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Abstract
The prognosis of patients diagnosed with malignant gliomas including glioblastoma multiforme
(GBM) is poor and there is an urgent need to develop and translate novel therapies into the clinic.
Neural stem cells display remarkable tropism toward GBMs and thus may provide a platform to
deliver oncolytic agents to improve survival. First we provide a brief review of clinical trials that
have used intra-tumoral herpes simplex virus thymidine kinase (HSV/tk) gene therapy to treat
brain tumors. Then, we review recent evidence that neural stem cells can be used to deliver HSV/
tk to GBMs in animal models. While previous clinical trials used viruses or non-migratory vector-
producing cells to deliver HSV/tk, the latter approaches were not effective in humans, primarily
because of satellite tumor cells that escaped surgical resection and survived due to low efficiency
delivery of HSV/tk. To enhance delivery of HSV/tk to kill gliomas cells, recent animal studies
have focused on the ability of neural stem cells, transduced with HSV/tk, to migrate efficiently
and selectively to regions occupied by GBM cells. This approach holds the promise of targeting
GBM cells that have infiltrated the brain well beyond the original site of the tumor epicenter.
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INTRODUCTION
Glioblastoma multiforme (GBM) is the most common primary central nervous system tumor
in adults. GBMs are associated with a shortened life expectancy and high levels of morbidity
[1]. The incidence of GBM is approximately 13,000 cases per year with a median survival of
approximately 12 months [2]. Conventional treatments including surgical resection,
irradiation and chemotherapy may extend survival by weeks, but GBMs are notoriously
resistant to adjuvant therapies [3]. Infiltrative GBM cells that escape the surgical debulking
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of the tumor account for tumor recurrence in virtually all cases. This infiltrative nature
allows some cells to migrate outside the range of local treatments such as surgery and
radiation therapy. Some factors that may contribute to GBM resistance to therapy include:
expression of multidrug resistence genes, the inability of many chemotherapeutic drugs to
cross the blood-brain barrier, the narrow therapeutic window between toxicity and efficacy
for radiation and chemotherapy, and the continual repopulation of the tumor by aberrant
tumor stem cells from the subventricular zone. The infiltrative GBM cells are highly
resistant to treatment so that new therapies must target malignant behaviors of these cells
whether they reside at the edge of the surgical cavity or have invaded one or both
hemispheres.

Recent in vitro and in vivo studies highlight the ability of neural stem cells to migrate
selectively to brain tumors and to factors secreted by gliomas and cells in their
microenvironment [4–8]. The tropic properties of stem cells, specifically that of neural stem
cells (NSCs) [9,10] to target brain tumors (i.e. gliomatropism), suggest that they could serve
a role in delivering cytotoxic therapies to gliomas. However, this approach requires a better
understanding of migratory NSCs, their derivation, administration, and application
techniques before it can become useful clinically. It will be important to characterize the
cellular phenotypes of embryonic stem (ES) cell-derived NSC preparations and endogenous
NSC’s for more predictable outcomes. Assessing the migratory potential of the sub-
population of progenitor cells derived from the NSC’s will ensure reproducibility when
considering candidates for optimal drug delivery in vivo. Several groups have shown that
the cells derived from ES cells after neural induction are a mixture of true NSCs and
progeny of NSCs [9,11]. In fact, ES cell-derived NSCs and subventricular zone (SVZ)-
derived NSCs experience different developmental cues and therefore result in many cellular
phenotypes, including highly differentiated cells.

Due to their gliomatropic behavior, NSCs are considered advantageous for delivering anti-
tumor agents as an adjuvant for cancer therapy. Various prodrug systems have been
designed in which a non-toxic compound (prodrug) is activated within the tissues to become
a cytolytic agent when acted upon by a converting enzyme. Examples of prodrug/enzyme
gene therapy methods, some of which have employed NSCs as a converting enzyme vehicle
for intracranial and disseminated tumor treatment, include 5-fluorocytosine/cytosine
deaminase, Camptothecin-11/rabbit carboxylesterase, and Ganciclovir (GCV)/Herpes
Simplex Virus-thymidine kinase (HSV/tk) [4–6,12–14]. In this review, we focus on HSV/tk/
GCV and on the potential use of NSCs as vehicles to deliver chemotherapy directly to brain
tumor cells.

HSV/TK/GCV – MECHANISMS OF ACTION
The HSV/tk targeted gene therapy approach for treating malignant gliomas is a well-
characterized gene therapy [15–19]. It is known as a suicide gene therapy because upon
exposure to GCV it leads to a cascade of events resulting in death of rapidly dividing cells
transduced with HSV/tk and the rapidly dividing bystander cells (see below). This form of
gene therapy was developed as a human cancer therapy because of its efficacy in preclinical
studies [12,20]. The key enzyme, thymidine kinase, has a crucial function in DNA synthesis
and is therefore exploited in anti-viral drugs designed to target constantly replicating viruses.
Previous therapies involving HSV/tk for cancer treatment used retro-viruses to insert the
HSV/tk DNA directly into the genome of cancer cells.

In normal cells, tk functions by catalyzing the phosphorylation of thymidine to produce
deoxythymidine mono-, di-, and tri- phosphate (dTMP, dTDP, dTTP), and dTTP inserts
itself into nascent DNA during cell division [21]. Unlike human tk, HSV/tk has broad
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substrate specificity with the ability to phosphorylate pyrimidines (thymidine), pyrimidine
analogs (such as azidothymidine or AZT, the popular drug used to combat HIV), purines
(guanosine), and purine analogs (such as GCV). Ganciclovir is a commonly used drug for
treatment of Herpes infection and is used in combination with the HSV/tk method for cancer
therapy as the prodrug. GCV is administered intravenously and freely diffuses across the
blood-brain-barrier. Initially, the non-toxic nucleoside analog GCV is referred to as the
prodrug, that upon phosphorylation by the enzyme HSV/tk produces a cytotoxic metabolite
that accumulates in the cell [20,21].

STEM CELLS AS THERAPEAUTIC PLATFORMS TO DELIVER ONCOLYTIC
AGENTS

Neural stem cells are primitive, self-renewing cells that can differentiate to form mature
cells of neuronal or glial lineage. Neural stem cells can be obtained from neurogenic regions
in the brain such as the subventricular zone (SVZ) or can be derived from induced
embryonic stem cells [22]. Neural stem cells are considered to be good candidates as
therapeutic vectors for malignant cancer therapy because they possess a number of unique
characteristics. As mentioned earlier, it is critically important to identify the migrating
population of NSCs, presumably the responsive, therapeutic population, to deliver oncolytic
factors to gliomas. The cells observed migrating may not be definitive NSCs, rather they are
likely a mixture of definitive NSCs and their progeny. However, in this review we refer to
them collectively as NSCs.

Perhaps the most important feature of NSCs in this context is a large migratory capacity that
enables them to traverse brain hemispheres. This is a crucial property when considering a
cell-based therapeutic method capable of ‘tracking down’ diffuse infiltrative gliomas such as
GBM satellite cells by responding to cues from extracellular matrix components, adhesion
molecules, and chemokines [10,23]. This ability of transplanted NSCs to migrate towards
contralateral tumor insults in the brain has been demonstrated in many studies and was first
observed in rat models by Snyder and colleagues [4]. Since then, many stem cell types
including embryonic, mesenchymal and neural stem cells have shown glioma tropism in the
central nervous system (CNS) as well as the ability to deliver prodrug/enzyme therapies to
cancers [4,23–26].

The use of stem cells as therapeutic platforms, requires effectors and target cells to be
contiguous since the HSV/tk protein in transduced stem cells converts a prodrug to an
oncolytic factor, which is transferred from the stem cell to tumor cells via gap junctions.
This is known as the “bystander effect” (Fig. 1). After migration to the glioma, the HSV/tk
transduced stem cells form gap-junction channels with adjacent tumor cells, and the gap
junctions enable transfer of phosphorylated GCV metabolites from one cell to the other
[18,27]. Gap junction formation provides adhesive contacts important for neuronal
migration and has been implicated in modulating the adhesiveness and invasion of
malignant gliomas [28,29]. Regarding the HSV/tk gene therapeutic approach, intercellular
communication via gap junctions has been linked to a strong tumoricidal bystander effect,
particularly involving connexin 43 [30].

The specific mechanisms whereby GCV/tk delivered by stem cells kills rapidly dividing
cells are as follows. Initially, the HSV/tk present in the stem cells converts GCV into
monophosphorylated GCV-P that then traverses into neighboring cells through the gap
junctions [30]. Alternatively, it is possible for GCV-P to be transferred by efflux from HSV/
tk-expressing cells with subsequent uptake by neighboring cells in a gap junction
independent manner [31]. After GCV-P is transferred, it is further phosphorylated by host
cell thymidine kinase to create the cytotoxic metabolite GCV-triphosphate (GCV-PPP). The
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GCV-PPP competitively inhibits incorporation of deoxyguanosine triphosphate (dGTP), and
cells undergoing DNA replication (e.g., rapidly dividing glioma cells) integrate GCV-PPP
into newly synthesized DNA, causing premature chain termination that leads to cell death
via apoptosis [12,17,32].

Throughout adulthood in rodents, neuroblasts originating from the SVZ migrate along the
rostral migratory stream and enter the olfactory bulb [9,33]. However, in response to cortical
injury, SVZ-derived neuroblasts can migrate in many directions through gray matter and
sub-cortical white matter, including regions of the cerebral cortex and the corpus callosum
and to subcortical structures such as the striatum, septum, thalamus and hypothalamus
[33,34]. Regarding experimental gliomas, Glass and colleagues observed that endogenous
SVZ neural precursor cells migrate toward a glioblastoma graft. To assess the functional
characteristics of the neural precursors in the tumor margin, whole-cell voltage-clamp
recordings revealed outward current patterns similar to type 2 neural progenitor cells in the
hippocampus [35]. Choosing the appropriate cell type that is suitable for engrafting,
navigating, and perhaps integrating into a neural environment is essential for delivering
chemotherapy to the GBM in the brain parenchyma. However, little is known of NSC
migration in the human brain, so conclusions based on rodent studies should be regarded as
indicative but not definitive.

NEURAL STEM CELL HOMING & PATHOTROPISM
The innate attraction and migration to areas of inflammation due to CNS pathologies such as
brain tumors make NSCs unique candidates for therapeutic platforms. Therefore, several
preclinical studies have explored the use of NSCs as drug-delivery vehicles to treat brain
cancer [4,6,36]. The chemokines and receptors that direct NSC pathotropism are not defined
completely but involve signals released at the site of insult (cancer, lesion, etc.) and transient
reparative signals expressed by cells in the microenvironment [10,37]. In response to
inflammatory signals released by microglia, activated astrocytes secrete chemokines that act
as chemoattractants for NSC’s [10]. Some chemoattractants that may induce NSC tropism
include stem cell factor (SCF), stromal cell derived factor-1 (SDF-1), vascular endothelial
growth factor (VEGF), fractalkine, monocyte chemoattractant protein 1 (MCP-1),
hepatocyte growth factor (HGF), and many of the CXC motif chemokines [10,37–39].

Stem cell tropism towards various types of cancers involves different subsets of stem cells
and occurs following xenotransplantation of stem cells [23–25]. Cross-species interactions
may be an important point when considering treatment and tolerance in humans; for
instance, human clinical trials have tested mouse fibroblasts as drug delivery biopumps, as
described later.

We examined cross-species interactions using ex vivo post-natal day 10 rat organotypic
brain slices as a model system for migration. Neuralized mouse embryonic stem cells that
were implanted on the slices, migrated and co-localized with human glioblastoma cells
(implanted at the same time as the neuralized stem cells but on contralateral sides of the
slices) within one-week (Fig. 2). This migration of murine stem cells toward human glioma
cells on ex vivo rat slices is similar to in vivo results of transplanted syngeneic NSC
migration to induced brain tumors in rodent models [40]. In both in vivo and ex vivo studies,
transplanted stem cells surrounded the tumor graft and were not detectable in other areas of
the brain, suggesting a very directed migration of the stem cells that resulted in co-
localization with the glioma cells (Fig. 2D). We do not know the specific chemoattractants
that acted on the implanted cells, but this well-orchestrated movement illustrates the
compatibility of signaling mechanisms between species (albeit in the absence of an immune
response in these ex vivo studies). Although the transfer of agents between implanted NSCs
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and glioma cells was not established in our experiments (Figs. 2, 3), the observed tumor
infiltration and contiguity of glioma and implanted stem cells is necessary to confer the
bystander effect.

It will be of interest to determine the specific mechanisms that lead to stem cell proliferation
and migration (and potential differentiation) when attacking brain tumors. For instance,
further studies are needed to analyze whether the stem/progenitor cells proliferate prior to
migration, or whether the tumor microenvironment influences cell migration prior to
proliferation. Molecular and cellular mechanisms underlying stem/progenitor cell
mobilization are relatively unknown and understanding how these cells mobilize may
improve strategies for optimizing where and when to administer the cells, and in the context
of GCV/tk, how to improve GCV administration for more efficient bystander killing.

Our migration data illustrate that ex vivo culturing provides the opportunity to view cells in
a neural environment that closely mimics in vivo conditions, a limitation that in vitro
migration assays have yet to achieve. Organotypic cultures further highlight the potent
ability of signaling molecules to regulate stem cell migration, and suggest the conservation
of stem cell and glioma cell signaling molecules across species (i.e., human and mouse).
This may also prove to be a useful model system for investigating pathotropism and for
testing various types of stem cells as potential delivery vehicles for prodrug/enzyme
therapies.

ADVANCES IN PRE-CLINICAL AND CLINICAL STUDIES
Development of a GCV/tk mediated gene therapy has been a focus of cancer research for
many years with the central issue being the effectiveness of transgene delivery to non-
transduced cancer cells. In the past, viral vectors have been used predominantly to deliver
gene products directly to tumor cells but have met with limited success. Therefore, novel
strategies employing cell-mediated delivery of GCV/tk are being investigated.

There has been success in developing and characterizing neural stem cells as vehicles to
deliver GCV/tk for cancer gene therapy [6]; recently, pre-clinical studies have reported
substantial progress in eliminating brain tumors in rat models. Li and colleagues [6]
demonstrated complete elimination of glioma xenografts by HSV/tk engineered neural stem
cells in combination with GCV treatment (termed NSC/tk therapy). This study reported that
NSC/tk therapy completely abolished tumors that were induced 7 days prior to the intra-
tumoral administration of NSCs, and remarkably, rodents remained glioma-free for up to 10
weeks before sacrifice. These encouraging findings show the potential of NSC/tk therapy
even though direct intra-tumoral delivery of HSVtk-producing fibroblast vector producer
cells was ineffective in human clinical trials. Nonetheless, these exciting results still leave
one of the most important questions regarding the feasibility of this application unanswered
before translating into clinical trials: Will NSC/tk stem cell therapy target infiltrative GBM
cells at some distance from the tumor’s epicenter? Since xenografts, including human
orthotopic xenografts, form relatively well-circumscribed GBMs, genetic mouse models that
result in spontaneous tumor occurrence may be better suited to addressing this important
question.

In a Phase III clinical trial, fibroblasts were used to deliver HSV/tk intra-tumorally to GBM
patients as an adjuvant to conventional therapy (surgical resection and radiotherapy) [41]. In
this multi-center controlled trial, randomized patients received vector-producing mouse
fibroblasts cells (cell line PA317) engineered to deliver the HSV/tk gene in a retrovirus-
mediated fashion to tumor cells. The vector producer cells were injected into the wall of the
cavity formed by surgical tumor debulking. Study patients then received intravenous GCV
and radiation versus radiation alone. Unfortunately median patient survival was not
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significantly different compared to the radiation-treated control group. Most of the
recurrences were adjacent to the wall of the cavity and in patients who succumbed before
they were treated with GCV, vector producer cells were seen at autopsy within a few
millimeters of needle tracks. It is not known whether the outcome resulted from the use of
murine-derived cells, non-migratory fibroblasts, or was a combination of various technical
factors. Before an NSC/tk therapy can be employed in a human clinical trial, preclinical
testing will need to be completed in genetic mouse models of GBM or human orthotopic
xenografts that more closely mimic the human disease. After GCV administration, it is
expected that all the transplanted tk+ stem cells and the targeted tumor cells would succumb
to self-induced death. Ideally, GCV will need to be administered when the maximum
number of stem cells have homed to GBM cells within the brain.

CONCLUSIONS
Clinical studies support the feasibility and biosafety of an HSV/tk-based gene therapy. It
remains to be determined in humans if efficient gene transfer to tumor cells can be achieved
using stem cells as a delivery platform. Additional research is required to elucidate the
utility of transplanted stem cells, before neural, mesenchymal or embryonic cells can be
used safely and effectively in the clinical setting. Neural stem cells transduced with HSV/tk
combined with GCV administration provide a promising new treatment option that may one
day extend significantly the life of patients with GBM.
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Fig. 1. Suicide gene therapy and the bystander effect
(a) Transduced stem cells (green) that express constitutively Herpes Simplex Virus
thymidine kinase (HSV-TK) migrate to the vicinity of GBM cells (red). (b) Upon systemic
administration of the non-toxic, antiviral drug ganciclovir (GCV), GCV is mono-
phosphorylated (GCV-P) by the viral TK enzyme in the stem cells. (c) Gap junctions present
between cells facilitate the passive transport of GCV-P to adjacent non-transduced target
GBM cells. (d) GCV-P may also be transported to GBM cells via a gap junction-
independent pathway. (e) Endogenous mammalian kinases within the GBM cells further
phosphorylate GCV-P to its toxic product (GCV-PPP). (f, g) GCV-PPP acts as a purine
analog incorporating itself into nascent DNA where it terminates replication, resulting in
apoptosis of rapidly dividing cells. The death of non-transduced cells due to the transfer of
an oncolytic agent is referred to as the bystander effect and in conjunction with concurrent
suicide of transduced cells by the same mechanism involving GCV-PPP, is collectively
known as suicide gene therapy. Figure adapted from Hurwitz et al. 2003 [16].
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Fig. 2. GFP-expressing neuralized mouse embryonic stem cells (nESCs) co-localize with RFP-
expressing human tumor cells in an organotypic brain slice
Stereoscopic epifluorescent images show tumor mass infiltration by nESCs. GFP-expressing
nESCs and RFP-expressing human glioma cells were introduced on the surface of the
organotypic rat brain slice. The living brain section was obtained from a 300-micron thick
coronal slice just anterior to bregma obtained from a fresh rat brain embedded in agarose
and cut with a vibratome. Initially, 10 μl (~8,000 cells/μl) of both cell types were
simultaneously implanted at separate locations on the surface of a one-week old slice.
Aliquots of the two cell types were applied approximately 10 mm from each other across the
width of the organotypic slice. Images shown here were taken one week after implantation
of the nESCs and glioma cells. (A–D) Stereomicroscopic epifluoresent images show that
stem cells placed distant from the tumor cells co-localized with tumor cells and were not
detectable in other regions of the brain slice. Scale bars = 1 mm; Scale bar in C applies to
A–C.
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Fig. 3. Time course of tumor infiltration by neuralized embryonic stem cells on an organotypic
brain slice
These stereoscopic epifluorescent images show the progression of tumor mass infiltration by
nESCs over the course of a several weeks in an organotypic brain slice culture. GFP-
expressing nESCs and RFP-expressing human glioma cells were introduced on the surface
of an organotypic rat brain slice as described in Fig. 2. (A–C) Starting at 2 weeks post-
implantation, nESCs are found at the tumor mass. At 3 weeks (D–F) and 4 weeks (G–I)
post-implantation, the tumor mass becomes infiltrated progressively by nESCs. At 6 weeks
(J–L), the tumor mass becomes encapsulated completely by the stem cells, suggesting
contiguity between nESCs and glioma cells. Scale bar = 1 mm; Scale bar applies to all
panels.
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