most common malignant primary brain tumor in adults,
carries a poor prognosis, with median survival generally less than 1 year. Although initial therapy
often eradicates the bulk of the tumor, disease recurrence, usually within 2 cm of the original
tumor, is almost inevitable. This may be due to a failure of current therapies to eradicate viable
chemotherapy- and radiotherapy-resistant neoplastic progenitor cells, which may then repopulate
tumors. An increasing body of preclinical data suggests that these cells may correspond to stem
cells derived from the subventricular zone (SVZ), which migrate to tumor sites and contribute to
glioma growth and recurrence. Therapeutic targeting of SVZ stem cell populations via cerebrospi-
nal fluid (CSF)-directed therapy may provide a means for limiting tumor recurrence. This approach
has proved successful in the treatment of medulloblastoma, another brain tumor thought to be
derived from stem cells. We discuss the rationale and design considerations for a clinical trial to
evaluate the efficacy of CSF-directed therapy for preventing GBM recurrence.
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lioblastoma multiforme (GBM) is the most

common type of primary malignant brain tu-

mor in adults. Despite current treatment strat-
egies, the median survival for patients with GBM is
about 1 year from the time of diagnosis, and more than
90% of patients die within 2 years.!> Standard therapy
consists of surgical resection followed by radiotherapy
and adjuvant chemotherapy.*5 Although initial therapy
often eradicates the majority of the tumor, recurrence
within 2 cm of the original site occurs in more than
90% of patients.®” This may be due, in part, to a failure
of current therapies to eradicate viable chemotherapy-
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and radiotherapy-resistant neoplastic progenitor cells
that can repopulate the tumor.

An extensive body of in vitro data suggests that the
origin and primary location of these putative tumori-
genic cells is the subventricular zone (SVZ). Clinical
observations that malignant cells are often present in
the cerebrospinal fluid (CSF) both at the time of GBM
diagnosis and at the time of tumor recurrence, and that
tumor proximity to the SVZ affects the timing and
topology of tumor recurrence, suggest that therapy-
resistant progenitor cells may find shelter in the CSF or
in periventricular regions adjacent to the CSF, where
systemic chemotherapy penetration is poor.%? This re-
view discusses data suggesting that CSF and SVZ malig-
nant cell progenitor populations may represent a res-
ervoir of cells that can repopulate tumor beds and thus
contribute to GBM recurrence. Specifically, we hypoth-
esize that: (1) stem cell-like neural or glial precursor
cells contribute to glioma growth and recurrence; (2)
these putative tumorigenic cells derive from the SVZ, a
known site of self-renewing undifferentiated cells in
the adult brain; and (3) tumorigenic cells migrate from
the SVZ to parenchymal brain sites in a non-random
manner analogous to neuronal and glial migration that
occurs during neurogenesis (Figure 1). We further pro-
pose that if these hypotheses prove sufficiently robust,
CSF-directed therapy may provide an effective means
for preventing GBM recurrence. Practical consider-
ations related to designing a clinical trial that would
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Figure 1. Schematic diagram of proposed stem cell hypothesis of glioblastoma multiforme (GBM) tumor formation and
repopulation following surgical resection. SVZ, subventricular zone.

evaluate the efficacy of CSF-directed therapy for pre-
venting tumor recurrence are then discussed.

THE SVZ, STEM CELLS,
AND GLIOMA FORMATION

As early as 1944, anatomical and histological obser-
vations led Globus and Kuhlenbeck to suggest that
central nervous system (CNS) neoplasms could be
traced to “embryonal cell nests” within the subependy-
mal zone, a cell layer surrounding the lateral ventri-
cles.!9 Periventricular regions were further implicated
in tumor formation in early animal models that induced
brain tumors by in utero exposure to ethyl-nitrosourea
(ENU). Tumors induced by ENU were found to almost
always occur in areas adjacent to the ventricles.!! Po-
sitional differences in tumor susceptibility also were
identified in another important animal model that used
intracerebral implantation of carcinogen pellets to in-
duce brain tumors in rats.!> These studies demon-
strated a higher incidence of tumor induction when the
carcinogen was implanted in positions adjacent to the
ventricular space (77%) than when pellets were situ-
ated near the meninges (11%).1?

The periventricular subregion implicated in these
animal models of glioma formation is the SVZ. The SVZ
is a mitotically active cell layer that retains the ability to
produce neurons and glia throughout the life of the
animal, functioning as a source of stem-like cells in
adults.’>15 In the normal brain, multipotent cells that
originate in the SVZ are thought to respond to injury
and growth factors. This is supported by observa-
tions that 6-hydroxydopamine lesions and infusion
of transforming growth factor a stimulate massive
proliferation, directed migration, and neuronal dif-
ferentiation of SVZ progenitor cells in rats.!® In vivo
infusion of epidermal growth factor (EGF), basic
fibroblast growth factor (bFGF), and cytokines also

has been shown to induce proliferation and migra-
tion of SVZ cells away from the lateral ventricle walls
into adjacent parenchyma.!”-18

The cancer stem cell hypothesis suggests that a
fraction of tumor cells with stem cell properties may be
involved in the initiation and maintenance of tu-
mors.'%2° Stem-like cells have been isolated from other
areas of the adult brain such as the hippocampus and
cerebral cortex, in various species including humans.?!
However, the SVZ stem cell populations lie most prox-
imal to the cerebral ventricles, which, as described
above, have been strongly implicated in the develop-
ment of gliomas. Glioma stem cells and normal neural
stem cells share many of the same signaling pathways.??

ANIMAL MODELS OF GLIOMA FORMATION

A growing body of preclinical evidence suggests that
stem-like cells of the SVZ are involved in glioma forma-
tion. In animal models, these cells appear to corre-
spond to glial precursor cells that express glial fibrillary
acidic protein (GFAP) and nestin. In their landmark
study in mice, Holland et al oncogenically transformed
glial precursor cells using nestin or GFAP promoters
and found that nestin positive glial precursors were
easily transformed into tumorigenic cells.?®> These ob-
servations support the hypothesis that glioma forma-
tion may be stimulated and/or maintained by transfor-
mation events in progenitor cells. Alternatively, it has
been suggested that normal cells from the SVZ may be
recruited to migrate into tumor sites by signals from
other tumor cells, and subsequently either fuel or com-
bat tumor growth. This hypothesis is supported by
observations that normal nestint/GFAP* progenitor
cells migrate from the SVZ to surround and infiltrate
gliomas that have been initiated by transplanted tumor
cells in rats and mice.?*?> Interestingly, Glass et al
found that the appearance of nestin*/GFAP" cells in
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transplanted tumors was actually associated with sup-
pressed tumor growth as well as improved survival.?

The rodent ENU model for glioma formation also has
provided some important insights into the temporal
dynamics of glioma-like tumor formation. In ENU-in-
duced tumors, nestin-expressing cells are among the
first cells to appear, and clusters of nestin® cells are
detected long before tumors are detectable by histol-
ogy or magnetic resonance imaging (MRD).2® A tumor
transition stage marked by the appearance of a second
type of cell, osteopontin-expressing GFAP" cells, also
has been identified. Once osteopontin® cells appear,
tumors become evident on MRI.2® Furthermore, there
is a large time window (~40 days) between the appear-
ance of nestin® cells and the advent of osteopontin-
expressing cells, suggesting that there may be early
pre-tumor markers that could allow for early detection
and potentially prevention.2¢

Stem cells of the SVZ are thought to exist within a
supportive niche that maintains and controls critical
stem cell properties through contact-mediated and
paracrine signaling between stem cells and the niche
microenvironment.?” Soluble factors secreted by vascu-
lar endothelial cells have been found to promote self-
renewal and inhibit differentiation of neural stem cells,
suggesting a vascular niche.?® It has been suggested
that glioma tumor stem cells also may rely on interac-
tions with a vascular niche to maintain their stem-like
properties and their ability to drive tumor growth.?%:30
Consistent with this notion, many studies have found
that proangiogenic growth factors such as bFGF,31-34
EGF,3%3> and platelet-derived growth factor (PDGF)3!
permit maintenance and expansion of tumor stem cells
in culture. In vivo effects of PDGF and EGF on tumor
generation also have been observed. For example, in-
tracerebral infusion of PDGF alone is sufficient to cause
proliferation of SVZ stem cells and the generation of
large glioma-like hyperplasias.3°

Insights into microenvironmental properties respon-
sible for maintaining stem cell viability and prolifera-
tion may prove invaluable for developing novel thera-
pies that target cancer stem cells that are notoriously

resistant to most chemotherapeutic agents and radia-
tion.3037-39

HUMAN GLIOMAS AND STEM-LIKE CELLS

Glioma progression and neuronal differentiation
may involve activation of molecular developmental
pathways. In patients with GBM, the stem-like cells
relevant to tumor formation may correspond to neural
precursor cells that express the surface protein CD133.
Populations of CD133" cells have been isolated from
resected human glioblastomas,3? and transplantation of
isolated human CD133" GBM cells into mouse brains
can initiate and sustain the growth of glioma-like tu-
mors.3> More recently, CD133 has been localized to

ependymal cells of the SVZ in adult mouse and human
brains.404! However, unlike GFAP-expressing adult
neural stem cells, adult CD133" ependymal cells have
generally been regarded as postmitotic.*! Despite this,
Coskun et al demonstrated that CD133" ependymal
cells continuously produce new neurons and suggested
that they may represent an additional, perhaps more
quiescent stem cell population in the SVZ of the mam-
malian forebrain.

Gene expression profiling studies in humans also
have provided evidence that undifferentiated stem-like
cells contribute to some types of gliomas. According to
microarray expression profiles, there are three distinct
subtypes of high-grade gliomas: proneural, mesenchy-
mal, and proliferative.>%5 Proliferative and mesenchy-
mal tumors express markers of neural stem cell and/or
transit-amplifying cells, whereas tumors of the proneural
subclass express markers of neuroblasts or immature neu-
rons.%> Observations from this study also suggest that
glioma progression and neuronal differentiation involve
differential expression of the same molecular develop-
mental pathways. Comparisons of primary tumors with
recurrent tumors indicate that a substantial proportion of
proneural and proliferative primary tumors shift to a
mesenchymal expression profile upon recurrence® in
a manner that parallels activation patterns observed
in neural stem cell lines following treatment with
brain-derived neurotrophic factor (BDNF). Specifi-
cally, BDNF-stimulated neural or glial differentiation
tends to occur with Notch pathway activation and
Akt pathway down-regulation. Likewise, the notch
pathway is activated in proneural tumors, and the
Akt pathway is activated in mesenchymal and prolif-
erative tumors. 4546

The shift from proneural expression profiles to mes-
enchymal or proliferative expression that occurs with
tumor recurrence may be viewed as a de-differentiation
of tumor cells (Figure 2).4547 Alternatively, the shift to
an undifferentiated expression profile may reflect a
migration of stem cell-like populations into the tumor
upon recurrence.?> Therefore, therapeutic targeting of
stem cell populations has the potential to play an im-
portant role in limiting tumor recurrence. One ap-
proach to targeting this cell population may be via
CSF-directed chemotherapy, an approach that has
proved successful in the treatment of medulloblastoma,
another type of brain tumor believed to be derived
from stem cells.

LESSONS LEARNED FROM
MEDULLOBLASTOMA THERAPY

Medulloblastoma is the most common malignant
brain tumor in children. Although debate exists over
the cellular origin of medulloblastomas, the leading
hypothesis implicates precursor cells of the medullary
velum of the fourth ventricle.*® The medullary velum is
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Figure 2. Stem cells that putatively form malignant glio-
mas originate from the transformation of neural stem cells
or progenitor cells. Oligodendrocytes and astrocytes may
follow the same process.*”

thought to be a source for neural precursor cells during
the development of the cerebellum, and thus the rela-
tionship between this periventricular area and medul-
loblastoma may be analogous to the hypothesized rela-
tionship between the SVZ and GBM.

Treatment of medulloblastoma has conventionally
included surgery, systemic chemotherapy, and radio-
therapy. However, because of the high incidence of
neurocognitive and other side effects, more recent
treatment strategies strive to avoid radiotherapy. Strat-
egies omitting radiotherapy have included high-dose
chemotherapy with autologous stem cell transplanta-
tion (ASCT) accompanied by intraventricular chemo-
therapy during initial treatment. The incorporation of
intraventricular chemotherapy into the initial treat-
ment has yielded promising results. In the German
HIT-SKK’92 trial (age <3 years, N = 43), the 10-year
progression-free survival (PFS) rate was 82% for pa-
tients who had no postoperative residual tumor and
50% for patients with residual tumor.® This was a very
favorable outcome compared with the 29% to 41%
5-year PFS rates observed in previous studies that did
not include CSF-directed chemotherapy.>° Previous tri-
als also had observed high rates of disease progression
throughout the neuraxis, which seem to have been
prevented using the HIT-SKK’92 trial’s combination of
high-dose systemic and intraventricular chemotherapy.

However, the prognosis remains poor for patients
with recurrent medulloblastomas, and CSF-directed
therapy appears to provide little benefit. The German
HIT-REZ’97 study for relapsed medulloblastoma com-
pared ASCT with high-dose systemic and CSF-directed

chemotherapy to oral chemotherapy and documenta-
tion controls.>! Patients in the high-dose systemic che-
motherapy arm had a median PFS duration of 11.6
months and a median overall survival of 21.1 months.>!
Given the poor prognosis at relapse and the encourag-
ing results seen with CSF-directed chemotherapy at
initial treatment, it has been proposed that CSF-di-
rected chemotherapy should be included as part of
initial treatment in all children with newly diagnosed
primary embryonic brain tumors. Perhaps similar ben-
efits may be observed by incorporating CSF-directed
therapy into the initial treatment of adult patients with
newly diagnosed GBM.

THE POTENTIAL OF CSF-DIRECTED
THERAPY IN ADULT PRIMARY BRAIN TUMORS

There have been no clinical trials investigating the
potential of CSF-directed chemotherapy in preventing
tumor recurrence in adults with primary brain tumors.
If such a clinical trial is to be developed, several ques-
tions must be addressed. First, the patient population
to be investigated must be identified. This might in-
clude all patients with newly diagnosed GBM, only
patients with radiologic or cytologic evidence of CSF
spread, or perhaps only patients with tumors that are
adjacent to the SVZ at presentation. An MRI study has
shown that GBMs that were both in contact with the
SVZ and infiltrated the cortex were most likely to be
multifocal at diagnosis, and recurred at greater dis-
tances from the initial lesion.’ These observations sug-
gest that tumors that are in intimate contact with the
SVZ may be most related to SVZ stem cells, and that
patients with this type of tumor may potentially derive
the most benefit from CSF-directed therapy.

Once a patient population has been identified, an
appropriate CSF-directed treatment regimen must be
selected. In general, CSF-directed therapies include in-
tra-CSF chemotherapy, systemic chemotherapy with
agents that produce high drug concentrations within
the CSF (eg, high-dose methotrexate), neuraxis irradia-
tion, or combinations of these approaches. Cancer
stem cells are known to be resistant to radiation and to
multiple chemotherapeutic agents.*>2 GBM-isolated
CD133* stem cells have demonstrated resistance to
many agents, including temozolomide, carboplatin,
paclitaxel, etoposide, and carmustine3”-3® but appear to
be relatively sensitive to certain cytotoxic (eg, cytara-
bine, cyclophosphamide) and anti-angiogenic (eg, bev-
acizumab) agents.3*52%4 Because stem cells may be
relatively sensitive to cytarabine and because a sustained-
release formulation of cytarabine for intrathecal use is
available, this might be a good choice of agent. When
considering treatment with CSF-directed chemotherapy
combined with irradiation, issues such as the relative
resistance of stem cells to radiotherapy3”>> and the poten-
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tial for increased neurotoxicity risk associated with com-
bining these two therapies®® should be considered.

The ideal dosage schedule and route of drug admin-
istration also must be addressed in trial designs. We
propose that using low but sustained concentrations
may be more appropriate than administering drugs at
higher, more rapidly depleted concentrations. Pertain-
ing to the route of administration, CSF-directed therapy
may be administered via repeated lumbar punctures or
by an intraventricular (eg, Ommaya) reservoir. The
placement of an Ommaya reservoir may be preferable
to repeated lumbar punctures, in terms of comfort to
the patient. In addition, the ventricular placement of an
Ommaya reservoir allows for higher intraventricular
drug concentrations®” and thus potentially greater ex-
posure of the SVZ to drug.

The size and design of any trial should recognize the
novel nature of the GBM stem cell hypothesis upon
which it is based. Outcome measures should include
traditional end points such as median survival, time to
progression, or PFS. However, the evaluation of other
outcome measures, such as cytologic progression, ra-
diologic progression, site of tumor recurrence, and
novel surrogate markers (eg, biochemical or proteomic
CSF markers, stem cell assays, quality of life assess-
ments) also may prove to be useful indicators of ther-
apeutic efficacy, particularly in a randomized trial
where sample size is a potential barrier to detecting
significant changes in survival. For example, detecting
a moderate improvement in overall survival would re-
quire hundreds of patients (N = 550 for change from
14.6 to 19.5 months median survival; hazard ratio [HR],
0.75; 85% power; a = 0.05). Looking for a similar
improvement in PFS would also require 300-500 pa-
tients (eg, N = 472; 6.9 v 9.2 months median PFS; HR,
0.75; 85% power; o = 0.05). A randomized phase II trial
would also require a large sample size. Reducing the
required sample size to less than 200 patients may require
setting unrealistic goals (eg, N = 158; 6.9 v 10.7 months
median PFS; HR, 0.65; 80% power; a = 0.10).

A phase II, two-stage single-arm trial using a mini-
max or optimal design (Figure 3) might be preferable to
a randomized phase II or III trial.>® A minimax design
minimizes sample size by requiring fewer patients if the
trial is carried through both stages to completion. On
the other hand, an optimal design minimizes the ex-
pected sample size given an “unfavorable” response
rate, by requiring fewer patients in stage 1 of the trial.>8
According to these models, if an end point of 6-month
PFS (po = 0.5 and p;, = 0.75) is selected, then a
maximum of 32 patients (21 in stage I) would be
required for a minimax design (e = 0.05; 90% power;
<r,/n;: 12/21; <r/n: 20/32; probability of early termi-
nation: 81%), and only 41 patients (13 in stage I) would
be needed for an optimal two-stage design (o« = 0.05;
90% power; <r;/n;: 7/13; <r/n: 25/41; probability of
early termination: 71%; see Table 1 for alternate sce-
narios). Although the lack of randomization or masked
outcome assessment in these types of single-arm trials can
potentially introduce substantial bias, and the small sam-
ple size makes identification of important patient sub-
groups difficult or impossible, this trial design may be the
most feasible and may provide preliminary evidence of
efficacy, justifying a larger randomized trial.

CONCLUSIONS

The frequent recurrence of GBMs close to their
original site of occurrence may be due to a failure of
current therapies to eradicate viable tumor progenitor
cells that can repopulate the tumor. Cells that contrib-
ute to GBM growth and recurrence may be stem/pro-
genitor cells that migrate from the SVZ to the cortical
site where the growing tumor ultimately becomes
symptomatic, and is then recognized clinically and ra-
diographically. These progenitor/stem cells migrate to
the same location at recurrence as they did initially
because the migration is not random. Rather, cells
migrate along the cellular “scaffolding” originally estab-
lished to facilitate precursor cell migration during em-

Primary:
E Cranial RT daily Conventional 6- or 12-month
R . 5 days per month progression-free
Newly o TE""‘LZ"_:C"'""’E temozolomide survival
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Figure 3. Proposed design for a clinical trial evaluating the use of intrathecal (IT) chemotherapy in the initial treatment of
newly diagnosed patients with glioblastoma multiforme. RT, radiation therapy; IT, intrathecal therapy.
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Table 1. Phase Il Minimax and Optimal Designs

Minimax Design Rejection Rules

Optimal Design Rejection Rules

o Power < r/n <r/n EN PET =r;/m =r/n EN PET
For PFS at 6 months with p, = 0.5 and p; = 0.75
0.05 90% 12/21 20/32 23 81% 7/13 25/41 21 71%
0.10 90% 13/22 15/25 22 86% 6/12 17/28 18 61%
0.05 80% 7/14 15/23 18 60% 6/11 16/25 15 73%
0.10 80% 9/15 11/18 15 85% 5/9 13/22 12 75%
For PFS at 6 months with p, = 0.5 and p; = 0.65
0.05 90% 28/57 54/93 75 50% 22/43 57/99 64 62%
0.10 90% 19/40 41/72 58 44% 18/35 47/84 53 63%
0.05 80% 39/66 40/68 66 95% 15/28 48/83 44 71%
0.10 80% 10/22 29/50 38 42% 12/23 34/60 36 66%

Abbreviations: EN, estimated number; PET, probability of early termination; PFS, progression-free survival.

bryogenesis. In animal models, these progenitor cells
correspond to glial precursor cells that express GFAP
and nestin. In resected human GBMs, the stem-like cells
relevant to tumor formation appear to correspond to
neural precursor cells that express the surface protein
CD133. When transplanted into mouse brains, these
CD133* cells can initiate and sustain the growth of
glioma-like tumors.

Therapeutic targeting of stem cell populations has
the potential to play an important role in limiting tumor
recurrence. One approach to targeting this cell popu-
lation may be via CSF-directed chemotherapy, an ap-
proach that has proved successful in the treatment of
medulloblastoma. Medulloblastomas are thought to de-
velop from stem cells arising from the ventricular lin-
ing, in a manner that may be analogous to the proposed
relationship between glioblastoma and stem cells of the
SVZ. The inclusion of CSF-directed chemotherapy in
the initial treatment of children with medulloblastoma
has substantially improved PFS rates. Incorporation of
CSF-directed therapy into the initial treatment of pa-
tients with newly diagnosed GBM may provide similar
benefits and merits investigation.
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