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ABSTRACT

Malignant gliomas are one of the most lethal cancers, and despite extensive
research very little progress has been made in improving prognosis. Multimodality
treatment combining surgery, radiation, and chemotherapy is the current golden
standard, but effective treatment remains difficult due to the invasive nature and high
recurrence of gliomas. Stem cell-based therapy using neural, mesenchymal, or
hematopoietic stem cells may be an alternative approach because it is tumor
selective and allows targeted therapy that spares healthy brain tissue. Stem cells
can be used to establish a long-term antitumor response by stimulating the immune
system and delivering prodrug, metabolizing genes, or oncolytic viruses. In this
review, we discuss current trends and the latest developments in stem cell therapy

against malignant gliomas from both the experimental laboratory and the clinic.

Stem cell-based therapy against gliomas

Gliomas account for about 60% of all primary central nervous system tumors with a
very poor prognosis. Glioblastoma (GBM), the most malignant type of glioma, has a
median survival of approximately 12-18 months " 2. The characteristics of this
malignancy include uncontrolled cellular proliferation, invasiveness with both long
root-like processes and single invasive cells, areas of necrosis, resistance to
apoptosis, extensive angiogenesis, and multiple genetic alterations (Figure 1) s,
Standard-of-care treatment includes maximal surgical resection of the tumor followed
by radiation and chemotherapy (temozolomide); however, as the poor survival rate
indicates, these treatments have not been effective in preventing disease
progression. Most patients die within a year of diagnosis from a new secondary
tumor foci forming within 2 cm of the resected area * °. The location of the tumor (the
brain) and its invasive nature prevent complete surgical removal, while radiotherapy
cannot be given in a high enough dosage due to inevitable damage to the normal
brain parenchyma. Since chemotherapeutics cannot efficiently cross the blood brain
barrier (BBB), and glioma cells have a high tendency to develop resistance against
these agents, the efficacy of this approach is limited. The heterogeneous nature of
GBM cells, and the complex interaction between different types of tumor cells,
stromal cells within the tumor, vasculature, and extracellular matrix (ECM),

complicates matters even further since no clear target can be identified, and multiple
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interlinked pathways exist, severely decreasing treatment efficacy. Recently, it has
been shown that a small population of tumor cells, called cancer stem cells, is
responsible for tumor/glioma growth, resistance and recurrence. These neural stem-
like cells (also called glioma stem cells; GSC) have the ability of self-renewal and
differentiation into a diverse population of cells, both tumorigenic and non-
tumorigenic, and display a profound interaction with the endothelial vascular niche.
Although the working mechanism is not exactly clear, it is thought that GSCs
promote microvascular angiogenesis through secretion of vascular endothelial
growth factor (VEGF), while secreted factors from this same vascular niche allow
them to maintain their undifferentiated state °. Once implanted in immunogenic mice,
GSCs have the ability to recapitulate a phenocopy of the original malignancy ’.
Further, GSCs appear to be more resistant to conventional therapy as compared to
their non stem-like cells counterpart due to their relative quiescence, and will remain

at the tumor site, eventually causing a relapse & °.

Over the past decade, stem cells (SC) have become increasingly popular as an
alternative therapy for treating malignant gliomas. In 2000, Aboody et al. described
the unique intrinsic capacity of neural stem cells (NSC) to “home” to the tumor site
and migrate along metastatic/invasive tumor borders far from their initial site of
transplantation, thereby raising the possibility of using NSCs as a therapeutic
delivery vehicle in the brain '°. Many research groups followed this example and, as
of today, a wide variety of stem cell-based therapeutics has been tested. Aside from
the homing mechanism that selectively targets tumor cells, some stem cells can
effortlessly cross the BBB, are easily modified to carry therapeutic genes, have
immunosuppressive properties that prevent a host immunoreaction after
implantation, and seem capable of shielding therapeutics such as oncolytic viruses
from the host immune response, thereby ensuring long term reservoirs of therapeutic

virus at the tumor site.
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Figure 1. Overview of stem cell-based delivery of different therapeutics to gliomas. Several
forms of therapy can be delivered by modified stem cells, including antiangiogenic factors
such as aaTSP or endostatin (A), oncolytic viruses or enzymes capable of processing
prodrugs such as 5-FC to cytotoxic compounds (B), and immune regulatory factors such as
interleukin (IL)-12 that can recruit antitumor immune cells (C). Abbreviations: aaTSP,
antiangiogenic protein thrombospondin; TRAIL, tumor necrosis factor-related apoptosis-
inducing ligand; Tyy, T helper 1 cell; T, cytotoxic T cell.

NSCs are the stem cell type most commonly used for glioma therapy. They are the
precursor cells of the central nervous system (CNS) and the only endogenous stem
cells to the brain. These cells can self-renew and, due to their multipotent nature,
can differentiate into neurons, astrocytes, and oligodendrites. NSCs have a very
strong glioma tropism, especially targeting tumor border and hypoxic zones, and can
cross the BBB, making excellent carriers for therapeutics such as viral particles,
prodrugs, and cytokines '°. An interesting feature of NSCs is their ability in targeting
not only the primary tumor mass, but also the invasive GSCs, providing a chance in
eliminating the driving factor of glioma progression and recurrence. NSCs not only
target gliomas, but have also shown an equal tropism for breast cancer and
melanoma brain metastases """ 2. The mechanism underlying this tumor tropism is
not yet fully understood, but it is assumed that various chemo attractants and
cytokines released by the tumor microenvironment are critical. Because NSCs do not
display major histocompatibility complex type Il (MHCII) on their cell surface, no host

13

immunoresponse is evoked upon transplantation °. In addition, the secretion of
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immunomodulating cytokines such as interleukin 10 (IL-10) further suppresses the
local immune response, allowing the optimal delivery of a therapeutic payload with
minimal neuro-inflammation ™. NSCs could potentially be harvested from the adult
brain, but this process is very complicated and time consuming. As an alternative,
most studies use stable cell lines of immortalized NSCs originally obtained from
embryonic cells, which often makes their use controversial due to ethical, regulatory,

and political concerns.

Mesenchymal stem cells (MSC) are the most often studied alternative to NSCs for
glioma therapy. These adult stem cells retain their stem cell characteristics, display
similar tropism to glioma, and can cross the BBB. They can differentiate into any cell
of the mesenchymal lineage including osteoblasts, chondrocytes, myocytes, and

>, MSCs are easily obtained from bone marrow, adipose tissue,

adipocytes
peripheral blood, umbilical cord (UC) blood, or the placenta, and can be isolated by
their expression of the surface markers CD73, CD90, CD105, CD146, CD271,
STRO-1, and lack of expression of the hematopoietic markers CD34 and CD45 '°.

As with NSCs, local immunosuppression can be observed upon implantation "’

Less frequently used cell types include embryonic stem cells (ESCs) and
hematopoietic stem cells (HSCs). The use of ESCs is heavily disputed due to their
origin; they can only be obtained from embryonic or fetal tissue . Unlike other cell
types, ESCs can be modified by homologous recombination, not only eliminating the
use of (often inefficient) viral transduction, but further allowing for vey specific
genetic alterations yielding lines of cells that are stable and identical, ideal for clinical
use ' 2°. HSCs on the other hand are adult stem cells that can be easily obtained
from peripheral blood or bone marrow. HSCs display tropism to brain tumors and
therefore are becoming of interest for malignant glioma therapy 2'. Homing of these
cells to the tumor site is mediated through attraction to two cytokines, tumor necrosis
factor beta (TNFB) and stromal derived factor alpha (SDF1a) 2. Furthermore, the
expression of E-selectin by glioma endothelial cells helps adhere circulating HSCs to

the tumor tissue.

Currently, a wide range of stem cell-based therapeutic strategies is being

investigated pre-clinically while a small portion of this research is being transitioned
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to the clinic (Figure 2; Table 1). In this review, we summarize recent advances in the

field of stem cell therapy for malignant gliomas and discuss future directions and

challenges.
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Box 1. Cell types used for glioma stem cell therapy

NSCs are the only adult stem cells endogenous to the human brain. They can differentiate into
neurons, astrocytes, and oligodendrites. The subventricular zone (SVZ) of the forebrain is the
area richest in NSC, but they can also be found in the striatum and the dentate gyrus of the
hippocampus. NSCs are problematic to isolate and expand because only small numbers are
available in the mature brain. A wide range of surface markers has been associated with NSCs,
as well as expression of sox-1 and -2, pax-6 and nestin. A recent study shows selection based on
expression of the surface markers CD133"/CD184°/CD271/CD44/CD24" allows for highly pure
cultures of NSCs 2. NSCs tend to grow in neurospheres in vitro and are cultured in specialized
NSC growth medium containing Dulbecco’s modified Eagle medium (DMEM)/glutamax, B27,
insulin, glucose, penicillin/streptomycin, bGFG and EGF. Differentiation is promoted by epidermal
growth factor (EGF) and fibroblast growth factor (FGF) .

MSCs are non-hematopoietic bone marrow (BM)-derived adult stem cells with the capacity to
differentiate into cells of the mesenchymal lineage including osteocytes, chondrocytes, myocytes
and adipocytes. Compared to NSCs, they are relatively easily isolated from BM, umbilical chord
(UC) blood, placenta, adipose tissue and peripheral blood. Once cells are aspirated from BM,
they are cultured in DMEM and fetal bovine serum (FBS) at 37 °C and 5% CO, MSCs, in
contrast to the hematopoietic progenitor cells that are also derived from BM, adhere to tissue
culture plastic within 24-48h. Isolation and selection occurs based on their adherent growth in
culture, expression of the surface markers CD73, CD90, CD105, CD146, CD271 and STRO1 and
lack of expression of CD34 and CD45 and HLA-DR."®

HSCs are bone marrow derived adult stem cells that give rise to blood cells of both the myeloid
and lymphoid lineage, including thrombocytes, erythrocytes, monocytes, neutrophils, basophils,
eosinophils, macrophages, dendritic cells (myeloid) and B- and T lymphocytes and Natural Killer
(NK) cells (lymphoid). Cells can be obtained from the BM, umbilical cord, and peripheral blood.
Pretreatment with granulocyte colony stimulating factor (GSCF) stimulates migration of HSCs to
the blood and is often used. Selection takes place based on surface markers and is subject to
ongoing debate. Currently the markers most widely accepted for human MSCs are
CD34'/CD59"/Thy-1"/CD38/c-kit" combined with a lack of lineage markers®, but for mice MSCs

different expression markers are used.

ESCs are pluripotent. They are the only stem cells with unlimited plasticity and replication




potential, which makes them highly attractive for research purposes. However, their use is highly
disputed due to the source of origin. ESCs are derived from the inner mass of the blastocyst 4 to
5 days after in vitro fertilization (IVF) by immunosurgery and plated onto a layer of support cells
consisting of mouse embryonic fibroblast (MEF) in special hESC medium consisting of DMEM
with 20% KSR, bFGF, glutamine, non essential amino acids, penicillin/streptomycin and (-
mercaptoethanol. This allows the embryonic cells to attach and to expand without the risk of
differentiation. Differentiation occurs once the embryonic cells are removed from their support
cells and are allowed to form embryoid bodies. Nanog and Oct4 transcription factors are often
used to determine the phase of differentiation. As of lately, several protocols using synthetic
polymers are now available culturing ESC in the absence of feeder cells or serum. However,
Higuchi et al showed that none of these protocols have been able to prevent differentiation and

pluripotency of ESCs in the long term, limiting their current value for the stem cell therapy field.?

iPSCs are somatic cells that are reprogrammed to become ESC-like through introduction of
embryonic genes including Sox 3 and 4, Oct-4, myc and KIf4/LIN28 by viral vectors in a process
that takes between 15 and 30 days. The infected cells are then cultured in ESC medium, and
after 10 to 15 days colonies will appear, which can be expanded. These new stem-like cells
express ESC markers are capable of differentiating into cells of the endoderm, mesoderm, and
ectoderm and can replicate indefinitely.

Stem cells for cargo delivery

Genetic manipulation is one of the research strategies most often investigated for
glioma, because it has an almost unlimited range of potential targets. Therapeutic
genes stimulating the immune system, inducing tumor cell death, inhibiting
angiogenesis, and limiting metastatic potential, have been extensively studied, and
many different approaches and gene combinations have been used. However, gene
therapy (and/or viral therapy) alone has not been able to live up to its full potential,
due to activation and elimination by the host immune system, low transduction
efficiency and gene expression, and a lack of even distribution throughout the target
tissue. Since stem cells are known to display strong tropism to glioma, are capable
of crossing the blood brain barrier, suppress the host immune system, and are easily
genetically modified, they make ideal delivery vehicles for therapeutic agents,
including genes. Most therapeutic strategies for malignant gliomas using stem cells
involve the delivery of mainly four different types of cargos: cytokines, enzymes or

prodrugs, oncolytic viruses, and nanoparticles.
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i. Cytokine-based glioma therapy

Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) is one of the most
commonly explored cancer therapeutics because it binds to death receptors found
specifically on tumor cells, causing a widespread apoptotic effect with minimal
cytotoxic effects on normal tissues (Figure 2); however, some cancer types,
including GBM, display resistance to TRAIL-mediated apoptosis (Box 2) 2*'. Three
recent studies have used NSCs as a delivery vehicle for the secreted soluble variant
of TRAIL (sTRAIL) by fusing the N-terminus of FIt3L (a ligand for FIt3L tyrosine
kinase receptor) to the extracellular domain of TRAIL. Hingtgen et al designed a
reporter system to non-invasively monitor the delivery, fate, and therapeutic effect of
sTRAIL to GBM by fusing a luciferase reporter to sTRAIL ?’. NSCs delivered the
fusion protein to the tumor site, and luciferase bioluminescence imaging allowed
tracking of both NSCs and the delivery of sTRAIL to glioma tumors. With the
continuous delivery of sTRAIL by NSCs, a decreased glioma burden was observed
as soon as six days post-implantation. Given that glioma cells are known to develop
resistance to TRAIL (Box 2), new ways are being explored to sensitize GBM to this
therapeutic agent. Balyasnikova et al. explored the possibility of combining sTRAIL
therapy with the proteasome inhibitor bortezomib and showed that survival
significantly increases with this dual treatment *2. NSC-mediated delivery of sTRAIL
has also been combined with the kinase inhibitor PI-103, which inhibits the PI3
kinase (PI3K)-Akt-mTOR pathway and thus inhibits proliferation and tumor growth
*_ Inhibition of this pathway antagonizes the effect of sTRAIL, resulting in a more
efficient induction of apoptosis and cell death. Both studies highlight the need for
therapeutics capable of sensitizing glioma to TRAIL. Recently, Badr et al
characterized a family of cardiac glycosides, including lanatoside C, an FDA-
approved compound that sensitizes GBM cells to TRAIL and showed that the
combination of recombinant TRAIL and lanatoside C yielded an enhanced

therapeutic effect 3 %

. Given that this family of compounds is known to penetrate
the brain, they can be easily applied in combination with the NSC-sTRAIL strategy
for GBM therapy. Three additional studies used MSCs for sTRAIL delivery. In 2009,
Sasportas et al. assessed the potential for using MSCs for treating glioma by
investigating the cell fate, therapeutic efficacy, and genetic engineering of these cells
28 In a proof of principle study, MSCs were engineered ex vivo to express sTRAIL °.

These engineered MSCs migrated towards glioma, retained their stem-like
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properties, and showed prolonged survival in the tumor surroundings, providing a
basis to further develop MSC-based therapies for glioma (Figure 2). MSCs
engineered to secrete sTRAIL also appear to be resistant to its cytotoxic effect,
whereas a caspase-mediated apoptosis was induced in glioma cells. Shortly after,

Menon et al. confirmed these finding %

using MSCs transduced to express both
sTRAIL and the mCherry fluorescent protein, demonstrating tumor specificity and
retention in glioma cells both in vitro and in vivo. Moreover, significant survival was
observed in the treated group as compared to control animals, suggesting that MSCs
expressing sTRAIL could provide an interesting approach for anti-glioma therapy.
Choi et al. applied the same strategy using human adipose tissue derived MSCs

(hAT-MSCs) engineered to express sTRAIL and reported similar results *°.

Genetically modified MSCs can also be used to secrete molecules that do not
directly target glioma, but which attract innate immune cells to the tumor, as shown
by Ryu et al. ¥. MSCs engineered to express modified interleukin 12 (IL-12M), a
proinflammatory cytokine that induces T-helper 1 and cytotoxic T cell immunity,
yielded prolonged survival of glioma-bearing mice when injected intratumorally.
Remarkably, control mice injected with USB-MSC-IL12M showed resistance to new

tumorigenesis, suggesting a tumor-specific T cell immunity.

ii. Enzyme/prodrug-based glioma therapy

As an alternative strategy to the use of active drugs, which have the risk of targeting
normal tissue, many studies have focused on the use of prodrugs that are activated
exclusively at the tumor site, thereby increasing tissue selectivity. One of the most
popular suicide gene therapy approaches relies on the herpes simplex virus type |
thymidine kinase (HSV-TK) and the prodrug ganciclovir (GCV). Although excellent
results have been reported in experimental settings, a lack of efficacy was observed

in clinical trials %'

. Low transduction efficiency and the absence of a bystander
effect are thought to be the main causes for this lack of success. To overcome these
limitations, Ryu et al. designed a protocol using MSCs expressing HSV-TK (MSC-
TK) combined with valproic acid (VPA), which upregulates gap junction proteins
between MSCs and glioma cells, yielding an enhanced bystander effect *. This
combined treatment significantly inhibited tumor growth and prolonged survival

compared with mice treated with MSC-TK in the absence of VPA. Several studies
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have tested a rat glioma model with NSCs (HB1.F3) transduced with the gene for
cytosine deaminase (CD), which converts the prodrug 5-fluorocytosine (5-FC) into
the active, inhibitory compound 5-fluorouracil (5-FU; Figure 2) ****. In contrast to the
active drug 5-FU, the prodrug 5-FC can cross the BBB. Two separate studies have
reported reduced tumor volumes and increased survival in CD/5-FC treated rats with

glioma. #° #1

. Joo et al. demonstrated both migration and homing of the HB1.F3
NSCs expressing CD to the tumor site as well as reduced tumor volume after breast
cancer cells were implanted in one hemisphere of the mouse brain and CD-
expressing NSCs were implanted into the contralateral hemisphere, followed by
injection of the prodrug 5-FC '". Beyond demonstrating the feasibility of this
treatment, this experiment showed that NSCs can not only home to primary brain
tumors, but can also migrate towards metastases. However, the survival of animals
was not significantly prolonged, suggesting that repeated administration of NSCs
and prodrug is required. Further, a combination of NSC-encoding different
therapeutic genes or the addition of conventional anticancer therapies to this
treatment strategy might be needed. Two other studies reported the use of MSCs to
deliver CD to brain tumors and showed an increased mice survival upon intratumoral
injection of MSC-CD cells followed by 5-FC therapy (Table 1) 4344,

Lim et al. modified NSCs to express the rabbit carboxylesterase enzyme rCE, which
converts the prodrug CTP-11 (irinotecan) into the active chemotherapeutic agent
SN-38 (7-ethyl-10-hydroxycamptothecin), a potent topoisomerase | inhibitor “°. Given
that intratumoral injection is not favorable when multiple lesions are involved, as in
the case for glioma, NSCs were administered systemically. After intravenous
injection, rCE-expressing NSCs efficiently penetrated the brain targeting both the
primary glioma site as well as infiltrating glioma cells (containing GSCs) that are
known to be the source of tumor recurrence and patient death. However, the
accumulation of NSCs in non-brain organs was also observed, but did not lead to
any tissue damage or tumor formation, although follow-up studies might be needed
to evaluate these effects on the long term. *¢. The authors speculate that the use of
tumor trophic modulating agents and/or the use of multiple injections could enhance
NSCs delivery to the tumor site, thereby increasing specificity and therapeutic effect.
Using the same enzyme/prodrug therapy, Zhao et al. explored the use of NSCs

engineered to secrete rCE enzyme and showed that this strategy yielded 200-fold
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higher bystander effect on tumor cells in vitro and enhanced therapeutic effect on
metastatic breast cancer in vivo*’. This strategy should provide an enhanced
therapeutic effect for malignant gliomas as compared to NSCs expressing

endogenous rCE.

A hallmark of malignant gliomas is extensive angiogenesis with glioma stem cells
needing a vascular niche for optimal functioning ® & “®. Yin et al. used MSCs to
express the anti-angiogenesis factor (endostatin), the prodrug-activating enzyme
rCE (activates CTP-11 into SN-38), or a combination of both “°. In vivo, MSCs
expressing endostatin and rCE led to the highest antitumor response, including
reduced angiogenesis, increased cell death, and a reduced GSCs population. Choi
et al. evaluated the characteristics and therapeutic potential of human adipose
tissue-derived MSCs (hAT-MSCs) in a rat brainstem glioma model and found, similar
to NSCs, that hAT-MCSs modified to express rCE has tumor tropism, drug
activation, and increased life span *. In another attempt to target angiogenesis, van
Eekelen et al. modified NSCs to express antiangiogenic protein thrombospondin
(@aTSP-1) ®'. aaTSP-1 was shown to target glioma vasculature and to significantly
reduce vessel density in a glioma brain co-culture containing endothelial cells,
established glioma cells, and glioma stem cells. The decrease in tumor vessel
density correlated with decrease in tumor progression and increased survival, most
likely due to the disrupted interaction between endothelial cells and glioma stem

cells.

iii. Oncolytic virus-based glioma therapy

Theoretically, oncolytic viruses have a significant potential for glioma therapy due to
their specificity and high efficiency in killing tumor cells. However, current viral
therapeutic strategies have not yet reached their full potential due to poor distribution
at the tumor site, low infectivity of tumor cells, and the host immune response (Box
2). To overcome these limitations, Ahmed et al. evaluated NSCs as carriers for the
targeted delivery of CRAD-S-pk7, a glioma restricted oncolytic adenovirus . NSCs
loaded with CRAD-S-pk7 injected intracraniallly inhibited tumor growth and
increased median survival by 50%, as compared to animals treated with CRAD-S-
pk7 alone, suggesting that NSCs can shield the virus from the host immune system

before delivery to the tumor. Interestingly, the oncolytic virus seemed to enhance
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NSCs migration towards the tumor site. In a follow up study by the same group, the
FDA-approved NSC line HB1.F3-CD was loaded with CRAD-S-pk7 and a thorough
characterization of this carrier system was performed °2. NSCs loaded with CRAD-S-
pk7 retained tumor tropism,

continued to replicate CRAD-S-pk7 for over a week after injection, and effectively
distributed the CRAD-S-pk7 virus among glioma cells in vivo. Nonspecific delivery of
adenovirus in the brain was drastically reduced and, due to local injection of NSCs,
no migration of NSCs to distant organs was observed, showing that this oncolytic

virus carrier system holds a great potential for glioma therapy.

iv. Nanopatrticle-based glioma therapy

Following a different approach, several groups are using MSCs to deliver to gliomas
nanoparticles, which can carry different therapeutic agents incorporated into the
particle or attached to the surface. MSCs can circumvent the problem that
nanoparticles have in crossing the BBB, typically yielding low targeting efficiency to
brain tumors. In a proof of principle study, Roger et al. used poly-lactic acid
nanoparticles or lipid nanocapsules loaded with coumarin-6, a lipophilic fluorescent
dye used to assess the intracellular uptake of nanoparticles by stem cells that was
successfully delivered to the tumor site >*. In a follow up study, MSCs loaded with
lipid nanocapsules containing the organometallic complex ferrociphenol (Fc-diOH), a
drug with demonstrated cytotoxic effect on glioma cells both in vitro and in vivo, were
shown to have an effective anti-cancer treatment **. Li et al. designed a high-efficacy
targeting approach for nanoparticle drug delivery using MSCs expressing silica
nanorattle doxorubicin (dox) on the cell surface *°. The drug was efficiently delivered
and resulted in a wider distribution and longer retention of dox at the tumor site, with
subsequent enhanced glioma apoptosis as compared with free dox and silica-

encapsulated dox control groups.
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Figure 2. Examples of stem cell-based therapies against gliomas. Many variations on stem
cell therapy are possible, and three are depicted here using mesenchymal, neuronal and
hematopoietic stem cells (MSCs, NSCs, and HSCs, respectively). Abbreviations: TGF f,
transforming growth factor B; Apt, apoptosis; CD, cytosine deaminase; TRAIL, tumor
necrosis factor apoptosis-inducing ligand; TRRIIDN, dominant negative mutant of
transforming growth factor 3 receptor Il.

Routes of administration and enhancement of the stem cell model
Several studies have focused on developing alternative strategies to increase the
therapeutic effect of SC-based therapy to brain tumors by enhancing delivery mode,

tumor tropism, and cellular delivery vehicles (Table 1 and Box 2).
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i. Routes of administration

Successful administration of stem cells is crucial for their antitumor efficacy. Both
intratumoral or intravenous injections can effectively deliver stem cells, and either
injection route is used in the majority of studies °°. Panciani et al. proposed a
different delivery route using injections into ventricles or spaces of the brain
speculating that this injection mode may lead to the formation of a reservoir of
therapeutic cells *’. This study confirmed that intraventriculary transplanted MSCs do
create a niche in the subventricular space and can be triggered to migrate to the site
of tumor formation. A follow up study investigating the life span of implanted MSCs
and their potential for finding and attacking GSCs and tumor recurrence is planned.
Meanwhile, Bexell et al. studied long distance tropism and migration of MSCs after
intratumoral and extratumoral implantations in a rat glioma model *. No evidence of
long distance MSC migration to the tumor site through either the corpus callosum to
the contralateral hemisphere or through the striatum to the ipsilateral hemisphere
was observed, suggesting the use of MSCs is limited to certain delivery routes.
Intratumoral injection resulted in a dense and tumor specific distribution, as

previously reported *°.

Biodegradable synthetic extracellular matrices (SECMs) have been used in various
rodent models to provide mechanical support that promotes stem cell survival and

differentiation into neurons %% '

. Kauer et al. have evaluated the implantation of
NSCs expressing sTRAIL encapsulated in sECM at the tumor cavity following tumor
resection and found that the washout of NSCs by cerebrospinal fluid was reduced

drastically *°.

Both migratory stem cells and sTRAIL could leave the ECM
environment and reach the tumor site, but increased retention at the tumor site and a
subsequent increase in sTRAIL secretion was observed, suggesting that coating

stem cells with ECM may be a highly successful strategy for treating GBM °2.

ii. Factors that regulate glioma tropism

Stem cells are particularly attractive for glioma therapy due to their tropism to the
tumor site. It is still not clear how this “homing mechanism” works, but growth factors
and chemokines secreted or expressed by glioma cells are known to be important.
Park et al. designed MSCs to overexpress the alpha chemokine receptor CXCR4 &,

a receptor that specifically binds SDF1a, a key cytokine mediator of glioma tropism
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64.65  CXCR4 overexpression enhances the migratory capacity of MSCs to gliomas
both in vitro and in vivo; inhibition of either SDF1a or CXCR4 completely blocks
migration. Kim et al. followed a similar approach and showed that upregulating of
interleukin 8 (IL-8) secretion by glioma, or overexpression of the IL-8 receptor
CXCR1 on the MSC surface, enhanced the migration capability of MSCs to the
tumor. Inhibiting IL-8 significantly reduced migration, suggesting that CXCR1 is a
major regulator in glioma tropism . Velpula et al. showed that multiple cytokines are
involved in recruiting MSCs to the glioma site, including IL-8, GRO, GROa, MCP-1,
and MCP-2 %, but more research is needed to completely unravel the mechanism of

tumor site homing.

iii. Improved cellular vehicles

To date, the experimental use of ESCs for glioma therapy has been limited to the
delivery of sTRAIL, owing to ethical, regulatory, and political concerns, and no recent
studies have been published (Table 1) ®®. Recently, Lee et al. reported on the use of
induced pluripotent stem cells (iPSCs) to generate NSCs ® and showed that in this
context, iPSCs and ESCs are functionally equivalent, but iPSCs can be relatively
easy to generate from somatic cells and are not burdened by the ethical concerns. In
this study, iPSCs cells were generated by transducing primary mouse embryonic
fibroblasts with four transcription factors, Oct-4, Sox 2, c-Myc and KiIf4; by culturing
iPSCs in monoculture, NSCs were generated. To test the functionality and potential
use for glioma therapy, these NSCs were transduced with a baculovirus containing
the HSV-TK gene and injected in the contralateral hemisphere of tumor-bearing
mice. Prolonged survival and inhibition of tumor growth was observed, indicating that
iPSC-derived NSCs possess all characteristics required to serve as a cellular carrier
for glioma therapy. The same research group recently published a new study
evaluating the use of human embryonic stem cells to generate NSCs "° in which the
authors speculate that ESC-derived NSCs have the potential to produce limitless
amounts of identical NSCs, while at the same time eliminating variability in the
quality of therapeutic cells, allowing for better comparative analysis of different

studies.

Endothelial progenitor cells are a subpopulation of hematopoietic stem cells that are

known to migrate towards the neovasculature of certain cancers and integrate at the
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tumor site and have also been studied as gene carries for the treatment of glioma n
Because EPCs can be easily collected from peripheral blood and display the
appropriate tumor tropism, they make an interesting candidate for glioma stem cell-
based therapy. Accumulation of EPCs at the tumor site has been confirmed by non-
invasive imaging: Tc-99 single photon emission computed tomography (SPECT) and
magnetic resonance imaging (MRI) imaging of EPCs transformed with the human
sodium iodide symporter (hNIS) gene or ferumoxides-protamide sulphate (FePro),
respectively. Using a novel inducible lentivirus expression system under the stress
controlled HSP70B promoter, Noyan et al. reported a proof of principle study that
used a HSC-based gene therapy method to treat solid tumors using immunotherapy
2. Hematopoietic stem and progenitor cells (HSPCs) were genetically modified to
express the dominant negative mutant of the transforming growth factor-beta
receptor Il (TBRIIDN), which is known to neutralizes TGF-f signaling in the tumor
microenvironment and can thereby suppress tumor cell metastasis (Figure 2) &
Mice received a bone marrow (BM) transplant with the modified HSPCs followed by
subcutaneous injection of glioma cells. A massive antitumor immune response was

reported and glioma tumor cell growth was prevented completely.
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Table 1. Stem cell therapy against malignant gliomas

Transgene/modificati

CD expression; MSC

5-FC therapy

SC function Approach on strategy Application Refs
Expression of sTRAIL- | Visualization of TRAIL-mediated | 27
luciferase fusion; NSC | therapy
EZE:z”c;npi:)u'sN SC Glioma sensitization to TRAIL 2

Cytokine ;L?tﬁn%rpll\ll‘g cr:nTor Glioma sensitization to TRAIL 8
. Proof of principle MSC- 2829 36
STRAIL; MSC mediated TRAIL therapy o
IL-12 expression; MSC | Immunotherapy 57
ZaS-I;:SP'1 expression, Anti-angiogenesis therapy 51
rCE expression; NSC | SN-38 mediated therapy i
rCE expression; MSC SN-38 mediated therapy %0
Enzvme/orodru Endostatin and/or
) zyme/p 9 carboxylesterase 2; Anti-angiogenesis therapy 49

Cargo delivery activation MSC

CD expression; NSC 5-FC therapy o
43 44

HSV-TK and VPA;
MSC

Enhanced efficacy of HSV-TK
mediated therapy

42

Oncolytic virus

CRAD-S-pk7
expression; NSC

Proof of principle

%

Enhanced carrier system

527

Nanoparticles

NPs loaded with
coumarin 6; MSC

Proof of principle NP-mediated
delivery system

53

NPs loaded with Fc-
diOH; MSC

NP delivery

54

NPs carrying silicia
nanorattle dox; MSC

NP delivery

55

NSC delivery to
glioma

Coating with sECM;
NSC

Improved NSC delivery

30

Enhancement of
the SC model

Routes of
administration

Intraventricular
injections

Improved delivery mode

57

Intratumoral vs
extratumoral
injections; MSC

Proof of principle; improved
delivery mode

58

Factors regulating
tropism

CXCR 4
overexpression; MSC

Enhanced glioma tropism

63

IL-8 and/or CXCR 1
overexpression; MSC

Enhanced glioma tropism

66

Overexpression of
various cytokines;
MSC

Enhanced glioma tropism

67

Improved cellular
vehicles

IPSCs generated from
embryonic fibroblasts;
ESC

Proof of principle

69

NSC differentiation;
ESC

Proof of principle

70

EPC; hNIS and FePro
expression; HSC

Proof of principle; imaging

71

TBRIIDN expression;
HSC

Proof of principle;
Immunotherapy

72

Abbreviations: MSC mesenchymal stem cell; NSC neural stem cell; ESC embryonic stem cell; HSC
hematopoietic stem cell; NP nanoparticle; sTRAIL secretable tumor necrosis factor apoptosis-
inducing ligand; IL-12 interleukin 12; Fc-diOH ferrociphenol; dox doxorubicin; HSV-TK herpes simplex
virus thymidine kinase; VPA valproic acid; CD cytosine deaminase; rCE rabit carboxylesterase; IL-8
interleukin 8; aaTSP-1 antiangiogenic protein thrombospondin; sECM synthetic extracellular matrix;
iPSCs induced pluripotent stem cells; FePro ferumoxides-protamide sulphate; TBRIIDN Growth factor
B-receptor II; 5-FC 5-fluorocytosine
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Box 2. Glioma stem cell therapy in the clinic

City of Hope Hospital, NCT 01172964

In July 2010 the very first clinical trial using stem cells as therapeutics for malignant gliomas was
started at the City of Hope Hospital, California. Patients with histologically confirmed grade Il or
IV glioma, or patients diagnosed with grade Il glioma and radiographic findings of grade IIl/IV
glioma were enrolled and had their tumor mass removed by craniotomy. At the time of debulking,
they received intracranial injections with HB1F3.CD genetically modified neural stem cells (day
zero). In the absence of disease progression or intolerance to the injected cells, patients received
on day 4-10 oral dosages of 5-FC every six hours. Response to therapy, and adverse effects
were evaluated by MRI on day 32, 60 and for every 2 months onwards. No results have been

published yet, and as for now, 30 patients have been enrolled.

Study details as described on www.clinicaltrials.gov

e Primary Outcome Measures: determination of the safety and feasibility of intracerebral
administration of genetically-modified neural stem cells (NSCs) in combination with oral
5-fluorocytosine.

« Secondary Outcome Measures: Relationship between intracerebral and systemic
concentrations of 5-FC and 5-FU with increasing NSC dose level; Presence of 5-FU in
the brain using 19F-MRS; Assessment of development of immunogenicity against NSCs;
Obtain preliminary imaging data regarding perfusion permeability parameters and
imaging characteristics as shown on magnetic resonance imaging (MRI) studies due to
the presence of NSCs in the brain; Assessment of the fate of NSCs at autopsy when
feasible

Clinical transition and/or obstacles to translation

i. Glioma stem cell therapy in the clinic

Although a vast amount of interesting and exciting research is being explored using
stem cells as a therapeutic strategy for malignant gliomas, most of these studies are
being performed in the laboratory setting. This indicates that although the bench
results are promising, translating these therapeutic strategies to the clinic remains

difficult with only a single clinical trial in progress (Box 2, 3).
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Box 3. Barriers to glioma therapy

Blood-brain barrier (BBB): The BBB consists of a lining of tight junctions between the
endothelial cells of the brain capillaries. These tight junctions restrict the passage of molecules
from the blood to the brain extra cellular matrix, allowing only certain substances to pass.
Antibodies, antibiotics, chemotherapeutic agents, and some stem cells are unable to cross,

severely limiting the potential of systemic therapy for glioma.

Blood-tumor barrier: Angiogenesis with leaky vessel formation, necrosis, and the highly
heterogeneous character of the glioma cell population makes it vey difficult to establish consistent
distribution of vectors and other agents. Further, certain areas of the tumor are almost

inaccessible, resulting in only a very limited effect of the applied therapeutics.

Tumor cells Invasion in the brain: As gliomas progress and invade the brain, an extensive
modulation of the extracellular matrix occurs. This phenomenon complicates curative surgery and
radiotherapy considerably and results in tumor recurrence after surgical resection, often leading

to patient death.

Secretion of local cytokines and growth factors that might induce malignant
transformation in stem cells: Glioma cells are known to secrete a wide variety of chemokines
and GF such as matrix metalloproteinases (MMPs), plasminogen tissue inhibitor 1 (PTI1), VEGF,
EGF, FGF insulin growth factor 2 (IGF2), hepatocyte growth factor (HGF), and IL6 that are
capable of initiating malignant transformation of nearby stem cells, recruiting them for
contributement to tumor proliferation and growth. This is of particular concern when one actively
introduces SC at the tumor site for glioma therapy and therefore extensive research needs to be

done to address these safety issues.”

Escaping immune surveillance: Glioma surface markers such as MCH surface expression are
often downregulated allowing glioma cells not only to escape the host immune response, but also

to protect themselves from newly designed drugs targeted specifically to glioma cells.”

Resistance to therapies such as TRAIL: Malignant gliomas such as glioblastoma are known to
acquire resistance to therapies. In the case for TRAIL-based therapy, upregulation of the Bcl2
associated Athanoge (BAG3) genes and multiple other genes have been described to cause
resistance at various points along the apoptotic pathway. New research is focused at finding

molecules that sensitize GBM cells to TRAIL.>" 323

Secretion of local immunosuppressants: This problem does not only hinder the efficacy of the
host immune system against the tumor cells, but also makes it increasingly difficult to use

immunotherapy for anti-glioma treatment.
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At the City of Hope (California) by Aboody et al., NSCs (HB1.F3-CD) genetically
modified to express E. coli cytosine deaminase, which will convert the oral pro-drug
5-FC into the chemotherapeutic agent 5-FU at the tumor site, are being tested as
was done in various animal models (Table 1) ' #" 445 The modified NSCs are
injected directly at the tumor site after surgical resection of the tumor mass. Oral 5-
FC will be given every six hours between day 4 and day 10. Because NSCs have a

strong tropism for glioma ' 7

, ho toxicity to normal brain cells is expected while
efficient elimination of GBM cells is expected. The primary aim of this trial is to test
the safety and feasibility of the NSC-CD system in humans, with secondary objective

to evaluate immunogenicity and pharmacokinetics.

ii. Improving techniques for clinic/trials

A major limitation of stem cell therapy in general is safety. Stem cells possess many
characteristics that make them well suited as cellular transport vehicles but their
capacity for unlimited self-renewal raises several concerns regarding patient safety.
Spontaneous tumor formation in longstanding MSC cultures has recently been
reported, and it was shown that after implantation, a small fraction of immortalized
NSCs continue to proliferate > 7. A 2009 clinical trial by Amariglio et al. for the
treatment of ataxia telangiectasia with NSC injection reported the formation of
multiple brain tumors in a patient four years after treatment ’®. The standardized use
of suicide genes such as CD for each stem cell line would theoretically minimize this
risk.

Aside from malignant transformation of stem cells, the secretion of growth
factors and chemokines, and the direct local immunosuppressive effect of stem cells
may modify the tumor microenvironment in such a way that tumor growth is
promoted. The latter has been reported in other solid tumors after injection with
MSCs " 78 and MSCs have been shown to enhance the metastatic potential of

81 The tumor promoting role of MSCs, however, remains in

82, 83
’

breast cancer cells
dispute; several studies report a glioma-suppressing effect of implanted MSCs
and MSCs used in the clinic to treat neurodegenerative diseases and stroke have
been well tolerated with limited side effects. The discrepancy between various
studies is yet another issue that needs to be solved before stem cell-based therapy
can be successfully applied to glioma treatment in the clinic. For now, it remains very

difficult to interpret study results and to compare data between various study groups,
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given the large variability between the stem cells themselves and the methods
employed by different groups. Better ways of cell selection and preparation are
absolutely essential to design stable and identical cell lines that can create
reproducible datasets and optimally functioning cell carrier systems, a characteristic
that might be attributable to subgroups rather than the stem cell population as a
whole. Furthermore, systematic comparison of stem cell migratory potential, the
ability to target GSCs, survival, and efficacy of delivery are needed to identify the
optimal carrier system and delivery route. Ahmed et al. recently reported that
effective oncolytic virus delivery by NSCs was clearly superior to MSCs, although
equivalent migration capacity was displayed ®. However, although many groups
make use of the enzyme/prodrug combination of CD/5-FC in either NSCs or MSCs,
no comparative studies have been performed, which is a missed opportunity in the
quest for an optimal carrier system. Many more examples could be discussed, and
until these issues are resolved, it seems to be overly optimistic to expect an easy
transition of stem cell glioma therapy to the clinic. The ability to target glioma stem
cells rather than glioma cells in general might prove to be a crucial point since these
cells are thought to be the cause of tumor recurrence and patient death.

Translation is also slowed by concerns regarding several limitations of current
glioma models used to test these strategies in the laboratory. Although many
pathophysiological similarities between the rodent glioma model and human tumors
are observed, many models are based on xenografts in immunocompromised mice.
Implanted tumor cells will not mimic the process of de novo tumorigenesis, and
tumor-associated immunosuppression and immune-modulating events are not likely
to be accurately reflected, resulting in a slightly different tumor microenvironment.
Doucette et al. have proposed overcoming this limitation by using an RCAS/Ntv-a
glioma model in which endogenous glioma develop and acquire tumor and stromal
features similar to human tumors °. This may be an improvement over existing
glioma models, but this study was also performed using immunocompromised mice,
implying that many variables will remain unknown until clinical testing is completed.

To resolve some of these issues and obtain a true understanding of the
working mechanism and antitumor effect of stem cell-based therapy, the
development of adequate imaging tools is of the utmost importance. Not only do we
need these tools to increase treatment efficacy, but the ability to track single stem

cells and determine their fate, tropism, migration, interaction with the tumor
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environment, and mechanism of action will answer important questions regarding
safety and efficacy. Several imaging tools capable of tracking stem cells are
currently available preclinically (e.g., bioluminescence imaging, fluorescence), but
these techniques are not yet available for use in humans due to several concerns
including (substrate) toxicity and sensitivity. Recently, Thu et al. developed a method
to visualize NSCs by magnetic resonance imaging (MRI), using iron labeling

86

(ferumoxide-protamine sulfate complex) of NSCs °°, and Menon et al. reported

similar results after labeling human MSCs with ferumoxide ®’

; tumor tropism
remained unaltered. Similar approaches might provide a solution that is easily
translated to the clinic; however, more research is needed to fine tune these
techniques for application in humans.

Whereas new imaging tools are necessary to develop stem cell therapy, the
availability and efficacy of stem cells and whether they serve as vehicles for therapy
or have a direct therapeutic effect are issues that also remain to be addressed.
Malignant gliomas are a rapidly progressing and ever changing cancer, and if too
much time is needed to obtain a certain number of stem cells, the tumor might have
acquired resistance to the therapy being explored (e.g., chemotherapeutics, TRAIL,
etc.). Furthermore, when stem cells are passaged too many times during expansion,
differentiation and phenotypic changes may occur that limit their therapeutic
potential. The use of stem cells might also be disputed due to ethical concerns.
Limited availability hinders not only research opportunities but also limits the benefit
of the potential approach, given that a working strategy that is not readily available
cannot provide a cure. Techniques that allow for the rapid growth and expansion of
cells while maintaining their characteristics are of extreme importance, as is optimal
cell delivery to the tumor site. Whereas clinical studies opt for a direct intratumoral
injection, preclinical experiments are testing intranodal, intradermal, intraventricular,

or systemic injections in an attempt to enhance delivery success.

iii. Appropriate patient selection - when will this method work?

Patient selection may play an important role in the efficacy of the chosen therapeutic
approach. More and more evidence suggest that specific genetic mutations in glioma
cells respond to different therapies, and therefore genotyping or discovery of new
biomarkers for personalized medicine could yield to an enhanced treatment success.

An example would be the status of O6- methylguanine DNA transferrase or MGMT,
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a DNA repair enzyme that protects cells from damage caused by ionizing radiation
and alkylating agents. The MGMT promoter is methylated in 40 to 45% of GBMs,
which means the cells are unable to properly repair DNA damage 8.89 This group
might benefit much more from a prodrug/enzyme-based approach as compared to
patients without a methylated MGMT promoter tumor. Also, it is known that patients
with an EGFR amplification rarely respond to chemotherapy at all, suggesting that
the benefit of a CD/5-FC approach in this group will be minimal. This may not only
potentially downplay the overall efficacy of this therapy, but may also falsely
disqualify a successful approach by showing that results obtained in experimental
studies cannot be repeated in the clinic.

TRAIL plays an important role in the experimental design of stem cell-based
therapy against gliomas, however, the use of this therapeutic is not (yet) reflected in
clinical trials. Some clinical studies using TRAIL for treating various cancers can be
found, but, except for a small subset of patients, the therapeutic results of
administering TRAIL have been disappointing and do not reflect the results obtained

in animal models % '

. Finding ways to identify the subgroup of patients that are
responsive to TRAIL therapy or the discovery of adjuvants that help sensitize
gliomas and other cancer cells to TRAIL might be needed before taking additional
steps towards the clinic. With the discovery of lanatoside C as a TRAIL sensitizer,
one of these hurdles has been overcome and since both agents are FDA-approved
and have been used in the clinic separately, we expect a short transition to the first
clinical trial. However, a proper comparison between carrier types and injection

routes in experimental setting will be necessary to give this strategy a fair shot.

Conclusions

Stem cells provide a highly promising and innovative approach for the treatment of
malignant gliomas. Provided that some of the discussed issues/limitations can be
addressed, this therapeutic strategy could become of tremendous value in the
search for a cure for tumors as heterogeneous and as difficult to reach as
glioblastoma. Other exciting strategies such as gene therapy and oncolytic viral
therapy, which by themselves have failed to establish clinically-relevant antitumor

effects, are now given a second chance to prove their value for the treatment of brain
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tumors. The combined approach of stem cells and gene/viral therapy has the
potential to be of great benefit for glioma patients, and in this role, stem cell therapy
could be wused alongside surgery, chemotherapy, and radiation therapy,

complementing each other to create a highly effective, integral antitumor therapy.

ACKNOWLEDGEMENTS

Dr. Tannous is supported by grants from the National Institutes of Health, the
National Institute of Neurological Disorders and Stroke_(1R01NS064983). The

authors would like to thank Mr. Romain Amante for assistance in drawing Figure 2.

240



REFERENCES

10.

1.

12.

13.

14.

15.

Johnson DR, Ma DJ, Buckner JC, Hammack JE. (2012). Conditional
probability of long-term survival in glioblastoma: A population-based analysis.
Cancer.

Grossman SA, Ye X, Piantadosi S, Desideri S, Nabors LB, Rosenfeld M, et al.
(2010). Survival of patients with newly diagnosed glioblastoma treated with
radiation and temozolomide in research studies in the United States. Clin
Cancer Res.16(8):2443-2449.

Furnari FB, Fenton T, Bachoo RM, Mukasa A, Stommel JM, Stegh A, et al.
(2007). Malignant astrocytic glioma: genetics, biology, and paths to treatment.
Genes Dev.21(21):2683-2710.

Hochberg FH, Pruitt A. (1980). Assumptions in the radiotherapy of
glioblastoma. Neurology.30(9):907-911.

Okamoto Y, Di Patre PL, Burkhard C, Horstmann S, Jourde B, Fahey M, et al.
(2004). Population-based study on incidence, survival rates, and genetic
alterations of low-grade diffuse astrocytomas and oligodendrogliomas. Acta
Neuropathol.108(1):49-56.

Calabrese C, Poppleton H, Kocak M, Hogg TL, Fuller C, Hamner B, et al.
(2007). A perivascular niche for brain tumor stem cells. Cancer Cell.11(1):69-
82.

Singh SK, Clarke ID, Terasaki M, Bonn VE, Hawkins C, Squire J, et al.
(2003). Identification of a cancer stem cell in human brain tumors. Cancer
Res.63(18):5821-5828.

Bao S, Wu Q, Sathornsumetee S, Hao Y, Li Z, Hjelmeland AB, et al. (2006).
Stem cell-like glioma cells promote tumor angiogenesis through vascular
endothelial growth factor. Cancer Res.66(16):7843-7848.

Chalmers AJ. (2007). Radioresistant glioma stem cells--therapeutic obstacle
or promising target? DNA Repair (Amst).6(9):1391-1394.

Aboody KS, Brown A, Rainov NG, Bower KA, Liu S, Yang W, et al. (2000).
Neural stem cells display extensive tropism for pathology in adult brain:
evidence from intracranial gliomas. Proc Natl/ Acad Sci U S A.97(23):12846-
12851.

Joo KM, Park IH, Shin JY, Jin J, Kang BG, Kim MH, et al. (2009). Human
neural stem cells can target and deliver therapeutic genes to breast cancer
brain metastases. Mol Ther.17(3):570-575.

Aboody KS, Bush RA, Garcia E, Metz MZ, Najbauer J, Justus KA, et al.
(2006). Development of a tumor-selective approach to treat metastatic cancer.
PLoS One.1:e23.

Einstein O, Ben-Hur T. (2008). The changing face of neural stem cell therapy
in neurologic diseases. Arch Neurol.65(4):452-456.

Ahmed AU, Thaci B, Alexiades NG, Han Y, Qian S, Liu F, et al. (2011). Neural
stem cell-based cell carriers enhance therapeutic efficacy of an oncolytic
adenovirus in an orthotopic mouse model of human glioblastoma. Mo/
Ther.19(9):1714-1726.

Picinich SC, Mishra PJ, Mishra PJ, Glod J, Banerjee D. (2007). The
therapeutic potential of mesenchymal stem cells. Cell- & tissue-based
therapy. Expert Opin Biol Ther.7(7):965-973.

241



16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32,

242

Caplan Al. (2009). Why are MSCs therapeutic? New data: new insight. J
Pathol.217(2):318-324.

Jones BJ, McTaggart SJ. (2008). Immunosuppression by mesenchymal
stromal cells: from culture to clinic. Exp Hematol.36(6):733-741.

Keller G. (2005). Embryonic stem cell differentiation: emergence of a new era
in biology and medicine. Genes Dev.19(10):1129-1155.

Germano IM, Uzzaman M, Keller G. (2008). Gene delivery by embryonic stem
cells for malignant glioma therapy: hype or hope? Cancer Biol Ther.7(9):1341-
1347.

Gerecht-Nir S, ltskovitz-Eldor J. (2004). Human embryonic stem cells: a
potential source for cellular therapy. Am J Transplant.4 Suppl 6:51-57.
Tabatabai G, Bahr O, Mohle R, Eyupoglu 1Y, Boehmler AM, Wischhusen J, et
al. (2005). Lessons from the bone marrow: how malignant glioma cells attract
adult haematopoietic progenitor cells. Brain.128(Pt 9):2200-2211.

Tabatabai G, Herrmann C, von Kurthy G, Mittelbronn M, Grau S, Frank B, et
al. (2008). VEGF-dependent induction of CD62E on endothelial cells mediates
glioma tropism of adult haematopoietic progenitor cells. Brain.131(Pt
10):2579-2595.

Yuan SH, Martin J, Elia J, Flippin J, Paramban RI, Hefferan MP, et al. (2011).
Cell-surface marker signatures for the isolation of neural stem cells, glia and
neurons derived from human pluripotent stem cells. PLoS One.6(3):e17540.
Zhang SC, Wernig M, Duncan ID, Brustle O, Thomson JA. (2001). In vitro
differentiation of transplantable neural precursors from human embryonic
stem cells. Nat Biotechnol.19(12):1129-1133.

Miller JS, McCullar V, Punzel M, Lemischka IR, Moore KA. (1999). Single
adult human CD34(+)/Lin-/CD38(-) progenitors give rise to natural killer cells,
B-lineage cells, dendritic cells, and myeloid cells. Blood.93(1):96-106.
Higuchi A, Ling QD, Ko YA, Chang Y, Umezawa A. (2011). Biomaterials for
the feeder-free culture of human embryonic stem cells and induced pluripotent
stem cells. Chem Rev.111(5):3021-3035.

Hingtgen SD, Kasmieh R, van de Water J, Weissleder R, Shah K. (2010). A
novel molecule integrating therapeutic and diagnostic activities reveals
multiple aspects of stem cell-based therapy. Stem Cells.28(4):832-841.
Sasportas LS, Kasmieh R, Wakimoto H, Hingtgen S, van de Water JA,
Mohapatra G, et al. (2009). Assessment of therapeutic efficacy and fate of
engineered human mesenchymal stem cells for cancer therapy. Proc Natl
Acad Sci U S A.106(12):4822-4827.

Menon LG, Kelly K, Yang HW, Kim SK, Black PM, Carroll RS. (2009). Human
bone marrow-derived mesenchymal stromal cells expressing S-TRAIL as a
cellular delivery vehicle for human glioma therapy. Stem Cells.27(9):2320-
2330.

Kauer TM, Figueiredo JL, Hingtgen S, Shah K. (2012). Encapsulated
therapeutic stem cells implanted in the tumor resection cavity induce cell
death in gliomas. Nat Neurosci.15(2):197-204.

Bagci-Onder T, Wakimoto H, Anderegg M, Cameron C, Shah K. (2011). A
dual PI3BK/mTOR inhibitor, PI-103, cooperates with stem cell-delivered TRAIL
in experimental glioma models. Cancer Res.71(1):154-163.

Balyasnikova IV, Ferguson SD, Han Y, Liu F, Lesniak MS. (2011).
Therapeutic effect of neural stem cells expressing TRAIL and bortezomib in
mice with glioma xenografts. Cancer Lett.310(2):148-159.



33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45,

46.

47.

Badr CE, Niers JM, Morse D, Koelen JA, Vandertop P, Noske D, et al. (2011).
Suicidal gene therapy in an NF-kappaB-controlled tumor environment as
monitored by a secreted blood reporter. Gene Ther.18(5):445-451.

Badr CE, Wurdinger T, Tannous BA. (2011). Functional drug screening assay
reveals potential glioma therapeutics. Assay Drug Dev Technol.9(3):281-289.
Shah K, Tung CH, Yang K, Weissleder R, Breakefield XO. (2004). Inducible
release of TRAIL fusion proteins from a proapoptotic form for tumor therapy.
Cancer Res.64(9):3236-3242.

Choi SA, Hwang SK, Wang KC, Cho BK, Phi JH, Lee JY, et al. (2011).
Therapeutic efficacy and safety of TRAIL-producing human adipose tissue-
derived mesenchymal stem cells against experimental brainstem glioma.
Neuro Oncol.13(1):61-69.

Ryu CH, Park SH, Park SA, Kim SM, Lim JY, Jeong CH, et al. (2011). Gene
therapy of intracranial glioma using interleukin 12-secreting human umbilical
cord blood-derived mesenchymal stem cells. Hum Gene Ther.22(6):733-743.
Takamiya Y, Short MP, Ezzeddine ZD, Moolten FL, Breakefield XO, Martuza
RL. (1992). Gene therapy of malignant brain tumors: a rat glioma line bearing
the herpes simplex virus type 1-thymidine kinase gene and wild type
retrovirus Kills other tumor cells. J Neurosci Res.33(3):493-503.

Rath P, Shi H, Maruniak JA, Litofsky NS, Maria BL, Kirk MD. (2009). Stem
cells as vectors to deliver HSV/tk gene therapy for malignant gliomas. Curr
Stem Cell Res Ther.4(1):44-49.

Ezzeddine ZD, Martuza RL, Platika D, Short MP, Malick A, Choi B, et al.
(1991). Selective killing of glioma cells in culture and in vivo by retrovirus
transfer of the herpes simplex virus thymidine kinase gene. New
Biol.3(6):608-614.

Lee SJ, KimY, Jo MY, Kim HS, Jin Y, Kim SU, et al. (2011). Combined
treatment of tumor-tropic human neural stem cells containing the CD suicide
gene effectively targets brain tumors provoking a mild immune response.
Oncol Rep.25(1):63-68.

Ryu CH, Park KY, Kim SM, Jeong CH, Woo JS, Hou Y, et al. (2012). Valproic
acid enhances anti-tumor effect of mesenchymal stem cell mediated HSV-TK
gene therapy in intracranial glioma. Biochem Biophys Res
Commun.421(3):585-590.

Fei S, Qi X, Kedong S, Guangchun J, Jian L, Wei Q. (2012). The antitumor
effect of mesenchymal stem cells transduced with a lentiviral vector
expressing cytosine deaminase in a rat glioma model. J Cancer Res Clin
Oncol.138(2):347-357.

Kosaka H, Ichikawa T, Kurozumi K, Kambara H, Inoue S, Maruo T, et al.
(2012). Therapeutic effect of suicide gene-transferred mesenchymal stem
cells in a rat model of glioma. Cancer Gene Ther.19(8):572-578.

Kim JH, Kim JY, Kim SU, Cho KG. (2012). Therapeutic effect of genetically
modified human neural stem cells encoding cytosine deaminase on
experimental glioma. Biochem Biophys Res Commun.417(1):534-540.

Lim SH, Choi SA, Lee JY, Wang KC, Phi JH, Lee DH, et al. (2011).
Therapeutic targeting of subdural medulloblastomas using human neural stem
cells expressing carboxylesterase. Cancer Gene Ther.18(11):817-824.

Zhao D, Najbauer J, Annala AJ, Garcia E, Metz MZ, Gutova M, et al. (2012).
Human neural stem cell tropism to metastatic breast cancer. Stem
Cells.30(2):314-325.

243



48.

49.

50.

51.

52,

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

244

Folkins C, Shaked Y, Man S, Tang T, Lee CR, Zhu Z, et al. (2009). Glioma
tumor stem-like cells promote tumor angiogenesis and vasculogenesis via
vascular endothelial growth factor and stromal-derived factor 1. Cancer
Res.69(18):7243-7251.

Yin J, Kim JK, Moon JH, Beck S, Piao D, Jin X, et al. (2011). hMSC-mediated
concurrent delivery of endostatin and carboxylesterase to mouse xenografts
suppresses glioma initiation and recurrence. Mol Ther.19(6):1161-1169.

Choi SA, Lee JY, Wang KC, Phi JH, Song SH, Song J, et al. (2012). Human
adipose tissue-derived mesenchymal stem cells: characteristics and
therapeutic potential as cellular vehicles for prodrug gene therapy against
brainstem gliomas. Eur J Cancer.48(1):129-137.

van Eekelen M, Sasportas LS, Kasmieh R, Yip S, Figueiredo JL, Louis DN, et
al. (2010). Human stem cells expressing novel TSP-1 variant have anti-
angiogenic effect on brain tumors. Oncogene.29(22):3185-3195.

Thaci B, Ahmed AU, Ulasov IV, Tobias AL, Han Y, Aboody KS, et al. (2012).
Pharmacokinetic study of neural stem cell-based cell carrier for oncolytic
virotherapy: targeted delivery of the therapeutic payload in an orthotopic brain
tumor model. Cancer Gene Ther.19(6):431-442.

Roger M, Clavreul A, Venier-Julienne MC, Passirani C, Sindji L, Schiller P, et
al. (2010). Mesenchymal stem cells as cellular vehicles for delivery of
nanoparticles to brain tumors. Biomaterials.31(32):8393-8401.

Roger M, Clavreul A, Huynh NT, Passirani C, Schiller P, Vessieres A, et al.
(2012). Ferrociphenol lipid nanocapsule delivery by mesenchymal stromal
cells in brain tumor therapy. Int J Pharm.423(1):63-68.

LiL, GuanY, Liu H, Hao N, Liu T, Meng X, et al. (2011). Silica nanorattle-
doxorubicin-anchored mesenchymal stem cells for tumor-tropic therapy. ACS
Nano.5(9):7462-7470.

Ahmed AU, Lesniak MS. (2011). Glioblastoma multiforme: can neural stem
cells deliver the therapeutic payload and fulfill the clinical promise? Expert
Rev Neurother.11(6):775-777.

Panciani PF, Fontanella M, Tamagno |, Battaglia L, Garbossa D, Inghirami G,
et al. (2012). Stem cells based therapy in high grade glioma: why the
intraventricular route should be preferred? J Neurosurg Sci.56(3):221-229.
Bexell D, Gunnarsson S, Svensson A, Tormin A, Henriques-Oliveira C, Siesjo
P, et al. (2012). Rat multipotent mesenchymal stromal cells lack long-distance
tropism to 3 different rat glioma models. Neurosurgery.70(3):731-739.

Bexell D, Gunnarsson S, Tormin A, Darabi A, Gisselsson D, Roybon L, et al.
(2009). Bone marrow multipotent mesenchymal stroma cells act as pericyte-
like migratory vehicles in experimental gliomas. Mol Ther.17(1):183-190.

Pan L, RenY, Cui F, Xu Q. (2009). Viability and differentiation of neural
precursors on hyaluronic acid hydrogel scaffold. J Neurosci Res.87(14):3207-
3220.

Teng YD, Lavik EB, Qu X, Park KI, Ourednik J, Zurakowski D, et al. (2002).
Functional recovery following traumatic spinal cord injury mediated by a
unique polymer scaffold seeded with neural stem cells. Proc Natl Acad Sci U
S A.99(5):3024-3029.

Flight MH. (2012). Drug delivery: Encapsulation improves therapeutic stem
cell action. Nat Rev Drug Discov.11(2):106.



63.

64.

65.

66.

67.

68.

69.

70.

71.

72,

73.

74.

75.

76.

Park SA, Ryu CH, Kim SM, Lim JY, Park SI, Jeong CH, et al. (2011). CXCR4-
transfected human umbilical cord blood-derived mesenchymal stem cells
exhibit enhanced migratory capacity toward gliomas. Int J Oncol.38(1):97-103.
Luo Y, Cai J, Xue H, Miura T, Rao MS. (2005). Functional SDF1
alpha/CXCR4 signaling in the developing spinal cord. J
Neurochem.93(2):452-462.

Bakondi B, Shimada IS, Peterson BM, Spees JL. (2011). SDF-1alpha
secreted by human CD133-derived multipotent stromal cells promotes neural
progenitor cell survival through CXCRY7. Stem Cells Dev.20(6):1021-1029.
Kim SM, Kim DS, Jeong CH, Kim DH, Kim JH, Jeon HB, et al. (2011). CXC
chemokine receptor 1 enhances the ability of human umbilical cord blood-
derived mesenchymal stem cells to migrate toward gliomas. Biochem Biophys
Res Commun.407(4):741-746.

Velpula KK, Dasari VR, Rao JS. (2012). The homing of human cord blood
stem cells to sites of inflammation: Unfolding mysteries of a novel therapeutic
paradigm for glioblastoma multiforme. Cell Cycle.11(12):2303-2313.
Germano IM, Uzzaman M, Benveniste RJ, Zaurova M, Keller G. (2006).
Apoptosis in human glioblastoma cells produced using embryonic stem cell-
derived astrocytes expressing tumor necrosis factor-related apoptosis-
inducing ligand. J Neurosurg.105(1):88-95.

Lee EX, Lam DH, Wu C, Yang J, Tham CK, Ng WH, et al. (2011). Glioma
gene therapy using induced pluripotent stem cell derived neural stem cells.
Mol Pharm.8(5):1515-1524.

Zhao Y, Lam DH, Yang J, Lin J, Tham CK, Ng WH, et al. (2012). Targeted
suicide gene therapy for glioma using human embryonic stem cell-derived
neural stem cells genetically modified by baculoviral vectors. Gene
Ther.19(2):189-200.

Varma NR, Janic B, Iskander AS, Shankar A, Bhuiyan MP, Soltanian-Zadeh
H, et al. (2012). Endothelial progenitor cells (EPCs) as gene carrier system for
rat model of human glioma. PLoS One.7(1):e30310.

Noyan F, Diez IA, Hapke M, Klein C, Dewey RA. (2012). Induced transgene
expression for the treatment of solid tumors by hematopoietic stem cell-based
gene therapy. Cancer Gene Ther.19(5):352-357.

Shah AH, Tabayoyong WB, Kundu SD, Kim SJ, Van Parijs L, Liu VC, et al.
(2002). Suppression of tumor metastasis by blockade of transforming growth
factor beta signaling in bone marrow cells through a retroviral-mediated gene
therapy in mice. Cancer Res.62(24):7135-7138.

Spaeth EL, Dembinski JL, Sasser AK, Watson K, Klopp A, Hall B, et al.
(2009). Mesenchymal stem cell transition to tumor-associated fibroblasts
contributes to fibrovascular network expansion and tumor progression. PLoS
One.4(4).e4992.

Tran CT, Wolz P, Egensperger R, Kosel S, Imai Y, Bise K, et al. (1998).
Differential expression of MHC class Il molecules by microglia and neoplastic
astroglia: relevance for the escape of astrocytoma cells from immune
surveillance. Neuropathol Appl Neurobiol.24(4):293-301.

Brown AB, Yang W, Schmidt NO, Carroll R, Leishear KK, Rainov NG, et al.
(2003). Intravascular delivery of neural stem cell lines to target intracranial
and extracranial tumors of neural and non-neural origin. Hum Gene
Ther.14(18):1777-1785.

245



77.

78.

79.

80.

81.

82,

83.

84.

85.

86.

87.

88.

89.

90.

91.

246

Liu J, Zhang Y, Bai L, Cui X, Zhu J. (2012). Rat bone marrow mesenchymal
stem cells undergo malignant transformation via indirect co-cultured with
tumour cells. Cell Biochem Funct.

Amariglio N, Hirshberg A, Scheithauer BW, Cohen Y, Loewenthal R,
Trakhtenbrot L, et al. (2009). Donor-derived brain tumor following neural stem
cell transplantation in an ataxia telangiectasia patient. PLoS
Med.6(2):e1000029.

Djouad F, Plence P, Bony C, Tropel P, Apparailly F, Sany J, et al. (2003).
Immunosuppressive effect of mesenchymal stem cells favors tumor growth in
allogeneic animals. Blood.102(10):3837-3844.

Houghton J, Stoicov C, Nomura S, Rogers AB, Carlson J, Li H, et al. (2004).
Gastric cancer originating from bone marrow-derived cells.
Science.306(5701):1568-1571.

Karnoub AE, Dash AB, Vo AP, Sullivan A, Brooks MW, Bell GW, et al. (2007).
Mesenchymal stem cells within tumour stroma promote breast cancer
metastasis. Nature.449(7162):557-563.

Kucerova L, Matuskova M, Hlubinova K, Altanerova V, Altaner C. (2010).
Tumor cell behaviour modulation by mesenchymal stromal cells. Mo/
Cancer.9:129.

Nakamura K, Ito Y, Kawano Y, Kurozumi K, Kobune M, Tsuda H, et al.
(2004). Antitumor effect of genetically engineered mesenchymal stem cells in
a rat glioma model. Gene Ther.11(14):1155-1164.

Ahmed AU, Tyler MA, Thaci B, Alexiades NG, Han Y, Ulasov IV, et al. (2011).
A comparative study of neural and mesenchymal stem cell-based carriers for
oncolytic adenovirus in a model of malignant glioma. Mol Pharm.8(5):1559-
1572.

Doucette T, Rao G, Yang Y, Gumin J, Shinojima N, Bekele BN, et al. (2011).
Mesenchymal stem cells display tumor-specific tropism in an RCAS/Ntv-a
glioma model. Neoplasia.13(8):716-725.

Thu MS, Najbauer J, Kendall SE, Harutyunyan I, Sangalang N, Gutova M, et
al. (2009). Iron labeling and pre-clinical MRI visualization of therapeutic
human neural stem cells in a murine glioma model. PLoS One.4(9):e7218.
Menon LG, Pratt J, Yang HW, Black PM, Sorensen GA, Carroll RS. (2012).
Imaging of human mesenchymal stromal cells: homing to human brain
tumors. J Neurooncol.107(2):257-267.

Louis DN, Pomeroy SL, Cairncross JG. (2002). Focus on central nervous
system neoplasia. Cancer Cell.1(2):125-128.

Cairncross G, Macdonald D, Ludwin S, Lee D, Cascino T, Buckner J, et al.
(1994). Chemotherapy for anaplastic oligodendroglioma. National Cancer
Institute of Canada Clinical Trials Group. J Clin Oncol.12(10):2013-2021.
Aboody K, Capela A, Niazi N, Stern JH, Temple S. (2011). Translating stem
cell studies to the clinic for CNS repair: current state of the art and the need
for a Rosetta Stone. Neuron.70(4):597-613.

Tabatabai G, Wick W, Weller M. (2011). Stem cell-mediated gene therapies
for malignant gliomas: a promising targeted therapeutic approach? Discov
Med.11(61):529-536.



247



